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Background: Changes in out-stent plaque volume can be related to in-stent intimal hyperplasia. However, few
data exist regarding the impact of out-stent plaque volume on in-stent intimal hyperplasia.

Methods: We prospectively performed volumetric intravascular ultrasound in 46 stable coronary patients (34
males, mean age of 66 years) immediately as well as 18 months after stenting. From the high-gain ultrasound
images, out-stent plaque volume was calculated by extracting the stent volume from the external elastic
membrane volume. Volumes of in-stent intimal hyperplasia and reference plaque were also evaluated.
Results: Out-stent plaque volume increased from 17731008 mm® to 190.7+111.1 mm® (p<0.05) in
correlation with increases in-stent intimal hyperplasia (r= 0.536, p<0.05). Under these conditions, changes in
reference plaque volume correlated with those in LDL-C, which decreased from 121.2 4 48.0 mg/dl to 103.3 £+
48.9 mg/dl (r= 043, p<0.05). Interestingly, increases in out-stent plague volume in the silorimus-eluting stent
(2.74:1.2%) were lesser than those in the bare-metal stent (14.0£11.0%, p<0.05).

Conclusions: These results indicate that irrespective of LDL-C level, changes in out-stent plaque volume correlate
with those in in-stent intimal hyperplasia. We suggest that silorimus-eluting stent can suppress in-stent intimal
hyperplasia partially by affecting out-stent plaque, although further large-scale studies are required to define the
role of out-stent plaque in the occurrence of in-stent intimal hyperplasia.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Although development of in-stent intimal hyperplasia is known to
be closely related to pre-existing atherosclerotic plaque [1], controlling
this hyperplasia particularly in bare metal stents (BMS) is still difficult
[2]. The lack of data regarding the changes in out-stent plaque possibly
associated with in-stent intimal hyperplasia may be the cause for this
difficulty. Furthermore, although reference coronary plague volume
could be reduced by drug therapies whether drug manipulations could
effectively prevent progression of out-stent plaque is unclear [3-10].

In addition, it is interesting to examine whether drug-eluting
stents can affect the out-stent plaque [11,12]. However, few data exist
regarding the impact of the out-stent plaque volume (OSPV) on the
development of in-stent intimal hyperplasia probably due to technical
difficulty in determining OSPV in clinical settings. In the present
study, we used high-gain intravascular ultrasound (IVUS) to investi-
gate the relationship between out-stent plaque and in-stent intimal

A part of this work was presented at Annual Scientific Sessions of Japanese
Circulation Society in 2010, Kyoto, Japan.
* Corresponding author. Tel.: +81 76 265 2259; fax: + 81 76 234 4251.
E-mail address: myamagi@med.kanazawa-u.ac.jp (M. Yamagishi).

0167-5273/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.ijcard.2011.01.058

hyperplasia after stenting in stable coronary artery disease under
moderate lipid-lowering therapy.

2. Methods
2.1. Study patients

This study was approved by the ethical review board at Kanazawa University.
Written informed consent was given by all subjects. Forty-six patients (34 males, mean
age of G6 years) with stable coronary artery disease who underwent percutaneous
coronary stenting for de novo lesions between 2007 and 2009 in our institute were
included in this study. Exclusion criteria included acute coronary syndrome, planned
coronary artery surgery, renal failure, hepatic dysfunction, and coronary bypass
grafting for total occlusion and complicated lesions including a procedure with the side
branch.

2.2. Imaging procedures

After accessing the lesions with a standard 0.014-inch guidewire, they were pre-
dilated by 2.0-mm-diameter balloon catheters, and pre-stenting IVUS examination was
performed to determine the accurate size and length of the stents, The subjects
received at least one stent implantation, and overlapping stents were placed serially to
facilitate the use of multiple stents,

Sirolimus-eluting stents (SES; Cypher, Cordis, FL, USA) with 2.5-3,5x 13-23 mm
and BMS (Bx Velocity, Cordis, FL or Multi-link Vision; Abbott Vascular, IL, USA) with
2.5-4.0x 10-24 mm were used. We implanted SES and BMS for 24 and 22 subjects,
respectively. There were no patients recejving SES and BMS simultaneously. The target
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vessel was right coronary artery in 19 subjects and left coronary artery in 27 subjects.
The average stent length was 23.6 10.8 mm and the average maximum pressure of
balloon inflation for stenting, including post-dilatation, was 16.8+2.3 atm. Stent
malapposition was not observed on IVUS examination immediately after the procedure

and at follow-up. In the actual follow-up period of 18.4 & 5.0 months, subacute closure

of stents was not observed.

