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Abstract The muscarinic K* channel (Jg acy) is a hetero-
tetramer composed of GIRK1 (Kir3.1) and GIRK4 (Kir3.4)
subunits of a G protein-coupled inwardly rectifying channel,
and plays an important role in mediating electrical responses
to the vagal stimulation in the heart. /i acy displays biphasic
changes (activation followed by inhibition) through the
stimulation of the purinergic P2Y receptors, but the regula-
tory mechanism involved in these modulation of I ach by
P2Y receptors remains to be fully elucidated. Various P2Y
receptor subtypes and GIRK1/GIRK4 (Igrk) were co-
expressed in Chinese hamster ovary cells, and the effect of
stimulation of P2Y receptor subtypes on Igrx Were exam-
ined using the whole-cell patch-clamp method. Extracellular
application of 10 uM ATP induced a transient activation of
Igmxk through the P2Y, receptor, which was completely
abolished by pretreatment with pertussis toxin. ATP initially
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caused an additive transient increase in ACh-activated Igrk
(via M receptor), which was followed by subsequent inhi-
bition. This inhibition of Igrx by ATP was attenuated by
co-expression of regulator of G-protein signaling 2, or
phosphatidylinositol-4-phosphate-5-kinase, or intracellular
phosphatidylinositol 4,5-bisphosphate loading, but not by
the exposure to protein kinase C inhibitors. P2Y, stimula-
tion also persistently suppressed the ACh-activated Igrg. In
addition, Igrk evoked by the stimulation of the P2Y, re-
ceptor exhibited a transient activation, but that evoked by
the stimulation of P2Y, or P2Y, receptor showed a rather
persistent activation, These results reveal (1) that P2Y, and
P2Y, are primarily coupled to the Gg-phospholipase C-
pathway, while being weakly linked to Gy, and (2) that
P2Y, and P2Y , involve Gy, activation.

Keywords GIRK1/GIRK4 - P2Y receptors - Igrx - PIP, -
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Abbreviations

ACh Acetylcholine

I ach Muscarinic K* channel

PLC Phospholipase C

PKC Protein kinase C

PIP, Phosphatidylinositol 4,5-bisphosphate
PTX Pertussis toxin

PI4P-5K  Phosphatidylinositol-4-phosphate-5-kinase
CHO Chinese hamster ovary

AC Adenylyl cyclase

WT Wild type

GFP Green fluorescent protein

ATP Adenosine triphosphate

UTP Uridine triphosphate

RGS, Regulator of G-protein signaling 2

GIRK G protein-activated inward rectifier K channel

@ Springer



626

Pflugers Arch - Eur J Physiol (2012) 463:625-633

Introduction

The muscarinic K* channel (/g acp) is a heterotetramer
that comprises Kir3.1 and Kir3.4 subunits (encoded by
GIRK1 and GIRK4, respectively) of G protein-coupled
inwardly rectifying channel. Ik acn plays an important
role in mediating negative inotropic, chronotropic, and
dromotropic responses to the vagal neurotransmitter ace-
tylcholine (ACh) in the heart [20]. Previous reports
indicate that adenosine 5'-triphosphate (ATP) produces
dual effects on Ix ach: @ transient activation followed by
a persistent inhibition, in guinea pig atrial cells [13, 24,
44]. Like other neurotransmitters such as ACh [34, 35]
and adenosine [21, 24], ATP activates the membrane
receptors coupled to the Jx acn channel proteins through
a pertussis toxin (PTX) sensitive heterotetrameric G
protein, thus leading to the dissociation of the hetero-
trimeric G-protein complex into its oo and By subunits
that can interact with the channel and cause an increase
in open-state probability of the channel [5, 24, 42].
Conversely, Ix acn is persistently inhibited by ATP fol-
lowing the transient activation. Previous studies using
guinea pig atrial cells [25, 44] demonstrated that the
inhibition of Ix ach by ATP is associated with activation
of the P2Y receptors that are coupled to a PTX-
insensitive G protein leading to activation of Gg-phos-
pholipase C (PLC) signaling pathway. However, the
modulatory mechanism underlying the inhibition of Ik
ach by P2Y receptor subtype stimulation has yet to be
fully elucidated.

P2Y receptors belong to G protein-coupled P2 purinergic
receptors that can be activated by purine or pyrimidine
nucleotides. Eight P2Y receptor subtypes (P2Y, 2, 4, 6, 11,
12, 13 and 14) have been cloned from mammalian cells, and
all of them are expressed in heart tissues and associated with
the extracellular signaling pathway [3, 10, 30, 37]. Several
studies have so far indicated that ATP elicits diverse func-
tional responses in various types of tissues including cardiac
cells [10, 26, 27]. However, the functional coupling corre-
lates of the involved P2Y receptor subtypes in cardiac cells
is still a topic of debate and remains difficult in native cell
due to the restricted availability of subtype-selective ligands
and/or blockers.

The present study was undertaken to further explore the
inhibitory mechanism of Jx acn using Chinese hamster ova-
ry (CHO) cells heterologously co-expressed with GIRK1/
GIRK4 and different P2Y receptor subtypes. The result
reveals that stimulation of P2Y; or P2Y, receptor subtype
markedly inhibited ACh-activated Igrgx currents by Gg-
PLC pathway signaling, although the two receptors were
also weakly coupled to Gy, protein to transiently activate
Isirk. On the contrary, P2Y, and P2Y, receptor subtypes
were coupled with Gy, protein to persistently activate Igrk.
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Materials and methods
Heterologous expression of cDNA in CHO cells

Full-length cDNA encoding rat GIRK1 subcloned into the
pCI expression vector was a kind gift from Dr. LY Jan
(Department of Physiology and Biochemistry, Howard
Hughes Medical Institute, University of California). Full-
length cDNA encoding rat GIRK4 subcloned into the
pCDNA3 expression vector was kindly provided by Dr. JP
Adelman (Department of Molecular and Medical Genetics,
Oregon Health and Sciences University). Full-length cDNA
encoding rat type I phosphatidylinositol-4-phosphate-5-ki-
nase (PI4P-5K) subcloned into pCDNA3 expression vector
was generously donated by Dr. Y Oka (Third Department of
Internal Medicine, Yamaguchi University School of Medi-
cine, Japan). Full-length ¢cDNA encoding human M,, «,
P2Y,, P2Y,, P2Y,, P2Y;, receptors and regulator of G
protein signaling 2 (RGS,) subcloned individually into
pCDNA3.1" were all obtained from the University of Mis-
souri~Rolla cDNA Resource Center (Rolla, MO). The ex-
perimental cDNAs were transiently transfected into CHO
cells together with green fluorescent protein (GFP) cDNA
[0.5 ug GFP +1 pg GIRK1+1 pg GIRK4+1 pg P2Ys (or
o)+1 pg M,] by using Lipofectamine (Invitrogen Life
Technologies, Inc. Carlsbad, CA, USA) according to the
manufacturer’s instructions. Two micrograms of PI4P-SK
or RGS, cDNA was co-transfected in subset experiments.
The transfected cells were cultured in DMEM/Ham’s F-12
medium (Nakalai Tesque Inc., Kyoto, Japan) supplemented
with 10% fetal bovine serum (GIBCO) and antibiotics (100
U/ml penicillin and 100 pg/ml streptomycin) in a humidi-
fied incubator with 5% CO, and 95% air at 37°C. The
cultures were passaged every 4 to 5 days using a brief
trypsin—EDTA treatment. The trypsin-EDTA treated cells
were seeded onto glass coverslips in a petri dish for later
patch-clamp experiments.

