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risk of QTc prolongation for an individual antipsychotic in a dose-
dependent manner, particularly for second-generation antipsychotics
{SGAs). Some case reports have indicated that SGAs can induce QTc
prolongation (Dineen et ai, 2003; Vieweg, 2003). However, such
anecdotal reports do not provide clear evidence of whether SGAs
increase the risk of QTc prolongation, as in first-generation anti-
psychotics (FGAs), in a real-world setting. This study examined the
risk of QTc prolongation of antipsychotic drugs in a large clinical
sample from Japan. Japan is known to use higher doses of
antipsychotics (Bitter et al., 2043), providing a unique opportunity
to investigate the risk of QTc prolongation in a wide range of
antipsychotic doses.

2. Methods
2.1. Patients

Clinical information, including data on QTc intervals, was collected
from inpatients with schizophrenia who were diagnosed according to
the Diagnostic and Statistical Manual of Mental Disorders, 4th ed.
{DSM-1V) in four independent hospitals. Approval from the ethics
committee of each hospital was obtained. Data collection on ali
inpatients with schizophrenia was begun on the following dates in
three psychiatric hospitals Biwako Hospital, Toyosato Hospital, and
Minakuchi Hospital: February 2, 2007; February 3, 2007; and July 29,
2007, respectively. In the fourth hospital, the National Center of
Neurology and Psychiatry Hospital, clinical records were collected for
all patients who were admitted to its psychiatric wards between 1998
and 2007. A total of 1065 inpatients were included from the four
hospitals, and all of themn underwent ECG screening. Among them, 37
patients were. excluded due to hypokalemia (serum. potassium
<3.5 mEq/L), which: can induce QTc interval prolongation (Elming
et al,, 2003; Tayior, 2003). Two were excluded because of hypothy-
roidism, and nine because of cardiac disease (four patients with right
bundle branch block, two with post-acute myocardial infarction, one
with WPW syndroine, one with atrial-ventricular black; and one who
underwent surgery for atrial septal defect). The remaining 1017
patients had a mean age of 42.6 years (5.., 18.2) and were included in
the analysis.

2.2. Procedure

Astandard 12-lead ECG was recorded at 25 mm/s. Because the QTc
interval ‘is influenced by heart rate, it was corrected by Bazett's
formula (QTc: QTc=QT/RR'2) (Bazett, 1920)." An ECG recording
showing the longest QTc interval was selected for each patient whose
ECG: was' recorded two. or more times. The QT¢ was measured
automatically by a program on the ECG apparatus {(MAC 5500 with
12SL algorithm by GE health care [Amersham Place; Little Chalfont,
Buackinghamshire, UK]). For patients with a QTc>430 ms, QTc and RR
intervals were measured manually for the chest lead with the
maximal T-wave amplitude, according to Charbit et al. {2006). The
end of the T-wave was determined as the intersection between the
tangent to the steepest downslope of the T-wave and the isoelectric
line. QTc prolongation was defined as a QTc length of more than
470 ms in males and more than 480 msin females; as 99% of “healthy”
people can be excluded by this cut-off value {Taggart et ai., 2007). One
of the coauthors (M.H:), a cardiologist who specializes in arrhythimias,
trained the authors on how to evaluate an ECG recording. Information
on drugs administered within 24 h of the ECG recording was obtained.
Table 1 shows the distribution of drugs that were administered in
more than 3% of the patients and the prevalence of QT¢ prolongation
for each medication. One hundred forty-two patients were drug free
when the ECG was recorded, because they were given the test at
admission before they had taken any drugs. Two hundred sixty-five
patients were on monotherapy. Doses of antipsychotics, antiparkin-

Table 1
Medication and rate of Ql'c prolongation in 1017 patients. Drugs which were administrated to
more than 3% of patients are shown.

Abbreviations: egq equivalent; HPD haloperidol, CP chiorpromazine; LP
levomepromazine, CBZ = carbamazepine, VPA = sodium valproate; No. = Number,SD =
standard deviation,

sonian drugs, and benzodiazepines were converted into those of CP,
biperiden, and diazepam equivalents, respectively {Inagaki and Inada,
2006). Subjects who were coadministered medical drugs (i.e., non
psychotropic drugs) with an increased risk of producing torsade de
pointes were excluded {(Chan et al., 2007).

2.3. Statistical analyses

First, logistic regression analysis was applied to examine risk
factors' for QTc prolongation. Age, sex, antipsychotic dose (CP
equivalent), benzodiazepine dose (diazepam equivalent), and anti-
parkinsonian drug dose (biperiden equivalent) were included in the
backward stepwise regression model. In the second analysis, age, sex,
and individual antipsychotic doses were entered as independent
variables in the logistic regression analysis. Then, the adjusted relative
risks of important explanatory variables were calculated via the
backward stepwise regression analysis. Drugs that were administrat-
ed in more than 3% of the patients were analyzed.

Linear regression analysis was used to determine which anti-
psychotics lengthened the QTc interval in a dose-dependent manner,
as the antipsychotic dose was entered as a continuous variable, Then,
the adjusted coefficients were calculated using the stepwise selection
model. Age, sex, and individual antipsychotic doses were entered as
independent variables,

The y* test was used to examine the risk-increasing effect of
excessive use of antipsychotics (cut-off points of 1000 or 1500 mg/day
of CP equivalent). All statistical analyses were performed using the
SPSS, version 13.0 (SPSS Japan, Inc., Tokyo, Japan). All p-values
reported are two tailed. Statistical significance was considered when
p-value was less than 0.05.

3. Results

The prevalence of QTc prolongation’ (>470 ms in male and
>480 ms in:female} was 2.5% (male: 3.7%; female: 1.0%). Logistic
regression -analysis  showed  that: the antipsychotic -dose was:a
significant risk factor for QTc prolongation (Tabie 2), whereas
antiparkinsonian drugs, benzodiazepines, and mood stabilizers were
not risk factors for QTc prolongation. Administration of antipsychatic
doses greater than 1000 and 1500 mg/day of CP equivalent was found
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Table 2
Result of logistic regression analysis on the risk of QTc prolongation for standardized
doses,

*p<0.001.

Abhreviations: eq = equivalent, CP = chlorpromazine, (BZ = carbamazepine; VPA =

sodium valproate, (I = confidence interval.

to increase the risk of QTc prolongation 1.97 fold (95% Cl, 1.48-2.59,
p<0.001) and 2.76 fold (35% (I, 1.80-4.18, p <0.001), respectively,
when compared to their counterparts. On examination of individual
antipsychotics, haloperidol intravenous injection (HPDiv), CP, and
sultopride were found to increase the risk of QTc prolongation
(Table 3).

In the stepwise selection model of the multiple linear regression
analysis, CP, HPDiv, levomepromazine (LP), and sultopride were
found to lengthen the QTc interval. Age was also indicated as a risk
factor for QTc lengthening. Adjusted coefficients for CP, HPDiv, LP,
sultopride, and sex are shown in Table 4. Adding 100 mg of LP, for
example, extended the QTc interval by 4.65 ms. Bromperidol,
olanzapine, quetiapine, risperidone, and zotepine had no significant
lengthening effect on the QTc interval.

Table 3
Resuit of logistic régression analysis on the risk of QTc prolongation for each
antipsychotic drug. :

*p<0.005;

**p<0.001.

Abbreviations: HPD = haloperidol, (P = chlorpromazine, LP = levomepromazine, iv =
infravenous injection, CI = confidence interval.

4, Discussion

In a large clinical sample, we confirmed that a daily dose of
antipsychotics {CP equivalents) was associated with a dose-dependent
increased risk of QTc prolongation; however, the use of antiparkinso-
nian drugs, benzodiazepines, and mood stabilizers did not significantly
increase this risk. With regard to individual antipsychotics, CP, HPDiv,
and sultopride were shown to significantly increase the risk of QTc
prolongation. CP, HPDiv, LP, and sultopride were found to significantly
lengthen the QTc interval, whereas HPD, bromperidol, olanzapine,
quetiapine, risperidone, and zotepine were not.

Our observation that a daily dose of antipsychotics was associated
with a risk of QTc prolongation is consistent with previous studies
(Reifly et al,, 2000; Warner et al,, 1996). In our sample, antipsychotic
doses of more than 1000 and 1500 mg/day of CP equivalents were
found to increase the risk of QTc prolongation by approximately 2.0
and 3.0 fold, respectively, when compared to their counterparts. Reilly
et al. also reported that a high dose {1000 to 2000 mg/day) and a very
high dose (>2000 mg/day) predicted QTc prolongation [odds ratio
(OR), 5.3 and 8.2, respectively] {Reilly et al., 2000). Warner et al.
reported an OR of 4.3 for doses higher than 2000 mg/day (Warner
etal., 1996). In contrast to antipsychotics, mood stabilizers showed no
significant risk-increasing effect. This is consistent with a previous
finding, which showed that lithium or carbamazepine did not
significantly increase the risk of QTc prolongation (Reiily et al,
2000). However, a recent study suggested that lithium increases the
QTc interval significantly (18.6 ms; 95% Cl, 4.8-32.4 ms) (van Noaord
et al.,, 2009). Furthermore, lithium is known to cause T-wave changes
(Mitchell and Mackenzie, 1982; Reilly et al,, 2000) that may lead to
torsade de pointes when combined with a QTc-lengthening antipsy-
chotic (Liberatore and Robinson, 1984). Thus, the use of lithium
requires careful ECG monitoring. With respect to valproate, our study
may be the first to investigate the risk of QTc¢ prolongation for this
drug in a clinical setting. With regard to coadministered benzodiaz-
epine and antiparkinsonian drugs, our results suggest no significant
effect on QTc prolongation. Although some patients taking diazepam
and biperiden equivalent showed QTc interval prolongation (Table 1),
the results of logistic regression analysis showed no significant risk-
increasing effect of these drugs (Table 2). Therefore, these patients
were also taking chlorpromazine equivalent and it was the chlor-
promazine equivalent that explained the QTc interval prolongation.
Indeed, to our knowledge, there has been no study reporting that
these drugs cause QTc¢ prolongation or torsade de pointes.