We used a mechanical IVUS imaging catheter (40 MHz, 2.5 Fr, Cardiovascular
Imaging System; Boston Scientific Corp., MA, USA). All IVUS examinations were
performed after intracoronary injection of 2-3 mg of isosorbide dinitrate to prevent
catheter-induced spasm on conclusion of the interventional procedure, The IVUS
catheter was introduced over the previously positioned 0.014-inch guidewire and
advanced as distally as possible in one of the target vessels to visualize the entire
coronary artery, and withdrawn automatically using a motorized pullback device at the
speed of 0.5 mmy/s. To accurately trace the external elastic membrane (EEM) behind
the stent struts of all the stents, we adjusted both overall gain and depth gain of
IVUS images higher than that usually used to trace that the EEM of reference plaque

(Fig. 1A, B). Moreover, we used contrast agents or saline to distinguish the intimal
hyperplasia from the lumen as clearly as possible.

A reference plaque located at least 5 mm distally or proximally from the target
lesion of intervention was also evaluated. Reference plaque is the segment at non-
intervention site of culprit vessel with a reproducible index, usually a branch site, on
the same vessel. Spotty calcification, side branch, and distances from side branch
bifurcation, and stent edge were also used as references.

2.3. Ultrasound volumetric analyses

IVUS images were analyzed at Kanazawa University Analysis Center for off-line
quantitative analysis. Volumetric measurement was performed by experienced IVUS
investigators (H.T. and S.T.) oblivious of the clinical data of the subjects while
visualizing the baseline and follow-up IVUS images. Traces of IVUS images were
obtained in accordance with the American College of Cardiology and European Society
of Cardiology standards [13]. Cross sections in the [VUS images were measured with an

Fig. 1. Images of conventional and high-gain intravascular ultrasound and definitions of each plaque area. Although intravascular ultrasound (IVUS) with conventicnal gain could not
detect external elastic membrane (EEM) appropriately (A), this could be traced by increasing overall and depth gain (B).The definitions of each area are EEM area as yellow, stent
area as blue and lumen area as red. (C). Reference plaque area was determined by subtracting lumen from EEM areas (D). Volumes of each parameter were calculated by summing
each area throughout stent and reference plaque, with a distance of >5 mm (pink arrow, E). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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integrated software of EchoPlaque2 (Indec Co. Sunnyvale, CA, USA) at 0.067-mm
intervals from distal edge of the stents to their proximal edge. Areas of EEM, stent, and
lumen were traced (Fig. 1C and D), and their volumes were determined by summing
each area throughout the measured stent (Fig. 1E).

Then, OSPV was calculated by subtracting stent volume from EEM volume, in-stent
hyperplasia volume by subtracting fumen volume from stent volume, and reference
plaque volume (RPV) was calculated by subtracting lumen volume from EEM volume,
The primary endpoints were the percent change in OSPY (=0SPV (follow-up) — OSPV
(baseline) /OSPV (baseline) x 100), percent volume of intimal hyperplasia {=Intimal
hyperplasia volume (follow-up) /Stent volume (follow-up) x 100), and percent change
in RPV (=RPV (follow-up) —RPV (baseline)/RPV (baseline)x 100). To assess the
intraobserver and interobserver reproducibility of IVUS measurements, images at
baseline and follow-up of 10 cases were randomly selected and re-analyzed at least
4 weeks after the initial analyses.

2.4. Statistical analysis

Values are expressed as mean = SD unless otherwise stated. Differences of changes
were compared using an unpaired t-test. Correlations between the percent change in
each atheroma volume and the clinical parameters were analyzed by linear regression
analysis and correlation coefficient. The level of statistical significance was set at
p<0.05. Statistical analysis was performed using StatView 5.0 (SAS Institute Japan,
Tokyo, Japan).

