GIRK channel activation co-expressed with opioid receptors leads
to inhibition of nociceptive transmission and thus opioid-induced
analgesia [6,7,13-15].

To date, however, few studies have examined the relationship
between genetic variations in GIRK channels and phenotypic
differences in humans, although several studies have identified
human GIRK channel gene polymorphisms [16-18]. Therefore,
the present study focused on GIRK channel gene polymorphisms,
particularly those of the KCN76 gene encoding GIRK?2 because it
has been investigated more extensively than the other subtypes
with regard to its involvement in analgesia [6,7,13—15]. We sought
to reveal the relationship between genetic variations in the KCN76
gene and individual differences in opioid analgesic sensitivity.

Methods

Ethics Statement

The study protocol was approved by the Institutional Review
Boards at the Institute of Medical Science, The University of
Tokyo (Tokyo, Japan), Toho University Sakura Medical Center
(Sakura, Japan), and the Tokyo Institute of Psychiatry (Tokyo,
Japan). All subjects provided informed, written consent for the
genetics studies.

Subjects

Subjects for the resequencing of the KCNF6 gene were recruited
from the Kanto area in Japan. A total of 48 unrelated healthy
subjects were used in the study so that polymorphisms with allele

frequency more than approximately 1% could be detected. The

oral mucosa of the participants was collected for gene analysis.
The subjects used in the association study were 129 patients

who underwent major open abdominal surgery, mostly gastrecto-

my for gastric cancer and colectomy for colorectal cancer, under

combined general and epidural anesthesia at Research Hospital,

Institute of Medical Science, The University of Tokyo, or at Toho
University Sakura Medical Center. Peripheral blood or oral
mucosa samples were collected from these subjects for gene
analysis.

To examine KGNJ6 gene expression levels, a total of 105 human
DNA samples extracted from human occipital cortex and 100
RNA samples extracted from human anterior cingulate cortex of
the same specimens were additionally obtained from the Stanley
Medical Research Institute (Bethesda, MD) as samples indepen-~
dent of that in the association study (SMRI samples).

Clinical data

Postoperative pain was managed primarily with continuous
epidural analgesia with fentanyl or morphine. Fentanyl or
morphine was diluted with 0.25% bupivacaine in a total volume
of 100 ml and infused at a constant rate of 2 ml/h through a
catheter placed in the lower thoracic or upper lumbar epidural

space. Whenever the patient complained of significant postoper- . -

ative pain despite continuous epidural analgesic, appropriate doses
of opioids, including morphine, buprenorphine, pentazocine, and
pethidine, and/or nonsteroidal anti-inflammatory  drugs
(NSAIDs), including diclofenac and flurbiprofen, were adminis-
tered as rescue analgesics at the discretion of surgeons. The clinical
data sampled included age, gender, body height, body weight,
postoperative diagnosis, type of operation, duration of operation,
and doses of rescue analgesics (opioids and/or NSAIDs)
administered during the first 24 h postoperative period, for which
analgesic therapy would be required in most patients. The study
subjects were also asked to rate their pain intensity at rest during
the first 24 h postoperative period using a 5-point verbal
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numerical rating scale (NRS; 0=no pain, 1=mild pain,
2 = moderate pain, 3 =severe pain, 4 = extremely severe pain).

To allow intersubject comparisons of rescue analgesic doses
required during the first 24 h postoperative period, doses of opioids
and NSAIDs administered as rescue analgesics during this period
were converted to the equivalent dose of oral morphine according
to a previous report [19]. The conversion factor used for the
different analgesics to derive equivalent doses of oral morphine
is presented in Table 1. The frequency of rescue analgesic
administration was determined as the frequency of use of rescue
analgesics during the first 24 h postoperative period. The total dose
of rescue analgesics administered was calculated as the sum of oral
morphine-equivalent doses of all opioids and NSAIDs administered
to patients as rescue analgesics during the same period.

Resequencing KCNJ6 and SNP selection for the

association study

To comprehensively screen polymorphisms in the KGNF6 gene,
resequencing was performed using an ABI PRISM® 3100 Genetic
Analyzer (Life Technologies Japan Ltd., Tokyo, Japan) for the
human KCN76 (GIRE?) gene regions (mapped to 21g22.13-q22.2)
and 5'-flanking region based on the nucleotide sequences of the
GenBank database (accession number: NT_011512). The
screened regions contained all consensus sequences of exon
regions, exon-intron boundary regions (approximately 30 bp),
and putative promoter regions (approximately 1.8 kbp) for the
gene. The total length of the screened regions approximately
amounted to 4.5 kbp (Figure 1). All primers used for the screening
are shown in Table 2.

Single-nucleotide polymorphisms (SNPs) for the association
studies were selected based on several factors, including recently
advanced tagging strategies [20-22]. To identify relationships
between the SNPs identified in the polymorphism screening,
linkage disequilibrium (LD) analysis was performed using Haplo-
view v. 3.32 [23]. For estimation of LD stren\gth between the SNPs,
the commonly used D' and #° values were pairwise calculated using
the genotype dataset of each SNP. LD blocks were defined among
the SNPs showing “strong LD,” based on the default algorithm of
Gabriel et al. [24], in which the upper and lower 95% confidence
limits on D' for strong LD were set at 0.98 and 0.7, respectively.
Tag SNPs in the LD block were consequently determined by the
software package Tagger, which is incorporated in Haploview and
has been detailed in a previous report [22].

Table 1. Estimated systemic dose equipotent to 90 mg oral
morphine (mg).

Dose Reference

Analgesics

Pentazocine 90 (39,411

Petidine 360 [39,42]

Diclofenac 300 [39,43-45]

Indomethacin 300 [39,43-47]

doi:10.1371/journal.pone.0007060.t001
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Figure 1. The position of the SNPs identified in the polymorphism screening for the KCAJ6 gene. The filled box and striped box represent the
coding region and untranslated region, respectively. The horizontal arrows indicate the screened regions. The numbers above the boxes and in the exonic
SNPs are relative positions from the transcription start site (+1) in the KCNJ6 mRNA, and the nurnber “75167” in the IVS1C75167T SNP is the relative
position from the intron 1 start site in the genomic DNA. The underlined SNPs show absolute linkage disequilibrium between one another (D’=1, =1).

doi:10.1371/journal.pone.0007060.g001

Genotyping

Total genomic DNA was extracted from peripheral blood or
oral mucosa samples by standard procedures.

For genotyping KCN76 G-1250A, the polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP) method
and direct sequencing were adopted. To perform PCR-RFLP, the
restriction enzyme Bsml (Toyobo Co., Ltd., Tokyo, Japan) and two
primers of P5F and P6R were used (Table 2). First, PCR was
performed in a final volume of 10 pl containing 5xGoTaq ™
reaction buffer (7.5 mM magnesium), 0.16 mM dioxyribonucleo-
side triphosphate (ANTP), 0.4 uM of each primer, 0.5 U GoTaq ™
DNA polymerase (Promega K.K. Japan, Tokyo, Japan), and 5—
50 ng extracted genomic DNA as the template. The PCR program
was the following: 95°C for 2 min, followed by 35 cycles of 95°C for
30 s, 60°C for 30 s, and 72°C for 1 min, with a final extension at
72°C for 8 min. The amplified DNA fragments were digested by the
restriction enzyme at 65°C in a total of 15 pl reaction solution
containing 10xM buffer (100 mM Tris-HCI, pH 7.5, 100 mM
MgCly, 500 mM NaCl, 10 mM dithiothreitol), 0.3 U Bsml, and
3.5 ul PCR product as the substrate. The digestion products were
analyzed by electrophoresis using 1-2% agarose gel and ethidium
bromide staining for visualization under ultraviolet illumination.
The appearance of only the 601 bp DNA fragment corresponded to
the A/A genotype of the loaded sample. The appearance of both
the 233 bp and 370 bp fragments corresponded to the G/G
genotype, and the appearance of all three 601 bp, 233 bp, and
370 bp DNA fragments corresponded to the G/A genotype. The
failure rate of the RFLP genotyping assays was 1.667%. )