With respect to individual antipsychotics, previous studies have
reported that thioridazine, intravenous droperidol, sertindole, and
ziprasidone are associated with a strong risk-increasing effect on QTc
prolongation (Czekalla et al, 2001a; Harrigan et al, 2004; Tavlor,

Table 4
QT¢ prolongation effect of each antipsychotic by linear regression model.

*p<0.001.
Abbreviations: HPD = haloperidol, CP = chlorpromazine, LP = levomepromazine; iv =
intraveneus injection, (I = confidence interval.
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2003). In Japan, commercial use of thioridazine ended in 2005;
intravenous droperidol has not been used in psychiatric treatment;
and sertindole and ziprasidone have not been introduced. Thus, we
could not confirm the effect of these drugs. However, our results
provide robust evidence that HPDiv increases the risk of QTc
prolongation. This concurs with Hatta et al. who compared the
differences in QTc¢ length among psychiatric emergency patients who
received intravenous flunitrazepam alone and those who received
intravenous flunitrazepam and haloperidol and found that the latter
group showed significantly longer QTc intervals than the former
(Hatta et al,, 2001). Vieweg et al. {2009} reviewed the literature and
identified cases of patients aged >60 years who developed QTc
interval prolongation, polymorphic ventricular tachycardia/torsade
de pointes and/or sudden cardiac death while taking antipsychotic or
antidepressant drugs or a combination of these medications. Among
such cases, most frequently reported medication was HPDiv (14 out of
37 cases). These findings and ours support the recent alert of the U.S.
Food and Drug Administration warning that HPDiv increases the risk
of QTc prolongation and torsade de pointes based on at least 28 cases
reported in the literature (U.S. Food and Drug Administration Ctdear,
2007). Oral HPD, in contrast, was found to have no statistically
significant risk-increasing effect on QTc prolongation, although it had
a significant QTc-lengthening effect. Previous findings have suggested
that oral HPD at low or moderate doses had no clear effect on QTc, but
that it is associated with QTc prolongation and torsade de pointes at
higher clinical doses (>20 mg/day) (Czekalla =t al, 2001a; Taylor,
2003). Taken together, excessively high blood levels of the drug after
an intravenous injection or oral intake of high doses may be critical for
the effect of HPD. Regarding bromperidol (oral use only), a chemically
similar butyrophenone to HPD, we obtained no evidence for its effect
on QTc prolongation or lengthening. To our knowledge, this is the first
study to examine bromperidol for such effects. Further studies are
warranted to confirm our results. With respect to CP, we detected
significant effects on both QT¢ prolongation and QTc lengthening,
which is consistent with previous findings, suggesting an initermedi-
ate effect of CP on QTc (i.e., a weaker effect than that of thioridazine,
but stronger than oral HPD) (Czekalla et al., 2001a; Mehionen et al,
1991; Witchel et al., 2003}, although there have been some reports of
no significant risk-increasing effect of CP (Reilly et al., 2000; Strachan
et al;, 2004). LP, another phenothiazine, was also found to lengthen
the QTc interval in the multiple regression analysis. In the logistic
regression, statistical significance was nearly  achieved (p=0.06,
Tabie 3). These results suggest that LP is likely to increase the risk of
QTc prolongation. Although there have been little data on LP in
relation to QTc in the Jiterature, an association between sudden death
and the use of phenothiazines is prominent, and LP might have been
involved in such deaths (Mehtonen et af, 1591). Finally, sulfopride; a
benzamide derivative, was found to significantly increase the risk of
QTc prolongation and QT¢ lenigthening. To our knowledge, this is the
first time that such evidence has been obtained for sultopride, Further
studies are warranted to confirm our results:

Our results provide no evidence for the possible risk-increasing
effect of the examined SGAs {olanzapine, quetiapine, risperidone; and
zotepine) on QTc prolongation. Recently, Ray et al. (2009) reported
that atypical antipsychotics double the risk of sudden cardiac death
when compared with nonusers of antipsychotic drugs, a finding that
contradicts our data: However, SGAs can induce weight gain, insulin
resistance, and dyslipidemia: (Tschoner et al., 2009), all of which are
risk factors for ischemic heart diseases. Therefore, the increased
sudden death observed by Ray et al..(2009) could be attributable to
the increased risk of ischemic heart diseases rather than torsade de
pointes due to QTc prolongation: The Pfizer 054 study {2000) reported
that SGAs, such as risperidone, quetiapine, ziprasidone, and olanza-
pine, induced QTc interval prolongation. In the review of Czekalla
et al. {20073}, it was suggested that risperidone and quetiapine could
lengthen the QTc interval, although the effect observed was smaller

than that of thioridazine and chlorpromazine, Olanzapine, in
particular, was reported to have little effect on the QTc-interval
length {Czekalla et al,, 2001b). Dineen et al. {2003) reported the case
of a patient who was treated with olanzapine and showed an
abnormal QTc interval. Vieweg (2003] reviewed the literature and
found nine cases in which QTc prolongation was associated with SGA
administration (four cases of risperidone {one case was his original
case), three cases of quetiapine, and two cases of ziprasidone). Taken
together, although our results suggest that the SGAs {olanzapine,
quetiapine, risperidone, and zotepine) are less likely to produce QTc
interval prolongation than the FGAs examined herein, the SGAs can
also cause QTc prolongation. Thus, further investigations with a more
refined methodology are warranted. In particular, the current group-
derived formula for correcting QT interval measurements to a heart
rate of 60 beats per/min {QTc) are unsatisfactory (Malik, 2001), and,
as pointed out by Vieweg (2003}, determining the effect of drug-
induced change amid the noise of random variation (regression to the
mean) will require a new technology.

Female gender is known to be a risk factor for QTc prolongation
(Tayior, 2003; Viewep et al, 2009). However, we failed to detect
femnale gender as a significant risk factor in our sample, Moreover, QTc
prolongation was found more commonly in male patients than in
female patients. One reason for these results was that the antipsy-
chotic dose was substantially lower in female patients than in male
patients (mean CP equivalent dose: 841 vs. 1066 mg/day; frequency
of >1500 mg/day: 13.9% vs. 20.8%). In addition, because some
previous studies in psychotic patients did not detect the gender
difference (Chong et al, 2003; Hatta et al., 2000), such populations
may have other factors that attenuate the gender difference.

There are several limitations to the study. First, we did not include
medications other than psychotropic drugs in the analysis; however,
the subjects included in the analysis were not coadministered other
medical drugs that increased the risk for torsade de pointes (Chan
et a3k, 2007). We also excluded patients suffering from cardiac
diseases. Furthermore, psychotropic drugs that were administrated
to 3% or fewer of the patients in the sample were not included in the
analysis. The fact that nearly all patients received multiple drugsand a
substantial proportion of participants (69%) were treated with
antipsychotic polypharmacy may have made it difficult to obtain a
clear result for each drug. However, there is great value in assessing
the increased risk of QTc prolongation in such a practical setting. Our
participants were all inpatients, and therefore individuals with severe
symptomatology and those patients on high doses of antipsychotics
were likely. to be overrepresented. A’ recent study: reported the
possibility that an acute psychotic state itself may be a risk factor for
QTc prolongation (Bat et al; 2007). Severe: symptomatology might
have biased the results toward an increased: prevalence of the QTc
interval in our subjects:

To screen QIc interval, we used an automated program, which
may. be fraught with errors. However, Charbit et al. {2006}, for
example, reported that patients with automatic QTc of <430 ms were
at very low risk of having a prolonged QT interval where: their
definition of prolonged QTc interval was >450 ms in women and
>440 ms in men: We measured QTc interval manually for patients
with an automated QTc of >430 ms, although our definition of QTc
prolongation was >480'ms in women and >470 ms in men. Thus, it
was' unlikely that we missed patients with QTc prolongation in our
study. Furthermore; the reliability of the measurement algorithm of
the ECG equipment (MAC 5500 with 12SL algorithm by GE health care
[Amersham. Place, Little: Chalfont, Buckinghamshire, UK]): that we
used was reported to be high. The data obtained by this algorithm was
within 10 ms of the manual measurement in 95.9% of ECGs and within
15 ms in 99.3% of ECGs (Hnatkova et al, 2006). Thus, the possible
effect of the use of the automated program is likely minimal. Another
limitation might be that we used the chest lead with the maximal T-
wave amplitude because clear T-wave leads are needed for precise
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manual measurement. However, Bazett generally used limb lead Il to
determine his formula.