3. Results
3.1. Patients' backgrounds

Of 46 patients, 2 patients with BMS were excluded because of
severe restenosis, due to which introduction of IVUS catheter, without
any procedure or modification, into the interventional lesion was
difficult; and 2 patients with SES were also excluded due to inaccurate
IVUS measurements because of severe calcifications or branch vessels
at the follow-up. Accordingly, measurements of OSPV and volume of
intimal hyperplasia were completed in 42 patients (34 males with
mean age of 66 years). For analyses, among the 25 left and 17 right
coronary arteries of the patients, 22 had SES whereas 20 had BMS.

The baseline characteristics of the study subjects are given in
Table 1. Before intervention, hypertension was observed in 63.3%,
diabetes mellitus in 46.7%, and a history of smoking in 76.7% patients.
Each patient received angiotensin ll-converting enzyme inhibitor or
receptor blockers (80%), statins (83.3%), B-blocker (33.3%), and
aspirin (100%). After intervention, all patients further received
75 mg clopidogrel or 200 mg ticlopidine for 6 months after the
procedure, and in addition to these antiplatelet treatments, admin-
istration of angiotensin Ii-converting enzyme inhibitor or receptor
blockers and 3-blockers was retained in all patients. They were also

Table 1
Characteristics of the study subjects.
Baseline Follow-up

Gender (male/female) 34/8
Age (yr) 6644127
BMI (kg/m?) 245427
Hypertension (%) 633
Diabetes (%} 46.7
Smoking (%) 76.7
ACE-I or ARB (%) 80.0 80.0
Statin (%) 833 933
B-blocker (%) 333 333
Insulin (%) 11.1 111
TC (mg/dl) 18794518 158.5+384"
TG (mg/dl) 130.64108.9 127.0 £ 66.1
HDL-C (mg/dl) 4481124 446+ 11.2
LDL-C {mg/dl) 12124480 1033+489"
HbA1c (%) 62+1.1 6.14+1.0
hs-CRP (mg/dl) 0204011 0.19+0.14

BMI, body mass index; ACE-I, angiotensin converting enzyme inhibitor; ARB,
angiotensin Il receptor blocker; TC, total cholesterol; TG, triglyceride; LDL-C, LDL
cholesterol; HDL-C, HDL cholesterol; hs-CRP, high-sensitive CRP.
Values are mean & SD.

* p<0.05.
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administered statins such as atorvastatin (5-20 mg/day) or rosuvas-
tatin (2.5-5 mg). In the present study, we did not use intensive doses
of these drugs, because the primary end point was to observe changes
in OSPV and RPV under regular risk control with optimal blood
pressure and LDL-C recommended for Japanese patients [14,15]. As a
result, the LDL-C level was reduced from 121.2 +48.0 mg/dl to 1033+
48.9 mg/di (i.e., 15% reduction) from that of baseline, although the final
level of LDL-C was somewhat greater than the recommended level
(<100 mgy/dl) [15].

3.2. Plaque measurements

The intraobserver correlation coefficients for OSPV, RPV, and
intimal hyperplasia were 0.997, 0.998, and 0.998, respectively; the
coefficients of variation were 3.1%, 0.6%, and 1.7%, respectively. The
interobserver correlation coefficients for OSPV, RPV, and intimal
hyperplasia were 0.996, 0.998, and 0.997, respectively; the coeffi-
cients of variation were 5.4%, 1.3%, and 2.2%, respectively. When we
performed the Bland-Altman analysis, all the data points were well
within the mean 42 SD range.

Changes in each plaque volume are given in Table 2. During the
follow-up period, EEM volume at stenting sites significantly increased
from 3252+ 1746 mm® to 341.4+179.2 mm® (p<0.05), although
stent volume was substantially unchanged from 151.14-80.1 mm?® to
152.7+79.8 mm? (p=NS). Thus, OSPV significantly increased from
177.3 +100.8 mm? to 190.7 + 111.1 mm? or by 9.3% (p<0.05). Lumen
volume significantly decreased from 151.1+80.1 mm® to 134.9+
72.9 mm® (p<0.05), yielding the increase in intimal hyperplasia to
18.7+19.7 mm® (p<0.05). Under these conditions, RPV substantially
unchanged from 40.2+17.4 to 40.3+18.7 mm?> (p =NS).

