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mM stock solutions. BIS-1 and CHE were dissolved in
dimethyl sulfoxide (DMSO, Sigma) to yield stock solutions
of 200 M and 5 mM, respectively. Phosphatidylinositol
4,5-bisphosphate (PIP,; Calbiochem, San Diego, CA, USA)
was directly dissolved in the control pipette solution at a
concentration of 50 uM with 30 min sonication on ice. In a
subset of experiments, the cells were pre-incubated with
5 pg/ml PTX (Seikagaku, Japan) for at least 2 h to inhibit
a PTX-sensitive G protein, as previously described [16].

Electrophysiological recordings and data analysis

The cells attached to glass coverslips were transferred to a
0.5-ml recording chamber perfused with extracellular solu-
tion at 1-2 ml/min after 48 h of transfection. The chamber
was mounted on the stage of an inverted microscope
(ECLIPSE TE2000-U; Nikon, Tokyo, Japan) and main-
tained at 25°C. Patch-clamp experiments were conducted on
GFP-positive cells. Whole-cell membrane currents were
recorded with an EPC-8 patch-clamp amplifier (HEKA, Lam-
brecht, Germany), and data were low-pass filtered at 1 kHz,
acquired at 5 kHz through an LIH-1600 analog-to-digital
converter (HEKA) and stored on a hard disc drive, using the
PulseFit software program (HEKA). Patch pipettes were fab-
ricated from borosilicate glass capillaries (Narishige, Japan)
using a horizontal microelectrode puller (P-97; Sutter Instru-
ment Co., USA), and the tips were then fire-polished using a
microforge. Patch pipettes had a resistance of 2.5-4.0 MQ
when filled with the pipette solution. Membrane currents were
measured at a holding potential of —40 mV or during the
voltage ramp protocol (d¥/dt=+0.4 V/s), which consisted of
an ascending (depolarizing) phase from the holding potential
to +50 mV followed by a descending (hyperpolarizing) phase
to —130 mV. The current-voltage (/-V) relationship was de-
termined during descending phase.

All of the averaged data are expressed as the mean +
SEM, with the number of experiments shown in paren-
theses. Statistical comparisons were analyzed using ei-
ther Student’s unpaired ¢ test or ANOVA followed by
Dunnett’s post hoc, as appropriate. Differences were
considered to be statistically significant if a value of
P<0.05 was obtained.

Results

The nature of Igpy during exposure to ATP in CHO cells
expressing P2Y, receptor

The effect of extracellular ATP on I rx Was examined in
cells transfected with P2Y, receptor by measuring whole-
cell membrane currents at a holding potential of —40 mVand
during hyperpolarizing voltage ramps from +50 to

—130 mV. The bath application of 10 uM ATP initially
evoked a rapid outward shift of the holding current (/grx
activation), which then progressively declined to the base-
line level within ~1-2 min (a subsequent inward shift,
Fig. 1a) despite the continued presence of the agonist.

Figure 1b illustrates the membrane currents during hyper-
polarizing voltage ramps, recorded before and during appli-
cation of ATP. The membrane current was calculated by
digital subtraction of the current traces under control con-
ditions from that shortly after ATP application and showed
an inward rectification (Fig. 1¢). [ acp is activated by a
membrane-delimited pathway involving a PTX-sensitive G
protein (Gy,) in guinea-pig atrial myocytes [24]. The present
experiment also found that pre-exposure to 5 pg/ml PTX for
2 h abolished the action of extracellular ATP (Fig. 1d),
suggesting that a PTX-sensitive G protein mediates the
activation of Iiri by P2Y receptor stimulation.

The functional regulation of P2Y, receptor was further
analyzed using 10 pM ACh to induce an activation of Ik
at —40 mV (Fig. 2a). The further addition of ATP initially
had an additive effect on ACh-activated ;i but then
markedly inhibited the current (Fig. 2a; the number of cells
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Fig. 1 Effect of ATP on the activation of /grx in CHO cells trans-
fected with P2Y,; receptor. a The whole-cell currents recorded at a
holding potential of —~40 mV and during exposure to 10 uM ATP. b
Superimposed -V relationships measured during the voltage ramps
applied at the points indicated by numbers (/-3) in panel (a). ¢ I~V
relationship obtained by digital subtraction of current traces as indicat-
ed. d After pretreatiment with 5 pg/ml PTX for 2 h, the -V relation-
ships were measured during the voltage ramps
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Fig. 2 Inhibition of ACh-activated Igiri by ATP. a The whole-cell
currents recorded at a holding potential of —40 mV and during voltage
ramps applied before (1), during exposure to 10 pM ACh (2), and after
further addition of 10 uM ATP (3). b Superimposed I~V relationships
measured during the voltage ramps applied at the points indicated by
numerals (/-3) in panel (a). ¢ Superimposed /- relationships for the
difference currents obtained by digital subtraction of current records as
indicated. The voltage ramp traces were truncated for the purpose of
presentation

positively responded to ATP was 18/19). The ACh-activated
maximal Igrx was decreased by 92.44+10.61% (n=19),
when measured 3 min after application of 10 uM ATP,
which indicates that external ATP almost inhibited the
ACh-activated Irk. Figure 2b and ¢ show that the ACh-
activated gk cwrrent also exhibited an inwardly rectifying
-V relationship, which is consistent with the properties of
Ix ach in guinea-pig atrial myocytes. In addition, /g
isolated by digital subtraction of the currents in the presence
of ACh from that after ATP application also exhibited an
inwardly rectifying I~V relationship.

In different sets of experiments, we examined the back-
ground currents and the expression ability of our CHO cell
expression system. The results show that bath application of
ACh and ATP could not induce any discernible currents in
non-transfected cells (Fig. S1a) and in cells transfected only
with GFP + GIRK1/GIRK4 (Fig. S1b). However, ACh
evoked persistent Iy currents in cells transfected with
GFP + GIRK1/GIRK4 + M, (Fig. Sl¢), which was consis-
tently inhibited by ATP when co-transfected with P2Y, in
addition to GIRK subunits and M, (Fig. S1d). Figure Sle
shows the representative image of the cells showing GFP
expression. On the other hand, the inhibition of Igrk cur-
rents was not observed in cells without P2Y, transfection
(Fig. Slc). These results indicate that functional expression
of intrinsic P2Y and M, receptors was almost null in our
CHO cell expression system, and all plasmids were success-
fully expressed in our cells. To exclude the possibility that
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the activation of Igryk was affected by G protein-coupled
receptor—G protein interaction, we observed the effects of
ATP on ACh-activated Igrix in CHO cells co-transfected
lower doses (0.2-0.5 pg) of P2Y, together with 0.5 pg GFP
+1 pg GIRK1/GIRK4+1 pg M,. Figure S1f shows that the
inhibition of ACh-activated Igmx by ATP in cells co-
transfected with 0.2 ug P2Y, is almost the same as that
co-transfected with 1 ug P2Y,.

The modulation of RGS, on ATP-induced inhibition
of IG].RK

Regulators of G-protein signaling (RGS) proteins modulate
the signal transduction via G protein-coupled receptors
(GPCR). These proteins enhance GTP hydrolysis by accel-
erating the intrinsic GTPase activity of Ga-subunit, and
thereby terminate the G protein activation cycle [4, 31,
39]. RGS; (one of the important inhibitor of Gqx subunit)
was co-transfected with GIRK1/GIRK4, M, and P2Y,
c¢DNAs to explore the inhibitory mechanism of ATP on
Igrk. Figure 3a shows that the inhibitory action of ATP
on ACh-activated Igrik was significantly attenuated with
the co-expression of RGS,. Figure 3¢ shows that the inhib-
itory degree of the ACh-activated Iggrx was only 50.7+
9.1% (n=15) 3 min after exposure to 10 uM ATP, which
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Fig. 3 The modulation of RGS, on the ATP-induced inhibition of Igrk.
a Whole-cell currents recorded in CHO cell co-transfected with RGS, ata
holding potential of —40 mV. b Superimposed /¥ relationships measured
during the voltage ramps applied at the points indicated by numerals (/-
3) in panel (a). ¢ ATP-induced inhibition of Iggryk (*P<0.05 vs. control)
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is significantly (P<0.05) lower than that of control (92.44+
10.61%, n=19). Therefore, the activation of G protein is
involved in the ATP-induced inhibition of Jgrk. Besides,
our supplementary experiment data observed in CHO cells
co-transfected 1 g M, receptor (coupled with Gg) together
with 0.5 ug GFP+1 pg GIRKI+1 ug GIRK4+1 ug M,
(Fig. S3a) also supports the result that the activation of Gg
protein is involved in the agonist-induced inhibition of Igrk
in this experiment.