Despite these limitations, we obtained robust evidence among a
large clinical sample in a real-world setting that suggested that a daily
dose of antipsychotics is associated with a dose-dependent increased
risk of QTc prolongation, whereas that of antiparkinsonian drugs,
benzodiazepines, and mood stabilizers is not. With regard to
individual antipsychotics, our results suggest that FGAs, such as
HPDiv, CP, LP, and sultopride, have a risk-increasing effect on QTc
prolongation and that SGAs, such as olanzapine, quetiapine, tisper-
idone, and zotepine, are less likely to produce QTc prolongation than
the FGAs. Such information may aid in clinical decision making
concerning the choice of antipsychotic medication, particularly in
patients who have an increased risk for arrhythmias.

5. Conclusions

We confirmed the statistical effect of chiorpromazine, levomepro-
mazine, and HPDiv on QTc prolongation in a sample of 1017 patients
with schizophrenia. Furthermore, statistical evidence for sultopride
was obtained for the first time. Furthermore, in the range of the
antipsychotic drugs that we examined, the data suggest that SGAs are
less likely to produce QTc prolongation than FGAs, which may be
useful in guiding the choice of antipsychotic drugs.
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The effect of the electrical charge or the size of the amino acid residue at the pore center of a slowly acti-
vation component of the delayed rectifier potassium channel: KCNQ1 was studied. K* currents were mea-
sured after transfection of one of four KCNQ1 mutants: substituting Isoleucine with Lysine, Glutamate,

Valine or Glycine and then transfected in COS-7 cells, Both the negatively- and positive charged residue
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1313 K and I313E showed a loss of function when expressed alone and a dominant negative suppression
when co-expressed with wild type KCNQ1. When the site was substituted with the smallest neutral
amino acid residue: 1313G, there was a small reduction of current when transfected alone and a gain
of function when co-transfected with the wild type. 1313V showed no difference from the wild type.

Ies Changes of amino acid residue at the pore center of KCNQ1 may alter the channel function but this
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depends on the electrical charge or the size of amino acid residue.
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The delayed rectifier X' current (Jx) channel is formed by the
co-assembly of KCNQ1 (KvLQT1) with KCNE1 (minK) and contrib-
utes to repolarizing cardiac myocytes [1]. A mutation in either sub-
unit is well known to cause long QT syndrome (LQTS) which
predisposes affected individuals to cardiac arrhythmias and sud-
den death [2,3].

In LQTS, the phenotype was suggested to be affected by the site
of the mutation and patients with trans-membrane mutations had
more frequent diagnostic criteria, LQTS-related cardiac events and
a prolonged QT-interval after exercise than patients with a C-ter-
minal mutation [4]. However, this finding from Japan is in contrast
to that of the International Long QT Syndrome Registry in which
the phenotypes were not related to the site of the mutation [5].

We have previously characterized the physiological conse-
quences of the LQTS-associated mutation at the pore center:
1313K, in a patient with a severe LQT1 phenotype [6]. The mutant
channels showed almost no current when transfected alone but
when co-expressed with WT-KCNQ1, they showed a dominant
negative suppression [6].

In this report, our aim was to explore the effects of the charge
and the size of the amino acid residue at the pore center of KCNQ1.
In order to do this, we substituted its Isoleucine residue with elec-
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trically charged ones: Lysine and Glutamate and two neutral amino
acids: Valine and Glycine, and performed an electrophysiological
study after transfection of each mutant.

Materials and methods

Construction of plasmid DNA for gene transfer. A full-length human
WT-KCNQ1, KCNE1, and mutant KCNQT were inserted into a plas-
mid vector pIRES2-EGFP using BamHI restriction sites making the
pIRES2-EGFP-KCNQ1, pIRES-EGFP-KCNET, "and mutant pIRES2-
EGFP-1313K plasmids. as described previously [6]. In the pIRES2-
EGFP-1313K plasmid, we introduced three new missense mutations
which canoccurin humans, Oneis a mutant with Glutamate whichis
a positively charged large amino acid residue (1313E). Then we pre-
pared two mutants, Valine (I313V), a neutral amino acid of similar
size and homology to the Isoleucine residue in WT-KCNQ1 [7-10]
and Glycine as the smallest sized neutral amino acid (I313G)..

The mutation of I313E was introduced with a PCR reaction using
the mutant primer sets: 5-GTGGTCACAGTCACCACCgaaGGCTATGG
GGACAAGGTG-3' and 5'-CACCTTGTCCCCATAGCCttcGGTGGTGACTG
TGACCAC-3' (lower case letters indicate mutation sites), The mutation
of 1313V was introduced with a PCR using the mutant primer sets 5'-
GTGGTCACAGTCACCACCgtcGGCTATGGGGACAAGGTG-3' and 5-CA
CCTTGTCCCCATAGCCgacGGTGGTGACTGTGACCAC-3. For the muta-
tion of 1313G, we used the primer sets 5-GTGGTCACAGTCACCA
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CCggcGGCTATGGGGACAAGGTG-3' and 5'-CACCTTGTCCCCATAGC
CgecGGTGGTGACTGTGACCAC-3'.

For these experiments, we used the QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA, USA). The resulting prod-
ucts were again amplified by PCR using the primers 5'-CCATTTCCATC
ATCGACCTCA-3' and 5-AAGGAGAGCGCTGGTGAAG-3'. This final
PCR product was ligated to the pIRES2-EGFP WT-KCNQ1 vector
using the Pstl sites at nucleotide positions 697 and 1675 of KCNQ1.
The PCRinsert was also cleaved with Pstl prior to ligation. The result-
ing four cloned plasmids were then transformed into Escherichia coli
JM109 competent cells and purified using a Quantum Prep Plasmid
Maxi prep kit (Bio-Rad Laboratories, Hercules, CA).

Culture and transfection of COS-7 cells. A COS-7 monkey kidney
cell line was obtained from the American Type Cell Collection
and cultured in Dulbecco’'s modified Eagles medium (Invitrogen
Corporation, Gibco-BRL, Rockville, MD) supplemented with 1%
penicillin-streptomycin (prepared with 10,000 U/ml penicillin G
sodium and 10,000 pg/m! streptomycin sulfate in 0.85% saline)
and 10% fetal bovine serum in a humidified 5% CO, incubator at
37 °C. The number of cells seeded per ml of medium was 2 x 10°
on average. Cultured cells were seeded in 60 mm plates 24 h before
transfection, then transiently transfected with various plasmids by
the Fugene-6 method (Roche Applied Science, Indianapolis, IN).

Electrophysiological experiments. The whole-cell patch-clamp
method was applied to COS-7 cells transfected with the wild type
and/or mutant plasmids as described previously [6,11,12]. Briefly,
cells were allowed to settle at the bottom of a bath (0.5 ml)
mounted on an inverted microscope (Olympus Corp., Tokyo, Ja-
pan). Cells were superfused with the bath solution (140 mmol
NacCl, 5.4 mmol KCl, 0.5 mmol MgCl,, 1.8 mmol CaCl,, 0.33 mmol
NaH,P0,4, 5.5 mmol glucose and 5 mmol HEPES) and the pH was
adjusted to 7.4 by using NaOH. When inserted into the cell/bath
solution, a glass pipette with an internal diameter of 1.0-1.5 um
had a resistance of 4-6 MQ when filled with the following internal
solution: 100 mmol/l K-aspartate, 20 mmol/l KCI, 5 mmol/l ATP-
Mg, - 5mmol/l phosphocreatine-dipotassium, 5 mmol/l. EGTA,
5 mmol/l HEPES and 1 mmol/l CaCl; (the pH was adjusted to 7.2
with KOH). A patch-clamp amplifier Axopatch 200B (Axon Instru-
ments, Foster City, CA) was used to record membrane currents.

After obtaining a whole-cell configuration, cell membrane
capdcitance was estimated by analyzing the transient capacitance
elicited by 5 mV hyperpolarizing pulses. Cells were held at a start-
ing potential of —80 mV and depolarizing pulses of various poten-
tials ranging from ~80 to +80 mV in 20 mV increments for 2's were
applied, followed by repolarization to 40 mV for 2 s to record tail
currents. The pCLAMP 8.0 software (Axon Instruments, Foster City,
CA) was used to generate the pulse protocol, data acquisition, and
analyses.

To be confident of the currents obtained, our analyses only in-
cluded recordings obtained by Giga-seal after applying the follow-
ing quality control criteria for the patch-clamp technique [13]: (1)
the starting seal resistance was required to be more than 1 GQ, (2)
the series resistance was required to be lower than 20 MQ
throughout the recording, (3) the membrane potential was re-
quired to be-at a higher negative level than —50 mV if normal
high-potassium intracellular solution was used; and (4) cell.capac-
itance and resistance were required to be stable. Furthermore, to
check the quality of our findings, COS-7 cells transfected with wild
type KCNQ1T were compared with the results of Barhanin et al. [1]
and Sanguinetti et al; [15] regarding the properties and biophysical
characteristics of the wild type KCNQ1 potassium current.

Data analyses, Analyses of the data were performed with Clamp-
fit 9.1 (Axon Instruments, Foster City, CA) and SPSS for Windows
ver.15: (SPSS. Inc., Chicago, IL). The time constants for activation
and deactivation were determined by fitting the current recordings
with a single-exponential function [16]: f{t) = Ay +Aexp(~t/1) and

the voltage dependence of channel activation and deactivation
were fitted with the Boltzmann equation: I=lya/(1 +exp[(Vy,
2 — V)/k]), where A was current amplitude, T was the time constant,
t was time, I was current amplitude, I;,,,x was the maximal tail cur-
rent, V was the test pulse potential, V), was the half-maximal acti-
vation potential, and k was the slope of the activation curve. The
relationship of current density with side-chain residue volume
was measured after 2 s during depolarization.

