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{5-8]. It has been suggested that this association may be pop-
ulation specific {9], and highly influenced by environmental
factors, such as alcohol consumption, tobacco smoking, and
body mass index (BMI} [5,10-12]. Moreover, an interaction
between the TagIB genotypes and the progression of CHD
after therapy has been shown (13). These observations could
be significantly relevant because low plasma HDL cholesterol
levels are associated with an increase in the risk of CHD [14].
Therefore, CETP could have a relevant role in atherogenesis
through its effects on HDL metabolism.

The aim of the present study was to determine the gene-
environmental interaction in the regulation of plasma HDL
cholesterol levels in the Japanese general population, which
has higher alcohol intake and higher smoking rates in men
and lower alcohol intake and lower smoking rates in women
than the Caucasian population [15]. In the present study,
we analyzed the association among the CETP TagIB poly-
morphism, HDL cholesterol levels, and gene-environmental
interaction in a population-based sample of Japanese men
and women.

2. Methods
2.1. Population

The selection criteria and design of this study have been
previously described [16-18]. We conducted this study in
S town, a rural farming mountain area near Kyoto in the
western part of Japan, which had a population of about
15,000. Among the 2892 residents who underwent medi-
cal check-ups in 1999, a total of 2395, with 917 men (mean
age +8S.D., 58.0% 15.7) and 1478 women (mean age = S.D.,
56.3 + 15.6), were enrolled after a full explanation of this
genetic study was given and informed consent was obtained.
Of these, a total of 666 were excluded because their genotype
was not determined (175 men, 255 women), they were tak-
ing lipid-lowering medications (41 men, 109 women), or they
had a history of coronary heart disease or stroke (42 men, 44
women). After this exclusion, 1729 participants (659 men,
1070 women) were studied. This study received approval of
the Institutional Review Board of Shiga University of Medi-
cal Science.

2.2. Genetic analysis

DNA was isolated from peripheral leukocytes accord-
ing to standard procedures. We analyzed the TaqlB poly-
morphism, which has been shown to be a silent base
change affecting the 277th nucleotide in the first intron of
the CETP gene. The Bl allele indicates the presence of
the Taql restriction site and the B2 allele represents the
absence of the Taql restriction site. The TagIB polymor-
phism was genotyped using the polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP) anal-
ysis method described previously (11]. The designed primers

were 5'-CACTAGCCCAGAGAGAGGAGTGCC-3' (sense)
and 5’-CTGAGCCCAGCCGCACACTAAC-3' (antisense).
DNA templates were denamred at 95 °C for 3 min, and then
each PCR reaction was subjected to 30 cycles with a temper-
ature cycle consisting of 95°C for 30s, 60°C for 30s, and
72°C for 455, and finally an extension at 72 °C for 5 min on
a GeneAmp PCR System 9700 (Applied Biosystems, Fos-
ter City, CA, USA). The amplified fragments were digested
with Tagql restriction enzyme (New England Biolabs, Bev-
erly, Massachusetts, USA) and subjected to electrophoresis
on 1.5% agarose gels. The resulting fragments were 174 bp
and 361 bp for the B1 allele and 535 bp for the uncut B2 allele.
Genotypes, determined by the PCR-RFLP method on a total
of 75 random samples consisting of 25 PCR products of each
genotype, were confirmed by direct sequencing. Briefly, after
fractionation of PCR-RFLP products on 1% agarose gels, the
desired DNA bands were cut out, and the DNA was purified
using a QLAquick Gel Extraction Kit (QIAGEN, Valencia,
California, USA) and was amplified with the above 5’ primer,
followed by analysis on an ABI PRISM 310 Genetic Ana-
lyzer (Applied Biosystems).

2.3. Measurements

Non-fasting blood was drawn and serum total choles-
terol (T-CHO) and HDL cholesterol levels were determined
in a laboratory (Medic, Shiga, Japan). The measurement
precision and accuracy of these serum lipids were cer-
tified through a lipid standardization program by Osaka
Medical Center for Cancer and Cardiovascular Diseases,
which is a member of Cholesterol Reference Method Lab-
oratory Network (CRMLN) controlled by the Centers for
Disease Control and Prevention (Atlanta, GA, USA) [19].
Hypertension was defined as a systolic blood pressure of
>140 mmHg, or a diastolic blood pressure of >90 mmHg,
or current use of antihypertensive drugs. Diabetes mellitus
was defined as a non-fasting blood glucose >11.1 mmol/L.
(200mg/dL) or current use of diabetic drugs or insulin
infusion.

2.4. Information on alcohol drinking and smoking habit

Using a questionnaire, a well-trained public health nurse
obtained information on alcohol drinking and smoking habits
[16,18]. The average frequency of drinking per week and the
average alcohol intake on each occasion were determined,
and the alcohol consumption per week was calculated, which
was then divided by 7 to give the alcohol consumption per day.
One drink unit was defined as 11.5 g of ethanol per day, which
was equal to a half go (90 mL) of sake, one bottle (350 mL)
of beer, one single whiskey, or one glass (120 mL) of wine.
Drinkers were defined as those who drank any alcohol. We
checked whether the participants currently smoked (current
smoker), whether the participants had a history of smoking
(smoking history), and how many cigarettes the participants
smoked per day.
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2.5. Siatistical analyses

All analyses were performed separately for men and
women. Deviation from Hardy—Weinberg equilibrium was
examined by x-analysis. Characteristics of participants were
analyzed by the genotypes of the TagIB polymorphism as fol-
lows: differences in frequencies were examined by x? analy-
sis and differences in quantitative variables were examined by
one-way analysis of variance (ANOVA) and Tukey post-hoc
test for multiple comparisons. To examine whether the TagIB
genotype (B1B1 or B1B2=0, B2B2=1) is an independent
determinant of HDL cholesterol levels, multiple regression
analyses were performed using two models. Model 1 was
done with other covariates (age, waist to hip [W/H] ratio,
alcohol drinking [non-drinker = 0, drinker = 1], current smok-
ing [non-smoker =0, smoker = 1], non-HDL cholesterol, and
logarithm of triglyceride [TG]). Model 2 was done with the
same covariates as model 1 plus interaction between the
TagIB genotype and W/H ratio, alcohol drinking, or current
smoking. Because TG distribution was not a normal distri-
bution, we used the logarithm of TG values. To assess the
interaction between alcohol consumption, current smoking
status, BMI, or W/H ratio and the CETP TaqIB polymor-
phism in the regulation of HDL cholesterol levels, analysis
of covariance (ANCOVA) was used. Since the average lev-
els of alcohol consumption were much lower among women
than men, alcohol consumption was categorized as more
than 2 drinks/day for men and any alcohol consumption for
women. All statistical analyses were performed using the

JMP statistical software package (SAS Institute Inc., Cary,
NC, USA).

3. Results

The clinical characteristics of participants were ana-
lyzed according to the TaglB genotype for men and
women (Table 1). The allele frequencies for the Bl
(95% confidence interval) was as follows: in men, 59.9%
(57.2-62.5%); in women, 60.0% (58.0-62.0%); and over-
all, 59.9% (58.3-61.6%). The observed genotype frequencies
were in agreement with those predicted by Hardy—Weinberg
equilibrium. No gender differences in genotype or allele dis-
tribution were observed.

A comparison among the TagIB genotypes in men showed
significant differences in the percentage of current smokers
and smoking history. HDL cholesterol level in the B2B2
genotype tended to be higher than the BIB1 genotype. In
women, a comparison among the TaglB genotypes showed
significant differences in age, HDL cholesterol, and non-
HDL cholesterol levels. HDL cholesterol level in the B2B2
genotype was significantly higher than those in the other
genotypes. Non-HDL cholesterol level in the B2B2 genotype
was significantly lower than that in the B1B1 genotype.