In order to further confirm the result that co-expression of
RGS; led to the inhibition of the signal transduction via G
protein-coupled receptors in our cell expression system, we
co-transfected GFP + GIRKI1/GIRK4+M,+RGS, together
with o;-adrenergic receptor that has been generally accepted
to be coupled to G, [8]. Similar to the inhibition of ACh-
activated /gri currents by ATP, bath application of PHE (a
selective «, receptor agonist, 30 uM) significantly inhibited
the ACh-activated Jgri currents by 94.8+10.1% (n=7) in
cells co-expressing «,; receptor (Fig. S2a), whereas only by
40.3£5.4% (n=5, P<0.01) in cells co-expressing RGS,+a;
receptor (Fig. S2b), implicating that the attenuation of Iy
inhibition by ATP in cells co-expressing RGS, is involved
in blockade of G, protein in our experiment.

Role of membrane PIP, in ATP-induced decline of Igpi

A previous study indicated that ATP receptor stimulation
could inhibit the I scy channels through depletion of mem-
brane PIP, in guinea pig atrium [44]. PI4P-5K (the enzyme
that catalyzes PIP, synthesis [11]) was co-expressed with
GIRKI1/GIRK4, M,, and P2Y; c¢DNAs. Figure 4a shows
that the co-expression of PI4P-5K markedly (P<0.01) pre-
vented the inhibitory action of ATP on ACh-activated /rk,
compared with that in control (55.2+10.0%, n=13 vs. 92.44
+10.61%, n=19; Fig. 4c¢). This result is consistent with the
view that a characteristic progressive decline of Igry in the
presence of extracellular ATP is mediated through the de-
pletion of membrane PIP;.

If the reduction in membrane PIP, underlies the decline
of Igirk during exposure to ATP, intracellular loading of
exogenous PIP, may attenuate the inhibitory action of ATP
on ACh-activated Igri. As demonstrated in Fig. 5a and b,
intracellular dialysis of S0 uM PIP, for 5~7 min through a
recording pipette significantly reduced the inhibition degree
of ACh-activated Igrx by ATP. The inhibition of Igrk
(Fig. 5¢) only reached 18.2+6.4% (r=5) 3 min after bath
application of 10 uM ATP, which is markedly (P<0.01)
lower than that of the control (92.44+10.61%, n=19). This
result further indicates that the reduction in membrane PIP,
is closely linked to the inhibitory action of ATP on Igpk.

PKC activation was previously reported to produce in-
hibitory action on [ ach [14, 22, 31, 35]. In our experi-
ments, however, bath application of two different PKC
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Fig. 4 Co-expression of PI4P-5K attenuated the ATP-induced inhibi-
tion of Jgryx. 2 The whole-cell currents recorded in CHO cell co-
transfected with PI4P-5K in the presence of ACh and ATP at a holding
potential of —40 mV. b Superimposed /-V relationships measured
during the voltage ramps applied at the points indicated by numerals
({-3) in panel (a). ¢ ATP-induced inhibition of Iggrx (*P<0.05 vs.
control)
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Fig. 5 Effect of PIP, (intracellularly loaded) on the ATP-induced
inhibition of /grx. a Whole-cell currents recorded with PIP, intracel-
lular dialysis for 57 min at a holding potential of —40 mV, and then in
the presence of ACh and ATP. b Superimposed /¥ relationships
measured during the voltage ramps applied at the points indicated by
numerals (/-3) in panel (a). ¢ ATP-induced inhibition of Ik (F¥P<
0.01 vs. control)
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inhibitors, bisindolylmaleimide (BIS-1, 200 nM, Fig. 6a and
b) and chelerythrine (CHE, 5 uM, Fig. 6b), did not signif-
icantly alter the inhibition degree of ACh-activated Ik by
ATP (control, 92.44£10.61%, n=19; BIS-I, 95.7+15.0%,
n="7; CHE, 92.3+17.5%, n=6), thus suggesting that PKC
activation is not involved in the ATP-induced inhibition of
Iomi [7, 28].

Effects of P2Y receptor subtype stimulation on fgipi

Different P2Y receptor subtpes, namely P2Y,, P2Y,, and
P2Y,,, were respectively transfected together with GIRK1/
GIRK4 channels to explore the effects of the P2Y receptor
stimulation on Igrg. In the experiment, 10 uM UTP was
used as an alternative to ATP to activate P2Y, and P2Y,
receptors because it seems that these two receptors are more
sensitive to UTP [38, 41]. Figure 7a shows the representa-
tive Iy traces elicited by stimulating P2Y,, P2Y,, and
P2Y, receptors, respectively. The persistent /gy currents
elicited by the stimulation of P2Y, or P2Y, receptor sug-
gest that little membrane PIP, was depleted, whereas the
current evoked by the stimulation of P2Y, receptor was
transient, which suggests that depletion of membrane PIP,
occurred. Figure 7b and ¢ shows the amplitudes of Igrx
normalized to the peak amplitude one minute (/) min/Ipeak)
and 3 min (Lmin/lpea) after application of an agonist. The
normalized amplitude of /g for P2Y, or P2Y, was
significantly (P<0.01) larger than that of P2Y; both 1 and
3 min after application of an agonist, whereas the amplitude
of Igrk for P2Y, or P2Y, 3 min after receptor stimulation
was significantly (£<0.05) lower than that for the same
receptor 1 min after receptor stimulation.
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Fig. 6 PKC inhibitors did not attenuate the ATP-induced inhibition of
Igrk- a The whole-cell currents recorded in CHO cell pre-treated with
200 nM BIS-1 in the presence of ACh and ATP at a holding potential

of =40 mV. b ATP-induced inhibition of Igiry in the presence of 200
oM BIS-1 or 5 uM CHE
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Fig. 7 Comparison of Igrx currents evoked by stimulating different
P2Y receptor subtypes. a The whole-cell currents in CHO cells trans-
fected with P2Y,, P2Y,, and P2Y, receptor subtypes at a holding
potential of —40 mV. b Inhibition of gk | min afer stimulation of
P2Y,, P2Y4, and P2Y, receptors. ¢ Inhibition of /gy 3 min after
stimulation of P2Y,, P2Y,, and P2Y), receptors (**P<0.01 vs. P2Y,
or P2Yy; FP<0.05 vs. P2Y,; TP<0.05 vs. Jmin/Tear)

Treatment with 10 uM ACh was first used to induce an
I corrent at —40 mV, and then 10 uM UTP or ATP was
employed to stimulate P2Y,, P2Y,4, or P2Y, to further
examine the effects of P2Y; receptor stimulation on ACh-
activated Igri. Figure 8a and b shows that the nature of the
current evoked by stimulating P2Y,; receptor with UTP was
almost the same as that elicited by stimulating P2Y; (Fig. 2).
The inhibitory degree of ACh-activated /g by the stimu-
lation of P2Y, was 99.6+22.5% (n=5), which was similar
to that evoked by the stimulation of P2Y receptor (Fig. &c).
Figure S3b and ¢ shows that addition of an agonist (ATP or
UTP) caused the ACh-activated Igpx to increase further
(there was 1/13 cell co-transfected with P2Y), that did not
respond to UTP). The addition activation of Igmx by the
stimulation of P2Y, declined slightly, but still much higher
than the ACh-activated Iy level 3 min after treatment
with UTP (Fig. S3b). On the other hand, the addition acti-
vation of gk by the stimulation of P2Y , almost did not
decline (Fig. S3c¢).

Discussion

The activation of Ix acy is due to the activation of Gy,
protein [34]. The rapid activation phase of i acy, evoked
by exposure to ATP is caused by stimulation of P2Y recep-
tor, leading to a membrane-delimited, Gy,-mediated channel
activation in guinea-pig atrial myocytes [14, 25, 44]. How-
ever, there is no consensus on the mechanism of I asch
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Fig. 8 Effect of P2Y, stimulation on ACh-activated Iggrik. a The
whole-cell currents recorded at a holding potential of —40 mV, and in
the presence of ACh and UTP. b Superimposed /~V relationships
measured during the voltage ramps applied at the points indicated by
numerals (/-3) in panel (a). ¢ Inhibitory degree of Igrx by the
stimulation of P2Y, and P2Y, receptors

inhibition produced by agonists. Several groups [7, 14, 18,
25,29, 44] reported that activation of PLC contributes to the
inhibition of Ix acn by decreasing membrane PIP,. Howev-
er, others [15, 23, 32, 36] suggest that the downstream
activation of PKC underlies the inhibition of Jg scy. There
are also some pieces of evidence to suggest that reduction in
membrane PIP, and PKC activation are both involved in the
Ik acn inhibition by agonists such as carbachol [22] and
ACh [17].