Results for continuous normal data were expressed as
mean + standard error of estimation. The comparison of means of
continuous normal variables across a grouping variable with two
levels was done using the student’s t-test and the comparison of
means of continuous normal variables across a grouping variable
with several levels was undertaken with one-way analysis of var-
iance (ANOVA). A two-sided significance level of 0.05 was used
for all analyses.

Results
Wild type and mutant channel currents

The cells transfected with KCNQ1 and KCNE1 exhibited a siowly
activated outward current compatible with I from native cardiac
myocytes. Each mutant was then transfected with KCNE1 and the
current-voltage relationships of the peak current during depolar-
ization and the tail current were measured as Fig. 1.

1313 G (n=17 cells) showed an approximately 20% reduction
in peak current and the densities of the peak and tail currents
were less than those of the wild type (n=10 cells) but the dif-
ferences were not significant (P=0.987). The activation curve
shifted towards the left (Fig. 1A, B, F and Table 1). 1313V
(n=15 cells) exhibited no significant change in the current com-
pared to those of the wild type (P=1.00, Fig. 1A-C and F). The
shape of the membrane potential vs. the current density curve
was also similar among cells transfected with the wild type
and 1313V (P=1.00, Fig. 1F and G).

I313K (n=14 cells) produced almost no current and [313E
(n =15 cells) showed a marked reduction of current compared to
the wild type (P < 0.01 for both; Fig. 1A, D, E and Table 1).

Co-expression of WT and mutant KCNQ1 channels

Cells were then co-transfected with 0.5 pg of each mutant and
0.5 pg of the wild type together with KCNE1 (Fig: 2). Co-transfec-
tion of 1313 G with the wild type (n= 16 cells) showed a 2-fold in-
crease of the: current compared to the cells transfected with the
wild type: 110.7 £ 4.7 vs. 57.1 £ 6.2 pA/pF (P <0.001) (Fig. 2A and
B) and the tail. current. was: also  significantly  augmented:
26.2+1.7 vs. 16.0£ 2.3 pA/pF (P <0.05); The activation curve was
shifted towards the left (Fig. 2E and F). 1313 V co-transfected with
the wild type (n =9 cells) showed similar current intensities with-
out significant differences. (P=1.00) compared to the wild type
(n=11 cells) (Fig. 2A, C and Table 1). Co-transfection of I313E with
the wild type (n=15 cells) exhibited a similar current to that of
cells co-transfected with [313 K and the wild type (n=14 cells)
both showing >70% reduction of current amplitude compared to
the wild type (P< 0.001) (Fig. 2D-E, and Table 1). An increased cur-
rent in [313G with the wild type suggested a gain of functionand a
markedly reduced current in [313E and 1313K when co-expressed
with the wild type would reflect a dominant negative suppression
(Fig. 2F-G).

Kinetic analysis of mutant KCNQT1 channels

The hetero-tetrameric of the wild type and mutant channel in
the presence of KCNE1 showed peak and tail currents which were
well fitted. with the Boltzmann equation or a single-exponential
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Fig. 1. Results of the whole-cell patch-clamp experiments in COS-7 cells. C0S-7 cells were transfected with plasmids of wild type KCNQ1 (Q1) and four mutants together with
(E1)KCNE1 (A-E). The activation is rapid but the peak current was about 20% smaller in 1313G (B) compared with the wild type (A). 313K and I313E showed almost no
current (D,E). The current-voltage relationships of cells transfected with five plasmids are shown on the right and a shift to the left can be seen in1313G (F). The differences in
the peak and tail currents among the wild type and four mutants were not significant. Pulse protocol and graph scale are shown at the top.

Table 1

Coimiparison of kinetics and peak currents in COS-7 cells transfected with wild type andfor mutant KCNQ1 plasmids.

Data represents the mean  SEM.

WT, wild type; KCNQ1 (o subunit of the potassium voltage-gated channel KQT-like subfamily member 1); KCNET, § subunit of the potassium voltage-gated channel fi;-

related family member 1; 1313K:1313E;1313V and 1313G:'mutant KCNQ1:
¥ p<0.01 vs. WT 1.0 ug/KCNET 1.0 ug:
* P>0.05vs, WT'1.0 ug/KCNET 1.0 pg,

# 0.57ig of WT was transfected and subsequent study was transfected 0.5 pug of mutant,

° P<0.001 vs. WT 0.5 pg/KCNE1 1.0 ug.

& ps'0.05 vs. WT 0.5 ig/KCNE1 1.0 pg: Each plasmid was transfectéd with KCNET (see text).

function {16]. The activation: curves for cells transfected with the
wild type and that of co-transfection with 1313K; I313E or 1313V
were not significantly different (Table 1).

Expression of 1313G alone showed a more rapid initial activa-
tion compared to the wild type: 607.4£52 vs. 1252.0x 142 ms
(P<0.01) and smaller Vyj: 17.6 £1.3 vs. 23.5: 1.4 mV (P<0.01)
as shown in Fig. 1 and Table 1. 1313 G co-transfected with the wild
type showed a significant shift in the activation curve towards the
left compared with the wild type and the time constant of activa-
tiont was smaller: 350.8 + 3.0 vs. 1154.3 + 62.8 ms (P < 0.001) while
that of deactivation of the tail current was larger: 648.4 + 126.0 vs.
213.6 £11.85ms (P <0.001) as shown in Fig. 2A and B, Table 1).

The activation curves for cells' transfected with I313E; I313K
and 1313V together with the wild type revealed statistically
non-significant differences compared to cells transfected. with
the wild type alone (P=0.99, Fig. 2). The time constants were
similar among these three mutants but that of 1313G was larger
at’ the meinbrane potential<=-25mV' and smaller ‘at >-25mV
(Fig. 3A):

The current density was also affected by the side-chain volume
of amino acid residue at position 313 and asignificantly larger cur-
rent density was found only when 313G was’ co-expressed with
the wild type compared with when it was expressed alone
(Fig. 3B). Both the homo-tetrameric and hetero-tetrameric 1313G
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Fig. 2. Resuits of the whole-cell patch-clamp experiments in COS-7 cells. COS-7 cells were co-transfected with wild type KCNQ1 and four mutants together with KCNE1 (A-E).
Current-voltage relationships are shown on the right (F,G). Augmented peak (P < 0.001) and tail current (P < 0.05) and a shift to the left in activation curve was observed when
1313G was co-transfected with the wild type KCNQ1 (B and F). Dominant negative suppression was seen in D and E in which the amino acid residue was replaced by an either
positive or negative charged one (D,E). Pulse protocol and graph scale are shown at the top.

with the wild type showed a shift to the left in the activation curve
(Fig. 3C) suggesting a altered gating.

Discussion

Both negatively charged (1313K) and positively charged (I313E)
residues at the pore center of KCNQ1 resulted in an-apparent loss
of channel function when they were transfected alone (with
KCNE1). The loss of function was not due to a trafficking. defect
and when they were co-transfected with wild type KCNQ1 (with
KCNE1), a dominant negative suppression was observed.

The Ixs channel has six trans-membrane domains (S1-56), a
voltage sensor (S4) and a pore helix selectivity filter segment (P-
loop) that connects S5 and S6°[10,17]. The selectivity filteris re-
flected in a highly conserved amino acid sequence for specific ion
conductance: as elegantly defined by the crystal structure of the
bacterial’ KcsA-channel [18] and'the carbonyl oxygen atoms of
these residues which bind dehydrated K* ions and act for selectiv-
ity [19,20]. An altered charge at the pore center, 1313K and I313E,
is expected to.result in a crucial change of the electrostatic envi-
ronment of the selectivity filter, with serious consequences that re-
duce the conduction of K ions [21-24}. The presence of charged
amino-acid residues at the pore center may also disturb. the
closed/open: equilibrium and lead to the destabilization: of the
open-state of the channel [25] but this was not confirmed in the
present study.

The current density was also affected by the side-chain volume
of the amino acid residue at the pore center (Fig. 3B:and Table 1)
When we substituted the neutral Isoleucine residue of KENQT with
Valine (I313V) which hasa similar size and polarity to Iseleucine,
the normalized current-voltage relationship was. very similar to
the wild type. The homo-tetramer of the Glycine residue (I313G)

showed a reduction of the peak K* current by about 20% compared
with the wild type, but the initial current was larger (Fig. 1B). Fur-
thermore when (313G was co-expressed with the wild type
KCNQI1, the K* current increased 2-fold which suggests a gain of
function (Fig. 2B).

The conductive conformation of the K channel represents a
match between the ion-binding sites and the size of K* ions [26]
and the filter atoms and the surrounding protein atoms are impor-
tant for selective ion-binding and conduction [9,10]. The volume of
side-chain residues located in position 313 may affect conduction
of K* ions [27].

For the augmented K" currents observed in the 1313G mutant,
we postulate as follows. The homo-tetramer by the smallest amino
acid residue Glycine minimized the selectivity filter size (pore) and
resulted in a reduced peak current, However, when the mutant was
co-transfected with: the wild type; the pore was composed. of
mixed amino acid residue, Glycine and Isoleucine rendered the
channel pore larger and augmented the K™ current (Fig. 3C). Using
Brownian dynamics on a simplified model of the KcsA structure, it
was shown that altering the pore size of the cytosolic entrance to
the selectivity filter led to a change in conductance [28].