For genotyping KCN76 Al032G, the PCR-RFLP method,
TagMan allelic discrimination assay (Life Technologies Japan
Ltd.) and direct sequencing were adopted. To perform PCR-RFLP,
the restriction enzyme BspEI (New England Biolabs, Inc., Ipswich,
MA) was used. The forward primer P23F and the reverse primer
P24R were used (Table 2). First, PCR was performed in a final
volume of 10 pl containing 5><GoTaqTM reaction buffer (7.5 mM
magnesium), 0.16 mM dNTP, 0.4 uM of each primer, 0.5 U
GoTag™ DNA polymerase (Promega K K. Japan, Tokyo, Japan),
and 5-50 ng extracted genomic DNA as the template. The PCR
program was the following: 95°C for 2 min, followed by 3540

@ PLoS ONE | www.plosone.org

cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 1 min, with a
final extension at 72°C for 8 min. The amplified DNA fragments
were digested by the restriction enzyme at 37°C in a total of 10 pl
reaction solution containing 10 XxNEBuffer 3 (500 mM Tris-HCI,
pH 7.9, 100 mM MgCl,, 1000 mM NaCl, 10 mM dithiothreitol),
0.5 U BspEl, and 5 pl PCR product as the substrate. The digestion
products were analyzed by electrophoresis using 1-2% agarose gel
and ethidium bromide staining for visualization under ultraviolet
illumination. A 65 bp digested DNA fragment is not easily
distinguishable; therefore, the appearance of 395 bp, 332 bp, and
both 395 bp and 332 bp DNA fragments corresponded to the A/A,
G/G, and A/G genotypes, respectively, of the loaded sample. The
failure rate of the RFLP genotyping assays was 3.571%. To perform
the TagMan allelic discrimination assay with a LightCyder 430
(Roche Diagnostics K.K., Tokyo, Japan), TagMan® SNP Genotyp-
ing Assays (Life Technologies Japan Ltd) containing sequence-
specific forward and reverse primers to amplify the polymorphic
sequence and two probes labeled with VIC® and FAM™ dye to
detect both alleles of the KACNf6 Al032G (Assay ID:
C_15868122_10) were used. Real-time PCR was performed in a
final volume of 10 pl containing 2 xLightCycler® 480 Probes Master
(Roche Diagnostics K.K.), 40xTaqgMan® Gene Expression Assays,
5 ng genomic DNA as the template, and up to 10 pl HyO equipped
with 2xLightCycler® 480 Probes Master. The thermal condition
was the following: 95°C for 10 min, followed by 45 cycles of 95°C for
10 s and 60°C for 60 s, with a final cooling at 50°C for 30 s.
Afterward, endpoint fluorescence was measureéd for each sample -
well, and the A/A, A/G, and G/G genotypes were determined
based on the presence or absence of each type of fluorescence.

For samples that were difficult to genotype for KCN76 G-1250A
and KCNj6 Al1032G using the PCR-RFLP method, direct
sequencing was adopted to determine the sequence with both *
forward and reverse primers enclosing the SNP sites.

Real-time quantitative PCR (gPCR)

The SMRI RNA samples were treated with DNase I using
RNase-Free DNase Set (QIAGEN K.K., Tokyo, Japan) at room
temperature (20-25°C) for 10 min, and then clean-up was
performed using RNeasy® MinElute® Cleanup Kit (QIAGEN).
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Table 2. Primers used in the analyses.
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Gene Region Sequence

AAATCCCCGGTTAGGAGAAAAGTG

CTAAGTAAGTTATTCCCGGAGAAA

CACCCCCTCTTTTTCTTATGGTCA

AGAAGGCTTACGGAAACCTCTTAT

CCCCCGTGCGAGTTTCAGTCG
TCCCTCGCCTTTCGGCTGACTTG

TTCTGTCTGAAATTTCTGAACG

CTAAGGTCCCCTACCCGGAACATC

TCTCTGCCCTCTTCTTGGGTTGAG

GGATGAACTCCCCCTCCGAGGTCT

AACACATGCAGGTAAGTAACTGAA

GATCCGTGTGGGAACAGTGAGGTA

Forward/Reverse Primer No.

Reverse P2R

Reverse P4R

Reverse P6R

Reverse P8R

Reverse P12R

Reverse

Reverse P16R

Reverse P18R

Reverse P22R

Reverse P25R

Reverse P27R

Reverse P31R

doi:10.1371/journal. pone.0007060.t002

First-strand cDNA for use in real-time gPCR was synthesized with
the SuperScriptlll First-Strand synthesis system for gRT-PCR
(Life Technologies Japan Lid.) with 100 ng purified total RNA
according to the manufacturer’s protocol.

To perform real-time qPCR utilizing a LightCycler 480 (Roche
Diagnostics KK.), TaqMan® Gene Expression Assays (Life
Technologies Japan Ltd) were used as a probe/primer set
specified for the KCN76 gene (Assay ID: Hs01040524_ml) and a
probe/primer set for the ACTB gene, a house-keeping gene,
encoding P-actin (Assay ID: Hs99999903_ml). PCR was per-
formed in a final volume of 20 pl containing 2 xLightCycler® 480
Probes Master, 1 Wl TagMan® Gene Expression Assay, 1 ul
cDNA as the template, and up to 20 pl HoO equipped with
2 xLightCycler® 480 Probes Master. The PCR program was the
following: 95°C for 10 min, 45 cycles of 95°C for 10 s and 60°C
for 30 s, followed by 95°C for 10s, 50°C for 30 s, 50-70°C
(continuously) at a rate 0.06°C/s, with a final cooling at 50°C for
30 s. The expression level of the KCN76 gene was normalized to
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Forward/Reverse, sense/antisense strand sequences of the gene, respectively; Primer No.,, the ID number of the primer described in the paper.

that of the ACTB gene for each sample, and relative KCNj6
mRNA expression levels between all samples were compared by
setting the lowest expression level among all SMRI samples as 1.
Experiments were performed in duplicate (separate experiments)
for each sample, and averaged values were calculated for
normalized expression levels.

Predictions of mRNA secondary structure

To discuss in depth mRNA sequence and function, the
secondary structure for KCNF6 mRINA was predicted using Mfold
web server (v. 3.2) with default settings [25]. The ACNj6 mRNA
position 982-1082 was used to predict the local structure of the
mRNA based on the nucleotide sequences of the GenBank
database (accession number: NM_002240.2).

Statistical analysis
The ¥° test or Fisher exact test was performed for all genotype
frequency data using FreeJSTAT 8.2 for Windows (free software by
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Table 3. The characteristics of the identified SNPs in the KCNJ6 gene.

Position SNP name rs ID Sample size

C-2277 57276069 46 C

Intron 1 IVS1C75167T 52836016 48 C

Exon 4 C1569T 5702859 48 C

M. Sato, Japan; current version is available at http://www.vector.co.
Jp/soft/win95 /business/se030917 html) or Simple Interactive Sta-
tistical Analysis (free software by Quantitative Skills, The Nether-
. lands; current version is available at http://www.quantitativeskills.
com/sisa/) to investigate the deviation of the distributions from those
in the theoretical Hardy-Weinberg equilibrium. Analysis of
covariance (ANCOVA) was performed to examine the contribution
of the SNPs to the subjective pain ratings reported by patients,
frequency of 24 h analgesic requirements, and analgesic require-
ments during the 24 h postoperative period. Bonferroni multiple
comparisons were used as post hoc tests. Correction of multiple testing
was not performed for the results of the G-1250A and A1032G SNPs
in this explorative study. The age, height, and weight of the subjects
were incorporated as covariables for the ANCOVA because these
three factors were found to be significant covariables in a preliminary
analysis and may affect analgesic efficacy of opioids and/or NSAIDs.
Pearson’s correlation coefficient (r) was calculated to examine the
correlation between variables. Student’s itest was performed to
compare KCNJ6 expression levels between the A1032G genotype
subgroups. For these three analyses, SPSS 12.0] for Windows (SPSS
Japan, Inc., Tokyo, Japan) was used. Power analyses were performed
using G*Power Version 3.0.5 [26]. gPLINK v. 2.049, PLINK v. 1.01
(http:/ /pngu.mgh.harvard.edu/purcell/plink/) [27], and Haplo-

Reported allele

Minor allele

Major allele

Minor allele frequency

0.385 (0422)

0.188 (0.273)

0.062 (0.100)

15 ID, reference SNP ID in the NCBJ dbSNP database; Sample size, the number of samples used for genotyping each SNP; Reported allele, the allele appearing in the
GenBank reference sequence. The numbers in parentheses represent the minor allele frequencies for the Japanese population described in the NCBI dbSNP database.
N.A,, not available.

doi:10.1371/journal.pone.0007060.t003

view v. 4.0 [23] were used for haplotype-specific tests, incorporating
gender, age, height, and weight of the subjects as covariables, with
the false discovery rate set at 0.05 for correction of multiple testing,
based on a previous report [28]. In all statistical tests, the criterion for
significance was set at P<0.05.