A previous study in the guinea-pig atrium indicated that
the inhibition of i scy by extracellular ATP is attenuated by
blocking PLC activity with compound 48/80 and by exog-
enously adding PIP; in the atrial myocytes [44]. This obser-
vation suggests that the ATP-induced activation of PLC and
the concomitant reduction of PIP, contribute to the inhibi-
tion of Ix acn by ATP. In addition, RGS, protein is one of
the important inhibitor of the Gqx subunit and terminates Gq
signaling through its GTPase-activating protein mechanism
[4, 31, 39]. The present experiment found that co-expression
of RGS, significantly reduced the ATP-induced inhibition
of Igmrk, thus confirming the view that the inhibition of
Ismk by ATP is mediated through the G, protein-coupled
P2Y receptors in native cardiac myocytes [14, 25]. The
present study also demonstrated that the ATP-induced inhi-
bition of Igrk is markedly attenuated by both co-expression
of PI4P-5K and intracellular dialysis with PIP, in CHO

cells. These data are consistent with a previous study in
guinea-pig atrial myocytes [44] and support the view that
a decrease in membrane PIP, is closely linked to the ATP-
induced inhibition of Ix acp. In contrast to the study of
Keselman et al. [17], however, the PKC inhibitor BIS-1
and CHE did not alter the inhibition of ATP on ACh-
activated Iy, thus indicating PKC activation might not
be involved in the inhibition of Igrk by ATP [9, 28]. Taken
together, the current data fully support the hypothesis that
the reduction in membrane PIP, via activation of G4-PLC is
mainly responsible for the inhibition of Jx s¢y, channels by
externally applying ATP.

Previous reports have indicated that P2Y;, P2Y,, and
P2Y, receptor subtypes are coupled to PTX-insensitive G
proteins that activate PLC and then produce a fall in mem-
brane PIP; levels, whereas P2V, receptor is only coupled
to PTX-sensitive Gy, protein to inhibition of adenylate
cyclase [1, 9, 37, 41]. However, the coupling to signaling
transduction pathways appears to be much more complex.
An example is that the G4-coupled P2Y receptor, known to
inhibit GIRK channels, efficiently activates GIRK1/GIRK2
channels in cultured rat sympathetic neurons [12]. A se-
quence analysis also indicates that the two regions (the third
intracellular loop and the C-terminal tail), implicated in G
protein specificity, vary greatly among the P2Y receptor
subtypes [40]. The present study found that the stimulation
of P2Y, or P2Y, receptor evoked a transient activation of
Igirk followed by a persistent inhibition (Figs. ia and 7a),
thus suggesting that a large amount of membrane PIP, was
consumed via activation of G4-PLC pathway. This result
might implicate that the two receptors are mainly coupled
to Gq protein. Contrary to previous reports {1, 9, 37, 41],
however, the activation phase of Igri evoked by the stim-
ulation of these two receptors reflects the existence of Gy,
coupling although it might be relatively weak. In contrast,
the stimulation of P2Y, or P2Y, receptor induced a persis-
tent activation of Igjri (Fig. 7a), indicating that little mem-
brane PIP, was consumed and resultantly implicating that
these two receptors are mainly coupled to Gy, protein.
Bodor and colleagues have found that purified P2Y, recep-
tor can form a functional receptor when reconstituted with
G; protein, but not when reconstituted with G, protein [6].
This is consistent with the present finding that the P2Y,,
receptor is coupled to Gy, protein to activate Igrg. In
addition, the decay Igmrx evoked by the stimulation of
P2Y, was relatively rapid in comparison to the P2Y,,
suggesting that some amount of membrane PIP, was still
consumed during the stimulation of P2Y, and resultantly
implicating that P2Y> is also weakly coupled to G, protein.
The P2Y, receptor is generally classified to the (PTX-resis-
tant) G4-coupled subfamily [9, 19, 41]. However, the data in
the present study suggested that P2, is also coupled to Gy,
protein as suggested by other researchers [37], though they
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believed that P2Y, receptor primarily mediates its function
through coupling to Gy. Furthermore, these data are also
supported by the fact that P2Y, receptor is sensitive to PTX
in stable expressed astrocytoma cells [33] and in human
erythroleukemia cells [2].

There is an abundant expression of P2Y, mRNA in both
human atria and ventricles, whereas the mRNA level of
P2Y, is lower than that of P2Y, or P2Y, in mouse cardio-
myocytes [43]. Musa and colleagues [30] have also indicat-
ed that the P2Y, mRNA level is the most abundant of the
eight P2Y receptors in the human right atrium, but is lower
than P2Y; in human sinoatrial node (SAN). They also found
that the distribution of P2Y receptor subtypes in rat right
atrium, left ventricle, and SAN is quite different with those
in the human heart. These results indicate that the P2Y
receptor expression varies greatly in the heart, implicating
that responses to the stimulation of P2Y receptor are also
diverse in different types of cardiac cells. The current study
may contribute to understanding the precise regulatory
mechanisms underlying the cardiac signaling pathway me-
diated by P2Y receptors.
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irbesartan-mediated AT, receptor
blockade attenuates hyposmotic-induced
enhancement of [ . current and prevents
shortening of action potential duration
in atrial myocytes

Jie Wu'23, Wei-Guang Ding?, Jin Zhao!, Wei-jin Zang',
Hiroshi Matsuura? and Minoru Horie3

Abstract

Introduction: Stretch of the atrial membrane upregulates the slow component of delayed rectifier K* current (I,).
. Blockade of angiotensin Il subtype | receptors (AT R) attenuates this increase in Iy,. The present study aimed to examine
the effects of irbesartan, a selective AT R blocker (ABR), on both the enhancement of I, and the shortening of action
potential duration {APD) induced by stretching atrial myocytes for exploring the mechanisms underlying the prevention
of atrial fibrillation (AF) by ABR.

Methods: Hyposmotic solution (Hypo-S) was used to stretch guinea pig atrial myocytes. /., and APD were recorded using
the whole-cell patch-clamp technique.

Results: Irbesartan (1-50 uM) attenuated the Hypo-S-induced increase in Iy, and shortening of APDs,. Hypo-S increased
the Iy, by 113.4%, whereas Hypo-S + | pM irbesartan and Hypo-S + 50 uM irbesartan increased the I, by only 74.5% and
70.3%, respectively. In addition, Hypo-S shortened the APDy, by 19.0%, whereas Hypo-S + | uM irbesartan and Hypo-S
+ 50 pM irbesartan shortened the APDg, by 12.1% and 12.0%, respectively.

Conclusion: The actions of irbesartan on electrical changes induced by stretching atrial myocytes are associated with

blocking AT,R. These actions may be beneficial for treating AF.

Keywords

Angiotensin Il type | receptor, irbesartan, atrial myocytes, |, action potential

Introduction

Increasing evidence suggests that the renin—-angiotensin
system {RAS) is associated with the occurrence of atrial
arthythmias in experimental animals.!” Recent clinical
studiesS'! have also suggested that blockade of the RAS
with angiotensin-converting enzyme (ACE) inhibitors or
angiotensin II (Ang II) type 1 receptor (AT,R) blockers is
effective for the treatment of atrial fibrillation (AF).
However, mechanisms underlying the treatment are not
fully understood, especially concerning actions of the drugs
on electrical changes in AF.

The shortening of action potential duration (APD) and
effective refractory period (ERP) are generally regarded as
pivotal factors for the occurrence of reentry-based AF.
During AF, impaired atrial contraction causes the atria to
dilate or stretch'>!? and induce the secretion of Ang II from
cardiomyocytes.'*15 Zankov et al. demonstrated that both
exogenous Ang II and hyposmotic-induced membrane

stretch potentiates the slow component of delayed rectifier
K* current (/) in guinea pig myocytes by activating AT R,
which results in a shortened atrial APD. These results sug-
gest that the shortening of the atrial APD, associated with [,
enhancement through the activation of AT(R, plays an
important role in facilitating the initiation/maintenance of
AF.1617 Irbesartan, a selective AT, R blocker, was reported to
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inhibit heterologously expressed KCNQI/KCNE! (encod-
ing I,) channels,'® which may contribute to its anti-AF
mechanism. However, the effective concentrations of the
drug for blocking KCNQI/KCNE! channels are far greater
than the clinical therapeutic levels achieved in blood.!92°

In the present study, we examined the effects of irbesar-
tan on both the increase in I, and the shortening of APD
induced by hyposmotic solution (Hypo-S) in guinea pig
atrial myocytes. The results show that the actions of the
drug at therapeutically relevant concentrations on electrical
changes induced by the stretching of the atrial cell mem-
brane are, at least partially, associated with blocking AT R
and therefore beneficial for AF prevention.

