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Fig. 2 Comparison of the platelet TSPO expression (Bmax) of patients with atopic dermatitis

with control subjects

The Bmax values are further compared between male (M) and female (F) subjects.
There were significant differences between patients with atopic dermatitis (AD) and
control subjects (Con) in both male and female subjects. The data are presented as

means and S.D.

Table 1 Genotypic and allelic distribution of the 485G>A polymorphism of the TSPO gene in patients
with atopic dermatitis and control subjects

Genotype (%) Allele (%)
N G/G G/A A/A G A
Atopic Dermatitis 52 23 (44.2) 26 (50.0) 3(6.8) 72 (69.2) 2 (30.8)
Control 163 99 (60.7) 53 (32.5) 11 (6.8) 251 (77.0) 75 (23.0)
Atopic Dermatitis (M) 30 9 (30.0) 18 (60.0) 3(100) |, 36 (60.0) 24 (400) |,
Control (M) 89 55 (61.8) 29 (32.6) (5.6) 139 (78.1) 39 (21.9)
Atopic Dermatitis (F) 22 14 (63.6) 8 (36.4) 0.0 36 (81.8) 8 (18.2)
Control (F) 74 44 (59.5) 24 (32.4) 6 8.1) 112 (75.7) 36 (24.3)

* P=0.0104 (genotype), 0.0105 (allele)

There was a significant difference between male patients with atopic dermatitis patients and male

control subjects.

subjects, but not in female subjects.

The severity of AD, as determined with the
SCORAD index, appeared to be associated with
TSPO expression (Fig. 3). Male patients showed a
positive correlation between AD severity and TSPO
expression, in which the relation was significant for
the G/A genotype. In contrast, female patients

showed no such correlations.
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Discussion

In the present study, we found that AD symptoms
are related to an individual's stress response, as
reflected by the expression and genetic variation of
TSPO. To the best of our knowledge, this is the first
study showing a definite correlation between AD
and TSPO.

Patients with AD, especially male patients, had
significantly higher STAI scores, The expression of

J Nippon Med Sch 2014; 81 (3)
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Fig. 3 Relation of Scoring of Atopic Dermatitis index to TSPO expression in atopic dermatitis
The graph at the top shows the relation of the Scoring of Atopic Dermatitis (SCORAD) index and TSPO
expression (Bmax) in both male and female patients. The graphs in the second and third rows and at the bottom
show patients with G/G, G/A, and A/A genotypes, respectively. The graphs on the left side show male subjects,
and those on the right side show female subjects.
Male patients showed a positive correlation, in which the relation was significant for the G/A genotype. In
contrast, female patients showed no such correlations.
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platelet TSPO was also significantly higher in
patients with AD, indicating that AD is a stress-
responsive disease as reported previously™.

Genomic analysis with lymphocytes for an SNP of
the human TSPO gene in exon 4 (485G>A), in which
the G/G genotype is presumably associated with
individual's stress sensitivity”, showed, contrary to
our expectations, significantly lower and higher
frequencies of the G/G and G/A genotypes,
respectively, in male patients with AD, but not in
female patients.

The severity of AD, as determined With‘ the
SCORAD index, was correlated with TSPO
expression in male patients but not in female
patients. The sex difference remains to be clarified,
but a possible explanation is that hormonal changes
during the menstrual cycle in female patients affects
the function of TSPO.

Structure and Function of TSPO
The involvement of TSPO in steroidogenesis,
apoptosis, and immunomodulation has attracted

much interest®™

. TSPO may constitute a biomarker
of brain inflammation and reactive gliosis and has
been used as a therapeutic target in neurological
and psychiatric disorders®.

TSPO appears to be a heteromeric complex of at
least 3 different subunits, including an isoquinoline-
binding subunit (18 kDa), a voltage-dependent anion
channel (VDAC, 32 kDa), and an adenine nucleotide
translocase (ANT, 30 kDa)®. Isoquinolines, such as
PK 11195, that bind specifically to TSPO interact
specifically with the 18-kDa subunit, whereas TSPO-
specific benzodiazepines, such as Ro 54864, bind to a
site consisting of both VDAC and the 18kDa
subunits.