Table 2 shows the results of multivariate regression anal-
yses of determinants for HDL cholesterol levels in the par-
ticipants. Model 1 was done with the TagIB genotypes and
other covariates. Because BMI was strongly associated with

Table 1
Characteristics of the participants according to CETP Taq IB genotype in 1999, Shiga, Japan
Characteristics Men Women

CETP Taq 1B genotype p-value CETP Tagq IB genotype p-value

B1BI1 B1B2 B2B2 BIBI1 B1B2 B2B2
Number ) 234 321 104 377 530 163
Genotype frequency (%) 35.5 48.7 15.8 35.2 49.5 15.2
Age (years) 57.5+£159 57.2+162 589+13.6 0.621 552x15.6 56.2+15.1 521 £17.34# 0.016
Body mass index (kg/m?) 22.6+3.1 225+28 227433 0.763 224+3.2 22.4£33 221431 0.533
Waist to hip ratio 0.88 £0.07 0.87£0.07 0.87£0.07 0.726 0.78 £0.06 0.79 £0.06 0.78 £0.06 0.100
Alcohol consumption (g/day) 2224197 19.5£19.7 23.5+20.2 0.108 3.0£6.8 27+63 3.6+7.1 0.350
Drinker (%) 76.9 70.4 76.9 0.164 26.8 23.8 30.7 0.193
Smoking consumption 114+125 11.2+13.4 85+121 0.136 0.7%£3.0 0.8£38 0.6+29 0.803

(cigarettes/day)

Current smoker (%) 54.3 53.3 404 0.043 6.6 59 6.1 0.891
Smoking history (%) 82.5 .80.4 65.4 0.002 9.3 8.1 8.6 0.826
Hypertension (%) 419 41.4 38.8 0.865 32.9 359 356 0.624
Diabetes mellitus (%) 39 6.5 3.9 0.292 2.7 2.8 1.8 0.770
Total cholesterol (mmol/L) 4.71£0.79 477£090 4.78+£097 0.647 5.12+0.88 5.05+0.89 5.01+0.88 0.323
Triglycerides (mmol/L) 1.71+£1.19 1.65+1.17 1.64+1.07 0.795 1.30£0.82 1.28 £0.69 1.22+0.71 0.502
HDL cholesterol (mmol/L) 1.33£0.34 1.36 £0.36 1.42+£0.40 0.096 1.53+0.36 1.58 £0.36 1.69£0.38"*  <0.001
Non-HDL cholesterol (mmol/L) 3.38+£0.84 3.41£0.89 3.36+0.99 0.839 359091 3.48+0.87 3324087 0.004

Values are mean = S.D. or percentages. Hypertension was defined as a systolic blood pressure of 140 mm Hg or higher, a diastolic blood pressure of 90 mm
Hg or higher, or current use of antihypertensive drugs. Diabetes mellitus was defined as a non-fasting blood glucose of 11.1 mmol/L (200 mg/dL) or higher, or

the current use of diabetic drugs or insulin infusion.
" P<0.05 compared with BIB1.
# P<0.05 compared with BI1B2.

-197-



202

Table 2

Y. Tsujita et al. / Atherosclerosis 191 (2007) 199-205

Multivariate linear regression analysis of determinants for HDL cholesterol levels in 1999, Shiga, Japan

Dependent variable Independent variables Men (N=659) Women (N=1070)
B p-value il p-value
Model | HDL-C (mmol/L) Age (10-year) —0.010 (0.008) 0.208 0.040 (0.008) <0.001
Waist to hip ratio —0.706 (0.203) <0.001 —0.987 (0.202) <0.001
Alcohol drinking
Non-drinker Reference Reference
Drinker 0.142 ((0.027)) <0.001 0.047 (0.023) 0.040
Current smoking
Non-smoker’ Reference Reference
Smoker -0.054 (0.024) 0.026 ~0.019 (0.042) 0.658
Non-HDL cholesterol (mmol/L) 0.023 (0.017) 0.165 0.015 (0.014) 0.280
Triglyceride (log-transferred, mmol/L) -0.678 (0.061) <0.001 -0.703 (0.055) < 0.001
CETP TaglB genotype
B1B1 or B1B2 Reference Reference
B2B2 0.065 (0.033) 0.049 0.118 (0.028) <0.001
Model 2 HDL-C (mmol/L) Age (10-year) —0.010 (0.008) 0.215 0.039 (0.008) <0.001
Waist to hip ratio —0.703 (0.204) <0.001 -0.963 (0.202) <0.001
Alcohol drinking
Non-drinker Reference Reference
Drinker 0.141 (0.027) <0.001 0.046 (0.023) 0.047
Current smoking
Non-smoker Reference Reference
Smoker —0.053 (0.024) 0.031 —0.020 (0.042) 0.639
Non-HDL cholesterol (mmol/L) 0.023 (0.017) 0.160 0.014 (0.014) 0.310
Triglyceride (log-transferred, mmol/L) —0.678 (0.061) <0.001 —0.697 (0.055) <0.001
CETP TagIB genotype
B1B1 or BIB2 Reference Reference
B2B2 0.068 (0.034) 0.046 0.114(0.028) <0.001
CETP TaqIB genotype x Waist to hip ratio 0.179 (0.503) 0.721 0.300 (0.467) 0.522
CETP TagIB genotype x Alcohol drinking —0.041 (0.078) 0.597 0.156 (0.062) 0.012
CETP TagIB genotype x Current smoking 0.014 (0.071) 0.842 —0.052 (0.118) 0.659

B indicates regression cocfficient (SE). Status of alcohol drinking or current smoking is coded as 0, 1. CETP TagIB genotype is coded as follows; BIB1 or

B1B2, 0; B2B2, 1.

W/H ratio (r=0.66, p<0.001 in men, r=0.62, p<0.001 in
women), we used W/H ratio, which had a stronger association
to HDL cholesterol levels than BMI. Model 2 was performed
with the same covariates as model 1 but included interaction
between the TagIB genotype and W/H ratio, alcohol drink-
ing, or current smoking. In the analysis using model 1, W/H
ratio, alcohol drinking, current smoking habit, logarithm of
TG, and the CETP TagIB genotype were the determinants of
HDL cholesterol levels in men. Meanwhile, the determinants
of HDL cholesterol levels in women were the same as those in
men except for age and current smoking. In the analysis using
model 2, interaction between the CETP TagIB genotype and
alcohol drinking was observed in women.

Fig. 1 describes the relationship between the CETP TagIB
polymorphism and HDL cholesterol levels stratified by alco-
hol consumption. Among men who consumed less than
2 drinks/day, the mean HDL cholesterol levels were not sig-
nificantly different among the three TagIB genotypes (B1B1,
1.3140.03; B1B2, 1.28 £ 0.02; B2B2, 1.33 = 0.05 mmol/L,

mean+ S.E., p=0.586). However, among men who con-
sumed 2 or more drinks/day, the mean HDL cholesterol
levels were higher among those with the B2B2 genotype
than those with the B1B1 genotype (B1B1, 1.37+0.03;
B1B2, 1.44 40.03; B2B2, 1.49 +0.05 mmol/L, p=0.042).
The interaction between alcohol consumption and the CETP
TagIB polymorphism to the HDL cholesterol levels was
not significant (p =0.165). However, when the CETP TagIB
genotypes were divided into two groups, the B1B1 genotype
and the B1B2+B2B2 genotypes, the interaction between
alcohol consumption and the CETP TagIB polymorphism
to the HDL cholesterol levels were significant (p' =0.049).
Among women who did not drink, the mean HDL cholesterol
levels were lower among those with the B1B1 genotype than
those with the other genotypes (B1B1, 1.51£0.02: B1B2,
1.58 & 0.02; B2B2, 1.63 £ 0.03 mmol/L, p < 0.001). Among
women who consumed alcohol, the mean HDL cholesterol
levels were higher among those with the B2B2 genotype
than those with the other genotypes (B1B1, 1.57 £0.03;
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Fig. 1. Adjusted HDL cholesterol levels according to alcohol consumption
and the CETP TagqIB genotype in the participants in men (A) and women
(B). HDL cholesterol levels were adjusted for confounding factors: age,
‘W/H ratio, current smoking status, non-HDL cholesterol, and logarithm of
triglycerides. Since the average levels of alcohol consumption were much
lower among women than men, alcohol consumption was categorized as
more than 2 drinks/day for men and any alcohol consumption for women.
To compare mean values among the three genotypes within the Jower alcohol
consumption group or higher alcohol consumption group, one-way ANOVA
was used. To assess the interaction between alcohol consumption and the
CETP TaglIB polymorphism in the regulation of HDL cholesterol levels,
ANCOVA was used. p-value were calculated among the participants with
three genotypes. p'-values were calculated between the participants with the
B1BI1 genotype and the BIB2 + B2B2 genotypes. All values are mean + S.E.
*p<0.05.

B1B2, 1.57+£0.03; B2B2, 1.79 £ 0.06 mmol/L, p<0.001).
The interaction between alcohol consumption and the CETP
TaqIB polymorphism to the HDL cholesterol levels was sig-
nificant (p=0.022).

We also examined the interaction between the CETP
TuqIB polymorphism and current smoking status, BMI, or
W/H ratio in the regulation of HDL cholesterol levels. How-
ever, no significant interactions were observed (data not
shown),

4. Discussion

In the present study, we studied the association between
the CETP TagqIB polymorphism and the HDL cholesterol lev-
els considering environmental factors in a population-based
sample consisting of 1729 Japanese men and women. Qur
results showed that the B2 allele was associated with higher

HDL cholesterol levels in women and the CETP TagqIB poly-
morphism was an independent determinant of HDL choles-
terol levels in men and women. We compared the HDL
cholesterol levels according to the CETP TagIB genotype
stratified by alcohol consumption, current smoking status,
BMI, or W/H ratio. The correlation of the B2 allele with
increased HDL cholesterol levels was stronger in alcohol
consumers than that observed with non-drinkers in men and
women.