Materials and methods
Isolation of guinea pig atrial myocytes

The experimental procedures were conducted in accordance
with the guidelines established by the Animal Care and Use
Committee of Shiga University of Medical Science (Shiga,
Japan). Single atrial myocytes were enzymatically dissoci-
ated from the hearts of non-pregnant adult female Hartley
guinea pigs (weighing 250-350 g) using a retrograde
Langendorff perfusion method as previously described.!®

Solutions and chemicals

Normal Tyrode solution (140 mM NaCl, 5.4 mM KCl, 1.8
mM CaCl,, 0.5 mM MgCl,, 0.33 mM NaH,PO,, 5.5 mM glu-
cose, and 5.0 mM 4-(2-hydroxyethyl)- {-piperazineethanesul-
fonic acid (HEPES), pH adjusted to 7.4 with NaOH) was used
as “isosmotic” extracellular solution (Iso-S, average osmolal-
ity: ~285 mOsm/kg). “Hyposmotic” extracellular solution
(Hypo-8, average osmolality: ~212 mOsm/kg) was prepared
by simply reducing the NaCl concentration to 100 mM in the
normal Tyrode solution as previously described.!” The pipette
solution contained 70 mM potassium aspartate, 50 mM KCl,
10 mM KH,PO,, I mM MgSO,, 3 mM Na,-ATP (Sigma), 0.1
mM Li,-GTP (Roche Diagnostics GmbH, Mannheim,
Germany), 5 mM ethylene glycol tetraacetic acid (EGTA),
and 5 mM HEPES, with the pH adjusted to 7.2 with KOH.
Irbesartan (Dainippon Sumitomo Pharma Co., Ltd, Osaka,
Japan) was dissolved in dimethyl sulfoxide (DMSO, Sigma)
to yield 50 mM stock solution and diluted with Iso-S or
Hypo-S to concentrations of 1 and 50 uM, respectively. The
concentration of DMSO in the final solution (< 0.1%, V7F)
slightly increased (< 3.8%) the osmolality of 50 uM irbesar-
tan + Hypo-S (or Iso-S), but had no effect on cell swelling
(see Supplementary Materials) or fy.

Electrophysiological recordings and data analysis

Single atrial myocytes were either current- or voltage-
clamped using the standard whole-cell patch-clamp

technique with an EPC-8 patch-clamp amplifier (HEKA
Electronics, Lambrecht, Germany). Data were low-pass fil-
tered at 5 kHz, acquired at 2 kHz through a LIH-1600 ana-
logue-to-digital converter (HEKA), and stored on a hard
driveusing PATCHMASTER software (HEKA). Borosilicate
glass electrodes had a tip resistance of 2.5-4.0 MQ when
filled with the pipette solution. All experiments were per-
formed at 36 = 1°C. I, was elicited by depolarizing voltage-
clamp steps given from a holding potential of =50 mV to
various test potentials, under conditions that the Na* current
was [nactivated by setting the holding potential to —50 mV.
The L-type Ca?* channel current (I, ; ) and the rapid compo-
nent of delayed rectifier K* current (/i,) were blocked by
0.4 umol/l nisoldipine (Bayer AG, Wuppertal-Elberfeld,
Germany) and 0.5 pmol/l dofetilide (Sigma Chemical Co.,
MO, USA) added to the extracellular solution, respectively.

Variations of I, amplitude and the time course of the /i,
were determined by measuring the amplitude of tail cur-
rents elicited on repolarization to a holding potential of —50
mV following two seconds (s) of depolarization to +30 mV
every 10 s. Voltage-dependence of I activation was evalu-
ated by fitting the -V relation of the tail currents to a
Boltzmann equation as follows: [y = 1/(1+exp((Vy—
Vi)ik)), where I .y is the tail current amplitude, V), is the
voltage at half-maximal activation, V, is the test potential,
and k& is the slope factor. The deactivation kinetics of /i
was determined by fitting a single exponential function to
the tail current trace. Cell membrane capacitance (C,)) was
calculated on the basis of the capacitive transients during
20 ms voltage-clamp steps (+ 5 mV), using the equation C,
= 1 dy/ AV, (1 /1), where 1. is the time constant of the
capacitive transient, /, is the initial peak current amplitude,
I, is the steady-state current value, and AV, is the ampli-
tude of the voltage step (5 mV).

Action potentials were evoked in current-clamp mode at
a rate of 0.2 Hz by suprathreshold current pulses of 2 ms
duration applied through the patch electrode. The APD was
measured at 90% repolarization (APDy,).

All of the averaged data are presented as mean = S.E.M.
with the number of experiments shown in parentheses.
Statistical comparisons were evaluated using Student’s ¢
test or one-way analysis of variance (ANOVA) with
Newman-Keuls post-hoc test, as appropriate. A p < 0.05
was considered statistically significant.

Resuits

Irbesartan does not dffect the baseline
I« but attenuates the Hypo-S-induced I,
enhancement

Based on the concentration-dependent effect of irbesartan on
KCNQI/KCNEI channels that was previously reported in a
Chinese Hamster Ovary (CHO) expression system,' we
chose to examine the effects of 1-50 uM irbesartan on [
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Figure . Irbesartan does not affect the baseline Iy, in guinea pig atrial myocytes.

(a) The representative time course of tail [, during the first and second {(pretreatment with | uM irbesartan) exposures to Hypo-S. Iy, was repeti-
tively (every 10 s} activated with 2 s depolarizing step to +30 mV from a holding potential of —50 mV, followed by a repolarization step to ~50 mV.
Current was determined by measuring and plotting the tail /i, amplitude. (b} The superimposed I traces recorded before (!} and during first
exposure to Hypo-5 (2). After washout with normal Tyrode and pretreatment with | yM irbesartan for five minutes (3}, the same atrial myocyte was
exposed to Hypo-S again (4). The dashed line indicates the zero current level. | delayed rectifier K* current.

channels in guinea pig atrial myocytes, since 1-50 uM irbe-
sartan are close to the therapeutic concentrations in blood!%2°
and almost the subthreshold for the inhibition of KCNQI/
KCNE1 channels. Figure 1(a) depicts a representative time-
course of atrial tail [y, during the first and second exposures
to Hypo-S that caused mechanical stretch of the cell mem-
brane and induced enhancement of the /. Before the second
exposure to Hypo-S, the myocyte was pretreated with irbe-
sartan for five minutes. We found that 1-50 uM irbesartan
did not affect the baseline I, of guinea pig atrial myocytes
(current traces indicated by 1 and 3 in Figure 1(b)), which
was quite similar to that in the CHO expression system.'® As
expected, Hypo-S induced increases in both steady-state and
tail Ji, currents (current traces 2 and 4 in Figure 1(b)).

The myocyte swelling observed in Hypo-S reflects the
effect of cell membrane stretching that usually occurs during
the early stages of AF122! and affects various ion transport
mechanisms, including the [, enhancement in atrial myo-
cytes.!72%2 Figures 2(a) and 2(b) show typical current traces
elicited by depolarizing voltage-clamp steps given from a
—50 mV holding potential to various test potentials in the
absence (panel (a)) or presence of 1 M irbesartan (panel (b))

while the cells were exposed to Hypo-S. Figure 2(c) sum-
marizes the percentage increases of tail [y, of cells in
Hypo-S in the absence or presence of 1 and 50 uM irbesar-
tan. The percentage increases in tail /i, for the control cells
and those in the presence of 1 and 50 pM irbesartan were
113.40+9.96% (n=18), 74.52 + 8.49% (n = 10), and 70.25
+ 9.34% (n = 16), respectively. Increases in tail i in the
presence of irbesartan were significantly lower (p < 0.05)
than those in the control (Figure 2(c)). Figure 2(d) shows
the current-voltage relationships for tail 7, recorded during
the superfusion with Iso-S (filled circles), Hypo-S (open
circles), or Hypo-S + 1 uM irbesartan (open squares). The
voltages for half-activation of tail [y (V) were obtained by
fitting the data to the Boltzmann equation and were 9.06 +
1.28 mV (n =22} in Iso-S, 2.08 & 1.29 mV in Hypo-S (n =
13; p<0.01 vs. Is0-S), and 2.10 + 1.70 mV in Hypo-S + 1
uM irbesartan (n = 10; p < 0.05 vs. Iso-S), respectively. The
Hypo-S caused a significant negative shift of ¥}; however,
irbesartan did not recover this negative shift in the activa-
tion gate. In addition, there were no significant differences
in the parameters governing gating kinetics, irrespective of
irbesartan treatment.
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Figure 2. Irbesartan attenuates the Hypo-S-induced increase in I, in guinea pig atrial myocytes. The atrial myocytes were initially
superfused with control iso-S followed by Hypo-S in the absence (a) or presence of | pM irbesartan (b). Iy, was activated by
depolarizing voltage-clamp steps given from a holding potential of =50 mV to potentials listed in the panel (b) inset. The dashed line
indicates the zero current level. (¢) The percentage increase in tail f, amplitudes induced by Hypo-S without and with irbesartan