As limitations, except for 313K, other mutants are virtual and
we have no clinical counterparts so far, but if 313G is associated
with short QT syndrome or not is of interest [29]. The change in
ion selectivity in each mutant and the relation to the gating mech-
anism was not fully studied in the present report [30].

As clinical implications; the functional consequences of muta-
tions at the pore center of KCNQ1 varied: from dominant negative
suppression to a gain of function when co-transfected with wild
type KCNQ1. Severe reduction of Ixs would be detectable as LQTS
but a subtle change: in K' channel function of varying degrees
might go undetected.
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Fig. 3. Activation and deactivation kinetics of currents in the wild type and mutant
K* channels. In A, activation and deactivation kinetics of co-expression mutants and
the wild type KCNQ1 together with KCNE1 are shown. The time constants were
derived from the raw current traces and plotted as the function of membrane
potential; Substitution of amino acid residue at the pore center (313) altered the
relation” betweerni ' the . time constant: and ‘membrarie potential.. In- B, currents
measured at +80 mV and were plotted against the side-chain mass average volumie
of the residues at position 313 (n =9-19). The current was least in 1313K'and 1313E
but larger when 1313G was co-expressed with the wild type. 1313V was close to the
wild type. In C, relative conductance of the initial tail current amplitude was similar
when 1313G was transfected alone or with the wild type (+KCNE1). Both shifted
toward the left compared to the wild type:

In conclusion, charged residues at the pore center of KCNQ1 re-
sulted in a loss of K" channel function and a dominant negative pat-
tern when co-transfected with the wild type channel. The neutral
residues showed zero or asmall reduction of the K currentand some
miutants might show a gain of function when co-expressed with the
wilt type channel. Not only the site of the mutation but the alteration
in charge or size seems to'affect phenotype of LQTS:
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Adrenergic regulation of the rapid component of delayed
rectifier K* current: Implications for arrhythmogenesis

in LQT2 patients

Dimitar P. Zankov, MD, PhD,* Hidetada Yoshida, MD, PhD," Keiko Tsuji, MS,* Futoshi Toyoda, PhD,?
Wei-Guang Ding, MD, PhD,* Hiroshi Matsuura, MD, PhD,* Minoru Horie, MD, PhD*

From the *Department of Cardiovascular and Respiratory Medicine, Shiga University of Medical Science, Otsu, Shiga,
Japan; "Department of Cardiology, Graduate School of Medicine, Kyoto University, Kyoto, Japan; *Department of
Physiology, Shiga University of Medical Science, Otsu, Shiga, Japan.

BACKGROUND KCNH2 gene mutations disrupting rapid compo-
nent of I, (I,,) underlie type 2 congenital long QT syndrome
(LQT2). Startled auditory stimuli are specific symptomatic triggers
in LQT2, thus suggesting fast arrhythmogenic mechanism.

OBJECTIVE We investigated acute a,,- and cyclic adenosine
monophosphate (cAMP)-related B-adrenergic modulation of I, in
HL-1 cardiomyocytes, wild type (WT)- and 2 LQT2-associated mu-
tant Kv11.1 channels (Y43D- and K595E-Kv11.1) reconstituted in
Chinese hamster ovary (CHO) cells.

METHODS I, and Kv11.1 currents were recorded using the whole-
cell patch-clamp technique and confocal microscopy of HL-1 car-
diomyocytes transfected with green fluorescent protein (GFP)-
tagged pleckstrin homology domain of phospholipase C-8,
visualized fluctuations of membrane phosphatidylinositol 4,5-
bisphosphate (PIP,) content.

RESULTS In HL-1 cardiomyocytes expressing human o, ,-adreno-
ceptor, superfusion with phenylephrine significantly reduced I,
amplitude, shifted current activation to more positive potentials,
and accelerated kinetics of deactivation. Confocal images showed
a decline of membrane PIP, content during phenylephrine expo-

sure. Simultaneous application of adenylyl cyclase activator fors-
kolin and phosphodiesterase inhibitor 3-isobutyl-1-methylxantine
(IBMX) shifted I,, activation to more negative potentials and
decreased tail current amplitudes after depolarizations between
+10 and +50 mV. In CHO cells, a,5-adrenoceptor activation
downregulated WT-Kvi11.1 channels and forskolin/IBMX produced
a dual effect. Expressed alone, the Y43D-Kv11.1 or K595E-Kv11.1
channel had no measurable function. However, co-expression of
WT-Kv11.1 and each mutant protein evoked currents with loss-of-
function alterations but identical to WT-Kv11.1 «a,,- and forsko-
lin/IBMX-induced regulation.

CONCLUSION Acute adrenergic regulation of at least 2 Kv11.1
mutant channels is preserved as in WT-Kv11.1 and native I.
Suppression of a,,-adrenoceptor-related transduction might have
therapeutic implications in some cases of LQT2.

KEYWORDS Long QT syndrome; I,; KCNH2 mutation; o, ,-adre-
noceptor; B,- and S,-adrenoceptor.

(Heart Rhythm 2009;6:1038-1046) © 2009 Heart Rhythm Soci-
ety. All rights reserved.

Introduction

Sympathetic activation and arrhythmogenesis are uniquely
associated in long QT (LQT) syndrome, the disease that
prolongs cardiac repolarization and leads to syncope and
sudden cardiac death.! This is particularly the case in the
most frequent variants, LQT type 1 (LQT1) and type 2
(LQT?2), designating malfunction of slowly (I,) and rapidly
{Ix,) activating components of Iy, respectively. Symptom-
atic triggers in congenital LQT are gene specific: often after
continuous physical exercise (swimming) in LQT1 and star-
tled auditory stimuli in LQT2.%*
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Science, research grant No. 19-07209. Address reprint requests and
correspondence: Dr. Minoru Horie, Department of Cardiovascular and
Respiratory Medicine, Shiga University of Medical Science, Otsu, Shiga
520-2192, Japan. E-mail address: horie@belle shiga-med.ac,jp. (Received
December 20, 2008; accepted February 25, 2009.)
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Efficiency of B-blocker therapy in LQT tends to divert
attention from possible oy ,-adrenoceptor (o AAR)-medi-
ated arrhythmogenic mechanisms. Increase of action poten-
tial duration (APD) in Purkinje fibers by «; 5AR stimulation
is well-documented phenomenon that would promote ar-
rhythmogenesis in LQT.*® Moreover, between 36% and
41% of patients with LQT2 (focus of this report) are resis-
tant to B-blockers,*® and the efficacy of combined a;- and
B-blockers (e.g., labetalol) in some of the LQT cases has
been reported.”

Ix, or Kvl1.1 (reconstituted o-subunit of human Iy,
channel) current inhibition by the selective o; 5AR agonist
phenylephrine was found in Xenopus oocyte®® mammalian
cell lines and rabbit ventricular myocytes.'®!! B;- and B,
adrenoceptors (B, ;AR) modulate Iy, through the dual ac-
tion of cyclic adenosine monophosphate (cAMP): direct
binding to the Iy, channel produces a hyperpolarizing shift

doi:10.1016/j.hrthm.2009.02.045
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of current activation, and stimulation of protein kinase A
(PKA) results in Iy, inhibition.!?'3 The net effect varies
according to different reports.'*'®

Startled auditory stimuli-triggered syncope in LQTZ sug-
gests involvement of fast transduction. Therefore, we stud-
ied immediate @, and B, ;AR regulation of Iy, in HL-1
cardiomyocytes,'® wild-type (WT)-Kv11.1 current in Chi-
nese hamster ovary (CHO) cells, and 2 Kvl1l.1 mutant
channels (Y43D-Kvl1l.l and K595E-Kv1l.1) found in
LQT2 probands with loud noise-triggered syncope.

Methods
Cell lines
HL-1 cardiomyocytes, a generous gift from Dr W. C. Clay-
comb, Louisiana State University Health Sciences Center,
New Orleans, Louisiana, derived from AT-1 cells.'® They
retain differentiated cardiac phenotype during indefinite
passages in culture, generate spontaneous action potentials,
and express various ion channels characteristic for mouse
atrium.'®17

The cells were cultured as originally described'® and tran-
siently co-transfected with 1 pug human a; s AR/pcDNA3.1 +
(Missouri S&T cDNA Resource Center, Rolla, Missouri) and
0.5 ug pEGFP (Invitrogen, Carlsbad, California) or 1 pg
PH-GFP/pCl (Promega, Madison, Wisconsin), using Lipo-
fectamin 2000 Reagent (Invitrogen). After transfection with
a2 AR, HL-1 cardiomyocytes were kept in norepinephrine-
free medium to avoid desenisitization of reconstituted a; AAR.

CHO cells were cultured as reported previously.'® WT-
Kv11.1/pRC (Invitrogen), Y43D-Kv11.1 or K595E-KvI1.1/
pRC, each 1 ug, were co-transfected with 0.5 ug pEGFP and
1 g human a; AAR using Lipofectamin Reagent (Invitrogen).
In the subset of experiments, 1 pg Y43D-Kvil.1 or K595E-
Kv11.1 were co-transfected with WT-Kv11.1 (1 pg), human
oayaAR (1 pg), and pEGFP (0.5 pg) cDNA. WT-Kvil.1
cDNA was a generous gift from Dr M. C. Sanguinetti, Nora
Eccles Harrison Cardiovascular Research and Training Insti-
tute, University of Utah, Salt Lake City, Utah.