Solutions and chemicals

The pipette solution contained (mM) 70 potassium aspar-
tate, 40 KCl1, 10 KH,PO,, 1 MgSOy4, 3 Nay-ATP (Sigma),
0.1 Li,-GTP (Roche Diagnostics GmbH, Mannheim, Ger-
many), 5 EGTA, and 5 Hepes, and pH was adjusted to 7.2
with KOH. The extracellular solution contained (mM) 140
NaCl, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 0.33 NaH,POy, 5.5
glucose, and 5.0 Hepes, and pH was adjusted to 7.4 with
NaOH. Agents added to the extracellular solutions included
ACh (Sigma Chemical Co., St. Louis, MO, USA), ATP
(Sigma), uridine triphosphate (UTP, Sigma), bisindolylma-
leimide 1 (BIS-1, Sigma), chelerychrine (CHE, Sigma), and
phenylephrine (PHE, Sigma). ACh, ATP, UTP, and PHE
were dissolved in the distilled water to yield 10 mM or 30
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mM stock solutions. BIS-1 and CHE were dissolved in
dimethyl sulfoxide (DMSO, Sigma) to yield stock solutions
of 200 uM and 5 mM, respectively. Phosphatidylinositol
4,5-bisphosphate (PTP,; Calbiochem, San Diego, CA, USA)
was directly dissolved in the control pipette solution at a
concentration of 50 pM with 30 min sonication on ice. In a
subset of experiments, the cells were pre-incubated with
5 ug/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 (dV/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 (I-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 Igrg during exposure to ATP in CHO cells
expressing P2Y receptor

The effect of extracellular ATP on Igrk was examined in
cells transfected with P2Y, receptor by measuring whole-
cell membrane currents at a holding potential of —40 mV and
during hyperpolarizing voltage ramps from +50 to
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—130 mV. The bath application of 10 pM ATP initially
evoked a rapid outward shift of the holding current (Jgri
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¢). Jg acn is activated by a
membrane-delimited pathway involving a PTX-sensitive G
protein (Gjj,) 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 Igri by P2Y receptor stimulation.

The functional regulation of P2Y| receptor was further
analyzed using 10 uM ACh to induce an activation of Igrk
at —40 mV (Fig. 2a). The further addition of ATP initially
had an additive effect on ACh-activated Jgrg 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 Iggrg 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 WM ATP. b
Superimposed -V relationships measured during the voltage ramps
applied at the points indicated by numbers (I-3) in panel (a). ¢ I-V
relationship obtained by digital subtraction of current traces as indicat-
ed. d After pretreatment 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 Igirx by ATP. a The whole-cell
currents recorded at a holding potential of —40 mV and during voltage
ramps applied before (/), during exposure to 10 uM 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 I~V 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 Igri. Figure 2b and ¢ show that the ACh-
activated Igrk current also exhibited an inwardly rectifying
I-V relationship, which is consistent with the properties of
Ix ach in guinea-pig atrial myocytes. In addition, Igirk
isolated by digital subtraction of the currents in the presence
of ACh from that after ATP application also exhibited an
inwardly rectifying /¥ 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. Sla) and in cells transfected only
with GFP + GIRK1/GIRK4 (Fig. S1b). However, ACh
evoked persistent Igrk currents in cells transfected with
GFP + GIRK1/GIRK4 + M, (Fig. Slc), 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. S1c). 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 Igrgx was affected by G protein-coupled
receptor—G protein interaction, we observed the effects of
ATP on ACh-activated Igrx in CHO cells co-transfected
lower doses (0.2-0.5 ug) of P2Y, together with 0.5 ng GFP
+1 ug GIRK1/GIRK4+1 pg M,. Figure S1f shows that the
inhibition of ACh-activated Igirx by ATP in cells co-
transfected with 0.2 pg P2Y, is almost the same as that
co-transfected with 1 pg P2Y;.

The modulation of RGS, on ATP-induced inhibition
of Igrk

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 Gqox subunit)
was co-transfected with GIRK1/GIRK4, M, and P2Y,
cDNAs to explore the inhibitory mechanism of ATP on
Igirk. Figure 3a shows that the inhibitory action of ATP
on ACh-activated Igrg was significantly attenuated with
the co-expression of RGS,. Figure 3¢ shows that the inhib-
itory degree of the ACh-activated Igryx was only 50.7+
9.1% (n=15) 3 min after exposure to 10 pM ATP, which

a
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Fig. 3 The modulation of RGS, on the ATP-induced inhibition of Igirk.
a Whole-cell currents recorded in CHO cell co-transfected with RGS, 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 Igrk (*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 Igrk. 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 nug GIRK1+1 pg GIRK4+1 pug M,
(Fig. S3a) also supports the result that the activation of Gq
protein is involved in the agonist-induced inhibition of Ik
in this experiment.

In order to further confirm the result that co-expression of
RGS; led to the inhibition of the signal transduction via G4
protein-coupled receptors in our cell expression system, we
co-transfected GFP + GIRK1/GIRK4+M,+RGS, together
with «,-adrenergic receptor that has been generally accepted
to be coupled to Gg [8]. Similar to the inhibition of ACh-
activated Igrg currents by ATP, bath application of PHE (a
selective o receptor agonist, 30 uM) significantly inhibited
the ACh-activated Igrg 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,+
receptor (Fig. S2b), implicating that the attenuation of Igrx
inhibition by ATP in cells co-expressing RGS, is involved
in blockade of G4 protein in our experiment.

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

A previous study indicated that ATP receptor stimulation
could inhibit the Jx oc, 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
GIRK1/GIRK4, M,, and P2Y, ¢cDNAs. Figure 4a shows
that the co-expression of PI4P-5K markedly (P<0.01) pre-
vented the inhibitory action of ATP on ACh-activated Igrk,
compared with that in control (55.2+10.0%, n=13 vs. 92.44
+10.61%, n=19; Fig. 4¢). This result is consistent with the
view that a characteristic progressive decline of Iggy 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 Igrk 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 50 uM PIP, for 57 min through a
recording pipette significantly reduced the inhibition degree
of ACh-activated Igrix by ATP. The inhibition of Igrk
(Fig. 5c) only reached 18.2+6.4% (n=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 Igrk.