{1 uM and 50 gM) at +30 mV. (d) The 1V relations for tail /,, amplitudes {expressed as current density) recorded during exposure
to Iso-S (filled circles), Hypo-S (open circles), or Hypo-S + | M irbesartan (open squares). Smooth curves through the data points
denote the least-squares fit with the Boltzmann equation, yvielding V;, {see text).*p < 0.05 and **p < 0.01 vs. Hypo-S. I delayed

rectifier K¥ current.

Table 1 summarizes the effects of 1 uM irbesartan on the
deactivation time course of tail I at four different test
potentials. The Hypo-S significantly (p < 0.05) slowed the
deactivation time course of tail /i, at voltages between —60
mV and —30 mV. There were, however, no significant dif-
ferences in the increase of t values (in parentheses) irre-
spective of irbesartan treatment, though there was a trend in
the irbesartan-induced reduction of the Hypo-S effects on
Iy, deactivation.

Irbesartan attenuates Hypo-S-induced
shortening of the action potential

Figure 3(a~c) shows the superimposed traces of guinea
pig atrial action potentials in Iso-S and Hypo-S- (control,

D d from jra.s

Figure 3(a)), Iso-S and Hypo-S + 1uM irbesartan- (Figure
3(b)), and Iso-S and Hypo-S + 50 pM (Figure 3(c)) irbe-
sartan-treated myocytes, respectively. As the bar graphs
summarize in Figure 3(d), Hypo-S shortened the APDy,
by 19.03 £ 1.36 (n = 17), whereas Hypo-S + | uM irbe-
sartan shortened the APDy, by only 12.05 £ 1.38 (n=9;
p < 0.01 vs. Hypo-S) and Hypo-S + 50 uM irbesartan
shortened the APDy, by 12.00 £ 1.46 (n= 14, p <0.01 vs.
Hypo-S). Together, these results suggest that 1-50 pM
irbesartan significantly attenuated the Hypo-S-induced
shortening of action potentials in atrial myocytes. In
addition, no difference in depolarized resting membrane
potentials caused by Hypo-S was observed between con-
trol cells and those in the presence of irbesartan (data not
shown).
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Figure 3. Irbesartan attenuates the Hypo-S-induced shortening of APDy, in guinea pig atrial myocytes. Superimposed traces of action
potentials in Iso-S followed by Hypo-S (a), Hypo-S + | pM irbesartan (b), or Hypo-S + 50 pM irbesartan (c), respectively. (d) The percentage
decrease in APDy, after exposure to Hypo-S without and then with irbesartan (1 pM and 50 pM).Although the effects of irbesartan on the
shortening of APD,, were significant, no statistical difference was observed in the resting membrane potentials.™p < 0.0 vs. control.

Table 1. Effect of | pM irbesartan on deactivation time constants (7} of I, in isosmotic solution (iso-S) and hyposmotic solution
{Hypo-8) at four different test potentials.

Parameters Deactivation t {ms) at different test potentials

N -60 mV -50 mV ~40 mV ~30 mV
Iso-S 27 194.9 £ 10.7 291.0 £ 185 426.2 £29.7 590.7 £ 43.9
Hypo-S 14 2719 £21.2° 3982 £ 35.7% 5423 + 52.22 6782 + 65.8
(A%) {4325 £ 5.15) (41.57 £ 6.62) (27.34 £ 4.09) (16.17 £ 4.04)
Hypo-S + | uM irbesartan 13 246.3 + 23.6* 3578 £32.7 491.1 £ 460 622.3 £ 594
(A%) (25.75 £ 7.67) (23.99 £ 7.12) (19.94 £ 6.67) (7.84 £ 5.17)

I, delayed rectifier K* current; N: number of cells; A%, percentage increase of 7 values over Iso-S; data are expressed as the mean + S.EM.;?p <0.05
and %p < 0.01 vs. Iso-S.

Discussion marked reduction in inward I, currents,!? which leads to

atrial contractile dysfunction and induces increased mem-
Cellular electrophysiological studies have indicated that brane stretching of outward /i currents. 7212224 Changes in
the most important impact of AF on ion channels is the both I, and I contribute to the atrial APD shortening
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and the loss of its physiological rate adaptation, which pro-
motes atrial electrical and structural remodeling and creates
a substrate for persistent AF.1223

In the present study, we found that irbesartan attenu-
ated the stretch-induced enhancement of /i, suggesting
that the drug possesses the ability to improve the patho-
physiological conditions precipitating AF. This hypothe-
sis is supported by the recent identification of KCNQ/
(encoding the ¢-subunit of the [ channel) S140G and
R14C mutations in familial AF cases, in which both “gain-
of-function” mutations cause an enhancement of [ 2526
In addition, atrial membrane stretching results in an
increase of Iy-mediated shortening of the atrial APD,
which may facilitate the maintenance of AF,17.27.28
Irbesartan can rescue shortening of the APD that is
induced by cell membrane stretching. Thus, the inhibition
of extreme APD shortening as a result of atrial membrane
stretching is involved in the mechanism underlying irbe-
sartan-mediated AF prevention.

Evidence suggests that the RAS plays a pivotal role in
the occurrence and maintenance of AF. Atrial membrane
stretching during AF not only activates AT;R,?%%° but also
induces the secretion of Ang II from cardiomyocytes.!!3
Madrid and colleagues®! reported that irbesartan in combi-
nation with amiodarone was more effective at preventing
the recurrence of AF than amiodarone alone. Several recent
clinical reports®!¢ and animal experiments®*? have also
confirmed the effect of AT |R blockers on AF. In the present
study, therapeutically relevant concentrations of irbesartan
attenuated the stretch-induced increase, but not baseline,
levels of atrial I, suggesting that the action of the drug on
electrical changes is associated with blocking AT,|R. This
result is consistent with a previous study?? that found that
irbesartan prevented the arrhythmogenic effect of Ang Il by
blocking AT,R in human atrial myocardium. Zankov et al.
reported that the selective AT|R blockers valsartan and can-
desartan attenuate Ang Il- and stretch-induced enhance-
ment of I, and shortening of APD, respectively, by
activating AT|R in guinea pig atrial myocytes.!%!7 Based on
these previous findings together with the observations of
irbesartan in this study, we conclude that the actions of
ARBs on electrical changes associated with the dilation or
stretch of the atria are involved in the AT|R blockade and
are beneficial for the prevention of acute electrical remod-
eling during AF.

In the present study, we also found that Hypo-S depolar-
ized resting membrane potentials in guinea pig myocytes.
Since the inward rectifier current /i, is responsible for
maintaining the resting membrane potential,® and irbesar-
tan did not affect the depolarization of the resting mem-
brane potential caused by atrial membrane stretching, we
postulate that I, is not the therapeutic target of AT R
blockers during AF.3* This lack of effect on the resting
membrane potential was also observed with candesartan in
a previous study.'?

Conclusions

Irbesartan-mediated AT|R blockade attenuates the electri-
cal changes induced by stretching atrial myocytes. This is
likely why AF patients derive a pronounced benefit with
ABRs such as irbesartan.
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BACKGROUND Syncope in patients with Brugada syndrome is
usually associated with ventricular tachyarrhythmia, but some
episodes of syncope can be related to autonomic disorders.

OBJECTIVE The purpose of this study was to investigate the
characteristics of syncope to differentiate high-risk syncope epi-
sodes from low-risk events in patients with Brugada syndrome.

METHODS We studied 84 patients with type 1 electrocardiogram
and syncope. Patients were divided into 2 groups: patients with
prodrome (prodromal group; n = 41) and patients without pro-
drome (nonprodromal group; n = 43).