The 18kDa subunit, recently referred to as
“translocator protein (18 kDa)"™, is involved in the
regulation of cholesterol transport from the outer to
the inner mitochondrial membrane (the rate-
determining step in steroidogenesis). The protein is
highly expressed in steroidogenic tissues. In the
brain, the 18-kDa protein is primarily expressed in
ependymal and glial cells.

The 18-kDa subunit is a small, highly conserved
protein that is predominantly localized on the outer
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membrane of mitochondria, where it is associated
with VDAC and ANT to form the mitochondrial
permeability transition pore (MPTP)*. Consistent
with its localization in the outer mitochondrial
membrane and its association with the MPTP, the
18-kDa subunit plays a role in the regulation of
apoptosis.

The full-length complementary DNA for the 18-
kDa subunit has been cloned from humans®. The
human TSPO gene (approximately 13 kbp) is located
in the 22ql13.31 band on chromosome 22 and is
composed of 4 exons, with the first exon and half of
the fourth exon being untranslated. The protein
domain of exon 2 has been linked to the isoquinoline-
binding site and part of the TSPO-specific
benzodiazepine-binding site. In  addition, a
cholesterol-interaction site has been characterized at
the carboxyl end of the protein.

The 18kDa TSPO subunit is highly conserved in
the 4 species cloned (i.e., human, cow, rat, and
mouse). As far as exons 2—4 are concerned, this gene
is well conserved even in bacteria, implying that the
functions of this gene must be fundamental for the
cell®,

Stress Response of TSPO

The TSPO is involved in the regulation of several
major stress systems: 1) the hypothalamic-pituitary-
adrenal axis, 2) the sympathetic nervous system, 3)
the = renin-angiotensin  axis, and 4) the
neuroendocrinedimmune axis®,

The sensitivities of TSPO to stress have been
demonstrated in both animal and human studies®
Drugan et al (1986), using inescapable tail shocks in
an animal model of stress, were the first to show the
involvement of TSPO in the physiological response
to stress”. Exposure of rats to 5 shocks induced a
significant increase in the expression of renal TSPO.

Studies in humans have also shown that the
expression of TSPO in platelets is sensitive to stress
and anxiety. Increased platelet TSPO density was
detected in resident physicians exposed to
“examination stress.” However, changes in the
expression of TSPO were not accompanied by
changes in “stress hormones” (cortisol, prolactin, and

growth hormone), which can be explained either by

J Nippon Med Sch 2014; 81 (3)
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the fact that the study dealt with prolonged stress
or by the fact that the hormonal peak release
occurred earlier, during the examination. In
conclusion, alterations in the expression of TSPO
seem to be a sensitive indicator of stress.

Polymorphism of the TSPO Gene in Relation to
Stress

In our recent studies, expression of platelet TSPO
was significantly correlated with the trait anxiety
score in healthy human subjects”. The evidence for
TSPO as a promising biological marker of stress has
prompted us to investigate the stress response of
TSPO at the genomic level”

Nakamura et al (2006) have detected a novel
missense variant in exon 4 of the TSPO gene,
derived from the nucleotide transition in codon 162
(CGT —> CAT: 485G>A), resulting in an arginine-to-
histidine (Arg —> His) change. Genotypic and allelic
analyses of the 485G>A polymorphism have
revealed significant differences between the patients
with PD and healthy control subjects®

Unlike the present study, the study of Nakamura
et al found that the G/G genotype was significantly
more frequent in subjects with PD than in control
subjects. Patients with PD had a nearly twofold
higher rate of the G allele than did control subjects.
Before the onset of PD, individuals with the G/G
genotype showed high anxiety sensitivity and an
increase in TSPO. These results suggest that
individuals with the G/G genotype are at increased
risk for PD.