In the present study, the effect of the B2 allele to increase
HDL cholesterol levels was stronger in women than men.
This is consistent with the result in the meta-analysis of the
CETP TaglB polymorphism [20]. Previous studies showed
that the effect of the B2 allele to increase HDL choles-
tero! level was stronger in alcohol consumers [11,21], non-
smokers [5,7,8], and lean participants [§]. However, no sig-
nificant interactions were reported between the CETP TaqIB
polymorphism and smoking, alcohol drinking, or daily phys-
ical activity in the regulation of HDL cholesterol in the
Japanese general population [22]. In the present study, the
interaction between alcohol consumption and the CETP
TaqlB polymorphism in the regulation of HDL cholesterol
was significant in men and women. This result is con-
sistent with previous results [11,21] in Caucasian popula-
tions. However, the interaction was found to be only sug-
gestive in the meta-analysis [20]. Most studies included in
the meta-analysis did not record alcohol consumption in a
detailed manner, the information of alcohol consumption
was only divided as drinkers and non-drinkers in the meta-
analysis, which may have attenuated the power to detect such
an interaction. In the present study we analyzed men and
women separately because average HDL cholesterol levels
were different between men and women (men, 1.36 £0.01;
women, 1.58 £0.01 mmol/l, mean £ S.E., p <0.001). More-
over, since the average levels of alcohol consumption were
much lower among women than men (men, 21.1+0.8;
women, 2.9 + 0.2 g/day, mean =% SE, p <0.001), alcohol con-
sumption was categorized as more than 2 drinks/day for men
and any alcohol consumption for women. These procedures
may keep the power to detect the interaction in the present
study.

HDL cholesterol level is known to increase with alcohol
consumption at least in part due to reduced concentration
and activity of plasma CETP {23]. The expected association
between alcohol consumption and plasma HDL cholesterol
was clearly observed in the B2 homozygotes but not in the
B1 homozygotes in the present study. The CETP TagIB poly-
morphism was reported to be in strong linkage disequilibrium
with the —629 C to A promoter polymorphism [21]. This pro-
moter polymorphism modulates CETP gene transcriptional
activity in vitro [24]. Recently, —1337 C/T and —971 G/A
polymorphisms in the CETP promoter were also reported to
be functional and these three polymorphisms interact together
to determine plasma CETP levels [25]. The mechanisms of
the interaction between the CETP TaglB polymorphism and
alcohol consumption in the regulation of plasma HDL choles-
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terol are unclear. It may be possible that these promoter
polymorphisms play a part in the mechanisms of the interac-
tion.

The effect of the B2 allele to increase HDL cholesterol lev-
els has been reported to be stronger in non-smokers [5.7,8].
In the present study, the interaction between current smoking
status and the CETP TagIB polymorphism was not observed
in men or women. Several studies have also reported no evi-
dence of an interaction with smoking status [11,22].

The association of the B2 allele with increased HDL
cholesterol levels has been reported in lean participants, but
not in obese participants [8]. In the present study, we used
the W/H ratio instead of BMI. The interaction between W/H
ratio and the CETP TagIB polymorphism was not observed
either in men or women. When we performed an analysis
using BMI, results similar to those using W/H ratio -were
obtained. The average BMI in Japanese is lower than the
average Caucasian BMI (mean BMI was 25.0 kg/m? for a
Caucasian population [8], versus 22.5 kg/m? in this study).
Thus, the different result may be due to differing mean BMI.

The effect of the B2 allele to increase HDL cholesterol
levels has been reported to be weaker in the postmenopausal
than that in premenopausal women [10]. We did not have any
menopausal information in the present study. Instead of the
menopausal information, we considered menopause effects
by grouping the women participants by age: >55 years old
or <55 years old. However, no effects were observed for the
relationship among the CETP TagIB polymorphism, HDL
cholesterol levels, and other variables (data not shown).

There are some limitations in the present study. First, we
did not examine other mutations in the CETP locus. Several
mutations at the CETP locus have been identified, resulting
in the total or partial absence of detectable CETP mass and/or
activity [26,27]) and increased HDL cholesterol levels. Gto A
mutation at the intron 14 splice donor site (Int14 A) and a mis-
sense mutation within exon 15 (D442G) are common in the
Japanese population [28). We also did not consider physical
activity of participants in the present study, which is known to
affect HDL cholesterol levels [29]. Moreover, we used non-
fasting blood samples in the present study, thus TG levels
were influenced by diet. However, non-fasting TG is reported
to be an independent risk factor for CHD in the Japanese
general population [30]; therefore, we used non-fasting TG
values as a co-factor in the present study. The prevalence of
smoking was significantly lower in the participants with the
B2B2 genotype in men. We have no possible explanation for
this and it may have been a confounder. The mean values of
non-HDL cholesterol were significantly lower in the partic-
ipants with the B2B2 genotype than the B1B1 genotype in
women. This may be because the mean values of age were sig-
nificantly lower in the participants with the B2B2 genotype
than the B1B1 genotype in women. The interaction between
smoking and the CETP genotype in determining HDL choles-
teroi levels was absent in both men and women. However, the
rate of smoking was very low in women,; therefore, this study
has no power to detect the interaction between smoking and

the CETP genotype in determining HDL cholesterol levels
in women.

In conclusion, there is a gene-environmental interaction
between the CETP TagIB polymorphism and alcohol con-
sumption in the regulation of HDL cholesterol levels in men
and women.
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Stimulatory action of protein kinase Ce isoform on
the slow component of delayed rectifier K™ current
in guinea-pig atrial myocytes

H Toda'?, W-G Ding!, Y Yasuda'?, F Toyoda’, M Ito?, H Matsuura' and M Horie?

' Department of Physiology, Shiga University of Medical Science, Otsu, Shiga, Japan and 2Department of Cardiovascular
and Respiratory Medicine, Shiga University of Medical Science, Otsu, Shiga, Japan

Background and purpose: Protein kinase C (PKC) comprises at least twelve isoforms and has an isoform-specific action on
cardiac electrical activity. The slow component of delayed rectifier K* current (I;) is one of the major repolarizing currents
in the hearts of many species and is also potentiated by PKC activation. Little is known, however, about PKC isoform(s)
functionally involved in the potentiation of  in native cardiac myocytes.

Experimental approach: /i, was recorded from guinea-pig atrial myocytes, using the whole-cell configuration of patch-clamp
method.

Key results: Bath application of phenylephrine enhanced Ik concentration-dependently with ECso of 5.4 M and the maximal
response (97.1+11.9% increase, n= 16) was obtained at 30 M. Prazosin (1 uM) almost totally abolished the potentiation of
Ixs by phenylephrine, supporting the involvement of o,-adrenoceptors. The stimulatory action of phenylephrine was
significantly, if not entirely, inhibited by the general PKC inhibitor bisindolylmaleimide I but was little affected by G6-6976,
G6-6983 and rottlerin. Furthermore, this stimulatory effect was significantly reduced by dialyzing atrial myocytes with
PKCe-selective inhibitory peptide £V1-2 but was not significantly affected by conventional PKC isoform-selective inhibitory
peptide BC2-4. Phorbol 12-myristate 13-acetate (PMA) at 100 nM substantially increased I« by 64.2+1.3% (n=6), which
was also significantly attenuated by an internal dialysis with £V1-2 but not with BC2-4.

Conclusions and implications: The present study provides experimental evidence to suggest that, in native guinea-pig cardiac
myocytes, activation of PKC contributes to oj-adrenoceptor-mediated potentiation of Js and that ¢ is the isoform
predominantly involved in this PKC action.