Kv11.1 mutations .

Among the LQT2-associated mutations identified in our
institution, we selected 2 novel heterozygous KCNHZ mu-
tations from probands with auditory stimuli-induced symp-
toms.

Y43D-Kvi1.1.

A 30-year-old woman had experienced repetitive syncope
since the age of 13. The attacks had been provoked by
sudden arousal, e.g., ringing telephone during sleep and
never by exercise. Electrocardiogram at rest showed cor-
rected QT interval (QTc) of 0.60 seconds (Bazett formula).
a;- and B-adrenergic blocker carvedilol (20 mg/day) termi-
nated the syncope completely.

K595E-Kv11.1.

A 35-year-old woman has had syncopal attacks since her
infancy. Torsades de pointes was documented at the age of
18, and propranolol (40 mg/day) was: administered but in-

effective. Multiple episodes of syncope recurred after sud-
den arousal or auditory stimulation, although her QTc was
not so prolonged {0.47 seconds) in the presence of propran-
olol. An implantable cardioverter-defibrillator was then im-
planted.

Electrophysiological experiments

I, and Kv11.1 currents were measured at 37°C using the
standard whole-cell patch-clamp technique'® with EPC-8
amplifier (HEKA, Lambrecht, Germany) and 2.5 to 3.5 M()
glass electrodes. Series resistance (maximally approxi-
mately 8 MQ) was not compensated, and leak subtraction
was not performed. Liquid junction potential between nor-
mal Tyrode and intracellular solution (—10 mV) was cor-
rected in the data.

I, was elicited by 2-second depolarizations from hold-
ing potential of —50 mV (to inactivate sodium, transient
outward potassium, and T-type calcium currents) followed
by repolarizations to the holding potential to record tail
currents. L-type calcium current was eliminated by addition
of 0.4 pmol/l nisoldipine to the external solution. We were
not able to detect HMR1556-sensitive current in HL-1 car-
diomyocytes (I, data not shown), and I, blocker was not
used. Kv11.1 current in CHO cells was evoked from hold-
ing potential —70 mV by 2-second depolarizations and tails
were recorded at repolarizing steps between —120 and
—20 mV.

Composition of pipette solution was (in mmol/l): 70
potassium aspartate, 50 KClI, 10 KH,PO,, 1 MgSO,, 3
Na,-ATP; 0.1 Li,-GTP, 5 EGTA and 5 HEPES; pH adjusted
to 7.2 with KOH. External solution, normal Tyrode, con-
tained (in mmol/l): 140 NaCl, 5.4 KCl, 1.8 CaCl,, 0.5
MgCl,, 0.33 NaH,POy,, 5.5 glucose, and 5.0 HEPES; pH
adjusted to 7.4 with NaOH. E-4031 (Wako, Japan), phenyl-
ephrine, 3-isobutyl-1-methylxantine (IBMX), and forskolin
(Sigma, St. Louis, Missouri) were supplemented into external
solution - on-the day of experiments diluting- the necessary
amount of stock solutions. Stock solutions (kept at —20°C) of
E-4031 and phenylephrine were made in distilled water; IBMX
and: forskolin ‘were stored in dimethyl sulfoxide. L-o~phos-
phatidyl-D-myo-inositol-4,5-bisphosphate (PIP,, Calbiochem,
San Diego, California) was added to the pipette solution to
achieve concertration of 10 pmol/l and 5 ml aliquots were
kept at —80°C maximally for 1 month.

Confocal microscopy

HL-1" cardiomyocytes constantly superfused with normal
Tyrode solution at 37°C were examined in the recording
chamber of a Zeiss LSM 510 confocal laser-scanning in-
verted microscope (Carl Zeiss, Oberkochen, Germany). A
switch to a phenylephrine-containing (30 umol/l) normal
Tyrode solution tested the effect of a;4AR stimulation on
GFP-tagged pleckstrin homology domain of phospholipase
C-6; (PH-GFP) fluorescence. Confocal images were taken
at 15-"or 30-second time intervals, and fluorescence inten-
sity was analyzed through the measurement of green plane
intensity of the images in Image] software (Rasband, W. S.,
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Image], National Institutes of Health, Bethesda, Maryland;
http://rsb.info.nih.gov/ij/, 1997-2008).

Statistical analysis

All averaged values are presented as mean = SEM. Statis-
tical comparisons were made by 2-tailed paired and un-
paired Student ttest or 1-way ANOVA and differences
were accepted as significant for P <.05.

Results

Stimulation of «,,AR downregulated I,

In HL-1 cardiomyocytes expressing human oz AR, Iy, pos-
sessed typical properties as described for the rapid compo-
nent of I.?° Selective «;,AR agonist phenylephrine, ap-
plied externally for 4 to 6 minutes at a concentration of 30
pmol/l, reduced quickly Ix, amplitude, and the readminis-
tration of drug-free solution restored the current amplitude
to 90% *+ 6% (n = 8) of the control level (Figure 1A).
Figure 1B shows typical I, traces evoked by voltage com-
mands between —40 and +50 mV before and during su-
perfusion with 30 pmol/l phenylephrine, and in the pres-
ence of specific I, inhibitor E-4031 (3 pmol/l). I, block
unmasked an existence of endogenous time-independent
conductance present during depolarizing steps but not at
holding potential. For accurate measurement of Iy, ampli-
tude, we used tail currents because after their complete
inhibition by E-4031 no evident time-dependent conduc-
tance at —50 mV could be observed. Phenylephrine down-
regulated I, in a voltage-dependent manner: inhibition of
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Figure 1

Ik, tails varied from 0.68 = 0.07 at —30 mV to 0.30 = 0.01
at +50 mV (n = 9, P <.05, Figure 1C).

In addition to the reduction of current amplitude, o; JAR
stimulation modified Ik, channel gating and facilitated the
process of deactivation. The voltage at half-maximal acti-
vation (V) was shifted toward positive potentials, and fast
and slow time constants of deactivation decreased in the
presence of phenylephrine (Table 1, Figures 1D to 1F).

The o, JAR modulation of Iy,, evaluated as E-4031 sen-
sitive current, was verified using a ventricular action poten-
tial clamp technique. Typical current traces (average of 5
consecutive recordings at steady state) are shown in Figure
2A. Similar to square depolarizations, o, ,AR-related de-
cline of E-4031-sensitive current was voltage dependent:
the range of measured current inhibition during action po-
tential voltage clamp was between 0.35 at —50 mV and 0.20
at +30 mV (n = 7, P <.05, Figure 2B).

Fluctuation of PIP, content during «,,AR
activation

Variation of membrane PIP, concentration could be suc-
cessfully shown by a method that takes advantage of high-
affinity binding of pleckstrin homology domain of PLC-8;
(PH) to PIP,.*' Expression of GFP-tagged PH could be seen
as predominantly cell-membrane-localized fluorescence un-
der the microscope. The decrease of the membrane PIP,
amount produces a decrease of membrane and an increase

of cytosolic fluorescence because of redistribution of PH-
GFP.
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& 4AR agonist phenylephrine downregulated Iy, in HE-1 cardiomyocytes. A: Typical time course of Iy, tail amplitudes when cells were exposed

to' 30 pmol/} phenylephrine: the cutrent decreased quickly after oy 4AR stimulation. B: Line of control I, currents, traces during a; /AR stimulation, and
conductance remaining after complete Ix; inhibition by E-4031 (voltage-clamp protocol is in the inset). I, suppression was more potent at negative potentials
(C). D: Mean values of I, tail densities before and during oy AR stimulation are plotted against the depolarizing voltages and fitted (o the Boltzmann
equation. The positive shift of I-V curve was shown when current densities were normalized to the maximal value (E). o ;AR stimulation also accelerated
T, deactivation (Table 1). F: Typical tail currents recorded at —50 mV before and after a;,AR stimulation.
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Table 1  Activation and deactivation parameters of I, in HL-1 cardiomyocytes and Kv11.1 currents in CHO cells
Control Phenylephrine Control Forskolin/IBMX
IKr
Vy (mV) -18.7 0.3 —-9.9 + 0.2* (8)t ~183 + 1.3 —21.5 = 1.1* (17)
k (mV) +8.4 = 0.1 +7.6 = 0.2 (15) +7.1+0.3 +7.3 = 0.4 (17)
Tease (MS)E 60 = 17 46 * 19* (6) 47 + 15 45 * 16 (12)
Taow (MS)1 586 + 161 442 * 212* (6) 451 % 97 433 = 107 (12)
Kvi1.1 (WT)
Vi, (mV) -16.2 = 0.6 —9.3 = 0.3* (15)t ~16.4 + 2.0 —20.9 * 2.6* (10)
k (mV) +7.5 = 05 +8.7 = 0.2 (15) +8.2 + 0.5 +8.1 = 0.5 (10)
Teast (MS)E 282 * 17 205 = 17* (8) 235 + 24 224 *+ 29 (8)
T (MS)E 1,570 + 104 875 + 96* (8) 1,374 + 119 1,293 + 121 (8)
Kv11i.1 (WT/Y43D)
V2 (mV) -9.6 * 0.5 —4.5 * 0.3* (13) ~13.1+ 21 —20.2 * 1.6* (11)
k (mV) +7.4 % 04 +8.6 = 0.2 (13) +7.6 + 0.3 +7.4 % 0.2 (11)
Teree (MS)E 129 + 8 89 + 7* (8) 166 *+ 26 157 * 18 (8)
Tetow (MS)} 642 * 55 577 *+ 48* (8) 810 + 92 803 + 100 (8)
Kv11.1 (WT/K595E)
Vi (mV) ~55 * 0.6 0.09 * 0.7* (9) -33+ 18 —~8.6 = 2.2* (11)
k (mV) +7.5 % 0.5 +8.6 * 0.6 (9) +6.6 = 0.2 +6.5 = 0.3 (11)
Tease (MS)E 306 * 32 225 + 25* (8) 305 * 37 301 = 31 (9)
Tow (MS)1 1,790 * 162 1,184 * 146* (8) 1,582 * 111 1,577 * 132 (9)

CHO = Chinese hamster ovary; IBMX = 3-isobutyl-1-methylxantine; WT = wild-type.