Among the several risk factors, only percent change in LDL-C level
had significant impact on the changes in RPV (p<0.05) because percent
change in RPV correlated with that in LDL-C level (r=0.43, p<0.05)
whereas percent change in OSPV and percent volume of intimal
hyperplasia did not correlate with percent change in LDL-C level
(Fig. 2). No significant correlations were observed between these
parameters even in the subgroup who could achieve <70 mg/dl of LDL-C
level (n=>5). Under these conditions, the level of high-sensitive C-
reactive protein tended to be higher in increased OSPV>0% (0.214-
0.18 mg/dl) than in unchanged or decreased OSPV<0% (0.16+
0.13 mg/dl), although overall level did not change before and during
the follow-up period (Table 1). This suggests that changes in OSPV might
be related to changes in inflammatory activity rather than lipid levels.

Interestingly, a significant correlation was observed between
percent change in OSPV and percent volume of intimal hyperplasia
(r=0.536, p<0.05; Fig. 3). Apparently, increases in OSPV and in-stent
intimal hyperplasia were greater in patients with BMS than in those

Table 2
Baseline and follow-up IVUS results.
Baseline Follow-up Percent P value
change (%)
Culplit plaque (mm?)
EEM volume 325241746 341.4+179.2 19+£50 <0.05
Stent volume 151.1£80.1 152.7+79.8 124103 NS
Lumen volume 151.1 £ 80.1 1349+£729 -—100+148 <0.05
ospv 1773+£1008 190.7+111.1 934129 <0.05
Intimal 0 18.7+19.7 1254102 <0.05
hyperplasia
Reference plaque (mm®)
EEM volume 90.8+379 89.4+36.1 —-07+115 NS
Lumen volume 402+£174 403187 034150 NS
RPV 50,7 4:26.0 4874242 -214£150 NS

OSPV, out-stent plaque volume; RPV, reference plaque volume.
Values are meanSD.




4 H. Tada et al. / International Journal of Cardiology xxx (2011) xxx-xxx

>

40

%Change in RPV

"40 T T T T T T T
60 -50 -40 -30 -20 -10 O 10 20 30
%eChange in LDL-C
B s o
0] r=-0.223
s NS
; 304 ®
o] ®
T 204 [
o
g (pd [ N ] .
210 [ ] ®
P
... 9@ ]
& 0 »
[ ® ® e o
104 ®
20t T
60 50 -40 30 20 10 O 10 20 30
9eChange in LDL-C
C
35
o
z ° r=0.051
gzs— ® L NS
2 °
El e © [ ®
«S 15 ° ° °
o P e °
g O |
£ o o % °
S . .9
IS5
-5 T

60 30 -40 30 20 -10 0 10 20 30
%Change in LDL-C

Fig. 2. Correlation between the change in plague volume and the change in low density
lipoprotein-cholesterol.Percent change in reference plaque volume (RPV) significantly
correlated with the percent change in low density lipoprotein-cholesterol (LDL-C) {A),
although percent change in out-stent plaque volume (OSPV) (B) as well as percent
volume in intimal hyperplasia (C) did not correlate with change in LDL-C.

with SES. When the subjects were divided into two groups based on
the stents used, in-stent intimal hyperplasia and percent change in
OSPV of the SES group was significantly lower than that of the BMS
group (7.3 +6.1% vs. 15.7 + 7.8%, p<0.05 for intimal hyperplasia; 2.7 &
1.2% vs. 14.0+ 11.0%, p<0.05 for OSPV; Fig. 4).

Examining the effect of stent overlapping on intimal hyperplasia is
important. When we compared the percent changes of each volume
between the overlapping lesions and single lesions in 10 patients

35

~n
n
2

% Volume of intimal hyperplasia
i

20 -0 0 10 20 30 40 S0
% Change in OSPY

Fig. 3. Correlation between the change in out-sent plaque volume and the volume of
intimal hyperplasia.Percent change in OSPV (horizontal axis) significantly correlated
with percent volume of intimal hyperplasia (vertical axis). Note that increase in OSPV
and intimal hyperplasia seemed to be greater in bare-metal stents (BMS) than those in
sirolimus-eluting stents (SES).

receiving multiple stents implantation (6 for SES and 4 for BMS), no
significant differences were observed between the calculated values
of these lesions (Table 3).