Results

In the first polymorphism search in the whole exon, 5'-flanking,
and exon-intron boundary regions of the, KCNF6 gene, a total of
nine SNPs were identified in the 5'-flanking region, intron 1, exon
3,and exon 4. Figure 1 illustrates the relative positions of the SNPs
identified in the KCNF6 gene. The characteristics of the SNPs are
provided in Table 3, where the minor allele frequencies of the
SINPs are also shown. The allele frequencies of the SNPs observed
in this study were comparable (less than 0.1 difference) to those
annotated in the National Center for Biotechnology Information
(NCBI) database (Table 3). SNPs for a further association study
were selected, considering the LD structure, minor allele
frequencies of the SNPs, and the expected impact on gene
function. The results of the D’ and # calculations for the KCN76
gene are provided in Table 4. Absolute LD (D’=1, #=1) was
observed between SNPs G-1250A, T-244C, and C-227T (Table 4),

Table 4. Pairwise D’ and r* values between the identified SNPs in the KCNJ6 gene.

T-244C 0.017

A1032G

C1843G 0.192 0.002 0.001 0.001

A-1361G - 1.000 1.000 1.000

1.000 ' 1.000 1.000 1.000° 1.000

1.000 0.114 0.020 0.505 0.104

0.004 0.000 0.017 0.007 -

doi:10.1371/journal.pone.0007060.t004

?@: PLoS ONE | www.plosone.org

The numbers above and below the hyphens show the results of the pairwise calculations of D’ and r? between the two SNPs, respectively. The values representing
D’=1.000 are underlined. The pairs of values representing D’= 1,000 and *=1.000 are italicized and bold.
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and Haploview also identified G-1250A as a candidate haplotype-
tagging SNP in this LD block structure. The minor allele
frequencies for these three SNPs were relatively high (Table 3),
and G-1250A was selected for the association study. Among the
remaining six SNPs, IVS1CG75467T and A1032G are relatively
common, with minor allele frequencies greater than 0.1, and could
be candidates for an association study. Because IVS1C75467T is
in the intron region and thus is less likely to affect the mRNA
product or protein levels, it was not selected as a candidate SNP.
Therefore, G-1250A and A1032G were selected from the nine
KCN76 SNPs for the association study.

The genotype distributions for the two SNPs that were selected
were not significantly different from the theoretical Hardy-
Weinberg equilibrium values in independent tests of the 48
healthy subjects used in the resequencing procedure or 129 patient
subjects used in the association analyses (data not shown). The
clinical data of the 129 subjects who were included in the
association study are provided in Table 5. Rescue analgesics were
required in 59 patients. Doses of rescue analgesics administered to
patients are shown in Table 5. More detailed clinical data stratified
by each genotype (KCN76 G-1250A and A1032G) are presented as
Supporting Information in Table SI.

Two-way ANCOVA was performed to examine the effects of
SNPs and gender on the frequency of rescue analgesic adminis-

Table 5. The clinical data of the subjects included in the study.

KCNJ6 SNPs and Analgesia

tration, the total dose of rescue analgesics administered, and NRS
pain scores, incorporating the age, height, and weight of the
subjects as covariables. Statistical power analyses for the
ANCOVA revealed that the expected power (1 minus type II -
error probability) was 71% for the Cohen’s conventional
“medium” effect size 0.25 [29] when the sample size was 129
and type I error probability was set at 0.05. Significant associations
were not observed between KCN76 G-1250A and the frequency of
rescue analgesic administration or total dose of rescue analgesics
administered (frequency of rescue analgesic administration:
Fy117=1.145, P=0.322; total dose of rescue analgesics adminis-
tered: F5,7=1.233, P=0.295). A significant main effect of
KCN76 A1032G on the frequency of rescue analgesic administra-
tion was observed (Fyi90=5.336, P=0.006). Post hoc analysis
revealed significant differences between the A/A and A/G
genotypes (P=0.005) and between the A/A and G/G genotypes
(P=0.010), indicating that the carriers of the A/A genotype in the
A1032G SNP required rescue analgesics more often compared
with carriers of the A/G and G/G genotypes (Figure 2A). The
effect of KGN76 A1032G on the total dose of rescue analgesics
administered was mnot significant (Fp100=1.332, P=0.268).
However, a significant main effect of the KCN76 A1032G SNP
on the total dose of rescue analgesics administered was observed in
the female subjects (F 49 = 3.428, P=0.040), and differences were

G/G (male/female)

19 (11/8)

A/A (male/female) 35 (19/16)

A/A (male/female) 11 (5/6)

G/G (male/fernale)

56 (32/24)

Age 129
Weight (kg) 129

male/female 74/55
74/55

male/female

Epidural morphine (mg)

Buprenophine (mg) 15

Diclofenac (mg)

doi:10.1371/journal.pone.0007060.t005
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A im Mean sD

0.2 (18)

80 63.57 9.92

80 56.24 1042

3/6 0.70/0.75

72/105 13.38/11.62

1.25 (18.75)

0.8 (72) 0.47 (42.00) 0.16 (14.70)

‘ 100 (30)

Values in parentheses for “Dose of each rescue analgesic (mg)” indicate data for dose of each rescue analgesic converted to the equivalent oral morphine dose.
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Figure 2. Association analysis between requirements for rescue
analgesics and SNPs. The results for the frequency of analgesic
administration (A) and the total dose of analgesics administered per
weight (B) during the 24 h postoperative period are shown for the
KCNJ6 A1032G SNP. The white, striped, and filled boxes indicate results
for male, female, and all subjects, respectively. (A) *: significantly more
frequent administration for the A/A genotype compared with the A/G
and G/G genotypes in all subjects, {: significantly more frequent
administration for the A/A genotype compared with the A/G and G/G
genotypes in female subjects. (B) {: significantly greater dose of
analgesic administration for the A/A genotype compared with the A/G
genotype in female subjects.

doi:10.1371/journal.pone.0007060.g002
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significant between the A/A and A7G genotypes (P= 0.040) and
marginally significant between the A/A and G/G genotypes
(P=0.061) in the post hoc analysis (Figure 2B), whereas such
differences were not observed in male subjects (Fgs=0.032,
P=0.969). Neither the main effect of gender nor the SNP xgender
interaction was significant (data not shown). Significant associa-
tions were not observed between the two SNPs and NRS pain
scores (G-1250A: F g4 =1.455, P=0.239; A1032G: F, 96 =0.115,
P=0.892), although significant positive correlations were found
between NRS pain scores and frequency of rescue analgesic
administration (r= 0.281, P=0.004) and between NRS pain scores
and total dose of rescue analgesics administered (r=0.266,
P=0.006), indicating that the patients who received analgesics
more frequently felt more pain, possibly attributable to insufficient
analgesic effects.

To examine in more detail the association between KCGNF6
SNPs and rescue analgesic requirements, a haplotype-based test
was performed. As shown in Table 6A, a significant association
was found between the —1250G/1032A haplotype and the
increased frequency of rescue analgesic administration in all
patient subjects (R°=0.120, adjusted P=0.015). Although no
significant associations were observed between each of the KGN76
haplotypes and total dose of rescue analgesics administered in all
patient subjects and male subjects (R°=0.080, P=0.328;
R?=0.028, P=0.765, respectively), the —1250G/1032A haplo-
type was significantly associated with total dose of rescue
analgesics administered in female subjects (RZ=0.277, adjusted
P=0.038; Table 6B). Associations between each of the G-1250A/
A1032G haplotypes and NRS pain scores were not significant
(data not shown).