British Journal of Pharmacology (2007) 150, 1011-1021. doi:10.1038/s).bjp.0707191; published online 5 March 2007

Keywords: lk;; PKC; PKCe; phenylephrine; a;-adrenoceptor

Abbreviations: BIS-l, bisindolyimaleimide I; DAG, diacylglycerol; Ic,, L-type Ca’* inward current; l, delayed rectifier K*
current; Iy, rapid component of delayed rectifier K™ current; I, slow component of delayed rectifier K+
current; PDBu, phorbol 12,13-dibutyrate; PKA, cyclic AMP-dependent protein kinase; PKC, protein kinase C;
PLC, phospholipase C; PMA, phorbol 12-myristate 13-acetate; PS, phosphatidylserine; Ptdins(4,5)P,,
phosphatidylinositol 4,5-bisphosphate; RACKs, receptors for activated C kinases; TPA, 12-O-tetradecanoyl-
phorbol 13-acetate

Introduction

Protein kinase C (PKC) mediates the regulation of cardiac
muscle function by a variety of neurotransmitters, hormones
and extracellular signalling molecules. Currently, at least 12
isoforms of PKC have been identified in various tissues and
are classified into three groups based on their structure and
activation mechanisms (Mellor and Parker, 1998); namely,
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conventional PKC (a, BI, fII and y) that have a C2-domain
and are activated by Ca®*, diacylglycerol (DAG) and
phosphatidylserine (PS); novel PKC (5, ¢, 4, 0 and ) that do
not have a C2-domain and are activated by DAG and PS; and
atypical PKC (¢ and /) that are regulated by PS. Expression of
PKC isoforms in the heart displays species- and/or develop-
mental stage-dependent differences (Pucéat et al., 1994;
Rybin and Steinberg, 1994). It has been demonstrated that
guinea-pig heart coexpresses conventional («, fII and y),
novel (¢) and atypical ({) PKC isoforms (Takeishi et al., 1999).
There is accumulating evidence to indicate that PKC iso-
forms in the heart are differentially regulated by various
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stimuli under physiological and pathological conditions
(Takeishi et al., 1999; Hool, 2000; Ruf et al., 2002) and have
different functional roles in the modulation of electrical
activity (Johnson and Mochly-Rosen, 1995) and the devel-
opment of cardiac hypertrophy and heart failure (Bowling
et al., 1999; Takeishi et al., 2000). In this regard, it is
important to note that PKCe has been shown to contribute to
cardiac protection associated with ischemic preconditioning
(Gray et al., 1997; Qiu et al., 1998; Liu et al., 1999).

The slow component of the delayed rectifier K* current
(Ixs) is important for the repolarization of atrial (Sanguinetti
and Jurkiewicz, 1991; Wang et al.,, 1993; Gintant, 1996;
Bosch et al., 2003; Ding et al., 2004) and ventricular action
potentials (Sanguinetti and Jurkiewicz, 1990; Li et al., 1996;
Bosch et al., 1998) in the heart of several mammalian species
including humans. I also represents a relevant target for the
action of the sympathetic neurotransmitters, adrenaline and
noradrenaline, and thereby mediates sympathetic control of
cardiac excitability and contractility (Sanguinetti et al.,
1991). Stimulation of B-adrenoceptors has been shown to
markedly enhance I, via activation of the cyclic AMP-
dependent protein kinase (PKA) in some types of myocardial
cells, including atrial and ventricular myocytes (Walsh and
Kass, 1988; Yazawa and Kameyama, 1990; Matsuura et al.,
1996). On the other hand, it has been demonstrated in
guinea-pig ventricular myocytes that z;-adrenoceptor stimu-
lation produced a modest (approximately 20-30%) increase
in Iy, via activation of PKC (Tohse et al., 1992). The elevated
sympathetic tone is accompanied by an enhancement of
outward K™ current through [x,, which is assumed to
counteract the depolarizing effect of the.simultaneously
potentiated L-type Ca*>* inward current (Ic, ) and thereby
prevents the excess prolongation of action potential dura-
tion, potentially leading to the occurrence of arrhythmias
as well as Ca®™ overload in cardiac muscle. Thus, the
stimulatory action of both x;- and f-adrenoceptors on Ik
appears to play an important physiological role in protecting
the heart from the arrhythmogenic and cardiotoxic effects
of excess sympathetic activity.

The present study was undertaken to determine which
PKC isoform(s) is functionally involved in mediating the
stimulatory action of x;-adrenoceptor activation, as well as
PMA, on g, with the use of the PKC isoform-selective
inhibitory peptides and pharmacological inhibitors. Our
results provide experimental evidence supporting a func-
tional role of ¢ isoform of PKC (PKC:) in mediating
x-adrenergic potentiation of Ik in native atrial myocytes
of guinea-pig hearts.

Materials and methods

Isolation of atrial myocytes

All animal procedures were performed in accordance with
the guidelines established by the institution’s Animal Care
and Use Committee. Single atrial mvocytes were enzymati-
cally isolated from adult Hartley guinea-pig hearts using
a retrograde Langendorft perfusion method as described
previously (Powell et al., 1980; Ding et al., 2004).
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Solutions and chemicals

Normal Tyrode solution contained (in mM) 140 NaCl, 5.4
KCl, 1.8 CaCl,, 0.5 MgCl,, 0.33 NaH,PO,, 5.5 glucose and
5.0 HEPES (pH adjusted to 7.4 with NaOH). The extracellular
bath solution used for measuring [x, was normal Tyrode
solution supplemented with 0.4 uM nisoldipine (a generous
gift from Baver AG, Wuppertal-Elberfeld, Germany) and 5 uM
E-4031 (Wako, Osaka, Japan). Agents added to the extra-
cellular solution included phenylephrine hydrochloride
(Sigma, St Louis, MO, USA), prazosin hydrochloride (Sigma),
phorbol 12-myristate 13-acetate (PMA, Sigma), bisindolyl-
maleimide I (BIS-1, Sigma), G6-6976 (Calbiochem, San Diego,
CA, USA), Go-6983 (Biomol, Plymouth Meeting, PA, USA),
rottlerin (Calbiochem) and thymeleatoxin (Calbiochem).
The control pipette solution contained (in mM) 70 potassium
aspartate, 50 KCl, 10 KH,PO,, 1 MgSO,, 3 Na,-ATP (Sigma),
0.1 Li-GTP (Roche Diagnostics GmbH, Mannheim, Ger-
many), S EGTA, 0.5 CaCl; and 5 HEPES (pH adjusted to 7.2
with KOH). The concentration of free Ca>~ and Mg~ in the
pipette solution was calculated to be approximately
1.7x107® (pCa=7.8) and 3.7 x 107>M (pMg = 4.4), respec-
tively (Fabiato and Fabiato, 1979; Tsien and Rink, 1980). It
should be noted that conventional PKC isoforms can be
tunctionally activated by the presence of intracellular free
Ca®* concentration on the order of 107®\ in guinea-pig
cardiac myocytes (Hool, 2000). In some experiments,
peptide translocation inhibitor of PKC isoform fC2-4 or
£V1-2 (Biomol) was added to the pipette solution and was
present throughout the recording period (Ron ¢t al., 1995;
Johnson et al., 1996).

Whole-cell patch-clamp technique and data analysis
Whole-cell membrane currents (Hamill et al., 1981) were
recorded with an EPC-8 patch-clamp amplifier (HEKA,
Lambrecht, Germany), and data were low-pass filtered at
1kHz, acquired at SkHz through an LIH-1600 analog-to-
digital converter (HEKA) and stored on nard disc drive, using
PATCHMASTER software (HEKA). Patch electrodes had a
resistance of 1.8-2.5MQ when filled with pipette solutions,
and approximately 10 min was allowed to elapse to dialyze
the interior of cells with test reagents (fC2-4 or #V1-2)
in pipette solution. Cells were superfused constantly at
1-2mimin~' with extracellular solution at 36=1'C in a
0.5 ml bath chamber. '

Ixs was activated by depolarizing voltage steps given from
a holding potential of —50mV to various levels., under
conditions where the Na™ current was inactivated by setting
the holding potential to -50mV, and I, and the rapid
component of delaved rectifier K™ current (/) were,
respectively, blocked by nisoldipine (0.4 uM) and E-4031
(5 M) added to the extracellular solution for the measure-
ment of Iy, (Ding et al, 2004). The effect of external
application of test reagents on [k, was investigated after the
initial rundown of Iy, within 3—-5 min of patch rupture was
allowed to reach a steady-state level, and the initial rundown
of Ik, is not shown in the figures. The period of exposure to
various reagents is denoted by the horizontal bar in the
figures, and the original current traces recorded at time
points indicated by numerals are also illustrated in the inset.

—203-



The zero-current level is indicated to the left of current traces
by the horizontal line.

Voltage-dependent activation of Ixs was assessed by fitting
the normalized I-V relationship of the tail currents to a
Boltzmann equation: Is 1an = 1/(1 + exp((V1/2-Vm)/k)), where
Ixs,tair 18 the tail current amplitude normalized with reference
to the maximum value measured at +S50mV, V., is the
voltage at half-maximal activation, Vy, is the test potential
and k is the slope factor. Concentration-response relation-
ship for the potentiation of Ik, by phenylephrine was drawn
by least-squares fit of a Hill equation: R=Rmpax/(1+ (ECso/
[agonist])™™), where R.x represents the maximal degree of
potentiation expressed as a percentage, ECsg is the concen-
tration giving half-maximal potentiation and sy is the Hill
coefficient.

Statistical analysis

All the averaged data are presented as mean +s.e.m. with the
number of experiments given in parentheses. Statistical
comparisons were evaluated using either Student’s t-test or
analysis of variance (ANOVA) with Student-Newman-Keuls
(SNK) post hoc analysis, as appropriate. Differences were
considered to be statistically significant if a P-value <0.05
was obtained.