Complications related to the high-gain IVUS procedure in both
initial and follow-up examinations were not observed.

4. Discussion

The main findings of the present study are: 1) during the 18-month
follow-up period, OSPV significantly increased, although RPV was
substantially unchanged with 15% reduction in LDL-C level; 2) percent
change in OSPV did not correlate with that of LDL-C level, whereas
percent change in RPV correlated with LDL-C value and 3) under these
conditions, percent change in OSPV, which had a significant correlation
with the volume of intimal hyperplasia of the SES group was
significantly lower than that of the BMS group. These results highlight
the difficulty of controlling in-stent intimal hyperplasia associated with
progression of OSPV with conventional medical therapy.

Measurement of the plaque volume behind the stent struts is
considered to be difficult because of the presence of mechanical
artifacts of the stent struts. Therefore, in this study, we adjusted the
echo gain of IVUS images higher than that usually used to accurately
trace EEM behind the stent struts. As a result, fully analyzable images
could be obtained from 94% of the study subjects that could be
followed up for 18 months.

Progression/regression of out-stent plaque is independent of LDL-
C level, whereas those of reference plaque are related to LDL-C level.
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Fig. 4. Comparison of changes in out-stent plaque volume and intimal hyperplasia in
different types of stents. Changes in both OSPV (A) and intimal hyperplasia (B) were
greater in BMS compared with SES.
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Table 3
Comparison of stent overlapped lesion and single lesion.
Overlapped lesion Single lesion P value
Percent change (%)

EEM volume 20+59 22+£50 NS
Stent volume 0.8+10.0 14485 NS
Lumen volume —~1244+108 —11.5+10.0 NS
OSPV 1144106 104£11.1 NS
Intimal hyperplasia 1254113 13.44+10.1 NS

EEM, external elastic membrane; OSPV, out-stent plaque volume.
Values are mean = SD.

The occurrence of inflammation after the interventional procedure
may contribute to increases in OSPV under the conventional medical
therapy. Indeed, use of SES could suppress the increase in OSPV as
well as in-stent intimal hyperplasia. This hypothesis was supported
because positive vessel remodeling after stenting is derived from the
increase in OSPV [16,17]. This remodeling may be derived from the
post-procedural inflammation and impairment of endothelial func-
tion associated with this morphological change [18-20]. Actually,
increased OSPV during the follow-up period was associated with
increased high-sensitive C-reactive protein level in comparison with
stable OSPV. Effective penetration of silorimus all over the out-stent
plaque instead of only into the adjacent stent struts may be possible,
thus resulting in decreased in-stent intimal hyperplasia. Examining
the changes in OSPV under intensive lipid-lowering therapy, which
can significantly decrease high-sensitive C-reactive protein level [6,7],

" may be useful, although moderate doses of statins were used to obtain
different levels of LDL-C in this single-arm study.

This study has several limitations. First, a small sample size was
used in this study because of the first trial demonstrating the
significance of OSPV in man as a feasibility study. Even in this case,
the changes in OSPV associated with intimal hyperplasia were
evidently independent of LDL-C level. Second, we excluded cases of
total occlusion or severe restenosis that needed re-intervention to re-
evaluate the out-stent plaque and intimal hyperplasia at the follow-up
period. Third, IVUS may not detect a thin intimal hyperplasia,
particularly on the SES struts, despite careful examination of the
intimal hyperplasia using some contrast agent. We did not evaluate
the plaque components that are reportedly associated with vascular
remodeling [21]. Use of optical coherent tomography may overcome
IVUS shortcomings [22], although the observation of entire plaque
using current OCT device having low axial penetration depth is still
somewhat difficult for detecting the far wall of reference and out-
stent plaques. Fourth, the stent material of BMS is not uniform in this
study. This might affect a part of in-stent intimal hyperplasia results,
although stent-biology interactions seem to be similar [23]. Further
large-scale studies will demonstrate the clinical impact of the OSPV in
the development of in-stent intimal hyperplasia.