To estimate the impact of the KCN76 A1032G polymorphism
on gene expression level, the relative KGN76 mRNA expression
level was compared between the genotype subgroups of the SMRI
samples in the real-time qPCR. The relative expression level
(mean*=SEM) was 1.59+0.17, 2.07+0.08, and 1.990.06 for the
A/A, A/G, and G/G genotypes in the A1032G SNP, respectively
(Figure 3), demonstrating that the expression level was 0.76-0.80
fold lower in the A/A genotype than in the A/G and G/G
genotype. The difference was significant between the A/A
genotype and combined A/G and G/G genotypes (fog = 2.265,
P=0.026).

Table 6. Association of KCNJ6 haplotypes with postoperative analgesia.

Frequency Beta

Haplotype

0.1736

—1250A/1032A —0.0216

0.3898 —-0.2179

—1250A/1032G

Haplotype Frequency Beta

—1250A/1032A 0.2032 —0.0160

—1250A/1032G 0.3709 —0.1054

R? F P P

0.0546 0.0101 0.9203

0.9203

0.0711 21290 0.1472 0.2944

0.1673 0.0192 0.8903 1.0000

0.8903

0.1951 1.6770 0.2015

doi:10.1371/journal.pone.0007060.t006
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Association of the haplotype composed of the G-1250A/A1032G SNPs with (A) the frequency of analgesic administration in all patient subjects or (B) the total dose of
analgesics administered during the 24 h postoperative period in female patient subjects. Frequency, haplotype frequency; Beta, regression coefficient; R?, coefficient of
determination; F, F statistic; P, crude P value; P?, adjusted P value for multiple testing. TP<0.05, "P?<0.05.
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Figure 3. Relative XCMJ6 mRNA expression level between each
genotype subgroup of the SMRI samples. *: significantly lower
expression level between the A/A genotype and combined A/G and G/
G genotypes in all subjects.

doi:10.1371/journal.pone.0007060.g003

Discussion

The present study comprehensively examined KCNJ6 genetic
variations in humans and explored the associations between these
variations and outcomes in clinical pain management. To our
knowledge, the present study is the first to explore SNPs of the
KCNJ6 gene with regard to associations between these SNPs and
postoperative analgesic requirements in humans. We found that
carriers of the A/A genotype in the A1032G SNP or —1250G/
1032A haplotype required rescue analgesics more often and
tended to require higher doses of rescue analgesics, especially in
female subjects, compared with carriers of other genotypes or
haplotypes, respectively, after major open abdominal surgery
(Figure 2A and B, Table 6). Although we did not show all of the
results of multiple testing for the G-1250A and A1032G SNPs with
the Bonferroni correction because this study was explorative, the P
value for the main effect of KCN76 Al1032G on the frequency of
rescue analgesic administration was 0.012 after the Bonferroni
correction. This suggests that this SNP is likely to affect sensitivity
to analgesics, although we must concede that this significance
might possibly occur by chance alone. Patients who experienced
more severe pain, evaluated by NRS pain scores, required higher-

dose and more frequent rescue analgesics, although significant

associations were not observed between the A1032G SNP or
—1250G/1032A haplotype and NRS pain scores. Moreover,
KCNj6 gene expression levels in the 1032A/A subjects was
significantly decreased compared with 1032A/G and 1032G/G
subjects in the real-time gPCR analysis using human brain tissues,
suggesting that the 1032A/A subjects required more analgesics
because of lower KCNF6 gene expression levels and consequently
insufficient analgesic effects. Altogether, these results suggest that
subjects carrying the A/A genotype in the Al032G SNP or
—1250G/1032A haplotype, especially in females, had lower
sensitivity to analgesics and, therefore, required more rescue
analgesics than subjects carrying other genotypes or haplotypes to
achieve a similar degree of pain relief.

For our ANCOVA analyses, the desirable sample size was
calculated as 158 for the effect size 0.25 to achieve 80% power.
This might suggest that a sample size of 129 subjects in our study
was somewhat insufficient to reliably detect moderate differences
between the SNP genotypes, and a far greater sample may be
required to detect smaller differences. Considering this caveat and
relatively small effect size observed in the haplotype analysis (e.g.,
R for haplotype effect on the frequency of analgesic administra-
tion was-0.120), future studies with larger sample sizes may reveal
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additional associations between polymorphisms and opioid
sensitivity.

In the initial polymorphism screening for KCN76, a total of nine
SNPs were identified in the whole exon, 5'-flanking, and exon-
intron boundary regions (Figure 1). Polymorphisms that might
cause significant functional changes, such as nonsynonymous or
insertion/deletion polymorphisms, were not found in the poly-
morphism screening of the human KCN76 gene in the present
study, possibly attributable to the importance and high conserva-
tion of mammalian GIRK channels. A possible explanation
derives from studies in weaver mice, in which only a single missense
mutation in the pore region of the mouse Kenj6 gene causes various
aberrant changes in cerebellar granule cells [30], membrane
permeability [31], loss of K* selectivity [32,33], significantly lower
analgesia compared with wildtype mice [3], and lack of activating
effects of ethanol [34]. The Kenj6 gene orthologs might be under
purifying selection over many generations of the species, including
human and mouse, because of the profound functional constraints
attributable to the importance of these orthologs in these
organisms.

The A/A genotype in the Al032G SNP was significantly
associated with increased postoperative analgesic requirements in
our study. The G allele appears to be dominant in mediating the
transmission of intensified opioid signaling compared with the A
allele. However, this particular SNP is synonymous and causes no
amino acid change; therefore, the protein structure encoded by
this gene may not be altered by this SNP. Nevertheless, local
structural difference in the 1023-1059 position was observed
between the sequences, including 1032A and 1032G, in our
prediction of the KCNF6 mRNA secondary structure (Figure S1).
Whereas the 1032A mRNA formed an interior loop, a hairpin
loop, and a 6 bp helix, the 1032G mRNA formed a bulge loop as
well as an interior loop, a hairpin loop, and a 7 bp helix in the
local structure. Although the role of this difference in gene
function remains to be determined, the SNP may actually
influence mRINA expression level. Indeed, recent studies measur-
ing allelic expression imbalances [35] have demonstrated that even
a synonymous SNP could affect mRNA and protein levels [36],
possibly by altering mRINA stability and protein synthesis [37].
Similar mRINA and protein levels, but altered conformations, were
found for synonymeous polymorphisms [38].

To further infer the precise mechanism underlying the increased
requirements for rescue analgesics in the A/A subjects in the
A1032G SNP, we compared the relative ACNJ6 mRNA
expression level between the genotype subgroups of the SMRI
samples in the real-time gPCR. A significant difference in
expression level was observed between the A/A genotype and
the combined A/G and G/G genotypes, consistent with the results
of the association study, in which only the subjects with the A/A
genotype in this SNP demonstrated significantly higher require-
ments for rescue analgesics than the other genotypes. The 10324/
A subjects required more analgesics, probably because of lower
KCNF6 gene expression levels and consequently insufficient
analgesic effects.

We do not have any evidence to explain how the —1250G/
1032A haplotype contributes to increased requirements for rescue
analgesics compared with other haplotypes. One might infer that
the G-1250A SNP in the putative regulatory region could be
related to some moderate functional alteration, and the —1250G
and 1032A alleles could be risk factors for decreased sensitivity to
analgesics. Both alleles might combine synergistically to cause
profound decreases in sensitivity to analgesics. Future functional
studies focusing on both the G-1250A and A1032G SNPs are
required to investigate this hypothesis.
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In conclusion, the A/A genotype in the KCN76 A1032G SNP
and —1250G/1032A haplotype were significantly associated with
increased analgesic requirements after major open abdominal
surgery. Furthermore, KCN76 gene expression levels in the
1032A/A subjects was significantly decreased compared with the
1032A/G and 1032G/G subjects. Although the association might
be restricted to the Japanese population, and the mechanism by
which individual sensitivity to postoperative analgesics is altered by
the G-1250A and A1032G SNPs remains to be fully elucidated,
the outcome indicates that the A1032G SNP and G-1250A/
A1032G haplotype could serve as markers that predict increased
analgesic requirements. Our findings will provide valuable
information to better modulate individual analgesic dosages
required to achieve satisfactory pain control and open new
avenues for personalized pain treatment.