PKC activation was previously reported to produce in-
hibitory action on I 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 P14P-5K attenuated the ATP-induced inhibi-
tion of Igrk. a The whole-cell currents recorded in CHO cell co-
transfected with PT4P-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
(1-3) in panel (a). ¢ ATP-induced inhibition of Iggrk (*P<0.05 vs.
control)
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Fig. 5 Effect of PIP, (intracellularly loaded) on the ATP-induced
inhibition of Igrrk. 2 Whole-cell currents recorded with PIP, intracel-
lular dialysis for 5~7 min at a holding potential of —40 mV, and then in
the presence of ACh and ATP. b Superimposed /~V relationships
measured during the voltage ramps applied at the points indicated by
numerals (/-3) in panel (a). ¢ ATP-induced inhibition of IRk (**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 /grg 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
Igirk [7, 28].

Effects of P2Y receptor subtype stimulation on Igirg

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 Igrk. In the experiment, 10 pM 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 Igrk traces elicited by stimulating P2Y,, P2Y,, and
P2Y,, receptors, respectively. The persistent Iirg 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 Igirk
normalized to the peak amplitude one minute (/1min/Ipeat)
and 3 min (f3min/lpear) after application of an agonist. The
normalized amplitude of Igrx 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 Igrg for P2Y; or P2Y,4 3 min after receptor stimulation
was significantly (£<0.05) lower than that for the same
receptor 1 min after receptor stimulation.

200 1M BIS-1
10 M AGH
O M ATP
0.1nA
1 min
120+ =Ty -
100

% inhibition

Controt

200aMBIS-1 SuMCHE

Fig. 6 PKC inhibitors did not attenuate the ATP-induced inhibition of
Igirk- 8 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 Ik in the presence of 200
nM BIS-1 or 5 uM CHE

@ Springer

79

a

10 UTP 10 WM UTP 10 UM ATP

P2Y12

P2Y2

P2Ya

__JOAnA

i Troin

= _. 80 » ta=12)
S g w=8 T
i % 60
owd
P T 40+
i £
~ ~ 204 ¢
{n = 5}
P2Y1 P2Yz P2Ys P2Ym P2Yt P2Yz PAYs PIYR

Fig. 7 Comparison of Igrk 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 Igrx 1 min after stimulation of
P2Y,, P2Y,, and P2Y, receptors. ¢ Inhibition of Igrk 3 min after
stimulation of P2Y,, P2Y}, and P2Y, receptors (**P<0.01 vs. P2Y,
o1 P2Y,; *P<0.05 vs. P2Y5; TP<0.05 V8. Lymin/peat)

Treatment with 10 uM ACh was first used to induce an
Igrk current at —40 mV, and then 10 uM UTP or ATP was
employed to stimulate P2Y,, P2Yy, or P2Y, to further
examine the effects of P2Y receptor stimulation on ACh-
activated Igpk. 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 Igrx by the stimu-
lation of P2Y,4 was 99.6+£22.5% (n=5), which was similar
to that evoked by the stimulation of P2Y receptor (Fig. 8c).
Figure S3b and ¢ shows that addition of an agonist (ATP or
UTP) caused the ACh-activated Igrx to increase further
(there was 1/13 cell co-transfected with P2Y, that did not
respond to UTP). The addition activation of Igri by the
stimulation of P2Y, declined slightly, but still much higher
than the ACh-activated Igryx level 3 min after treatment
with UTP (Fig. S3b). On the other hand, the addition acti-
vation of Igrk by the stimulation of P2Y, almost did not
decline (Fig. S3c).

Discussion

The activation of Ix sch 18 due to the activation of Gjj
protein [34]. The rapid activation phase of Jx scn 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 Ix acn
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Fig. 8 Effect of P2Y, stimulation on ACh-activated /grk. 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 Jgmk 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 Jx ¢y by decreasing membrane PIP,. Howev-
er, others [15, 23, 32, 36] suggest that the downstream
activation of PKC underlies the inhibition of /¢ scp. There
are also some pieces of evidence to suggest that reduction in
membrane PIP, and PKC activation are both involved in the
I acn inhibition by agonists such as carbachol [22] and
ACh [17].

A previous study in the guinea-pig atrium indicated that
the inhibition of g ach 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 Jx ach by ATP. In addition, RGS, protein is one of
the important inhibitor of the Gya subunit and terminates G
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 Igrk, thus confirming the view that the inhibition of
Ik 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 Igmrk is markedly attenuated by both co-expression
of PI4P-5K and intracellular dialysis with PIP, in CHO

80

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 fx acn. 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 Igrg, 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 G-PLCis
mainly responsible for the inhibition of /i acp, channels by
externally applying ATP.

Previous reports have indicated that P2Y,, P2Y,, and
P2Y 4 receptor subtypes are coupled to PTX-insensitive G,
proteins that activate PLC and then produce a fall in mem-
brane PIP, levels, whereas P2Y, 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
Isk followed by a persistent inhibition (Figs. 1a and 7a),
thus suggesting that a large amount of membrane PTP, was
consumed via activation of G-PLC pathway. This result
might implicate that the two receptors are mainly coupled
to Gy protein. Contrary to previous reports [1, 9, 37, 41],
however, the activation phase of Igrk 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 Igrrk (Fig. 72), 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 Iggrk. In
addition, the decay Igmrk 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) Gg-coupled subfamily [9, 19, 41]. However, the data in
the present study suggested that P2Y, 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 Gg. 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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Regional cooling facilitates termination of spiral-wave reentry
through unpinning of rotors in rabbit hearts
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BACKGROUND Moderate global cooling of myocardial tissue was
shown to destabilize 2-dimensional (2-D) reentry and facilitate its
termination.

OBJECTIVE This study sought to test the hypothesis that regional
cooling destabilizes rotors and facilitates termination of sponta-
neous and DC shock-induced subepicardial reentry in isolated,
endocardially ablated rabbit hearts.

METHODS Fluorescent action potential signals were recorded
from 2-D subepicardial ventricular myocardium of Langendorff-
perfused rabbit hearts. Regional cooling (by 5.9°C = 1.3°C) was
applied to the left ventricular anterior wall using a transparent
cooling device (10 mm in diameter).

RESULTS Regional cooling during constant stimulation (2.5 Hz)
prolonged the action potential duration (by 36% * 9%) and
slightly reduced conduction velocity (by 4% * 4%) in the cooled
region. Ventricular tachycardias (VTs) induced during regional
cooling terminated earlier than those without cooling (control):
VTs lasting >30 seconds were reduced from 17 of 39 to 1 of 61.
When regional cooling was applied during sustained VTs (>120
seconds), 16 of 33 (48%) sustained VTs self-terminated in 12.5 *
5.1 seconds. VT termination was the result of rotor destabilization,

which was characterized by unpinning, drift toward the periphery
of the cooled region, and subsequent collision with boundaries.
The DC shock intensity required for cardioversion of the sustained
VTs decreased significantly by regional cooling (22.8 = 4.1V, n =
16, vs 40.5 = 17.6 V, n = 21). The major mode of reentry
termination by DC shocks was phase resetting in the absence of
cooling, whereas it was unpinning in the presence of cooling.