5. Conclusions

This study demonstrates that there is a close relationship between
out-stent plaque and in-stent intimal hyperplasia and that progres-
sion/regression of out-stent plaque is different from that of reference
plaque in terms of response to changes in LDL-C. This may explain
why in-stent intimal hyperplasia could not be reduced by simple LDL-
C lowering therapy. We suggest that a new kind of drug targeted to
reduce OSPV could possibly control in-stent intimal hyperplasia.
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described by Gussak et al.' in 2000 within the context of a familial
AF case associated with short-QT interval. SQTS is a genetically het-
erogeneous disease, and five ion channel genes (SQT1-6) have been
identified as causative genes thus far: KCNH2 encoding the

1. Introduction

Short-QT syndrome (SQTS) is a recently recognized disorder, char- '
acterized by a shortened QT interval in the electrocardiogram

(ECG), and associated with a high incidence of atrial fibrillation

(AF), syncope, and sudden death due to ventricular tachyarrhythmias
without structural cardiac abnormalities. The syndrome was first

a-subunit of the rapidly activating delayed rectifier potassium chan-
nels, I, (SQT1)% KCNQT encoding the a-subunit of the slowly activat-
ing delayed rectifier potassium channels, g, (SQT2)% KCNJ2 encoding
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the Kir2.1 channels that underlie the inward rectifier potassium cur-
rents, I (SQT3)% CACNATC, CACNB2b, and CACNA2DT, which
encode the a1C, B2b, and a28-1-subunits of cardiac L-type calcium
channels (SQT4, SQT5.° and SQT6®), respectively. SQT4 and SQT5
are considered clinical entities with the combined phenotypic charac-
teristics of SQTS and Brugada syndrome, manifesting in a ] point and
ST-segment elevation in the right precordial ECG leads.

Regardless of the extensive genetic screening carried out on SQTS
patients, genetic mutations have been identified in a small number of
cases.> " In 2005, Priori et al.* first reported that a KCNJ2 mutation
was responsible for SQTS (SQT3); however, no additional SQT3 var-
iants have been reported thus far. This lack of progress has significant-
ly hindered our advances in understanding the mechanisms underlying
this disease. In the present study, we describe a novel KCNJ2 mutation
which impaired the inward rectification of Kir2.1 currents. This is a
novel KCNJ2 gain-of-function mechanism leading to SQTS.

2. Methods

2.1 Genetic analysis

Genetic analysis was performed after written informed consent in accord-
ance with the study protocol approved by the Kyoto University ethical
committee. The investigation conforms to the principles outlined in the
Declaration of Helsinki. Genomic DNA was isolated from blood lympho-
cytes, and screened for the entire open-reading frames of KCNQ7,
KCNH2, KCNET-3, KCNJ2, CACNATC, and SCN5A by denaturing high-
performance liquid chromatography using a WAVE System Model 3500
(Transgenomic, Omaha, NE, USA). Abnormal conformers were amplified
by polymerase chain reaction and sequencing was performed on an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA), and compared with 400 Japanese control alleles.

2.2 Neonatal rat ventricular myocyte isolation
This investigation was performed in accordance with the Guide for the
Care and Use of Laboratory Animals, published by the National Institutes
of Health (NIH Publication No. 85-23, revised 1996), and was approved
by the Kyoto University Animal Experimentation Committee. A standard
trypsin dissociation method was used to prepare neonatal rat ventricular
myocytes (NRVMs).” The hearts were removed from 1- to 2-day-old
Wistar rats euthanized by decapitation. The ventricles were minced,
and the myocytes were dissociated with trypsin. Dispersed cells were pre-
plated on 100 mm culture dishes for 1 h at 37°C in 5% CO, to remove
fibroblasts. Non-attached, viable myocytes were collected, and placed
on 35 mm culture dishes.

2.3 Mutagenesis and transient transfection

of KCNJ2 plasmids

The entire coding region of the KCNJ2 was subcloned into the
pCMS-EGFP vector (Clontech, Palo Alto, CA, USA) using methods previ-
ously described." The mutation was introduced by site-directed muta-
genesis using the QuikChange Mutagenesis Kit (Stratagene, La Jolla, CA,
USA). We sequenced the entire plasmid to confirm the presence of the
mutation and the absence of any unwanted variations. To assess the func-
tional modulation of mutant channels, human embryonic kidney (HEK)
293 cells were transiently transfected with KCNJ2 WT and/or mutant plas-
mids using FUGENE 6 (Roche, Indianapolis, IN, USA) as directed in the
manufacturer’s instructions. In order to investigate the mutant's
effects on myocyte action potentials, plasmids were transfected 1 day
after plating NRVMs, using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, UsA)."