RESULTS Ventricular fibrillation (VF) was documented at index
event in 19 patients: 4 patients (21%) with documented VF ex-
perienced a prodrome prior to the onset of VF, whereas 15 patients
(79%) did not have symptoms prior to documented VF {P <.01).
Twenty-seven patients in the prodromal group and 7 patients in
the nonprodromal group were considered to have syncope related
to autonomic dysfunction. Syncope in other patients was defined
as unexplained syncope. During the follow-up period (48 = 48
months), recurrent syncope due to VF occurred in 13 patients

among patients with only unexplained syncope and was more
frequent in the nonprodromal group (n = 10) than in the prodro-
mal group (n = 3; P = .044). In multivariate analysis, blurred
vision (hazard ratio [HR] 0.20) and abnormal respiration (HR 2.18)
and fragmented QRS (HR 2.39) were independently associated
with the occurrence of VF.

CONCLUSION Syncope with prodrome, especially blurred vision,
suggests a benign etiology of syncope in patients with Brugada
syndrome.

KEYWORDS Brugada syndrome; Neurally mediated syncope; Pro-
drome; Syncope; Ventricular fibrillation

syncope; OH = orthostatic hypotension; VF = ventricular fibril-
lation

{Heart Rhythm 2012;xx:ixxx) © 2012 Heart Rhythm Society. All
rights reserved.

Introduction ,

Syncopal episodes in patients with Brugada syndrome (BS)
are usually associated with the occurrence of ventricular
tachyarrhythmias. Spontaneous type 1 electrocardiogram
(ECG) and episodes of syncope are predictors of sudden
cardiac arrest in patients with BS.'7* However, patients
with BS often have autonomic nerve disorders,”® and some
of their episodes of syncope can result from low-risk events
(such as neurally mediated syncope [NMS] or orthostatic
hypotension [OH]). In the general population, NMS has
been shown to be one of the major causes of syncope.’
Although syncopal episodes associated with autonomic dis-
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orders usually have prodromal symptoms and occur in spe-
cific situations, differentiation of low-risk episodes from
high-risk syncopal episodes due to ventricular tachyarrhyth-
mias is often difficult in patients with BS. Moreover, vagal
nerve activation causes NMS as well as exaggeration of
ST-segment elevation and induces ventricular fibrillation
(VF) in patients with BS.® It is possible that vagal nerve
activation initiates NMS-like symptoms and subsequently
induces VF, Determination of the etiology of syncope epi-
sodes is important to identify patients with BS who are at
risk of sudden cardiac arrest and who require an implantable
cardioverter-defibrillator (ICD). When vagal nerve activa-
tion induces VF, prodrome accompanied by vagal nerve
activation can appear immediately before the episcedes. In
the present study, we investigated the characteristics of
syncope and determined high-risk syncope associated with
ventricular arrhythmias to differentiate high-risk syncope
episodes from low-risk events. We also determined whether

doi:10.1016/).hrthm . 2011.11.045
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patients have any prodrome before VF in association with
vagal nerve activation.

Methods

We first enrolled 92 patients with a history of syncope and
faintness who had BS-like ECGs. We excluded 7 patients
because of inability to confirm type 1 ECG by the consensus
report of BS? spontaneously or after a drug-provocation test.
We also excluded 1 patient with a history of VF due to
ischemic heart disease who had undergone coronary-artery
bypass surgery for triple vessel disease. Therefore, this
study group comprised 82 males and 2 females with BS
(mean age 47 = 12 years). All patients had episodes of
syncope (76 patients) or faintness (8 patients) and had type
1 ECG (61 spontaneous and 23 pilsicainide-induced). We
divided the patients into 2 groups according to syncope
episodes associated with the existence of prodrome: patients
with prodromal symptoms or specific situations (prodromal
group; n = 41) and patients without any prodromal symp-
toms or specific situations (nonprodromal group; n = 43).
We defined prodromal symptoms as blurred vision, diapho-
resis, palpitations, chest discomfort, and symptoms associ-
ated with urination.

No patients were from the same family. Echocardiogra-
phy and chest radiography were performed in all patients,
and no abnormalities were found. We interviewed all pa-
tients at the time of history to obtain information on situa-
tions and characteristics of syncope. The follow-np duration
was defined as the time between the first event and the final
visit date. The mean follow-up duration of all patients was
48 =+ 48 months. Syncope was classified on the basis of the
European Society of Cardiology guidelines for the diagnosis
and management of syncope (version 2009).” NMS was
diagnosed by the combination of results of a head-up tilt
(HUT) test” and situations and symptoms of syncopal epi-
sodes. Documentation of VF was defined as cardiopulmo-
nary arrest at the hospital or in the ambulance. Detection of
VF was defined as records of continuous ECG monitoring,
automated external defibrillator, and ICD.

The HUT test® was performed in 35 patients (25 patients
in the prodromal group and 10 patients in the nonprodromal
group). The test was performed in the late afternoon in a
fasting state. An intravenous line was inserted before the
HUT test. Each patient lay on the tilt table in the supine
position for 10 minutes at first. Then the tilt table was kept
at an angle of 75° for 20 minutes. When the passive control
test result was negative, the patient was returned to the
supine position. Thereafter, low-dose isoproterenol infusion
(=0.01—0.03 pg/kg/min) was started to increase the heart
rate. After an increase of more than 20% over baseline in the
heart rate had been achieved, the tilt table was again kept at
an angle of 75° for 25 minutes. A positive HUT test was
defined as appearance of syncope or presyncope associated
with reflex hypotension or bradycardia. The HUT response
was classified as cardioinhibitory, vasodepressor, or mixed
type on the basis of the predominancy of cardioinhibitory or
vasodepressor reflex.

Standard 12-lead ECGs (0—150-Hz filter) and additional
V,-V; at the 3rd intercostal space were recorded simulta-
neously. We evaluated the RR, PQ, and QRS intervals in
lead II as well as the QT interval, ST level at J point, and
existence of fragmented QRS (f-QRS}) in leads V-V, of the
[2-lead ECG at the patients’ first visit. We previously re-
ported that type 0 ECG was defined as coved ST-segment
elevation = 2 mm with an absent or shallow negative T
wave (depth = 1 mm)'® (Figure 1).

The presence of late potential was evaluated with a
signal-averaged ECG (ART 1200EPX, noise level < 0.3
@V, and high-pass filtering of 40 Hz with a bidirectional
4-pole Butterworth). The filtered QRS duration, root-mean-
square voltage of the terminal 40 ms in the filtered QRS
complex, and duration of low-amplitude signals <40 uV in
the terminal filtered QRS complex were measured by the
signal-averaged ECG. Late potentials (LPs) were consid-
ered to be positive when the following 2 criteria were met:
root-mean-square voltage of the terminal 40 ms in the filtered
QRS complex < 20 uV and duration of low-amplitude
signals <40 uV in the terminal filtered QRS complex > 38
ms. !

All the patients who underwent an electrophysiological
study had received an explanation of the risks involved and
had provided written informed consent. The electrophysio-
logical study was performed in 72 patients. All those pa-
tients underwent coronary angiography, and none of the
patients had significant coronary artery stenosis. Induction
of ventricular arrhythmia was attempted by programmed
electrical stimulation from the right ventricular apex, right
ventricular outflow, and left ventricle, with a maximum of 3
extrastimuli at 2 cycles.!>!® The criterion for the induction
of ventricular arrhythmia was the induction of sustained
polymorphic ventricular tachycardia or VF with double or
less extrastimuli.

The genetic analysis of SCNSA was performed in 46
patients as previously described'® in compliance with
guidelines for human genome studies of the ethics commit-
tee of Okayama University.

Statistics

Continuous data were expressed as means & standard de-
viation. Comparisons among means were performed with a
2-way analysis of variance coupled with Scheffe’s test. A
comparison of 2 groups was made with the Student ¢ test for
unpaired data (patients’ data), as appropriate. Categorical
data and percentage frequencies were analyzed by using a
nonparametric test (Man-Whitney U test). The Fisher exact
test was conducted for a comparison of proportions between
the groups. Survival and event rates were determined by
using the Kaplan-Meier method and compared between the
groups with a 2-sample log-rank test. We compared clinical
parameters and prognosis between the prodromal and non-
prodromal groups, and then we used Cox proportional haz-
ards model to detect risk factors of VF. To examine prog-
nostic values from predictors of VF and determine cutoff
values, an analysis of receiver-operating characteristic
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Type O

Type 1

Type 2 Type 3

Figure T Types of ECGs in patients with Brugada syndrome. A: Type 0 is defined as ECG with coved ST-segment elevation = 2 mm and a shallow
negative T wave (=1 mm) or having no negative T wave. B-D: Type 1—3 ECGs are defined according to the consensus repoits of Brugada syndrome.