Results

Potentiation of lx, by phenylephrine via «;-adrenoceptor in
Suinea-pig atrial myocytes

We first characterized the stimulatory action of phenylephr-
ine on Iy, in guinea-pig atrial myocytes. Figure 1a demon-
strates a representative example for the time course of Ix
response to 30 uM phenylephrine. Iy, was repetitively (once
every 20s) activated by depolarizing voltage steps (2s in
duration) applied from a holding potential of —50mV to a
test potential of +30mV, and the effect of phenylephrine on
Ixs was evaluated by measuring the amplitude of the tail
current elicited upon return to the holding potential, which
reflects the degree of Iy, activation at the preceding
depolarizing test potential. In a total of 16 myocytes, bath
application of 30uM phenylephrine evoked a marked
(97.14+11.9%) increase in the amplitude of Iy in a reversible
manner (see also Figures 2d and 4).

Figure 1b shows superimposed current traces of Ix; elicited
by depolarizing voltage steps given from a holding potential
of —S0mV to various test potentials between —40 and
+50mV, before and during exposure to 30 uM phenylephr-
ine. As is evident in Figure 1c, phenylephrine markedly
increased the amplitude of Iy, tail currents at all test
potentials. To elucidate whether phenylephrine affects the
voltage dependence of [y, activation, the amplitude of tail
current at each test potential was normalized with reference
to its maximal value at +50mV and was then fitted by a
Boltzmann equation (Figure 1d). The data points were
reasonably well fitted by a Boltzmann equation, yielding
Vy,2 of 8.6+2.4mV and k of 12.7+0.7mV for control, and
Vi, 0f5.04£3.2mV and k of 12.9+0.7 mV for phenylephrine
(n=4). There were no significant differences in the values
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of Vi, (P=0.133) and k (P=0.850) between control and
phenylephrine groups, thus suggesting that phenylephrine
has little effect on the voltage dependence of current
activation.

In the experiments demonstrated in Figure 2a, the effect
of phenylephrine on Ix; was examined in the presence of
the selective o;-adrenoceptor antagonist prazosin. The atrial
myocytes were initially exposed to 1 uM prazosin for ~5 min,
and then to 30uM phenylephrine in the presence of
prazosin. The stimulatory action of phenylephrine on Iy
was almost totally abolished by the presence of prazosin
(3.7+3.3% increase, n=6 versus 97.1+11.9% increase,
n=16; Figure 2b). It should be noted that the amplitude of
Ixs was only slightly decreased (by 5.3+2.5%, n=6) during
exposure to 1 uM prazosin alone (Figure 2a). This observation
confirms the view that the action of phenylephrine on Ik,
is mediated through the o,-adrenoceptor. The potentiation
of Ixs by phenylephrine was examined at concentrations
ranging from 0.3 to 100 uM. Figure 2c illustrates representa-
tive examples for the effect of 1 and 100 uM phenylephrine
(left and right panels, respectively). Figure 2d depicts
the concentration-response relationship for the stimulatory
action of phenylephrine on Ik, which could be reasonably
well fitted with a Hill equation with ECs0 of 5.4 M and
ny of 1.03.

We also evaluated the effect of phenylephrine (30 uM) on
the time course of Igs activation during depolarizations in
the absence and presence of prazosin. For this purpose, the
time to obtain half-maximal activation (T;,,, Stengl et al.,
2003; Terrenoire et al., 2005) during 2-s depolarizing voltage
steps was compared before and during exposure to pheny-
lephrine. In the absence of prazosin (refer to experiments
shown in Figure 1b), Ty, at test potentials of -+ 10, +30 and
+50mV were, respectively, measured to be 484456,
342+40 and 305+33ms (n=235) before phenylephrine and
432426, 346+34 and 307+44ms during exposure to
phenylephrine. There were no significant differences in the
value of Ty, obtained at each test potential (+10, +30 or
+50mV) before and during exposure to phenylephrine.
Similarly, in the presence of 1uM prazosin (refer to experi-
ments shown in Figure 2a), Ty, at a test potential
of +30mV (322+10ms, n=35) was insignificantly affected
by further addition of phenylephrine (317+8 ms). These
observations are in contrast to an increase in the rate of
channel activation during f-adrenergic potentiation of Ik,
(Han et al., 2001; Stengl et al., 2003; Volders et al., 2003;
Terrenoire et al., 2005). Taken together with the results using
prazosin (Figure 2b), these data also support a predominant
role of a«;-adrenoceptors in potentiation of Iy, by phenyl-
ephrine.

Functional role of novel PKC isoform PKCe in potentiation of Ik,
by phenylephrine

We then evaluated a role for PKC and its isoforms in the
potentiation of I via «;-adrenoceptors. For this purpose, the
stimulatory action of phenylephrine was measured at its
maximally effective concentration (30 uM, Figure 2d) in the
presence of various pharmacological (bath) and peptide
inhibitors (pipette) for PKC isoforms. Figure 3a illustrates a
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Figure 1 Potentiation of /x; by phenylephrine in guinea-pig atrial myocytes. (a) Time course of changes in the amplitude of /g, tail current

during exposure to 30 uM phenylephrine. fx, was repetitively (every 20s) activated by 2-s depolarizing steps to +30mV from a holding
potential of ~50mV. (b) Superimposed current traces of k; activated at test potentials of ~40 to + 50 mV, before and ~ 5 min after exposure
to 30 um phenylephrine. a and b were obtained from different myocytes. (c) I~V refationships for I, tail currents recorded before and during

exposure to phenylephrine, obtained from the records in b. (d) /-
Continuous curves through the data points show the least-squares fi

typical example for the action of the general (nonisoform-
specific) PKC inhibitor BIS-I (Toullec et al., 1991), which at
submicromolar concentrations potently inhibits most PKC
isoforms, including conventional («, $I, Il and ), novel (6
and ¢) and atypical () isoforms (Martiny-Baron et al., 1993).
In a total of six myocytes, phenylephrine (30 uM) potentiated
the amplitude of Iy, by 38.1+12.1% in the presence of BIS-I
(100 nm), which is significantly smaller than the degree of
Ixs potentiation under control conditions (97.1+11.9%
increase, n=16; P<0.05; Figure 4). A similar degree of
Ixs potentiation by phenylephrine (30 uM) was observed in
atrial myocytes pretreated for 5-10 min with higher concen-
tration (1 uM) of BIS-1 (40.3+6.1% increase, n=35; Figure 4).
These results support an involvement of PKC activation in
the potentiation of Iy, via =z -adrenoceptors in guinea-pig
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V relationships for mean values (n=4) of normalized Iks tail currents.
t of a Boltzmann equation.

atrial myocytes. Bath application of BIS-1 at concentrations
of 100 nm and 1 uM alone reduced the amplitude of basal Ixs
by 10.1+3.2 (n=6) and 11.1+3.0% (n=35), respectively,
which appears to be consistent with a recent report showing
a modest (12%) reduction of Iy by exposure to BIS-I (1M)in
guinea-pig ventricular myocytes (Missan et al., 2006).
Immunoblotting study with the use of isoform-specific
antibody has detected the expression of at least five different
PKC isoforms, namely z I, 7, z and { in guinea-pig heart
(Takeishi et al., 1999). To elucidate which isoform(s) of PKC is
involved in the I, response to phenylephrine, we used three
isoform-selective pharmacological inhibitors of PKC, namely
G6-6976 (Martiny-Baron et al., 1993), G&6-6983 (Gschwendt
et al., 1996) and rottlerin (Gschwendt et al., 1994). Figure 3b
illustrates a representative example of the Iy, response to
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Figure 2 Potentiation of I¢; by phenylephrine through «;-adrenoceptor. (a) ik, recorded in response to 2-s depolarization to + 30 mV from a
holding potential of —50 mV (the same voltage-clamp protocol as in Figure 1a), under control conditions (left panel), 5 min after exposure to
1 M prazosin (middle) and 5 min after subsequent addition of 30 um phenylephrine (right). (b) Percentage increase in g, tail current, evoked
by 30uM phenylephrine in the absence and presence of 1uM prazosin. **P<0.01 compared with value in the absence of prazosin.
(¢) Superimposed current traces of Ik, recorded using the same voltage-clamp protocol as in Figure 2a, before and ~ 5 min after exposure to
phenylephrine at concentration of 1 (left panel) or 100 um (right). These records were obtained from different myocytes. (d) Concentration-
response relationship for the potentiation of I, by phenylephrine. Percentage increase in kg, tail current was measured for each concentration
(0.3-100 M) of phenylephrine. Each data point represents mean values +s.e.m. of 3-6 myocytes and is fitted with a Hill equation, yielding
ECso of 5.4 uM and ny of 1.03. Only one concentration of phenylephrine was examined in a given myocyte to exclude possible complications

of desensitization.

phenylephrine in the presence of the indolocarbazole G&-
6976, which largely inhibits Ca“-dependent (o, p and y) but
not Ca“-independent (8, ¢ and {) isoforms when used at a
concentration of 100nM (Martiny-Baron et al., 1993). The
potentiation of Iy, was not significantly influenced by the
addition of 100nM G06-6976 (78.4+9.0% increase, n=6;
Figure 4) when compared with control, suggesting that
conventional PKC isoforms («, # and y) were little, if at all,
involved in the response. Similarly, the stimulatory action of
phenylephrine was not significantly affected by the bisindo-
lylmaleimide G06-6983 at 100nM (Figures 3c and 4;
79.84+11.6% increase, n=6), which at this concentration
inhibits conventional (a, § and y), novel (§) and atypical ()
PKC isoforms (Gschwendt et al., 1996). In addition, Ik
response to phenylephrine was practically insensitive to
10 uM rottlerin (Figures 3d and 4; 84.9 + 8.2% increase, n=16),
which potently inhibits PKCS but not PKCe at the concen-
tration tested (Gschwendt et al., 1994). Based on these
differences in the sensitivity of phenylephrine action to
pharmacological inhibitors, PKCe isoform appears to
be involved in mediating the stimulatory effect of phenyl-
ephrine on I in guinea-pig atrial myocytes.