2.4 Cell surface expression of KCNJ2

Immunofluorescence microscopy was used to detect the presence of
KCNJ2 channels on the plasma membrane of HEK 293 cells. A haemagglu-
tinin  (HA) epitope (YPYDVPDYA) was introduced into the
pCMS-EGFP-KCNJ2 [wild-type (WT) and mutant] construct between
residues Ala-115 and Ser-116 (extracellular loop between TM1 and
TM2)."9"2 HEK 293 cells were transfected with 1.0 g of WT or
mutant plasmids, or 0.5 ug of each WT and mutant plasmids to assess
a heterozygous condition in 35mm glass-bottom dishes. Two days
later, the cells were fixed with 4% paraformaldehyde solution, and
images were taken at x40 magnification on an LSM 510 confocal
microscope (Carl Zeiss, Jena, Germany).

2.5 Electrophysiological analysis

For voltage-clamp experiments, a total of 0.75 pg of WT and/or mutant
KCNJ2 plasmids were transfected in HEK 293 cells; 48~72 h after transfec-
tion, functional assays were conducted on GFP-positive cells by a conven-
tional whole-cell configuration of patch-clamp techniques at 37°C, using
an Axopatch 200A patch clamp amplifier and a Digidata 1322A digitizer
(Axon Instruments, Foster City, CA, USA).'® Pipettes were filled with a
solution (in mM): 140 KCl, 2 MgCl,, 1 EGTA, and 10 HEPES (pH 7.3
with KOH). The bath solution was composed of (in mM): 135 NaCl,
5 KCl, 1 MgCl,, 10 glucose, and 10 HEPES (pH 7.4 with NaOH).

In order to record action potentials on NRVMs, 3 pg of WT, or a
mixture of 1.5 ug WT and 1.5 pg mutant KCNJ2 plasmids, were trans-
fected; 4872 h after transfection, functional assays were conducted on
non-transfected or transfected cells that were recognized by their
obvious green fluorescence, using a whole-cell patch-clamp technique at
37°C with the same devices. Action potentials were evoked by 2 ms
supra-threshold current pulses at 10 Hz in a current-clamp mode. The
pipette solution contained (in mM): KCl 140, MgCl, 1, MgATP 4, NaCl
10, and HEPES 10 (pH 7.2 with KOH). Tyrode solution contained (in
mM): NaCl 140, KCl 4, CaCl, 2, MgCl, 1, HEPES 10, and glucose 10
(pH 7.4 with NaOH). Action potential duration (APD) was measured
as the time from the overshoot to 90% repolarization (APDgo).

2.6 Statistics

All the data are shown as mean + standard error of the mean. For mean
value and comparisons between two sample groups, an unpaired Stu-
dent’s t-test was used to evaluate statistical significance. For comparisons
between multiple groups, we applied a Steel—Dwass test. For either evalu-

ation, a P-value <C0.05 was considered significant.

3. Results

3.1 Clinical features

An 8-year-old girl with a markedly shortened QT interval (QT =
172 ms, QTc = 194 ms; Figure 1A) had been suffering from multiple
disorders, such as severe mental retardation, abnormal proliferation
of oesophageal blood vessels, epilepsy, and Kawasaki disease. Upon
presentation during a routine check-up, her treating physician
noticed an irregular heart rhythm. Her 12-lead ECG showed AF
(Figure 1B), and she underwent external electrical cardioversion
because intravenous infusion of procainamide (15 mg/kg) failed to
recover sinus rhythm. The echocardiography revealed no significant
abnormality. During further evaluation with right-heart catheteriza-
tion, the Swan—Ganz catheter induced supra-ventricular tachycardia
when it was inserted in the right atrium, and ventricular fibrillation
occurred at the position of the right ventricular outflow tract,
which suggested the presence of increased myocardial irritability.
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