ECG = electrocardiogram.

curves was done. Significance was defined as P <.05. JMP
version 7.0 (SAS Institute, Inc, Cary, NC) was used for data
analysis.

Results

Clinical characteristics and ECG parameters in the

prodromal and nonprodromal groups '

There was no difference in the baseline characteristics be-
tween the prodromal group and the nonprodromal group
(Table 1). VF during the follow-up period in patients with-
out VF documentation at their index hospitalization was
more frequent in the nonprodromal group than in the pro-
dromal group (Figure 2A). The percentage of patients in the
nonprodromal group who received ICD implantation was
higher than that in the prodromal group (Table 1). There
were no differences in the inducibility of VF by pro-
grammed electrical stimulations, incidence of family history
of sudden death, and frequency of SCN5A mutation between
the prodromal group and the nonprodromal group. In ECG
parameters, the nonprodromal group had a longer PQ inter-
val in lead IT and a longer QT interval in lead V, than those
in the prodromal group. There were no differences in the
indices of ECG types and f-QRS between the 2 groups. The
filtered QRS interval in the signal-averaged ECG was lon-
ger in the nonprodromal group than in the prodromal group.

Features of syncope

Table 2 shows clinical characteristics of syncope. There
were no differences in incidences of syncope and faintness
between the 2 groups. Patients in the prodromal group

experienced prodrome immediately before episodes of syn-
cope or faintness: blurred vision was the most common
prodrome, and about one-third of the patients experienced
syncope in association with urination. Abnormal respiration
was frequently observed in the nonprodromal group. There
were no differences in the frequencies of convulsion, incon-
tinence, and injury between the 2 groups.

Syncope often occurred in the supine position during
sleep in patients in the nonprodromal group, Patients in the
prodromal group often experienced syncope while they
were standing, and this resulted in falling down after the
episode. There were no differences in other syncope be-
tween the 2 groups. A positive HUT test result was observed
more frequently in the prodromal group (54%) than in the
nonprodromal group (10%, P = .012).

Table 3 shows the clinical characteristics of syncope in
patients without VF detection at index  hospitalization.
When subjects were limited to patients who did not have VF
at index hospitalization, blurred vision was the most com-
mon prodrome in the prodromal group. The clinical features
of these patients’ subgroups were similar to the data includ-
ing patients who had VF at index hospitalization (Tables 2
and 3).

Causes of syncope

At the time of index hospitalization, VF was documented in
19 patients (4 in the prodromal group and 15 in the non-
prodromal group) and was not documented in 65 patients
(37 in the prodromal group and 28 in the nonprodromal
group) (Table 2 and Figure 2A). One patient in the nonpro-
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Table 1 Clinical and ECG parameters in patients with and period (Figures 2A and 2B). One patient in the nonprodro-

without prodromal symptoms mal group was diagnosed with epilepsy during follow-up.

Prodromal  Nonprodromal None of the patients diagnosed with NMS or OH experi-

Variables group group p enced VF during follow-up.

NL_m}ber of patients 41 43 Predictors of VF

Clinical parameters . . .
Age (y) 46 -+ 11 48 + 13 NS Table 4 shows results of univariate analysis for the predic-
Female gender 1 (2%) 1(2%) NS tion of VF in clinical and ECG parameters between patients
Family history 11 (27%) 10 (23%) NS with VF and patients without VF. In this table, documen-

SCN5A mutation 7/18 (39%) 13/28 (46%) NS
Inducible VF/VT at PES 19/35 (54%) 19/37 (52%) NS

Follow-up period (m) 44 + 42 52 = 52 NS

ICD implantation 14 (34%) 31 (72%) .00036
ECG parameters

ECG type

Type 1 28 (68%) 33 (77%) NS

Type 0 16 {39%) 16 (39%) NS

RR II {ms) 963 = 164 991 = 183 NS

PQ 11 {ms) 170 = 21 182 =27  .029

QRS II (ms) 111+ 18 11220 NS
a7

v, (ms) 385 33 403 + 39  .027

v, (ms) 400 £ 39 413 =38 NS

v, (ms) 393 =33 406 * 38 NS
ST level

v, (mV) 0.19 = 0.10 0.26 = 0.26 NS

v, (mv) 0.33 = 0.16 0.41 = 0.32 NS

v, (mV) 0.21 + 0.09 0.25 + 0.18 NS

Fragmented QRS
Number of spikes

v, 27+08 28+1.0 NS
v, 25+13 3.0=x12 NS
Vs, 2.0 = 1.1 2.3 = 1.0 NS
Total spikes 7.2+ 2.6 8.1+ 2.7 NS

Existence of f-QRS 14 (3;’/0)

Signal averaged ECG

23 (50%) NS

Filtered QRS (ms) 119 *+ 16 130 = 21 012
LAS40 (ms) 45 = 14 49 =15 NS
RMS40 (pV) 15+ 9 12+9 NS
Late potential positive 27 (66%) 34 (79%) NS

Values represent n (%) and mean * standard deviation.

ECG = electrocardiogram; f-QRS = fragmented QRS; ICD = implantable
cardioverter-defribillator; LAS40 = duration of low-amplitude signals <40
V¥ in the terminal filtered QRS complex; NS = nonsignificant; PES =
programmed electrical stimulation; RMS40 = root-mean-square volttage of
the terminal 40 ms in the filtered QRS complex; VF = ventricular fibrilla-
tion; VT = ventricular tachijcardia.

dromal group who had syncope episodes coincident with
bradyarrhythmia was diagnosed as having sick sinus syn-
drome. Among 64 patients without documented VF at their
index hospitalization, we considered causes of syncope to
be NMS in 21 patients (all in the prodromal group) and OH
in 13 patients (6 in the prodromal group and 7 in the
nonprodromal group) on the basis of results of HUT tests
and situations of the episodes, but we could not determine
the cause of syncope in 30 patients (unexplained syncope:
10 in the prodromal group and 20 in the nonprodromal
group). VF was documented at the time of recurrent syn-
cope in 13 patients with unexplained syncope and was more
frequent in the nonprodromal group (n = 10) than in the
prodromal group (n = 3; P = .044) during the follow-up

tation of VF includes both VF at index hospitalization and
VF during the follow-up period. Clinical parameters were
not different between patients with documented VF (VF
group) and patients without documented VF (non-VF
group). In BECG parameters, appearance of spontaneous type
1 or type 0 ECG, prolonged QT interval in leads V, and V,,
and existence of f~-QRS were associated with the occurrence
of VF (Table 4). Although prodrome was usually related to
non-VF episodes, about 20% of the patients in the VF group
experienced prodrome before the onset of VF (Table 5):
prodromal symptoms before VF were blurred vision (rare),
palpitations, and chest discomfort. VF often occurred at rest
in the supine position and was accompanied by convulsion
and abnormal respiration during the episode. Non-VF epi-
sodes usually occurred with prodrome (especially blurred
vision and diaphoresis) while patients were standing or
urinating.

Figures 2B and 2C show results of the Kaplan-Meier
analysis of the new occurrence of VF in patients without
documented VF at their index hospitalization. Absence of
prodrome (especially blurred vision, relation to urination,
and diaphoresis) was associated with the subsequent occur-
rence of VF episodes during the follow-up period (Figure
2C).

Table 6 shows results of univariate analysis for the pre-
diction of VF in patients with BS. Prodromal symptoms
(especially blurred vision) and syncope while standing were
low-risk symptoms for the occurrence of VF, and syncope
without prodrome was a predictor of VF occurrence during
follow-up. Abnormal respiration and convulsion during the
episode were related to the occurrence of VF. Appearance
of type 0 or type 1 ECG and existence of late potential or
f-QRS were also predictors of VF.