CONCLUSION Regional cooling facilitates termination of 2-D re-
entry through unpinning of rotors.

KEYWORDS Spiral-wave reentry; Regional myocardial cooling; Un-
pinning; Optical mapping; Ventricular tachyarrhythmia

ABBREVIATIONS 2-D = two-dimension; 3-D = three-dimension;
APD = action potential duration; BCL = basic cycle length;
BDM = 2,3-butandione monoxime; CV = conduction velocity;
FBL = functional block line; ICD = implantable cardioverter-de-
fibrillator; LV = left ventricle; PS = phase singularity; RC = re-
gional cooling; SW = spiral wave; VF = ventricular fibrillation;
VT = ventricular tachycardia

(Heart Rhythm 2012;9:107-114) © 2012 Heart Rhythm Society. All
rights reserved.

Introduction

High-energy DC shock application by implantable cardio-
verter-defibrillator (ICD) is the most effective procedure for
preventing sudden cardiac death resulting from ventricular
tachycardia/ventricular fibrillation (VT/VF). Large-scale
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1547-5271/% -see front matter © 2012 Heart Rhythm Society. All rights reserved.

clinical trials have demonstrated that ICD therapy is supe-
rior over any pharmacological therapy to prevent cardiac
death."? The usefulness of ICD therapy currently available
is, however, limited by a number of adverse effects of
high-energy shocks, such as myocardial damages causing
arrhythmias, increased pacing threshold,®>* and mechanical
dysfunction giving rise to hemodynamic deterioration.’ In
addition, painful DC shocks by ICD often cause serious
psychological disorders.®” Theoretical and experimental
studies have revealed that spiral-wave (SW) reentry rotating
around a functional obstacle is the major mechanism of
VT/VE.?® Arguably, should SW reentry be regulatable by
procedures other than DC shocks or those combined with
low-energy shocks, it could lead to innovative therapeutic

doi: 10.1016/j.hrthm.2011.08.013
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modalities for prevention of arrhythmic death. Although
several conceptual approaches have been proposed to ter-
minate SW reentry by low-energy DC application, e.g.,
resonant drift,'™'" controlling chaos,'? synchronized pac-
ing,'">'* and unpinning of SWs,'>! feasibility of these
approaches has not yet been validated. In isolated rabbit
hearts, we have previously shown that moderate hypother-
mia facilitates termination of VT through destabilization
(unpinning) of SW reentry.'” Using high-density electrode
mapping in rabbit hearts, Boersma et al'® demonstrated that
regional cooling (RC) of the ventricle during programmed
electrical stimulation prevented stabilization of functional
reentry and resulted in only brief episodes of polymorphic
VT that terminated spontaneously. Here we hypothesized
that moderate RC of the ventricular myocardium could be a
novel procedure to destabilize already-established and sus-
tained VT and lead to its termination. To test this hypoth-
esis, we carried out high-resolution optical mapping exper-
iments in 2-dimensional (2-D) ventricular myocardium.

Methods

Experimental model and optical mapping

The protocol was approved by the Institutional Animal Care
and Use Committee at Nagoya University. The experimen-
tal model and procedures of optical mapping are essentially
the same as reported previously.'”'®?® Briefly, optical
membrane potential signals were recorded from a 2-D ven-
tricular muscle layer of Langendorff-perfused rabbit hearts
subjected to endocardial cryoablation; 2,3-butandione mon-
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oxime (BDM) was applied to minimize motion artifacts.
Action potential duration (APD) and conduction velocity
(CV) were measured during constant pacing (basic cycle
length [BCL] 180 to 400 ms) from the apex. The details of
experimental procedures and data analysis are described in
the Online Supplemental Methods.

RC

The temperature of the central region of the left ventricular
(LV) free wall was temporarily reduced by applying a
transparent cooling device (diameter, 10 mm) perfused with
cold water and in abutting contact with the epicardial sur-
face (Figure 1A). In pilot experiments using thermography
(TVS-200, Nippon Avionics, Tokyo, Japan) (Figure 1B),
we confirmed that the temperature in the target area was
decreased by 5.9°C = 1.3°C (n = 7, P <.05) from baseline
(36.0°C). The temperature change was reversed completely
after removal of the device. Temperature outside the cooled
region remained unchanged.

Experimental protocols

Reentrant VTs (lasting =3 beats) were induced by modified
cross-field stimulation using 1 of 2 protocols. First, in 8
hearts, VTs were induced before and 20 seconds after ap-
plication of RC to compare their duration and dynamics.
Second, in 15 additional hearts, sustained VTs (>120 sec-
onds) were induced and RC was applied to observe its
effects on VT duration and dynamics. If the sustained VTs
did not terminate during the 30-second observation period
of RC, 10-ms monophasic DC shocks were applied at in-
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Figure 1  RC of 2-D rabbit hearts. A: A
transparent cooling device (diameter, 10
mm) was in contact with the LV subepicar-
dial surface, and water (20°C) was circulated
inside the device. B: Thermography images
(top) and changes of temperature (bottom) in
response to RC. Those without RC served as
control. *P <.05 vs control. C: Changes of
APD (BCL, 400 ms) in response to RC. Top,
APD color gradient maps with and without
RC (control); bottom, optical action potential
signals inside (a) and outside (b) the RC
region. Numerals are APD (in ms). D: Ef-
fects of RC on APD (left) and CV (right)
in the RC region at BCLs 180 to 400 ms.
*P <.05 vs control (without RC). 2-D =
two-dimension; APD = action potential
duration; BCL = basic cycle length; BE =
electrodes for recording distant bipolar
electrograms; CV = conduction velocity;
DC = paddle electrodes for DC-applica-
tion; LV = left ventricle; RC = regional
cooling.
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creasing or decreasing voltage (by 5 to 10 V in steps from
25 V) to determine the threshold intensity for cardioversion.
Sustained VTs without RC served as control subjects.

In 6 rabbits, effects of RC on VI/VF were examined in
3-dimensional (3-D) ventricles without cryoablation. Sus-
tained VT/VFs (>120 seconds) were induced, and cardio-
version by RC alone or in combination with DC shocks
(8/2-ms biphasic, 25 to 100 V) was attempted.

Statistical analysis

Data are expressed as mean = SD. Statistical comparisons
were performed by 2-way analysis of variance with Bon-
ferroni post hoc test or Welch 2-sample ¢ test when app-
ropriate. Differences were considered significant when
P <.05.