We further tested the effects of the peptide translocation
inhibitors of PKC isoforms fC2-4 (Ron et al., 1995) and ¢V1-2

(Johnson et al., 1996) on the stimulatory action of phenyl-
' ephrine on Ig. It is generally accepted that upon activation,

each PKC isoform translocates and binds to the specific
anchoring proteins referred to as RACKs (receptors for
activated C kinases) within a cell (Mochly-Rosen and
Gordon, 1998). The interaction between conventional PKC
isoforms and their RACKs is mediated in part by the C2
domain, whereas the binding of the C2-less novel PKC
isoforms to their RACKSs is via the V1 domain (Mochly-Rosen
and Gordon, 1998). The peptide fragment pC2-4, which
comprises nine amino acids (SLNPEWNET) derived from the
C2 region of PKCp(218-226), specifically inhibits the
translocation of C2-containing conventional PKC isoforms
(o, B and y) but not that of C2-lacking novel PKC isoforms
(6 and ¢; Ron et al., 1995). On the other hand, the peptide
£V1-2 is composed of eight amino acids (EAVSLKPT) that are
derived from the V1 region of PKCs and specifically prevents
translocation of PKCe¢ to its RACKs (Johnson et al., 1996).
Previous patch-clamp studies have demonstrated that
intracellular application of these peptide inhibitors at a
concentration of 100 nM is effective at significantly reducing
the action of PKC isoform(s) on ion channels in mammalian
cardiac myocytes (Zhang et al., 1997; Hool, 2000; Xiao et al.,
2001). After allowing ~10min for the pipette solution
containing fC2-4 or ¢V1-2 to diffuse into the cell inside,
the effect of phenylephrine on Ik, was tested. As demon-
strated in Figure 3e and f, the stimulatory action of
phenylephrine was not appreciably influenced by 100nM
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Figure 4 Summary bar graph showing the percentage increase in
the amplitude of I, tail current by phenylephrine in control and in
the presence of pharmacological and peptide inhibitors of PKC
isoforms. Effect of each inhibitor was compared with control
(*P<0.05 vs control).

BC2-4 (83.0+16.6% increase, n=6; Figure 4), but was
significantly reduced by 100 nm £V1-2 (46.4 +9.2% increase,
n=6; Figure 4). Similarly, Ixs response to phenvlephrine was
significantly reduced by &V1-2 (39.2+7.7% increase, n=5)
but not by pC2-4 (84.54+12.5% increase, n=35), when
applied at higher concentration (2uMm, Figure 4). These
experiments with PKC isoform-selective peptide inhibitors
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again support a significant role for PKC: in mediating the
potentiation of [, by phenylephrine.

PKCk also mediates the potentiation of 1 by phorbol ester

In the next series of experiments, we explored which
isoform(s) of PKC was primarily involved in the Iy, response
to PMA, by examining the effects of fC2-4 and £V1-2 added
to a pipette solution. Figure 3a illustrates a representative
time course for the potentiation of I, by bath application of
PMA (100 nM) under control conditions. A peak response was
typically attained ~ 5-10 min after starting the application of
PMA and was sustained for at least 5 min even after washout
of the compound. In a total of six myocytes, bath application
of 100 nM PMA increased Iy; by 64.2+1.3% (Figure 5g), when
evaluated by the amplitude of tail current at a test potential
of +30mV. This stimulatory action of PMA (100 nM) was
almost totally blocked by pretreatment with 100 nm BIS-I
(2.7 £1.3% increase, n=6; Figure 5b and g), supporting the
view that activation of PKC mediates potentiation of Iy, by
PMA. Figure Sc demonstrates superimposed current traces
of Iys recorded during 2-s depolarizing steps to potentials
between —40 and -+50mV, before and after ~10min
exposure to 100nM PMA. As illustrated in Figure 35d,
PMA increased the amplitude of I, tail currents at all
potentials tested. The voltage dependence of Iy, activation
was little affected by exposure to PMA (control, Vip=
50£22mV, k=119+14mV; PMA, V,53=59+1.8mV,
k=12.5+1.5mV, n=4).
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Figure 5 PKCe is primarily involved in the stimulatory action of PMA on I. (a and b) Time course of changes in the amplitude of I, tail
current during exposure to 100 nM PMA without (a) or with (b) pretreatment with 100 nM BIS-I. Ik, was repetitively (every 20 s) activated by 2-s
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changes in i, tail currents recorded from an atrial myocyte dialyzed with a pipette solution containing 100 nm C2-4 (e) or 100nM £V1-2 (f).
(g) Summary bar graph showing the percentage increase in the amplitude of I, tail currents by PMA, in control and in the presence of BIS-|
(100 nMm, bath), BC2-4 (100 nMm, pipette) or eV1-2 (100 nM, pipette). Effect of each inhibitor was compared with control (**P<0.01 vs control).

Figure Se and f, respectively, shows a typical example of Ik
response to 100 nM PMA in an atrial myocyte dialyzed with
a pipette solution containing fC2-4 (100nM) and &V1-2
(100 nM). The stimulatory effect of PMA was minimally

affected by BC2-4 (56.7+4.7% increase, n=6) but was
significantly attenuated by ¢V1-2 (16.5+4.0% increase,
n=6), compared with the control value (64.2+1.3% in-
crease, n=6; Figure 5g). These results indicate that PKCe is
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also predominantly involved in the potentiation of Ik, by
PMA-induced PKC activation in guinea-pig atrial myocytes.

The experimental results obtained using pharmacological
and peptide inhibitors for PKC isoforms indicate that
activation of conventional PKCs (%, I, BII and +) is not
primarily involved in the potentiation of Ixs by the ;-
adrenergic agonist phenylephrine and the phorbol ester PMA
in guinea-pig atrial myocytes. To substantiate this view, we
examined the response of I, to thymeleatoxin, a phorbol
derivative which predominantly activates conventional PKC
isoforms (Ryves et al., 1991). Bath application of 100nM
thymeleatoxin only slightly increased the .amplitude of Iy,
by 14.14£3.4% (n=9; Figure 6a and b), which was usually
attained within $-10min after starting the application.
However, subsequent addition of 100nM PMA in the

continued presence of 100nM thymeleatoxin caused an

additional significant increase in Ixs by 60.8 +3.6% (n=7) of
the baseline amplitude (Figure 6b). This finding again
supports a predominant role of novel PKC (PKC:) over
conventional PKCs in the potentiation of I, in guinea-pig
atrial myocytes.

Discussion

The present study demonstrates that Iy, is markedly
(approximately twofold) potentiated by phenylephrine
(30 uM) through x;-adrenoceptors in guinea-pig atrial myo-
cytes (Figure 2). The stimulatory action of phenylephrine
was significantly, if not completely, reduced by the general
PKC inhibitor BIS-I (Figures 3a and 4), which strongly
suggests that PKC activation plays an important role in
mediating the x;-adrenoceptor-induced Iy potentiation.
Western-blot analysis using an antibody specific to PKC
isoform has suggested that x,-adrenoceptor stimulation with
phenylephrine causes translocation and thereby activation
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of both conventional and novel isoforms of PKC in native
cardiac myocytes (Ruf et al., 2002). On the other hand, in
the present study we found that the stimulatory action of
phenylephrine on Iy was significantly reduced by the PKCe-
selective inhibitory peptide (¢V1-2) but was little affected by
the peptide inhibitor (fC2-4) for all conventional PKC
isoforms («, # and ), which favours a preferential role for
the novel isoform PKCs (Figures 3e, f and 4). This view is also
supported by the experiments showing that the stimulatory
action of phenylephrine was minimaily affected by the
indolocarbazole G6-6976 (Figures 3b and 4}, which is
believed to have the highest selectivity for conventional
PKC isoforms among the pharmacological inhibitors cur-
rently available (Martiny-Baron et al., 1993). The present
investigation also confirms a substantial enhancement of Iy,
by phorbol ester PMA (Figures 5 and 6), which directly
activates both conventional and novel isoforms of PKC,
independent of receptor stimulation. This PMA action on [,
was also significantly reduced by #V1-2 but not by fC2-4
(Figure 5), again supporting a functional role of PKC: in the
regulation of cardiac [i.