Multivariate analysis that included the variables listed in
Table 6 indicated that syncope with blurred vision was a
low-risk symptom for the occurrence of VF and that abnor-
mal respiration and f-QRS were independent risk factors for
the occurrence of VFE. Receiver-operating characteristic
curves for patients with VF showed that absence of blurred
vision had high sensitivity (93.8%) but low specificity
(50.0%), abnormal respiration had low sensitivity (43.8%)
but high specificity (92.3%), and f-QRS had intermediate
sensitivity (71.9%) and specificity (73.1%). Figure 2D
shows that the receiver-operating characteristic curve was
graphed by the combination of fQRS, abnormal respiration,
and absence of blurred vision. This combination had an
excellent accuracy of diagnosis for patients with VF (sen-
sitivity of 84.4% and specificity of 82.7%).
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Prognosis and risk factors for the occurrence of VF in patients with Brugada syndrome. A: Causes of syncope in Brugada syndrome patients with

and without prodromal syndrome and situations at the initial visit and during the follow-up period. B: Freedom from lethal arthythmic events for patients
with and without prodromal symptoms and specific situations (blurred vision, relation to urination, diaphoresis, palpitations, and chest discomfort). Patients
in the nonprodromal group often experienced recurrence of syncope owing to VF within 2 years from the first visit. C: Freedom from events for patients with
and without existence of specific symptoms (blurred vision, diaphoresis, and relation to urination). Patients with specific symptoms did not suffer from VF
during the follow-up period. D: Receiver-operating characteristic curve of the combination of fQRS, abnormal respiration, and absence of blurred vision. This
combination was the highest AUC and had excellent accuracy of diagnosis for patients having VE. AUC = area under the curve; f-QRS = fragmented QRS;
OH = orthostatic hypotension; SSS = sick sinus syndrome; VF = ventricular fibrillation.

Discussion

New observations

We tound that syncope without prodrome was a high-risk
sign associated with VF episodes. Although blurred vision,
relation to urination, and diaphoresis were not associated
with the occurrence of VF, 2 other prodromal symptoms—
palpitations and chest discomfort—might be associated with
VF episodes. We also found that syncope associated with
VF often occurred in the supine position during sleep and
was accompanied by convulsion and abnormal respiration.
Therefore, absence of prodrome (especially blurred vision)
and existence of abnormal respiration and f~-QRS were im-
portant risk factors for the occurrence of VF in patients with
BS and syncope. When syncopal episodes without docu-
mented VF at index hospitalization were accompanied by
absence of blurred vision and existence of abnormal respi-
ration and fQRS, VF was more likely in follow-up. Al-
though vagal nerve activation can induce VF in patients
with BS, patients did not have any vagally induced pro-
drome before the onset of VF.

Syncope episodes in BS

Previous studies showed that spontaneous type 1 ECG and
syncope episodes were predictors of arrhythmic events in
patients with BS.'>!® The FINGER study’” showed that the
cardiac event rate in patients with syncope was lower than
that in patients with aborted sudden cardiac death but higher
than that in asymptomatic patients. Thus, in previous stud-
ies, prognosis for patients with syncope was better than for
patients with documented VF, although the syncope could
have resulted from VF. This might be due to the fact that
syncope episodes include both high-risk episodes related to
VF and low-risk benign syncope episodes such as NMS and
OH. Yokokawa et al’® reported that one-third of the patients
with BS had NMS, and they concluded that an impaired
balance of the autonomic nervous system was related to
their syncopal episodes. NMS® was also observed in asymp-
tomatic patients with Brugada-type ECG. Thus, an indica-
tion for ICD implantation requires confirmation of the
mechanism of syncope in patients with BS being benign or
not. The HUT test is a useful tool for augmenting vagal
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Table 2 Characteristics of syncope in patients with and
without prodromal symptoms

Prodromal Nonprodromal

Variables group group P
Number of patients 41 43
Symptom

Syncope 38 (93%) 38 (88%) NS

Faintness 3(7%) 5 (12%) NS
Prodromes

Blurred vision 28 (68%) 0 (0%) <.0001

Relation to urination 11 (27%) 0 (0%) .00018

Diaphoresis 10 (24%) 0 (0%) .00042

Palpitation 9 (22%) 0 (0%) .0009

Chest discomfort 6 (15%) 0 {0%) .0088

Patients’ condition after
onset of syncope

Convulsion 6 (15%) 10 (23%) NS
Incontinence 4 (10%) 7 (16%) NS
Falling down 15 (37%) 8 (19%) NS
Any injury 3(7%) 2 (5%) NS
Abnormal respiration 3(7%) 15 (35%) .0018
Position at the onset of
syncope
Supine 3(7%) 18 (42%) .0002
Sitting 15 (37%) 12 (28%) NS
Standing 23 (56%) 13 (30%) 016
Situation at the onset of
syncope
On exertion 1(2%) 1(2%) NS
Standing-up 7 (17%) 7 {16%) NS
Bathing 4 (10%) 2 (5%) NS
Rest 7 (17%) 19 (44%) .0068
Sleeping 3 (7%) 15 (35%) .0018
Drinking 4 (10%) 6 (14%) NS
Initial diagnosis of the
syncope
Arrhythmias
VF 4 (10%) 15 (35%) .0055
Sss 0(0%) 1(2%) NS
Neurally mediated 21 (51%) 0 (0%) <.001
syncope
Orthostatic hypotension 6 (15%) 7 (16%) NS
Unexplained 10 (24%) 20 (47%) .035

Values represent n (%).
NS = nonsignificant; 5SS = sick sinus syndrome; VF = ventricular
fibrillation.

nerve activity and inducing NMS, but positive results of a
HUT test in BS patients with syncope might incorrectly
indicate syncope associated with VF as being benign vagal
syncope.

Another dilemma related to autonomic nerve activation
in BS is that vagal nerve stimulation could aggravate the
pathophysiology of BS. Vagal nerve activation mediated by
acetylcholine caused abbreviated epicardial action potential
and augmented ST-segment elevation in ECGs in an exper-
imental model of BS."® Heterogeneous loss of the phase 2
dome of the action potential initiates phase 2 reentry and
polymorphic ventricular tachycardia. Infusion of acetylcho-
line into the coronary artery augmented ST-segment eleva-
tion without coronary vasospasm and induced VE.*1 Phys-
iological conditions enhanced vagal nerve activity and also

augmented ST-segment elevation in right precordial leads in
relation to the occurrence of VF.?°

Although prodrome was often accompanied by benign
syncope”?! (such as NMS and OH), arrhythmic syncope
had less prodromal symptoms.”** It is difficult to differ-
entiate benign syncope from ventricular tachyarrhythmia in
patients with BS because vagal nerve activation can induce
NMS as well as VE.5 In the present study, we showed that
patients did not have any vagally induced prodrome before
the onset of VF. We analyzed prodrome and situations in
detail and consequently found that syncope with blurred
vision, diaphoresis, or a situation related to urination indi-
cated benign symptoms mediated by NMS or OH in patients
with BS. Palpitations and chest discomfort could be pro-
drome at the onset of VF.

Table 3  Characteristics of syncope in patients without VF
detection at index hospitalization between the prodromal group
and the nonprodromal group

Prodromal Nonprodromal

Variables group group P
Number of patients 37 28
Symptom

Syncope 34 (92%) 23 (82%) NS

Faintness 3 (8%) 5 (18%) NS
Prodromes

Blurred vision 26 (70%) 0 (0%) <.0001

Relation to urination 11 (30%) 0 (0%) 0060

Diaphoresis 10 (27%) 0 (0%) .0099

Palpitation 7 (19%) 0 {0%) .038

Chest discomfort
Patients’ condition after onset

4 (11%) 0 (0%) NS

of syncope
Convulsion 4 (11%) 6 (21%) NS
Incontinence 4 (11%) 6 (21%) NS
Falling down 14 (38%) 4 (14%) .0256
Any injury 3 (8%) 2 (7%) NS
Abnormal respiration 3 (8%) 6 (21%) NS

Position at the onset of

syncope
Supine 2 (5%) 13 (46%) .0002
Sitting 5 (18%) 12 (32%) NS
Standing 23 (62%) 10 (36%) NS
Situation at the onset of
syncope
On exertion 1(3%) 1 (4%) NS
Standing-up 7 (19%) 7 (25%) NS
Bathing 3 (8%) 1 ({4%) NS
Rest 5 (14%) 15 (54%) .0001
Sleeping 2 (5%) 11 (39%) 0007
Drinking 3 (8%) 4 {14%) NS
Initial diagnosis of the
syncope
Arrhythmias
VF 0 (0%) 0 (0%) -
SsS 0(0%) 1 (4%) NS
Neurally mediated syncope 21 (57%) 0 {0%) <.0001
Orthostatic hypotension 6 (16%) 7 (25%) NS
Unexplained 10 (27%) 20 (71%) 014

Values represent n (%).
NS = nonsignificant; SSS = sick sinus syndrome; VF = ventricular
fibrillation.
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