Supporting Information

Table S1 The clinical data of the subjects stratified by genotype
Found at: doi:10.1371/journal.pone.0007060.5001 (0.12 MB
DOC) :
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Introduction

Neurosteroids are synthesized by neurons and glial cells in the
central and peripheral nervous system from cholesterol or other blood-
borne steroidal precursors {1,2]. In addition to the genomic effects of
steroids via intracellular steroid receptors, some steroids modulate the
functions of several neurotransmitter receptors and channels, namely
y-aminobutyric acid type A (GABA ) receptors, N-methyl-D-aspartate
(NMDA) receptors, serotonin (3-hydroxytryptamine, 5-HT) subtype 3
(5-HT5) receptors, and G, receptors [3], voltage-gated Ca®" and K*
channels [4,5], and transient receptor potential M3 channels [6],
possibly leading to modulation of neuronal excitability. Steroids with
these properties are referred to as neuroactive steroids independently
of their origin [3]. Neurosteroids have been shown to have a variety of
neuropsychopharmacological effects, such as neuroprotective, mem-
ory-enhancing, sedative, anxiolytic, sleep-modulating, antidepressant,
anticonvulsant and anesthetic effects [2,3]. However, the molecular
mechanisms underlying the various effects of neurosteroids have not
yet been sufficiently clarified.

@ PLoS ONE | www.plosone.org

Inwardly rectifying K* (Kir) channels play important roles in the
control of resting membrane potential, cellular excitability and K
homeostasis in the nervous system and various peripheral tissues [7].
Among seven Kir subfamilies, members of Kir2 channels in a major
Kir subfamily are characterized by strong inward rectification and
constitutive activity and are present in various cells, including neurons,
glhial cells, cardiac and skeletal myocytes, epithelial cells, and
macrophages [8]. Four Kir2 channel members have been identified
in mammals [9-13]. In the nervous system, Kir2.1 channels are
expressed widely but weakly in most brain regions. Kir2.2 channels
are expressed mainly in the cerebellum. Kir2.3 channels are expressed
predominantly in the forebrain [14,15]. Kir2.4 channels are expressed
predomindntly in motoneurons of the brainstem [13]. Among Kir2
channels, Kir2.3 channels in the forebrain may be related to
cognition, memory, emotion and neuropsychiatric disorders. There-
fore, endogenous modulators of Kir2.3 channels may induce various
physiological and neuropsychopharmacological effects. In the present
study, we investigated the effects of various neurosteroids on Kir2.3
channels using the Xengpus oocyte expression assay.
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Results

PREGS potentiates Kir2.3 channels

In Xenopus oocytes injected with Kir2.3 mRNA, inward currents
through the expressed Kir 2.3 channels were observed at a holding
potential of ~70 mV in an hK solution containing 96 mM K*
(Fig. 1A). Extracellular application of 30 UM pregnenolone sulfate
(PREGS) reversibly potentiated Kir2.3 currents (Fig. 1A). The
current responses to an additional 50 uM PREGS during
application ‘of 3 mM Ba®*, which blocks Kir channels, were not
significant (1.5%1.0 nA, less than 1% of the 3 mM Ba®**~sensitive
current component, n=4; Fig. 1A). The 3 mM Ba**-sensitive
current components in oocytes expressing Kir2.3 channels
(684.779.2 nA, n=25) are comsidered to correspond to the
magnitudes of Kir2.3 currents in oocytes expressing Kir2.3
channels [11]. PREGS produced no significant response in the
K*-free ND98 solution containing 98 mM Na* instead of the hK.
solution (5.7%2.0 nA at 50 uM, n=4), suggesting that the
PREGS-induced currents show K selectivity. In uninjected
oocytes, 300 UM PREGS and 3 mM Ba®* produced no significant
response (less than 5 nA and 3.2%2.5 nA, respectively, n=5;
Fig. 1A) compared with oocytes injected with Kir2.3 mRNA,
suggesting no significant effect of PREGS and Ba®" on intrinsic
oocyte channels. Additionally, application of dimethyl sulfoxide
(DMSOQ), the solvent vehicle, at the highest concentration (0.3%)
produced no significant response in oocytes injected with Kir2.3
mRNA (n=4; data not shown). In contrast, 100 UM of the other
neurosteroids tested: PREG, dehydroepiandrosterone (DHEA),
DHEAS, progesterone, 17-estradiol, corticosterone, 5a-pregnan-
3a-0l-20-one (3a-OH-DHP, also known as allopregnanolone) and
3at, 21-dihydroxy-5a-pregnan-20-one (also known as tetrahydro-
deoxycorticosterone, THDOCQ), produced no significant current
responses in oocytes cxgressing Kir2.3 channels (less than 2%
change of the 3 mM Ba**-sensitive current component, with the
exception of DHEAS with only 5.6%:2.6% potentiation, n=4;
Fig. 1B). The results suggest that Kir2.3 channels are potentiated
specifically by PREGS among various neurosteroids.

Characteristics of Kir2.3 channel potentiation by PREGS

The potentiation of Kir2.3 channels by PREGS was concen-
tration-dependent at micromolar concentrations, with a concen-
tration of PREGS that produces 50% of the maximal effect (ECs)
of 15.620.9 uM and a Hill coefficient (ng) of 1.43%0.03 (n=6,
Fig. 2A). The amplitudes of 30 uM PREGS-potentiated Kir2.3
currents were highly correlated with those of 3 mM Ba*'-sensitive
current components (Fig. 2B), suggesting - that the effects of
PREGS may be associated with Kir2.3 channel expression levels.

Furthermore, instantaneous Kir2.3 currents elicited by the voltage
step to —100 mV from a holding potential of 0 mV were enhanced
in the presence of 30 UM PREGS applied for 3.5 min (Fig. 2C). The
percentage potentiation of the steady-state Kir2.3 current at the end
of the voltage step by PREGS was not significantly different from
that of the instantaneous current (paired #test, 7~>0.05; n= 6 at —40,
—60, —80, —100 and —120 mV, respectively). These results suggest
that the channels were potentiated by PREGS primarily at the
holding potential of 0 mV and in a time-independent manner during
cach voltage pulse. Similarly to 3 mM Ba**-sensitive currents
corresponding to Kir2.3 currents, PREGS-induced currents in
oocytes expressing Kir2.3 channels increased with negative
membrane potentials, and the current-voltage relationships showed
inward rectification (Fig. 2D), indicating a characteristic of Kir
currents. Furthermore, the PREGS-induced current did not change
the reversal potential. These results suggest that PREGS potentiates
the function of Kir2.3 channels.

@ PLoS ONE | www.plosone.org
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Figure 1. Effects of pregnenolone sulfate (PREGS) on Kir2.3
channels expressed in Xenopus oocytes. (A) Upper row, in an
oocyte injected with Kir2.3 mRNA, current responses to 30 uM PREGS
and to 50 uM PREGS in the presence of 3 mM Ba®" are shown. Lower
row, in an uninjected oocyte, no significant current responses to
300 pM PREGS and 3 mM Ba®* are shown. Current responses were
measured at a membrane potential of —70 mV in an hK solution
containing 96 mM K. Asterisks show the zero current level. Horizontal
bars show the duration of application. (B) Effects of various
neurosteroids: PREG, PREGS, DHEA, DHEAS, progesteronie (PROG),
17B-estradiol (E2), corticosterone (CORT), 30-OH-DHP and THDOC, on
Kir2.3 channels. The magnitudes of the effect of 100 uM neurosteroids
on Kir2.3 channels were normalized to the 3 mM Ba®*-sensitive current
components in oocytes expressing Kir23 channels (n=4 for each
steroid). Data are expressed as mean®SEM.
doi:10.1371/journal.pone.0006311.g001

The effects of intracellular PREGS in oocytes expressing Kir2.3
channels were also examined. The 3 mM Ba®*-sensitive current
components corresponding to the magnitudes of Kir2.3 currents
were not significantly affected by intracellularly applied PREGS
(88.412.1% of untreated control, P>0.05, paired #test, n=4;
Fig. 3A), and extracellular application of 50 uM PREGS after the
injection similarly potentiated Kir currents (£>0.05, paired #test,
n=4; Fig. 3B). These results suggest that the potentiation effect of
PREGS was not caused by its intracellular action.