Voltage-clamp study using the Xenopus oocvte expression
system has clearly demonstrated that both PKCpII and PKC:,
but not PKCx, PKCpI, PKCS and PKCy, are involved in the
PMA-induced potentiation of heteromeric KCNQ1/KCNE1
channels (Xiao et al., 2003), molecular constituents of
human Ik (Barhanin et al., 1996; Sanguinetti et al., 1996).
On the other hand, it was observed in guinea-pig ventricular
myocytes that the delayed rectifier K™ current, I (which
seems to largely comprise Iy,), is increased by exogenous
application of the type III (z) PKC purified from bovine
whole brain (Tohse et al., 1990), which resembles the
structure of PKCx (Kikkawa et al., 1987). These observations
appear to be apparently distinct from the present results,
concerning the functional role of PKCx or PKCBIl in
the regulation of Ix,. Individual PKC isoforms (x, 1, plIl, J,
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¢ and {) in native cardiac myocytes have a differential
localization before and after stimulation by norepinephrine
or PMA (Disatnik et al., 1994). Whereas PKCa and PKCpII
translocate from the cytosolic region to the perinuclear
region and/or cell periphery, PKCs upon stimulation,
typically translocates to cross-striated regions in ventricular
myocytes, which places it near the transverse tubules
(t-tubules). Evidence has been presented to indicate that
minK (KCNE1) proteins, important function-modifying
ancillary f-subunit of the Ix; channel, are preferentially
localized in the t-tubules in native ventricular myocytes
(Furukawa et al., 2001). It is probable that the colocalization
of activated PKCe¢ with Iy channel proteins underlies the
selective potentiation of Ix; by PKCe in native cardiac
myocytes. Further work is required to examine the localiza-
tion of PKCe and Iy, channel subunits in atrial myocytes,
which lack an extensive t-tubule network.

In the present study, BIS-I at 100nM almost totally
abolishes the potentiation of Iy, by PMA (Figure Sb and g)
but partially reduces the stimulatory action of phenylephr-
ine on Iy, even when applied at 1 uM (Figure 4). We have
previously demonstrated that Iy in guinea-pig atrial
myocytes is increased by intracellular application of anti-
phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,) anti-
body but is decreased by intracellular addition of exogenous
PtdIns(4,5)P, (Ding et al., 2004). These observations suggest
that endogenous membrane PtdIns(4,5)P, exerts an inhibi-
tory action on I,. We further showed that stimulatory action
of extracellular ATP on Iy is due, at least partly, to the
reduction of membrane PtdIns(4,5)P, which is likely to occur
following the stimulation of P2Y receptors coupled to a Gq-
phospholipase C (PLC) signaling pathway (Ding et al., 2004).
It is therefore possible that, in addition to PKC activation,
the stimulation of Gq-PLC-coupled «,-adrenoceptors causes
other signaling events such as depletion of membrane
PtdIns(4,5)P,, to potentiate Iy in atrial myocytes. It is of
interest to evaluate the relative contribution of PKC activa-
tion and membrane PtdIns(4,5)P, depletion to the potentia-
tion of Ixs observed during the stimulation of various kinds
of Gq-PLC-coupled receptors expressed in the heart.

The maximal response of Iys to phenylephrine in atrial
myocytes (97.1+11.9% increase) appears to be considerably
larger than that in ventricular myocytes of same species
(29.9+9.1% increase; Tohse et al., 1992). On the other hand,
it has been demonstrated in guinea-pig ventricular myocytes
that the amplitude of I, is potentiated by ~45-60% by bath
application of phorbol esters PMA (also referred to as 12-O-
tetradecanoylphorbol 13-acetate, TPA) and phorbol 12,13-
dibutyrate (PDBu) (Walsh and Kass, 1988; Tohse et al., 1990;
Yazawa and Kameyama, 1990). It is thus likely that Ixs can
be enhanced by an almost similar degree in atrial and
ventricular myocytes of guinea-pigs when PKC is directly
activated by phorbol esters. As judged from these observa-
tions, it is likely that, following the stimulation of
ar-adrenoceptors, PKC may be more effectively activated to
potentiate Iy, in atrial myocytes. Further studies should be
conducted to determine the relative efficiency of «;-adreno-
ceptor stimulation in potentiating I, in atrial and ventri-
cular myocytes under the same experimental conditions,
including methods to isolate Iy, from total Ix.

Stimulatory action of PKCz on cardiac Jy,
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Previous investigators have reported that PKC activation
causes a species-specific effect on cardiac Ix;; PKC stimula-
tion increases Iy in guinea-pigs but decreases the current
amplitude in most of the other mammalian species (Varnum
et al.,, 1993; Robinson et al., 2000). This difference has been
accounted for, at least partly, by the sequence variation of
minK (KCNE1l) protein (Varnum et al, 1993); a PKC
phosphorylation site (Ser-102), which is responsible for
current reduction, is absent in guinea-pigs but is present in
other mammalian species including humans. In recent years,
however, Kathofer et al. (2003) have demonstrated that PKC
activation increases membrane current through the human
KCNQ1/KCNE1 channel. Furthermore, these authors
detected, using site-directed mutagenesis experiments, the
PKC phosphorylation sites (Ser-409, Ser-464, Thr-513 and
Ser-577) in a pore-forming a-subunit, KCNQ1 protein, which
contributes to PKC-dependent increase in KCNQ1/KCNE1
current. Future studies are required to examine whether the
PKCe-mediated Iy, potentiation is present and functions in
native cardiac myocytes of various mammalian species
including humans.

A number of experimental and/or clinical studies have
strongly suggested that, whereas increased expression of
PKCBI and/or PKCBII is implicated in the development of
cardiomyopathy (Wakasaki et al., 1997) and heart failure
(Bowling et al., 1999), the activation and translocation of
PKCe confers cardioprotection that is associated with
ischemic preconditioning (Gray et al., 1997; Qiu et al.,
1998; Liu et al., 1999). Furthermore, a recent study has found
that intracoronary injection of a selective PKCg-activating
peptide, YeRACK, not only reduces infarct size but also
suppresses the occurrence of ventricular tachyarrhythmias
caused by ischemia-reperfusion in porcine hearts (Inagaki
et al., 2005). In atrial and ventricular myocardium, Ik,
activation plays a major role in determining the action
potential duration that controls the amount of Ca®* influx
through simultaneously activated I, (Pennefather and
Cohen, 1990). It seems, therefore reasonable to speculate
that activation of PKCe and resultant stimulation of Ixs can
reduce the amount of Ca®™" influx during action potentials
and thereby spare energy required for intracellular Ca®*
handling, which can be beneficial to the cardiomyocytes,
especially in condition where the oxygen supply to cardiac
muscle becomes inadequate (hypoxia or ischemia). It will be
interesting to elucidate whether PKCe-mediated potentiation
of I, described here in atrial myocytes can be applicable to
the Iy, regulation in cardiac ventricular myocytes of
mammalian species including humans and constitutes, at
least in part, the cardioprotective action of PKCe during
ischemic preconditioning and/or ischemia-reperfusion.

In conclusion, our data indicate that the ¢ isoform of PKC
(PKCe) is predominantly involved in the stimulatory action
of PKC on Ixs and contributes to «;-adrenergic potentiation
of Iys in native guinea-pig atrial myocytes.
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Abstract

Background: Accelerated intermediate inactivation, which is caused by mutations in the cardiac voltage-gated sodium channel a-subunit
gene (SCN34), is one of the molecular mechanisms underlying Brugada syndrome. The N406S mutation associated with Brugada svndrome
results in the accelerated intermediate inactivanjon, in addition to unique phannacological characieristics.

Merhods: Functional sodium channels were expressed transiently in TTEK293 cells by transfecting cqually the «- and -subunit pasmids
(I ng/mi) and the sodium current were measured in whole-cell mode of patch-clamp recording.

Results: Since the N406S mutant channel has a greatly reduced use-dependent block of lidocaine. we took the advantage of the mutant
chuannel to examine the effeet of hdocaine on intermediate inactivation using wild-type (WT) and N406S mutant channels recombinantly
expressed in HEK293 cells. Lidocaine (100 uM) slowed the recovery (rom the fast inactivation similarly for WT and N406S. On the other
hand. whereas lidocaine slowed the recovery [rom the intermediate inactivation for WT, lidocaine accelerated the recovery for N406S.
Activity-dependent loss ol channel availability by repetitive 300-ms pulses was more strongly enhanced and accclerated by lidocaine for WT,
but lidocaine exerted little effect on the N406S channel.