Results

APD and CV during constant pacing
Effects of RC on APD and CV were examined in 7 hearts.
Representative changes in APD (BCL, 400 ms) are shown
in Figure 1C. Cooling (20 seconds) increased APD in the
RC region, whereas APD outside the RC region was un-
changed. Figure 1D summarizes the changes of APD and
CV in the RC region. RC caused a significant increase of
APD (BCLs, 180 to 400 ms); the longer the BCL, the
greater the APD prolongation. RC decreased CV, although
the changes remained statistically insignificant at BCLs 250
and 400 ms.

In 3 hearts, all of the RC-induced changes of APD and
CV were reversed completely within 60 seconds after re-
moval of the cooling device (data not shown).

VT induced during RC application

In 8 hearts, VTs were induced before (control) and 20
seconds after RC. In control subjects, 18 of 39 VTs (46%)
terminated within 5 seconds, 4 VTs (10%) terminated in 5
to 30 seconds, and 17 VTs (44%) persisted for >30 sec-
onds. During RC, in contrast, 58 of 61 VTs (95%) termi-
nated within 5 seconds, 2 TVs (3%) terminated in 5 to 30
seconds, and 1 VT (2%) persisted >30 seconds. Thus, most
of VTs induced during RC terminated earlier than in control
subjects. The VT cycle length during RC (178 = 20 ms, n =
61) was significantly longer compared with control subjects
(143 = 23 ms, n = 39, P <.05). Reversibility of the RC
effects on the VT persistence was tested in 3 hearts. The
incidence of persisted (>30 seconds)/all VTs was 11 of 23
(48%) in control subjects, 1 of 26 (4%) during RC, and 8 of
13 (62%) 5 to 20 minutes after removal of the cooling
device.

Optical images of excitation were analyzed in 5 hearts (9
VTs before RC and 13 VTs during RC) exhibiting visible
rotor(s). In control, the rotors were, in most cases (7 of 9)
stable with small meandering. The 13 VTs induced during
RC, in contrast, were all unstable with remarkable mean-
dering of rotors along the periphery of the RC region, and
they terminated shortly. Action potential traces revealed
frequent intermittent conduction block in the RC region
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with longer APD, giving rise to drift of the reentry circuit
(Online Supplementary Figure 1). The rotors terminated by
collision with anatomical boundaries in 7 VTs (Online Sup-
plementary Figure 1), whereas by mutual annihilation in the
RC region in 2 cases (Online Supplementary Figure 2). The
mode of rotor termination was unable to be analyzed in the re-
maining 4 cases.

Termination of sustained VT by RC

We next examined the effects of RC applied during sus-
tained VTs (lasting >120 seconds). We induced 76 sus-
tained VTs in 15 hearts and observed them for 30 seconds
with and without RC (33 VTs with RC, and 43 VTs without
RC as control subjects). None of the 43 sustained VTs
terminated in control subjects, whereas 16 of 33 (48%)
sustained VTs terminated during the observation period
with RC. Average time to termination was 12.5 * 5.1
seconds (n = 16).

Optical images of excitation were analyzed in 16 sus-
tained VTs that terminated during the RC application in 8
hearts. Figure 2 shows a representative experiment. Before
the RC application, a stable clockwise rotor circulated
around a functional block line (FBL) (approximately 5.1
mm); the bipolar electrogram showed a monomorphic pat-
tern (Figure 2A, and Online Supplementary Video 1). A 3-D
plot of the phase singularity (PS) trajectory obtained after
phase mapping confirmed the stationarity of the rotor activ-
ity. Application of RC resulted in a dramatic change of the
rotor dynamics and the VT terminated after approximately
10 seconds. Figure 2B shows isochrone maps during the last
3 beats prior to VT termination. A clockwise rotor circu-
lated around a very long and curved FBL in the RC region
in beat 1 and 2. The FBL configuration changed beat to beat
in such a way that during beat 3 the FBL extended from the
RC region to the atrioventricular groove, resulting in termi-
nation of reentry. The bipolar electrogram showed a poly-
morphic pattern before termination. Action potentials (Fig-
ure 2C) from the RC region (d) were longer compared with
those outside (a—c, e, f), and this provided a substrate for
conduction block. In Figure 2D, phase maps (left) and a 3-D
plot of the PS trajectory (right) demonstrated that a single
PS moved along the periphery of the RC region and collided
with the atrioventricular groove (Online Supplementary
Video 2). The mode of rotor termination by RC could be
analyzed in 6 sustained VTs. In 4 sustained VTs, rotor
terminated by drift and subsequent collision of PSs with
boundaries, whereas in the remaining 2 cases, by mutual
annihilation of PSs with opposite chiralities in the RC re-
gion.

RC failed to terminate 17 of 33 (52%) of the sustained
VTs. The failure was attributable in part to the topological
relationship between the rotor and the RC region. In other
words, the success rate of RC cardioversion was relatively
high (12 of 19) when the rotation center was located within
or in the vicinity of the RC region. However, success was
low (4 of 14) when the rotation center was far from the RC
region.
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Figure 2 Termination of sustained VT by RC. A: Bipolar electrogram (top) and 4-ms isochrone map (middle) of sustained VT (>120 seconds) before RC
application. Bottom, trajectory of a PS plotted on space-time axes. Stable reentrant activity was maintained. B: Bipolar electrogram (top) and isochrone maps
(bottom) of 3 consecutive beats prior to VT termination approximately 10 seconds after RC. A clockwise rotor rotating around a long and curved FBL (pink)
changed circuits in each excitation. Yellow circle, RC region. C: Optical action potential signals (a—f in the isochrone map) prior to VT termination. Wave
propagation was frequently blocked at the periphery of the RC region. D: Left, phase maps of the last 2 beats. Black circle, PS of clockwise rotation; dotted
circle, RC region. Right, PS trajectory plotted on space-time axes. Blue column, RC region. PS = phase singularity; VT = ventricular tachycardia; other
abbreviations as in Figure 1.

Cardioversion of sustained VT by DC shock significantly less with RC (22.8 = 4.1 V, n = 16) than that
When the sustained VTs did not terminate during the 30- without RC (40.5 £ 17.6 V, n = 21, P <.05).

second observation period, DC cardioversion was at- The mode of rotor modification and termination by DC
tempted. DC shocks of 15 to 80 V were applied to 21 shocks with and without RC was also different. Represen-
sustained VTs in the absence of RC (in 12 hearts) and 16 tative experiments are shown in Figure 3. Figure 3A is the
sustained VTs in presence of RC (in 9 hearts) to evaluate the consequence of a 25-V shock that failed to terminate the
threshold DC shock intensity for cardioversion. The thresh- reentrant activity in the absence of RC. A single clockwise

old DC shock intensity required for VT termination was rotor (PS1) was present before the DC shock; shock appli-
86
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on space-time axes. Blue columns indicate the RC region. Abbreviations as in Figure 2.
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cation generated a pair of PSs (counterclockwise PS2 and
clockwise PS3). Then, PS1 and PS2 collided with each
other and disappeared, whereas PS3 survived by anchoring
and subsequently maintained the reentrant activity. Thus, as
confirmed by the 3-D PS trajectory plots, the rotor dynamics
were destabilized transiently by the DC shock, but restabi-
lized after PS repining. In this heart, application of a 30-V
DC shock resulted in generation of multiple PSs exhibiting
irregular meandering, and the activation pattern was trans-
formed from VT to VF (Online Supplementary Figure 3A),
and application of a high-voltage (50 V) DC shock resulted
in a prompt disappearance of reentrant activities by shock-
induced phase resetting (Online Supplementary Figure 3B).