The chemical structure of PREGS shares the structural moiety of
PREG and DHEAS [3]. However, 30 pM PREGS-induced Kir2.3
currents were not significantly different from those in the presence
of either 100 uM PREG or 100 uM DHEAS (105.9%11.4% and
99.8+£8.9% of control, respectively, P>0.05, n=4, paired #test;
Fig. 4), suggesting that PREG and DHEAS have no significant
antagonist effect on the potentiation of Kir2.3 channels by PREGS.

Kir2.3 channels are modulated by extracellular pH [16-18].
We examined whether changes in pH would alter the effects of
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Figure 2. Characteristics of Kir2.3 channel potentiation by PREGS. (A) Concentration-dependent effect of PREGS on Kir2.3 channels. The
magnitudes of Kir2.3 currents potentiated by PREGS were normalized to the 3 mM Ba®*-sensitive current components in Xenopus oocytes expressing
Kir2.3 channels (554.079.9 nA, n=6). Data are expressed as mean+SEM of the percentage responses. (B) Correlation between amplitudes of current
response to 30 UM PREGS and amplitudes of the 3 mM Ba®*-sensitive current components in oocytes expressing Kir2.3 channels. The correlation
coefficient was 0.894 (P<<0.05, n=22, regression analysis). Current responses were measured at a membrane potential of —70 mV in an hK solution
containing 96 mM K'. (C) Representative Kir2.3 currents elicited by a voltage step to —100 mV for 2 s from a holding potential of 0 mV in the
presence or absence of 30 UM PREGS in an oocyte injected with Kir2.3 mRNA. Arrow indicates the zero current level. (D) Current-voltage relationships
of 3 mM Ba®*-sensitive currents and 30 pM PREGS-enhanced currents in oocytes expressing Kir2.3 channels. Current responses were normalized to
the 3 mM Ba®*-sensitive current component measured at a membrane potential of —100 mV (1510.0:209.9 nA, n=6).

doi:10.1371/journal.pone.0006311.g002

PREGS on Kir2.3 channels expressed in Xengpus oocytes. In
oocytes injected with Kir2.3 mRNA, Kir2.3 currents decreased
with a decrease in extracellular pH (51.9%7.9% of the 3 mM
Ba™*-sensitive current components at pH 7.4 for pH 6.0, =6,
and 167.6%22.1% of those at pH 7.4 for pH 9.0, n=6) as
reported in previous studies [16-18]. However, the concentration-
response relationships for the potentiation effects of PREGS were
not significantly affected by pH 6.0, 7.4 and 9.0 (no significant pH
x PREGS interaction, P>0.05, two-way ANOVA; P>0.05 at
each concentration, Tukey-Kramer post hoc test; Fig. 5). These
results suggest that the degree of potentiation of Kir2.3 channels
by PREGS may be similar even under pathological pH conditions.
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Selective potentiation of Kir2.3 channels by PREGS

We also examined the effects of PREGS on other Kir channels
@(.e., Kirl.l, an ATP-regulated Kir channel; Kir2.1 and Kir2.2,
constitutively active Kir channels; Kir3, a G protein-activated Kir
channel [7]). However, in oocytes injected with mRNA for Kirl.1,
Kir2.1, Kir2.2, or Kir3.1/Kir3.2 channels, 100 yM PREGS
produced no significant current response (3.5%0.4, 7.2%3.7,
4.0+2.5, and 0.8=1.6% change of the 3 mM Ba®"-sensitive current
components: 820.72190.8 nA for Kirl.l, 538.0£130.9 nA for
Kir2.1, 1518.3%276.4 nA for Kir2.2, and 1043.5%166.0 nA for
Kir3.1/Kir3.2, respectively, n=4; Fig. 6). These results suggest that
PREGS selectively potentiates Kir2.3 channels.
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Figure 3. Effect of intracellular PREGS in Xenopus oocytes expressing Kir2.3 channels. (A) Comparison of basal Kir2.3 currents before and
after PREGS injection in oocytes expressing Kir2.3 channels. The amplitude of Kir2.3 currents was normalized to the amplitude of 3 mM Ba?*-sensitive
current components before PREGS injection. (B) Comparison of 50 uM PREGS-induced Kir2.3 currents before and after PREGS injection. Data are

. expressed as mean*+SEM.
doi:10.1371/journal.pone.0006311.g003

Effects of PREGS on Kir2 heteromeric channels

Recent studies have shown that Kir2 channel subunits can form
functional heteromeric channels in the Xenopus cocyte expression
system [19,20]. We examined the effects of PREGS on Kir2
heteromeric channels. In oocytes injected with mRNA for Kir2.1/
Kir2.3 or Kir2.2/Kir2.3, PREGS concentration-dependently
potentiated Kir currents (respective EC50 and ngy: 41.0£9.4 uM
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Figure 4. Effects of PREG and DHEAS on PREGS-induced Kir2.3
currents. (A) Representative current responses to 30 pM PREGS and to
30 uM PREGS in the presence of 100 uM PREG in a Xenopus oocyte
expressing Kir2.3 channels. Current responses were measured at a
membrane potential of —70 mV in an hK solution containing 96 mM
K*. (B) Comparison of PREGS-induced Kir2.3 currents in the presence or
absence of PREG or DHEAS. Concentrations of PREGS, PREG, and DHEAS
were 30, 100, and 100 UM, respectively. Current responses to PREGS in
the presence of PREG or DHEAS were normalized to the amplitude of
PREGS-induced currents in the absence of PREG or DHEAS (control).
Data are expressed as meanzSEM.
doi:10.1371/journal.pone.0006311.g004
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and 1.40%+0.23 for Kir2.1/Kir2.3, n=6; 27.5%50 yM and
1.07+0.07 for Kir2.2/Kir2.3, n=9; Fig. 7), whereas PREGS
had no significant current response in oocytes injected with
Kir2.1/Kir2.2 mRNA (1.31.3% inhibition of the 3 mM Ba**-
sensitive current components, 7 =15). The potentiation properties
of PREGS in the normalized concentration-response relationships
were less potent for Kir2.1/Kir2.3 and Kir2.2/Kir2.3 than for
Kir2.3 channels (EC50: P<<0.05, one-way ANOVA; significant
difference between Kir2.1/Kir2.3 and Kir2.3, P<0.05, Tukey-
Kramer post hoc test; and significant channel-type x PREGS
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Figure 5. Concentration-response relationships for potentia-
tion of Kir2.3 channels by PREGS at different pH values. The
magnitudes of potentiation of Kir2.3 currents by PREGS in oocytes
expressing Kir2.3 channels were normalized to the 3 mM Ba**-sensitive
current components, which were 426.9.6+x41.4 nA (pH 6.0),
554.079.9 nA (pH 7.4) and 729.2+36.6 nA (pH 9.0). The ECs, and ny
values were 16.1+1.2 pM and 1.44%0.07 (pH 6.0, n=10), 15.6+0.9 uM
and 1.43::0.03 (pH 7.4, n=6), and 17.1x1.5 uM and 0.70%0.03 (pH 9.0,
n=8), respectively. Current responses were measured at a membrane
potential of —70 mV in an hK solution containing 96 mM K*, Data are
expressed as mean=*SEM of the percentage responses.
doi:10.1371/journal.pone.0006311.g005
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Figure 6. Comparison of the effects of PREGS on Kir1.1, Kir2.1,
Kir2.2, Kir2.3, and Kir3 channels expressed in Xenopus oocytes.
The magnitudes of change in Kir currents by 100 pM PREGS were
normalized to the 3 mM Ba*-sensitive current components. For Kir3
channels, oocytes expressing brain-type Kir3.3/Kir3.2 channels were used.
Current responses were measured at a membrane potential of —70 mV in
an hK solution containing 96 mM K*. Data are expressed as mean=SEM.
doi:10.1371/journal.pone.0006311.g006

interaction, P<<0.05, two-way ANOVA; P<0.05 at 30 uM,
Tukey-Kramer post hoc test). The results suggest that PREGS
may also potentiate Kir2.3-containing Kir2 heteromeric channels.