*P <.05 vs. control value.
tFigures in parentheses indicate the number of experiments.

tShown are the average values of deactivation at —50 mV for I, and at —60 mV for Kv11.1 currents.

We used this technique to show the coupling of recon-
stituted human a;sAR to G-PLC pathway. In HL-1 car-
diomyocytes co-transfected with PH-GFP and o;,AR
c¢DNA (Figure 3A), phenylephrine caused rapid transloca-
tion of the fluorescence from the cell membrane to the
cytoplasm (quantitatively analyzed in Figures 3B and 3C).
On the contrary, in HL-1 cardiomyocytes expressing only
PH-GFP; the membrane and cytosolic fluorescence were not
altered by phenylephrine administration (not' shown). The
average ratio between green plane intensity in the images
from cytosolic regions of interest measured in 7 HL-1 car-
diomyocytes expressing a;pAR and PH-GFP compared
withi the value from 4 cardiomyocytes transfected only with
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Phenylephrine

PH-GFP equaled 1.27 * 0.06 and 0.99 * 0.001, respec-
tively (P <.05 between groups). The above results con-
firmed coupling between reconstituted human o 5-AR and
intracellular pathways.

In the system of HL-1 cardiomyocytes, the molecule
responsible for Iy, regulation through o; sAR seemed to be
PIP,. When 10 umol/l PIP, was loaded through the glass
electrode (Figure 3D) I, tail inhibition after o) AR acti-
vation was largely attenuated (e.g:, reduction of mean tail
amplitude after depolarization to +30 mV decreased from
31.1% to 11.5%, P <.05) and the phenylephrine-induced
shift of I-V curve was only +4.2 mV (compared with +8.8
mV in the control state, P <.05). Deactivation time con-

B

E-4031-sensitive corvent
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a; AAR activation inhibited Ty;, during action potential voltage clamp. I, was evoked by voltage-clamp command with ventricular action potential

forr (A, top) to confirm ‘& ,AR-related modulation during physiological variation of membrane potential. Reduction of recorded cuirent by phenylephrine
(30 mol/l) and selective T, inhibitor E-4031 (3 umol/l) is'shown (A; middle). The trace in the presence of E-4031 was subtracted from the remaining 2
to show E-403 -sensitive current (I;.,) before and during o 4AR stimulation (A, bottom). B: Average I-V relations of E-4031-sensitive current are presented.
The corresponding poirits are statistically different at potentials more positive than. =70 mV. (arrow).
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Figure 3

a; ;AR-induced depletion of membrane PIP, downregulated Iy, A: Confocal images from HL-1 cardiomyocytes expressing PH-GFP and

a, AR, The fluorescence was located mainly in the cell periphery {membrane), and the signal from the cytosol intensified when external solution contained
30 pmol/l phenylephrine. This effect was quantified by exploring the green plane intensity of region of interests (ROT) and profile across the line (B, C), thus
confirming functionality of reconstituted human a, ,AR. D: The niean Iy, tail amplitudes (fitted to the Boltzmann equation) from 12 cardiomyocytes loaded
with 10 pmol/t PIP; before and during a; AR stimulation. Inset illustrates the same relation when average fail amplitudes are normalized to the maximal
value. Intrapipette PIP; significantly diminished phenylephrine-induced Ix, reduction (see text). E: On the other hand, specific protein kinase C inhibitor BIS
1 (200 nmol/) did not affect extensively Ty, modulation: degree of tail inhibition, positive shift of activation, and facilitation of deactivation were similar to

that in the control state.

stants were affected as in the absence of PIP; (not shawn).
On the contrary, the Iy; response to phenylephrine remained
identical in the presence of protein kinase C inhibitor bisin-
dolylmaleimide I (BIS I) (Figure 3E): V,,; from the Boltz-
mann fit increased +5.3 mV (P >.05 vs. control value},
average reduction of tail currents was comparable with
control at all test voltages, and deactivation time. constants
were 53 = 16 ms and 540 * 191 ms in control vs. 35 + 13
ms and 323 £ 169 ms after o 4AR stimulation (0 = 7,
P <.05). BIST (200 nmol/l) itself did not have a noticeable
effect on control I, amplitude.

It

cAMP-induced modulation of I,

We stimulated 3, ,AR-coupled intracellular production of
cAMP by exposing HL-1 cardiomyocytes simultaneously to
adenylyl cyclase activator (forskolin, 5 fumol/l) and phos-
phodiesterase inhibitor (IBMX, 100 umol/l). Figure 4A
shows: typical I, traces:in the absence and presence of
forskolin/IBMX. Activation of transduction pathways cou-
pled to B1,AR had a dual effect on Iy, Tail amplitudes
increased by 43.3% to 7.1% after depolarizations between

—50-and —30 mV (Figure 4B) but decreased by 4.1% to
5.5% “after- depolarization between +20 and +50 mV (P
<.05). Combination forskolin/IBMX shifted I, activation
in a hyperpolarizing direction but did not affect consider-
ably deactivation kinetics (Table'1). Thus in HL-1 cardic-
myocytes, activation of B; ;AR-coupled pathways tended to
counterbalance the modulation of Iy, by a;,AR at negative
potentials.

a,AR and B, ,AR regulation of Kv11.1
channels

We investigated regulation of WT-Kv11.1 and 2 LQT?2-
associated mutant channels (see Methods section) reconsti-
tuted in CHO cells by a; and B, ;AR in a way similar to
that in HL-1 cardiomyocytes.

Figure 5A exemplifies currents recorded from CHO cells
co-expressing WT-Kv11.1 and human a; ;AR in the control
state and: during exposure to 30 wmol/l phenylephrine. The
a;5AR agonist: decreased - Ik, tail amplitude, shifted the
midpoint of I-V relation rightward; and facilitated deactiva-
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Figure 4 Iy, modulation by B, ;AR-coupled transduction. A: Typical I, in HL-1 cardiomyocytes elicited by square voltage-clamp pulses (like in Figure
1B) in control state and during elevation of intracellular cAMP by 5 pmol/l forskolin and 100 pmol/l IBMX. B: Iy, tail densities from 17 cells as a function
of depolarizing voltage before and during forskolin/IBMX application. Smooth curves (fit to the Boltzmann equation) show —3.2 mV hyperpolarizing shift

of I-V relation caused by the drugs (inset). Tail amplitudes were affected significanily after depolarizations between —40 mV and ~20 mV (increased) and
between +20 and +50 mV (reduced, *P <.05).

tion {Figures 7A and 7B). Activation of B; ,AR-coupled both mutant currents similar to WT-Kv11.1: a negative shift

signaling in CHO cells'® with external forskolin/IBMX had of I-V relation and inhibition of tail amplitudes after posi-
dual effect on tail amplitude as in Figure 4B and shifted tive depolarization for WT/Y43D-Kvl11.1; a negative shift
current activation to more negative potentials (Figure 5B, of the I-V curve for WT/K595E-Kv11.1 (Figures 6B and
Table 1). 6D, Table 1).

Expressed alone, mutant proteins Y43D-Kvil.l and Taken together, both studied mutant currents retained

K595E-Kv11.1 did not produce functional channels (not regulation by o;sAR and forskolin/IBMX comparable to
shown). Co-expression with WT-Kv11.1 generated currents that of WT-Kv11.1 channels.

with loss-of-function properties. For WT/Y43D-Kvil.1, a

positive shift (+6.6 mV, P <.05) of I-V relation and con- Discussion

siderable acceleration of deactivation kinetics (Figures 6A, Acute adrenergic regulation of I,
7C, and 7D); for WT/K595E-Kv11.1, an even more prom- and Kv11.1 channels

inent rightward shift of I-V relation (+10.7 mV, P <.05)

and reduced I, amplitude (between 82.5% at —30 mV and The main findings in this study can be summarized as
49.3% at +50 mV, P <.05, Figure 6C). Nevertheless, follows. oy AR stimulation downregulated Iy, and recon-
stimulation of ;AR caused additional inhibition of the stituted WT-Kv11.1 channels by decreasing current ampli-
WT/Y43D-Kv11.1 and WT/K595E-Kv11.1 currents: V,, tudes, creating a positive shift of 1-V relations, and accel-
was further increased with +5.1 and +5.6. mV, respec- erating deactivation kinetics. The B, ,AR-associated cAMP
tively, and time constants of deactivation had diminished increase had dual action on I, and Kv11.1: a negative shift
values in the course of phenylephrine superfusion (Figures of the I-V curves (augmenting the currents at negative