Figure 3B is the consequence of a 25-V DC shock, which
terminated the reentrant activity in the presence of RC.
Before the shock, a single clockwise rotor (PS1) anchored to
a site close to the RC region (left, a). DC shock at 25 V
created 7 new PSs (PSs2 to 8) of either chirality that me-
andered following complex trajectories (b and c). Then,
PS1-PS3, PS4-PS7, and PS5-PS6 disappeared by mutual
annihilation. PS8 moved out of the left margin (toward the
posterior surface). PS2 survived and drifted along the pe-
riphery of the RC region (d and e). The VT terminated by
collision of PS2 with the atrioventricular groove approxi-
mately 4 seconds after the DC shock application (top).
Figure 3B, right, illustrates the trajectory of PSs plotted on
space-time axes.

Figure 4 summarizes the data obtained from 18 sustained
VTs (in 12 hearts) without RC and 13 sustained VTs (in 9
hearts) with RC exhibiting visible rotors; 38 and 17 DC
shocks were applied without and with RC, respectively. In
the cases of cardioversion failure, the mode of SW modifi-
cation was classified into 3 types: no substantial change,
repining of rotors (see Figure 3A), and transformation from
VT to VF (see Online Supplementary Figure 3A). In the
case of cardioversion success, the mode of SW modification
was classified into 2 forms; unpinning of rotors followed by
collision and extinction (see Figure 3B), and immediate
disappearance of rotors by phase resetting (see Online Sup-
plementary Figure 3B). As shown in Figure 4A, for DC
shocks without RC (control), the major mode of success was
phase resetting at high DC shock intensities (=50 V); trans-
formation from VT to VF often occurred at intermediate
intensities (30 to 40 V), and repining was the major mode of
failure at relatively low intensities (20 to 30 V). For DC
shocks with RC, in contrast, the major mode of success was
unpinning with relatively low intensities (15 to 25 V), and
the major mode of failure was no change. Figure 4B com-
pares the success rate of DC cardioversion with and without
RC. The intensity-response curve with RC was shifted to the
left from that without RC (control) by 17.7 V. Average time
to VT termination tended to be longer in the presence of RC
(1.6 = 1.9 seconds, n = 13) compared with that in the
absence of RC (0.6 * 1.2 seconds, n = 18), although the
difference remained statistically insignificant (Figure 4C).

88

Effects of RC on VT/VF induced in 3-D hearts

We examined the effects of RC on the sustained VT/VFs
(>120 seconds) in 6 intact hearts without cryoablation. A
total of 17 sustained VT/VFs were induced. In 8 control
VT/VFs, in which RC was not imposed, all (8 of 8) con-
tinued during the 30-second observation period. Subsequent
application of biphasic DC shocks terminated 3 of 8 VT/
VFs. In 9 VT/VFs, in which RC cardioversion was at-
tempted, 1 of 9 terminated within 30 seconds by RC alone;
subsequent application of DC shocks in the presence of RC
terminated 7 of 8 VI/VFs. The threshold amplitude for the
DC cardioversion was 56.7 = 5.8 V (n = 3) in the absence
of RC (control), and 31.4 + 8.5 V (n = 7) in the presence
of RC (P <.05). Time for cardioversion after DC applica-
tion was 1.3 = 1.7 seconds (n = 3) in the absence of RC and
122 *= 11.2 seconds (n = 7) in the presence of RC
(P <.05). DC shocks at the maximum voltage (100 V)
failed to terminate 5 of 8 VI/VFs in the absence of RC, but
1 of 8 in the presence of RC. Thus, RC facilitated cardio-
version in 3-D hearts when combined with DC shocks in
association with a certain modification of the mode of re-
entry termination.

Discussion

The major findings in the present study are as follows. First,
rotors induced during RC were initially confined to the RC
region, but were unstable and terminated early by collision
following drift. Second, rotors underlying sustained VTs
were transformed by RC from stationary to nonstationary;
RC terminated approximately 50% of sustained VTs. Third,
the threshold intensity of DC shocks for cardioversion of
sustained VTs was reduced in the presence of RC; the major
mode of rotor termination by DC shocks was changed from
phase resetting to unpinning.

RC destabilizes rotors in favor of their
termination

In the experiments in which VTs were induced during RC
(the first protocol), 98% of the VTs self-terminated within 5
seconds because the rotors were unstable and drifted around
the RC region. This finding, which is essentially concordant
with a previous report by Boersma et al,'® can be explained
by creation of a region of long refractoriness and reduced
conductivity by RC. During constant stimulation, RC pro-
longed the APD and decreased the CV in the RC region,
which explained why the reentrant activity was impaired in
the RC region, and was accompanied by intermittent con-
duction block and long tortuous PS meandering trajectories
in the periphery of the RC region. We have previously
demonstrated that global myocardial cooling (30°C to 33°C)
caused an increase of the maximum APD restitution slope
and a broadening of CV restitution curves compared with
control subjects.'” These changes of the restitution proper-
ties would increase destabilization of the reentry in the RC
region through an enhancement of wavefront-tail interac-
tions.'” Temperature-dependent alterations of electrotonic
effects, short-term memory, and perhaps intracellular Ca>*
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dynamics might also contribute to rotor destabilization,” but VTs were terminated efficiently (16 of 33 VTs, 48%) by RC
such factors remain to be elucidated. alone only with the largest size tested.

Mathematical model analysis of the rotor dynamics has
demonstrated that spatial gradients in refractoriness play
important roles in the stability of the rotation center in the
cardiac muscle with normal excitability.>** In a medium
with stepwise heterogeneity, rotors move along the border
separating regions with different refractoriness.”! Our ob-
servation showing enormous PS drift in the periphery of the
RC region is consistent with theoretical prediction.

To assess the potential usefulness of RC for cardiover-
sion, we investigated the effects of RC on sustained VTs
and found that RC terminated approximately 50% of sus-
tained VTs. In the cases of successful cardioversion, the
rotor dynamics changed dramatically from stationary to
nonstationary. The nonstationary rotors shared common
features with those induced after RC application in terms of
long tortuous FBLs confined to the RC region and tremen-
dous drift of rotors leading to their collision and extinction.