Discussion

In the present study, we demonstrated that PREGS potentiated
the function of Kir2.3 channels at micromolar concentrations,
whereas the eight other neurosteroids (i.e., PREG, DHEA,
DHEAS, progesterone, 17-estradiol, corticosterone, 30-OH-
DHP, and THDOC) had no significant effect on Kir2.3 channels.
Kirl.l, Kir2.1, Kir2.2 and Kir3 channels in other members of the
Kir channel family were insensitive to PREGS. These results
suggest that the endogenous steroid PREGS may selectively act as
a positive modulator of Kir2.3 channels. F urthermore, the effect of
PREGS on Kir2.3 channels was not caused by intracellularly
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Figure 7. Comparison of the potentiation effects of PREGS on
Kir2.3, Kir2.1/Kir2.3, and Kir2.2/Kir2.3 channels expressed in
Xenopus oocytes. Responses to PREGS at different concentrations were
normalized to the maximal response to PREGS. Current responses were
measured at a membrane potential of —70 mV. Data are expressed as
mean=®SEM.

doi:10.1371/journal.pone.0006311.g007
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applied PREGS, and potentiation of Kir2.3 channels by
extracellularly applied PREGS was readily reversible with
washout. PREGS exists in a negatively charged form, and it
could not readily permeate the cell membrane. Therefore, the
effect of PREGS was unlikely to be caused by intracellular PREGS
or by interactions with intracellular molecules, including phos-
phatidylinositol 4,5-bisphosphate (PIPy) and long-chain fatty acids
that activate Kir2.3 channels [21,22]. Additionally, PREG and
DHEAS, whose structures are closely related to PREGS, had no
significant effects on Kir2.3 channels or on PREGS-induced
Kir2.3 potentiation, suggesting that the effect of PREGS is unlikely
to be mediated by a nonspecific membrane-perturbation effect.
These observations suggest that PREGS may act directly at Kir2.3
channels, and the site of action of PREGS on Kir2.3 channels may
be extracellular or, at least, at a readily accessible site from the
outside of the cell membrane. Moreover, the present study
suggests that PREGS also potentiates Kir2 heteromeric channels
containing Kir2.3 channel subunits. The Kir2.3 channel may he
considered as a target site for PREGS.

Administration of PREGS has been shown to have antiamnesic,
anxiolytic, antidepressant, neurogenesis, neuroprotective, procon-
vulsant, and antinociceptive effects [23-29] and prevent the
development of tolerance and dependence to morphine and
benzodiazepines [30,31]. PREGS at micromolar concentrations
has also been shown to modulate the functions of several receptors
and channels, namely GABA, receptors, glycine receptors, NMDA
receptors, oc-amjno-3-hydroxy-5-mcd1ylisoxazole-4—pr0§)iorﬁc acid
(AMPA) receptors, ©; receptors, voltage-gated Ca’* and K*
channels, and transient receptor potential M3 channels [3-6,27].
PREGS can cross the blood-brain barrier [32], and interactions of
PREGS with these target sites are proposed to have important
implications in the various effects of PREGS. Kir2.3 channels are
highly expressed in neurons and some of oligodendroglial cells in the
forebrain, such as the olfactory bulb, cercbral cortex, hippocampus
and basal ganglia, and spinal cord [14,15,33,34], areas related to
cognition, memory, emotion, nociception and drug addiction.
Additionally, Kir2.3 channels colocalize with postsynaptic density-
95 (PSD-95) in neuronal populations in the forebrain [35] and are
localized at the postsynaptic membrane of excitatory synapses in the
olfactory bulb [15], suggesting the existence of postsynaptic Kir2.3
channels. In the present study, PREGS potentiated Kir2.3 channels
at micromolar concentrations. Because activation of Kir2.3 channels
causes membrane hyperpolarization [36], PREGS may decrease
excitability of neurons and glial cells in these regions. Furthermore,
the distribution of Kir2.1, Kir2.2 and Kir2.3 subunits overlaps in
some regions [14,33,34], suggesting the partial existence of Kir2
heteromeric channels. The present study suggests that PREGS also
potentiates Kir2.3-containing Kir2 heteromeric channels. There-
fore, Kir2.3 potentiation by PREGS might be involved in some of
the various neuropsychopharmacological effects.

Bulk concentrations of PREGS in brain tissues have been estimated
to be in the nanomolar range [37,38], or even lower [39,40].
However, the PREG synthase cytochrome P450 side-chain cleavage
enzyme and hydroxysteroid sulfowransferase, which converts PREG to
PREGS, are expressed in the brain [2], and these enzymes have been
shown to colocalize in hippocampal neurons [38], suggesting local
synthesis of PREGS. Furthermore, Mameli ¢ al. [41] reported that a
PREGS-like neurosteroid released from depolarized postsynaptic
CA1 neurons increased the frequency of AMPA~mediated miniature
excitatory postsynaptic currents via modulation of presynaptic NMDA
receptors, with a magnitude equivalent to that caused by exogenously
applied PREGS at 17 pM. This effect was blocked by anti-PREGS
antibodies. These findings suggest that local concentrations of released
PREGS around these neurons might be in the micromolar range.
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Moreover, brain levels of neurosteroids, mcluding PREGS, have been
shown to be elevated under several pathological conditions, such as
cerebral ischemia, epilepsy, stress, and drug addiction [3,42—46].
Altogether, Kir2.3 channels in the forebrain, including the hippo-
campus, might be potentiated by PREGS via paracrine and autocrine
mechanisms under such conditions. Additionally, although PREG is
structurally related to PREGS, PREG had no significant effect on
Kir2.3 channels (Figs. 1B,4). Steroid sulfatase, which converts PREGS
to PREG, has been identified in various brain regions [47-49].
Conversion between PREGS and PREG by sulfotransferase and
steroid sulfatase might regulate the effect of PREGS on Kir2.3
channels in the brain.

Finally, Kir2.3 channels are also expressed in Schwann cells near
the nodes of Ranvier in sciatic nerves, cardiomyocytes, and renal
cortical collecting duct principal cells [50-52]. Typical plasma
concentrations of PREGS have been reported to be 0.2 to 0.4 pM,
although plasma concentrations of PREGS in some healthy subjects
have been reported to be approximately 1 pM [53]. However,
plasma PREGS levels can reach micromolar levels during
pregnancy and in patients with 21-hydroxylase deficiency [54,55].
Flevated PREGS levels overlapped with the concentrations that
were effective in potentiating Kir2.3 channels in the present study.
Additionally, elevated plasma PREGS levels have been observed in
patients with anxiety-depressive disorder, alcohol addiction, or
hyperthyroidism [56-58]. Kir2.3 channels in the peripheral tissues
may be potentiated by elevated PREGS concentrations in certain
conditions. Potentiation of Kir2.3 channels by PREGS might affect
the regulation of K* buffering in peripheral nerves, the control of
cardiomyocyte excitability and K* homeostasis in the kidney.
Interestingly, PREGS has been identified in sciatic nerves [59], and
PREG has been identified in Schwann cells [60]. In sciatic nerves,
Kir2.3 channels may also be potentiated by locally released
PREGS. Further studies using local administration of PREGS
and in vitro preparations, such as culture cells and brain slices, may
advance our understanding of the physiological and pharmacolog-
ical effects of PREGS on Kir2.3 chamnels in the nervous system,
heart, and kidney. Kir2.3 channel potentiation may provide novel
insights into the various effects of PREGS.

Materials and Methods

Compounds

PREG, PREGS, DHEA, DHEAS, progesterone, 17p-estradiol,
corticosterone, 3a-OH-DHP, and THDOC were purchased from
Sigma-Aldrich (St. Louis, MO, USA). PREGS was dissolved in
distilled water or DMSQ, and the others were dissolved in DMSO.
The stock solution of each compound was stored at —30°C until
use. Each compound was added to the perfusion solution in
appropriate amounts immediately before the experiments.