6A; 6C, and 7C to 7F, Table 1). Forskolin/IBMX modulated potentials) and a decline of current amplitudes. at positive
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‘WT-Kv11.1 tail amplitudes significantly after depolarizations between ~30 and 0 mV. (*P <05, maximal inhibition was 50.8% after —30 mV), shifted I.V
curve i a rightward direction (6.9 mV), and accelerated deactivation kinetics. Inset shows the mean amplitudes of WT-Kv11.1 tails normalized to the value
after -+ 40 mV step. B: The combination: forskolin/IBMX shifted I-V curve to more negative potentials (—4.5 mV, *P <.05), significantly reduced tail
amplitudes after depolatizations between +20 and +50 mV (8.0% to 13.6%), and increased: tails after depolarizations to: =30 and: =20 mV. (47.6% and
22.2%, respectively):
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respectively. D: WT/K595E-Kv11.1 tails increased by 99.0% to 52.6% after test voltages between —30 and —10 mV (*P <.05).

potentials. Moreover, 2 mutant channels found in LQT2
probands with loud noise-triggered syncope preserved the
same pattern of acute adrenergic reguiation.

a;aAR-related modulation of Iy, in" ventricular: myo-
cytes'? or Kv11.1 channels in expression systems®*? was
shown. However, intracellular signaling linking o;JAR and
I, channels is not sufficiently clarified because conflicting
data have been published.®!® Our results are close to the
reports for rabbit ventricular myocytes,'! although we ob-
served a positive shift of I-V relation and faster deactivation
during o; JAR stimulation. Stronger inhibition of Ik, and
Kv1l.1 currents at negative: potentials indicatesthat the
significance of a;,AR regulation is larger within the volt-
age range where the current is particularly important for
ventricular repolarization.

B; 2AR-coupled signaling produces complex changes in
Ik, the net effect after cAMP application on.the reconsti-
tuted KvI1.1° channel was downregulation, but co-expres-
sion of ancillary subunits (KCNE1 or KCNEZ2) attenuated
current inhibition.'? I, in guinea pig ventricular myocytes
was suppressed'? or increased'® by isoproterenol. In our
data, stimulation of B; ;AR-coupled signaling (Figures 4 to
6) induced together cAMP and protein kinase A-dependent
effects on Iy, and Kv11.1 currents. The negative shift of I-V
relation would oppose the inhibition of I, by a;,AR acti-
vation.

Arrhythmogenic significance

For the first time (to our knowledge), we showed adrenergic
regulation of 2 LQT-associated Kv11.1 channels (N-termi-
nal Y43D and pore K595E mutations), co-expressed with
WT-Kv11.1 in a mammalian cell line. The currents had'a
loss-of-function phenotype but nevertheless maintained re-
sponses to phenylephrine and forskolin/IBMX similarly to
the WT-Kv11.1 channel. With these mutant channels, acute
sympathetic stimulation via a;5AR would act to addition-
ally increase APD and thus promote arrhythmogenesis. Ev-
idence for possible contribution of o;,AR-mediated trig-
gers for loud noise-induced syncope is the fact that in the
Kv11.1-Y43D proband, symptoms had been successfully
eliminated by carvedilol, but in the case of Kv11.1-K595E,
propranolol was ineffective.

Arrhythmogenic potential of a;5AR-coupled- mecha-
nisms has' the following: support: phenylephrine-induced
ventricular tachyarthythmias in a canine LQT model in
vivo?%; the a;-adrenoceptor agonist methoxamine facilitated
the proarrhythmic effect of almokalant (a class III antiar-
rhythmic drug) in rabbit?>; phenylephrine and methoxamine
prolonged the APD of canine Purkinje fibers® and other
animals®; and phenylephrine increased the transmural dis-
persion of ventricular depolarization (TDR) in LQT2 pa-
tients.?* Although physiological regulation of ion chan-
nels through o, ,AR is not restricted only to Ix;, our data
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Deactivation kinetics of Kv11.1 currents. A, C, E: Representative Kv11.1 tail currents (WT, WI/Y 43D, and WT/K585E, respectively) recorded

at membrane potentials between — 120 and —20 mV with a 20-mV increment after 2-second depolarizing step to +40 mV (A, inset) in control conditions
and in the presence of 30 pwmol/l phenylephrine. Similar to the results for Iy, in HL-1 cardiomyocytes, deactivation of reconstituted WT and mutant Kv11.1
currents in CHO cells was facilitated by the a; AR agonist. B, D, F: The mean values of the fast and slow time constants of deactivation are plotted. The

precise values of time constants at —~60 mV are in Table 1 (see text).

suggest that it might be one of the currents involved in
reported APD increase. In canine Purkinje fibers, the
APD increase by phenylephrine was attributed mainly to
Ik inhibition.?®

Sympathetic stimulation is thought to initiate torsades de
pointes in LQT by induction of triggered activity (early and
delayed afterdepolarizations) and increase of TDR, which
promotes propagation of premature electrical impulse.? In
clinical studies, the effects of mainly B; ;AR agonist epi-
nephrine on QTc and duration of the interval between the
peak and end of the T-wave on electrocardiogram (T,
reflecting TDR) are known to be significantly longer in
LQT1 than LQT?2 at steady state.?8%® On the other hand, in
LQT?2, an increase of QTc and T, . by epinephrine is tem-
porary and reversible at steady state (when comparisons
with LQT1 in many studies were made?”?8). Animal LQT
models have shown the same dynamics in APD in the
presence of epinephrine.”” On the contrary, in LQT2 pa-
tients, phenylephrine was shown to prolong TDR consider-
ably more than in LQT1.2* Thus according to our results
and the abovementioned reports, in LQT2 arrhythmia pro-
voked shortly after sympathetic stress (loud noise), o;sAR-

mediated Iy, reduction might be one potential triggering
mechanism.

In brief, in the case of LQT2 and B-blockade, a;,AR-
mediated regulation of I, could still cause sufficient de-
rangements in ventricular repolarization to induce arrhyth-
mia shortly after sympathetic stimulation. Higher resistance
to B-blockers in LQT?2 as well as the effectiveness of the o -
and B-blocking agent labetalol” supports this statement.
However, clinical investigations are needed to confirm this
proposed mechanism.

Conclusion

This study investigated ;AR and B, ;AR adrenergic reg-
ulation of 2 reconstituted Kv11.1 mutant channels found in
loud noise-triggered symptomatic cases of congenital LQTS
in comparison with wild-type Kv11.1 and native Ig,. Al-
though whole-cell currents from mutant Kv11.1 channels
(co-expressed with wild-type Kv11.1) had a loss-of-func-
tion phenotype, they preserved negative regulation medi-
ated through o, AR in a way similar to native I, channel
and wild-type Kv11.1.
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The presented results implicate a;sAR-coupled trans-

duction in arrhythmogenesis in selected cases of congenital
LQT?2, specifically in patients with syncope after startled
auditory stimuli, and suggest a; ,AR blockers as a benefi-
cial treatment. It may worth clarifying o, ,AR regulation of
long-QT-related Kv11.1 mutant channels, particularly in the
cases of loud noise-induced arrhythmia or in patients resis-
tant to B-blocking agents.
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BACKGROUND The transient outward current I, is of critical im-
portance in regulating myocardial electrical properties during the
very early phase of the action potential. The auxiliary B subunit
KCNEZ recently was shown to modulate L.

OBJECTIVE The purpose of this study was to examine the contribu-
tions of KCNE2 and its two published variants (M54T, I577) to L.

METHODS " The functional interaction between Kv4.3 (o subunit of
human 1.} and wild-type (WT), M54T, and I57T KCNE2; expressed-in
a heterologous cell line, was studied using patch-clamp techniques.

RESULTS Compared to expression of Kv4.3 alone, co-expression of
WT KCNE2 significantly reduced peak current density, slowed the rate
of inactivation, and caused a positive shift of voltage dependence of
steady-state inactivation curve. These modifications rendered Kv4.3
channels more similar to native cardiac L. Both M54T and I57T

variants significantly increased I, current density and slowed the
inactivation rate compared with WT KCNEZ2. Moreover, both variants
accelerated the recovery from inactivation.

CONCLUSION The study results suggest that KCNE2 plays a critical
role in the normal function of the native I, channel complex in
human heart and that M547 and I57T variants lead to a gain of
function of L, which may contribute to generating potential arrhyth-
mogeneity and pathogenesis for inherited fatal rhythm disorders.

KEYWORDS Cardiac arrhythmia; M54T variation; I57T variation;
KCNEZ; Kv4.3; Sudden cardiac death

ABBREVIATIONS .CHO = Chinese hamster ovary; HERG = human
ether-a-go-go related gene; WT = wild type
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Introduction

Classic voltage-gated K™ channels consist of four pore-
forming () subunits that contain the voltage sensor and
ion selectivity filter'? and accessory regulating (8) sub-
units.> KCNE family genes encode several kinds of S
subunits ‘consisting' of single transmembrane-domain
peptides that co-assemble with o subunits to modulate
ion selectivity, gating kinetics, second messenger regu-
lation, and the pharmacology of K* channels. Associa-
tion of the  KCNEI product minK with the o subunit
Kv7.1 encading KCNQI forms the slowly activating de-
layed rectifier K* current Iy, in the heart.*% In contrast,
association of ‘the KCNEZ product MiRP1 with: the hu-
man ether-a-go-go related gene (HERG) forms the car-
diac rapid delayed rectifier K* current I,.°
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