RC reduces the DC shock intensity required for
cardioversion
When RC failed to terminate sustained VTs, we attemp-
ted DC cardioversion in the presence of RC. Those VTs
were likely to be maintained by stationary rotors with PSs
anchored at structural discontinuities. Our experiments
showed that application of relatively low-intensity DC
shocks always created new multiple PSs, resulting from
shock-induced virtual electrode polarization.”* SW reentry
can be induced by a combination of depolarization and
hyperpolarization at a close proximity.>**>

In control subjects (without RC), relatively weak DC
shocks caused displacement of preexisting PSs (unpinning)
and generated new PSs. Eventually such new PSs disap-
peared, but organized stationary SW reentry was resumed
when the survived PSs were anchored again. Another mode

The effects of RC on VT perpetuation were reversible upon of cardioversion failure was transformation from VT to VF,
removal of RC, suggesting a potential advantage of RC as a which was the result of irregular meandering of multiple,
therapeutic procedure. The failure of RC cardioversion was widely dispersed PSs. The major mode of cardioversion
attributable partly to the topological relationship between success in control subjects was immediate PS disappearance
the pre-existing rotor and the RC region; when the rotation by phase resetting at intensities larger than the upper limit of
center was outside the RC region, the success rate of car- vulnefabiljty?ﬁ In contrast, when DC shocks of weak inten-
dioversion was low. The RC cardioversion also depends on sities were applied in the presence of RC, unpinning of PSs
the size of the cooling area. In our pilot experiments, we was not followed by repining. Instead, PSs drifted along the
tested the effects of RC to reduce the temperature by ap- periphery of the RC region, eventually colliding and disap-
proximately 6°C from the baseline (36°C) in a circular area pearing. Thus, the major mode of cardioversion success in
of 3 different size (5, 8, and 10 mm in diameter). Sustained the presence of RC was unpinning. The threshold shock
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intensity was reduced significantly (by approximately 50%)
from control subjects. Transformation from VT to VF rarely
occurred in the presence of RC. These results suggest that
RC facilitates DC cardioversion by confining and destabi-
lizing rotors in the RC region.

Ripplinger et al'® demonstrated in isolated rabbit right
ventricular preparations that unpinning and destabilization
of rotors leading to VT termination can be induced by weak
DC shocks, provided that shocks are applied at a certain
phase of the VT cycle.'®?? A greater reduction of the DC
shock intensity might be possible for cardioversion in com-
bination with RC if the shocks were applied at a restricted
phase. Further experimental studies are required to address
the issue.

Study limitations

We showed facilitation of VT termination by RC in 2-D
ventricular myocardium of rabbit hearts through unpinning
and collision of rotors. We used BDM, which is known to
affect jon channels and intracellular Ca*>" dynamics and to
reduce muscle contraction. However, this does not seem
to invalidate our results, because characteristic modification
of rotor dynamics by RC was preserved in the absence of
BDM (Online Supplementary Figure 5). Extrapolation of
our observations in 2-D tissue preparations to 3-D and
larger hearts is not straightforward. The chance of collision
of rotors with boundaries would be reduced, and wave
breakup would be enhanced in a larger 3-D tissue mass. In
our experiments using intact 3-D rabbit hearts, in fact, RC
alone was not effective for self-termination of sustained
VT/VFs. However, the threshold intensity of DC shocks for
cardioversion was significantly reduced in the presence of
RC, and this was associated with an increase in the time
required for cardioversion after the shock, suggesting alter-
ations in the mode of reentry termination. Accordingly, a
certain benefit of RC favoring low-energy defibrillation is
considered to be preserved in 3-D hearts. Structural discon-
tinuities and functional heterogeneities would alter the re-
quirements for rotor termination. In addition, focal activities
may also play roles in VT/VFE.?” To the best of our knowl-
edge, there are no efficient RC devices applicable to clinical
practice, and this is a critical issue to be solved in the future.
Despite these limitations, the present study provides a new
perspective toward the development of low-energy cardio-
version/defibrillation.

Appendix

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.hrthm.2011.
08.013.
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Successful Catheter Ablation of Bidirectional Ventricular
Premature Contractions Triggering Ventricular Fibrillation
in Catecholaminergic Polymorphic Ventricular Tachycardia

With RyR2 Mutation
Takashi Kaneshiro, MD; Yoshihisa Naruse, MD; Akihiko Nogami, MD; Hiroshi Tada, MD;

Kentaro Yoshida, MD; Yukio Sekiguchi, MD; Nobuyuki Murakoshi, MD; Yoshiaki Kato, MD;
Hitoshi Horigome, MD; Mihoko Kawamura, MD; Minoru Horie, MD; Kazutaka Aonuma, MD

he subject of this report is a 38-year-old woman who

often experienced syncope since childhood. Syncope
occurred >10 times a year and was associated with convul-
sion during exercise and emotionally exciting situations. The
patient’s 13-year-old daughter had also experienced frequent
episodes of syncope and developed ventricular fibrillation
(VF) during treadmill exercise testing that was successfully
defibrillated with electric shock. Witnessing this situation, the
patient also lost consciousness, with documented VF that was
converted to sinus rhythm by cardiopulmonary resuscitation
without electric defibrillation.

Both the patient and her daughter were admitted to our
hospital. We performed echocardiography, coronary angiog-
raphy, and cardiac CT, the results of which revealed no
structural heart disease. Resting 12-lead ECG did not indicate
any abnormalities, including long-QT syndrome or Brugada
syndrome. A signal-averaged ECG revealed no late poten-
tials. Treadmill exercise testing easily induced bigeminal
ventricular premature contractions (VPCs) with a right bun-
dle branch block configuration and inferior axis (Figure 1A),
and the exercise was terminated because of intolerable
symptoms. Catecholamine stress test was started with admin-
istration of continuous intravenous infusion of epinephrine in
a stepwise manner from 0.025 ug/kg per minute.! During
epinephrine infusion at a rate of 0.1 ug/kg per minute,
multifocal VPCs (VPC #1, right bundle branch block config-
uration and superior axis; VPC #2, right bundle branch block
configuration and inferior axis [the same VPC configuration
as that induced during the treadmill exercise testing]; and
VPC #3, left bundle branch block configuration and inferior
axis) appeared, and VPC #1 following VPC #2 subsequently
induced VF (Figure 1B).

Administration of bisoprolol 5 mg QD was given but failed
to suppress the exercise-induced bigeminal VPCs with the
same morphology as induced previously. Because frequent
deliveries of shock were believed to be likely, even with
B-blocker treatment, catheter ablation was offered to the
patient before implantable cardioverter-defibrillator (ICD)
implantation. Catheter mapping and ablation for the bidirec-
tional VPCs were performed with a 3D electroanatomic
mapping system (CARTO; Biosense Webster) and a 3.5-mm-
tip irrigation catheter (NaviStar; Thermo Cool) with only
local anesthesia. No VPCs, ventricular tachycardia (VT), or
VF were inducible with burst pacing and programmed stim-
ulation from both right ventricular apex and right outflow
tract during baseline and continuous intravenous infusion of
isoproterenol.