Preparation of specific mRNA

Plasmids containing the entire coding sequences for the mouse
Kir2.2 (GenBank accession number: AB035889), Kir2.3, Kir3.1, and
Kir3.2 channel subunits were obtained as described previously [61—
63]. The sequence of amino acids deduced from the nucleotide
sequence of C57BL/6NJcl mouse Kir2.2 in the plasmid pSP35T
revealed seven amino acids substitutions compared with BALB/c
mouse Kir2.2 [12]. However, the substitutions were identical to those
of rat Kir2.2, with the exception of a change from Phe to Leu at
codon 255 [10]. Additionally, cDNAs for rat Kirl.1 in pSPORT and
mouse Kir2.1 in pcDNA1 were generously provided by Drs. Steven
CG. Hebert and Lily Y. Jan, respectively [9,64]. The plasmid
pSPKir2.2 was linearized by digestion with Sacl, and the others
were digested with the appropriate enzyme as described previously
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[9,62—64]. The specific mRINAs were synthesized i wiro using the
mMESSAGE mMACHINE™ In Vi Transcription Kit (Ambion,
Austin, TX, USA). :

Oocyte electrophysiology

Xenopus laevis oocytes (Stages V and VI) were isolated from adult
female frogs (Copacetic, Soma, Aomori, Japan) that were
anesthetized by immersion in water containing 0.15% tricaine
(Sigma-Aldrich) as described previously [65]. All procedures for
the care and treatment of animals were approved by Niigata
University Instituional Animal Care and Use Committee in
accordance with the National Institutes of Health guidelines.
Oocytes were injected with mRNA for Kirl.l (I ng), Kir2.1
(0.5 ng), Kir2.2 (0.5 ng), Kir2.3 (1 ng), Kir2.1/Kir2.2, Kir2.1/
Kir2.3, Kir2.2/Kir2.3 (each 0.5 ng), or Kir3.1/Kir3.2 combina-
tions (each 0.3 ng) for bramn-type Kir3 channels. Oocytes were
incubated at 19°C in Barth’s solution after treatment with 0.8 mg/
ml collagenase and manually defolliculated. Whole-cell currents of
the oocytes were recorded from 2 to 7 days after the injection with
a conventional two-electrode voltage clamp [62,66]. The mem-
brane potential was-held at —70 mV, unless otherwise specified.
Microelectrodes were filled with 3 M KClL. The oocytes were
placed in a 0.05 ml narrow chamber and superfused continuously
with a high-K* (hK) solution (composition in mM: KCI 96, NaCl
2, MgCl, 1, CaCl, 1.5 and HEPES 5, pH 7.4 with KOH) or a K*-
free high-Na* (ND98) solution (composition in mM: NaCl 98,
MgCl, 1, CaCl, 1.5 and HEPES 5, pH 7.4 with NaOH). In the
hK solution, the K* equilibrium potential was close to 0 mV, and
the inward K current flow through the Kir channels was observed
at negative holding potentials [9,11,12,62,64]. For examining the
cffects of intracellular PREGS, 13.8 nl of 10 mM PREGS
dissolved in distilled water containing 5% DMSO was injected
into an oocyte using a Nanoliter injector (World Precision
Instruments, Sarasota, FL, USA) as described previously [67].
The oocyte currents were then continuously recorded for
approximately 3040 min. Because the volume of the oocyte
was approximately 1 i, the intracellular concentration of PREGS
was presumed to be approximately 136 pM. Furthermore,
injection of the same volume of the solvent vehicle had no
significant effect on Kir2.3 currents (z=4). For analysis of
concentration-response relationships, data were fitted to a
standard logistic equation using KaleidaGraph (Synergy Software,
Reading, PA, USA). EC5 and ng values were obtained from the

concentration-response relationships.

Data analyses

Data are expressed as mean®=SEM, and = is the number of
oocytes tested. Statistical analysis of differences between groups
was performed using paired #test, one-way analysis of variance
(ANOVA), or two-way ANOVA followed by Tukey-Kramer post
hoc test. Values of P<<0.05 were considered statistically significant.
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Abstract: Objective: To demonstrate the usefulness of the Addiction Severity Index
Japanese Version (ASI-J) in Japanese alcohol-dependent individuals. The ASI is a
frequently used clinical and research instrument that measures severities in seven
functional domains in people with substance abuse disorders. Methods: A total of 370
male inpatients with a history of alcohol dependence participated in the study. Forty-nine
participants were excluded in the final analysis due to lack of reliability (i.e., patient
misrepresentation or inability to understand). We used the ASI-J and a series of indexes
that determined patient states during and post-treatment. Results: The correlations between
ASI Composite Scores (CSs), which were calculated through a weighted formula and
indicated the severity of each problem area, were significant but low in eight relations and
not significant in 13 relations, indicating substantial independence of the problem areas.
Significant differences were found in Family/Social CSs between abstinent and relapsed
alcohol-dependent individuals. The questions of undesirable attitude were significantly
related to the CSs of Employment, Drug use, Family/Social, and Psychiatric sections.
Significant differences were observed in patient demographics, CS, and ASI Severity
Rating (SR) and interviewer’s subjective scoring between alcohol-dependent individuals
and drug abusers. CSs in Japanese alcohol-dependent individuals were generally similar to
corresponding CSs in individuals from other countries, with the exception of The
Netherlands. Conclusions: This study demonstrated that the ASI-J is useful for
understanding individual profiles of problems for each patient and planning customized
treatment. The ASI-J served as a predictive tool for relapse and compliance to treatment
afterward and was shown to be useful as a comparison tool in clarifying similarities and
differences between substance abuser groups.

Keywords: addiction severity index; alcohol dependence; japanese

1. Introduction

The appearance of alcohol dependence -and its related disorders is hypothesized to be attributable
to a patient’s biological basis combined with psychological and social factors [1,2] such that each
patient with alcohol dependence has individually different issues. Addicted patients cannot be
adequately characterized simply by measuring the nature, amount, and duration of their substance
use [3]. Addiction-related problems are typically reasons for referral to addiction treatment, are often
of greater concern to the patient than the substance use itself, and are usually important for deciding
the setting and content of care [3]. Therefore, customizing treatment for individual patients according
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to their problems and motivation toward treatment is ideal. However, no prevailing methods exist, at
least in Japan, to comprehensively reveal multidimensional patient states related to treatment.

In addition to the difficulty in revealing patient states, the outcome of alcohol dependence
treatment is difficult to evaluate, partially because predicting patient compliance to treatment and risk
of relapse is difficult. Tools predicting a patient’s prognosis will enable treatment staff to provide
additional and adequate care to the patient.

To clinically apply the results of substance dependence studies, tools for comparing patient groups
are useful. For example, when medicine and treatment approaches are used in different patient groups,
understanding the similarities and differences of patient features and their treatment environments is
critical. The wide use of common tools enables clinicians and researchers to compare patients with
different demographics, patients with different substance dependence, patients in different countries,
and patients and healthy controls. Such common assessment tools are also useful to grasp the profiles
of target patient groups and refine treatment modalities.

The Addiction Severity Index (ASI) [4] is an epochal interview developed to achieve the
aforementioned goals. Currently, the ASI has reached its fifth version [5], and the instrument has been
translated into over 20 languages [3]. The application of the ASI to alcohol-dependent individuals has
been verified in various countries (The Netherlands, Switzerland, United States, Germany [1,5-9]),
and the ASI has nearly achieved both reliability and validity, although some problems still exist [10].

The ASI is a semi-structured clinical research interview designed to assess problem severity in
seven functional domains: Medical, Employment/Support, Alcohol use, Drug use, Legal,
Family/Social relationships, and Psychiatric. The ASI provides two types of overall scores for
respective problem areas to rate the severity of the problem [11], including the composite score (CS)
and the severity rating (SR). The CS is an objective score calculated through a weighted formula
designed to provide an equal contribution from each item. The SR is a relatively subjective score
indicating the need for additional treatment in the specific area based on interviewer assessment. The
ASI has a system to clearly indicate a change of two severity scores by administering it before and
after treatment. The ASI Japanese version (ASI-J) was applied to patiénts with a history of drug aBuse,
and its reliability and validity have already been confirmed [12]; however, the ASI-J has not yet been
applied to patients with a history of alcohol dependence.

In the present study, we investigated the usefulness of the ASI-J in alcohol-dependent individuals
in Japan to determine (7) its usefulness as a tool for understanding problem profiles for each patient,
(i) its usefulness as a tool to determine patient prognosis, and (7i/) its usefulness as a common
assessment tool for comparison studies. '

2. Methods
2.1. Participants

A total of 370 male inpatients with a history of alcohol dependence participated in the study. The
participants were recruited from nine nationwide hospitals for addiction treatment in Japan (n = 91,

National Hospital Organization Kurihama Alcoholism Center, Kanagawa; n = 55, Wakamiya Hospital,
Yamagata; n = 50, Komakino Hospital, Tokyo; n = 42, Mie Prefectural Mental Medical Center, Mie;