Conclusion: We demonstrate that lidocaine may suppress Brugada svndrome associated with the N406S mutation by preventing the sodium
channei from accumulating in the intermediate inactivation stale.

‘¢ 2007 Clsevier Ireland Lid. All rights reserved.

Kowmwvords: Brugada syndrome: Sodium channel: SCV3.A: Lidocaine: nactivation

Brugada syndrome is characterized by the ST-segment
elevation in the V1 to V3 leads and nocturnal ventricular
fibrillation [1]. Although only implantable cardioverter de-
fibrillator (ICD) can prevent patients with Brugada syndrome
trom sudden cardiac death {2}, ICD cannot prevent the oc-
currence of ventricular fibrillation. Theretore ICD is unable
to decrease distress for symptomatic patients with Brugada
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1-330),
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syndrome. Belhassen et al. [3] reported that qumidine can
prevent ventricular fibrillation induction in patents with
Brugada syndrome. However, this therapy is not realistic
because patients have to take a high dose for quinidine
(1300 mg/day) and it is possible that side etfects ot quinidine
appear easily.

The genetic basis of Brugada syndrome has been shown
to be partly molecular defects in the gene SCN3A encoding
the a subunit of the cardiac voltage-gated sodium channel
(Nay:1.5) [4]. Several dozen of SCNV3A4 mutations have been
linked to the svndrome and shown to reduce the contribution
of the sodium current (/) during the early phases of the
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action potential. Common underlying mechanisms are (1)
failure to express, (2) reduced current due to a shift of
voltage dependence, and (3) accelerated intermediate
inactivation {3]. Antiarrhythmic drugs, especially class la

or lc drugs, ‘are unfavorable for the patients with Brugada -

syndrome {6], because these drugs, by reducing [y,
furthermore, increase ST-segment elevation and induce
ventricular tachycardia [7.8]. On the other hand, effects of
class [b antiarrthythmic drugs on sodium channels with
Brugada mutations have not been well documented [6].

We previously reported a unique SCN54 mutation
N406S, which is associated with multiple gating defects
and with bidirectional effects on the blocking action of
antiarrhythmic drugs [9]. Here we report the pharmacolog-
ical effects of lidocaine on the N406S sodium channel
expressed in a mammalian cell line. The mutation confers an
unexpected interesting sensitivity to lidocaine on the sodium
channel with the N406S mutation, and lidocaine prevents the
N406S channel from accumulating in the state of interme-
diate inactivation. )

1. Methods
1.1. Expression plasmids

The expression plasmids, pRe/CMV-hHI1 (WT/hH1) and
pGFP-IRES-h31 (31) were kindly provided by Dr. A. L.
George Jr. (Vanderbilt University, Nashville, TN). The
mutations N406S were introduced using the QuickChange

site-directed mutagenesis kit (Stratagene. La Jolla, CA) as
previously demonstrated {9].

1.2. Cell transfection

Functional sodium channels were expressed transiently in
HEK?293 cells by transtecting equally the «- and p-subunit
plasmids (1 pg/ml) unless otherwise stated. Cells were
wysipnized, diluted with Dulbecco’s modified Eagle's
medium containing 10% fetal bovine serum, 30 units/ml
penicillin and 30 pg/ml streptomycin. Cells were subjected
to measurements 2448 h after transtection. Cells expressing
the sodium channels were selected through detection of GFP.

1.3. Electrophysiology

I, were measured in whole-cell mode of patch-clamp
recording with an EPC-9 amplifier (HEKA, Lambrecht,
Germany). Pipette resistance ranged from | to 2 M{) when
filled with the internal solution described betow. The series
resistance was electronically compensated at 70-83%.
Both the leakage and the remaining capacitance were
subtracted by the P/6 method, excluding the protocols for
use-dependent block and 500-ms deporalization pulses to
induce intermediate inactivation. The external solution
contained (mM): 140 NaCl, 4 KCl, 2 CaCl,, 1 MgCl,, 10
HEPES, and 3 glucose (pH 7.4 with NaOH). The internal
solution contained (mM): 100 CsF, 20 CsCl,, 20 NaCl, 10
Hepes, and 5 EGTA (pH 7.4 with CsOH). Currents were

Fig. 1. Llectrocardiogram after mexiletine was discontinued. §'1-scgment clevation was remarkable and premature ventricular contraction appeared.
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digitized at 100 kHz after low-pass filtering at 10 khiz
(=3 dB). Data were collected and analyzed using the Pulse
software (HEKA) and lgor Pro (WaveMetrics, Lake
Oswego, OR). The holding potential was maintained at
—120 mV, unless otherwise described. Interval of pulse
protocols were 1 to 5 s. All experiments were performed at
room temperature,

The parameters for voltage dependence of activation were
estimated from the current-voltage relation based on the
equation: 1= G X (V= V) (1 +exp(—= (V= V) / k), where
/ is the peak current amplitude, G, the maximum
conductance, V test potential, V.. the reversal potential,
Vi the midpoint of activation, and & the slope factor.
Steady-state availability was fit with the Boltzmann
equation, //1,..=1/(1+exp((¥F—¥,»)/k)) to determine the
membrane potential for half-maximal inactivation ¥, and
the slope factor £. Recovery from inactivation was analyzed
by fitting data to a double exponential function: /(t)/] .=
Apx (1 —exp(—t/t))+ A% (1 —exp(—1/1,)). where 4 and A,
the are the fractions of fast and slow inactivating
components, respectively, and ¢ and 71 are their time
constants. All data were fit using a nonlinear least-squares
minimization method.

1.4. Computer simulation

To understand the electrophysiological and pharmaco-
logical consequences of the N40GS mutation. we constructed
Markov models of the WT and N406S mutant sodium
channels based on the experiment data of voltage-clamp
recordings of sodium channels heterologously expressed in
HEK 293 cells [9]. We tried the changes of parameters as
small as possible. The models were then integrated into the
Luo--Rudy theoretical model of the cardiac ventricular
action potential. The simulations were encoded in C++ and
implemented on a Pentium-4 computer running Windows
XP or an HP Alpha system running Tru64 UNIX [10].

As a prototype channel model, we used the previously
published Markov model of the cardiac sodium channel [ 1 1].
Because the mutant N406S showed no evidence of persistent
opening, the lower states of the model were omitted. The
Markov models for the WT and N406S sodium channels are
shown in Fig. .

1.5. Statistical analvsis

Results are presented as means+SE, and the statistical
comparisons were made using the unpaired Student’s ¢ test.
Statistical significance was assumed for p<0.05.
2. Results
2.1. Clinical characieristics

The N406S mutation was detected in a Brugada
syndrome patient with unique pharmacological findings.

The clinical profile of the patient was published previously
[9]. He had taken mexiletine (300 mg/day) for 4 years
because of frequent premature ventricular contractions. He
did not have any ventricular tachycardias while he was on
mexiletine. When mexiletine was discontinued, ST-segment
elevation in leads VI and V2 (type [, coved type i12])
became remarkable (Fig. 1. The electrocardiogram did not
show ST-segment elevation in the extremily leads. Pilsicai-
nide reduced ST-segment elevation in this patient, although
class Ic antiarthythmic drugs usually increase ST-segment
elevation in patients with Brugada syndrome {3]. Autonomic
nervous agents including atropine, acetylcholine, proprano-
lol, and isoproterenol did not affect ST-segment clevation at
all in this patient.

0.1 .
o WT
2
g 0.8
2
2
£ 0.6
2
=
3
= O control
S . .
£ ® lidocaine
[} 2omy
Z
| T l 1
A100 80 <60 -40

Membrane potential (mV)

1.0+
3 N406S
3 0.8
)
=
=)
3 0.64
g
©
2
= 0.4+ CJ control
] . .
£ m lidocaine
<
S 0.2+
0.0 :
T T T T T i
S0 -1200 <100 -80 =60 40

Membrane potential (mV)

Fig. 2. Effects of lidocaine on steady-state availability of WT and N406S
channels. Steady-state availability of channels was measured (Methods) in
absence and presence of lidocaine. Averaged steady-state availability curves
are shown in absenge (cireles) and presence of lidocaine (100 pM, squares).
Graphs show normailized current plotted against conditioning pulse voltage,
Smooth lines are according to 1/, =1/ texpl(F~1 )/ k). V' is
conditioning porential. 1,5 is voltage for which half the channels are
available. and & is aslope factor, ¥y (mV) for W is =90.9= 1.1 for conuol,
—99.6=1.4 with lidocaine: +,-, (mV) for N406S is —88.2%1.] for control,
=94.2= 1.1 with lidocaine; n=9 cells per condition.
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