With epinephrine infusion at a rate of 0.1 ugl/kg per
minute, VPC #1 and VPC #2 appeared. VPC #1 was
nonsustained, and a presystolic Purkinje potential was rec-
orded at the left ventricular inferoseptal area near the pos-
teromedial papillary muscle, which preceded the onset of
VPC #1 by 18 ms. The unipolar electrogram from the ablation
catheter during VPC #1 showed a QS pattern, and a perfect
match of the QRS configuration was obtained by pace
mapping (Figure 2). Radiofrequency energy application to
this site provoked some ventricular acceleration beats, and
several radiofrequency energy applications around the target
site finally eliminated all the VPCs, resulting in complete
suppression of all VPC #1.

After the ablation of VPC #1, isolated occurrences of VPC
#2 continued, and a local bipolar electrogram recorded on the
left coronary cusp showed discrete prepotential that preceded
the onset of VPC #2 by 65 ms, and a perfect match of the
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Successful Catheter Ablation of CPVT el5

Figure 1. A, Twelve-lead ECG recording
during treadmill exercise testing. Bigemi-
nal ventricular premature contractions
(VPCs) appeared during the second
stage of the Bruce protocol. VPC mor-
phology represented a right bundle
branch block configuration and inferior
axis. Because the patient experienced
intolerable symptoms, the test was dis-
continued. B, Epinephrine stress test.
Continuous intravenous infusion of epi-
nephrine was started from a rate of
0.025 png/kg per minute, and the QT
interval did not changed. At a rate of 0.1
pg/kg per minute, VPC #1 (right bundle
branch block configuration and superior
axis), VPC #2 (right bundle branch block
configuration and inferior axis, same as
that induced in the treadmill exercise
testing), and VPC #3 (left bundle branch
block configuration and inferior axis)

i
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QRS configuration was obtained by pace mapping (Figure 3).
Radiofrequency energy application to the left coronary cusp
abolished VPC #2 4 s after the onset of radiofrequency energy
application. After successful catheter ablation of bidirectional
VPCs, neither VPCs nor VF were inducible, even with an
infusion of epinephrine of up to 1.2 ug/kg per minute (a >10
times higher dose than provocation). Precise ablation sites in
a 3D electroanatomic mapping merged with contrast-
enhanced CT are shown in Figure 4.

ICD implantation was performed, and the patient was
discharged from the hospital on bisoprolol 2.5 mg QD. Serial

RAO 35°

J000ms

Holter ECGs after the ablation showed only 3 to 5 isolated
VPCs with a different morphology from the previously
observed VPCs, and treadmill exercise testing induced no
VPCs at the maximal workload. During 16-month follow-up,
neither episodes of syncope nor ICD therapy occurred.
Genetic analysis revealed a mutation in the ryanodine recep-
tor gene (RyR2), and a diagnosis of catecholaminergic poly-
morphic VT (CPVT) was confirmed (Figure 5).2 The pa-
tient’s daughter was also given a diagnosis of CPVT with
same mutation in RyR2 and had catheter ablation for the
origins of bidirectional VT. Although she refused TCD

VPC #1 : LV inferior septum origin
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map VPC SR
I ,,,,\/,./\_ \,4\/._«-'\.
o~ //\ A
= NN
i ! v~ e Figure 2. Activation mapping and pace
[ Vi V [ mapping for VPC #1. A Purkinje potential
¥ i H
) i His l 4 was recorded from the left ventricular
aVR —" - - v i inferoseptum and preceded the QRS
gi. Purkinje potential onset by 18 ms. The unipolar electro-
aVL —Aem el I gram recorded from the distal electrode
\i -18ms \ showed a QS pattern. Perfect pace
avF . e /\ . mapping was obtained at this site. ABL
. =" indicates ablation catheter; CS, coronary
V1 A n‘ \\/ g n sinus; His, His bundle; LAO, left anterior
. Uni. [’ | oblique; RAQ, right anterior oblique;
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3 «Qs”/ % rhythm; VPC, ventricular premature
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VPC #2 : L.CC origin
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Figure 3. Activation mapping and pace
mapping for VPC #2. A local bipolar
electrogram recorded from the LCC
showed a discrete prepotential that pre-
ceded the QRS onset by 65 ms associ-

Bi.

ABL

CS dist.

implantation, she had not experienced any episode of VT or
syncope with (-blocker treatment.

The generally accepted therapy for CPVT has been
B-blockers,? and the additional administration of flecainide or
verapamil to B-blockers has been reported to be effective;
however, the effects of those drugs are not fully standardized.
For medically refractory cases, sympathetic denervation is
one of the alternative treatment options. The ICD is consid-
ered the definitive therapy for the prevention of sudden
cardiac death; however, failure to prevent sudden cardiac
death has been reported in several cases because ICD shock
delivery might lead to catecholamine release, resulting in an
electric storm.# This concern prompted the decision to at-
tempt catheter ablation of VPCs triggering VF. Although

7V§’C#2 ABL site

\

RAQ cranial view

posteromedial «

VRPCH#1 ABL site papillary muscle

delayed potential

f

ated with a QS pattern of unipolar elec-
trogram. Perfect pace mapping was
obtained at this site. ABL indicates abla-
tion catheter; CS, coronary sinus; His,
His bundle; LAO, left anterior oblique;
LCC, left coronary cusp; RAO, right
anterior oblique; RVa, right ventricular
apex; SR, sinus rhythm; VPC, ventricular
premature contraction.

several reports have described successful catheter ablation of
VPCs triggering VF in some patients with structurally normal
hearts, such as those with Brugada syndrome, long-QT
syndrome, and idiopathic VF, successful catheter ablation of
VPCs triggering VF in CPVT has not been reported. Cerrone
and colleagues® reported that the mechanism of CPVT was
due to the delayed afterdepolarization-induced triggered ac-
tivity in a focal Purkinje network in a knock-in (RyR2)
mouse. However, whether the Purkinje system is related to
the mechanism of VF in CPVT or just trigger origin is still
unknown.

To our knowledge, this is the first report of successful
catheter ablation of the bidirectional VPCs that trigger VE,
and this procedure could become one of the adjunctive

Figure 4. Electroanatomic mapping
Lce merged with contrast-enhanced CT. Red
. tags indicate the ABL sites. Blue tags
indicate the sites with perfect pace map-
ping, and yellow tags indicate the sites
with Purkinje potentials during sinus
rhythm. The sites with perfect pace
mapping and the earliest activation for
VPC #1 were localized in the inferoseptal

[ W site adjacent to the base of the postero-

medial papillary muscle (red arrow). Suc-
cessful ablation site of VPC #2 was on
the left coronary cusp (blue arrow). ABL
indicates ablation; LAQO, left anterior
oblique; LCC, left coronary cusp; NCC,
noncoronary cusp; RAO, right anterior
oblique; RCC, right coronary cusp; VPC,
ventricular premature contraction.

anterolateral
papillary muscle

7 UPCH#1 ABL site
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