The present study of the 485G>A polymorphism
of patients with AD stands in contrast to the
previous study in patients with PD. The STAI and
TSPO expression suggest that patients with AD are
under stress. Therefore, the G/G genotype is likely
responsible for the pathogenesis of AD. If this is the
case, then the G/G genotype should be more
frequent in subjects with AD. Contrary to this
expectation, the G/G genotype was less frequently
observed, and the G/A and possibly A/A genotypes
were more frequently observed in patients with AD.
To explain this result, factors other than stress
sensitivity should be considered.

J Nippon Med Sch 2014; 81 (3)

Immune Factors in Relation to AD and TSPO
Because various immune and nonimmune factors

5% anxiety and

participate in the pathogenesis of AD'
stress sensitivity cannot be attributed solely to
increased disease activity. The most likely
psychological substrate in anxiogenic stimuli is
nerve growth factor (NGF)** In addition, NGF is
considered an important mediator lowering the
itching threshold. The epidermis of lesions from
patients with AD shows a higher expression of NGF
than does the epidermis of healthy control subjects®

Genes associated with skin-barrier formation and
adaptive immunity have been implicated in the
development of AD. For example, filaggrin is
essential for the maintenance of the skin-barrier
function. Genetic mutations in filaggrin are
significantly associated with the risk of AD and
elevated immunoglobulin E levels?.

On the other hand, TSPO is an attractive drug
target for controlling inflammation. For example,
administration of the TSPO ligand etifoxine
modulates macrophage activation and blunts the
production of inflammatory cytokines after
peripheral nerve injury. This anti-inflammatory
effect of etifoxine likely involves TSPO because the
selective TSPO ligands PK 11195 and Ro5-4864 have
also been shown to inhibit
responses™.

The G allele in the 485G>A polymorphism of the

TSPO gene might facilitate such an anti-

inflammatory

inflaimmatory effect, and, accordingly, the G/G
genotype would be less frequently observed in
patients with AD. The relation of the phenotype
variation of TSPO (Argl62His) to the anti-
inflammatory effect remains to be clarified.

In conclusion, the present study provides new
evidence that variation in the TSPO gene affects
susceptibility to AD.
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Haplotype Analysis of GSK-38 Gene Polymorphisms in Bipolar
Disorder Lithium Responders and Nonresponders
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Abstract: The GSK-33 gene, GSK3B, codes for an enzyme that is a target
for the action of mood stabilizers, lithium and possibly valproic acid.

In this study, the relationship between haplotypes consisting of single nu-
cleotide polymorphisms (SNPs) of GSK3B —50T/C and —1727A/T and
the effect of lithium was studied among Japanese bipolar disorder lithium
nonresponders and responders.

The distributions of the GSK3B haplotypes (—50T/C and —1727A/T) showed
a trend for significant difference between the lithium nonresponders and
responders (global P=0.07074). Haplotype 1 (T-A) was associated with a
higher lithium response (haplotype-specific P=0.03477), whereas haplo-
type 2 (C-A) was associated with a lower lithium response (haplotype-
specific P=0.03443).

The pairwise D’ and 7 values between the 2 SNPs in this study were 1.0
and 0.097, respectively. The 2 SNPs showed weak linkage disequilibrium
with each other.

Key Words: GSK-3p, bipolar disorder, lithium response
(Clin Neuropharm 2014;37: 108-110)

ecent findings suggest that glycogen synthase kinase—3[3

(GSK-3[3) may play a role in the pathophysiology and treat-
ment of mood disorders. Mood stabilizers, lithium and valproic
acid, have been used for the treatment of bipolar disorder, and
their ability to inhibit GSK-3/3 has been implicated as the mecha-
nism of action in bipolar disorder.! Various genetic studies have
shown the association of genetic polymorphisms for GSK-383 with
mood disorders.>

The GSK-3/3 gene, GSK3B, was mapped to 3q13.3,> and a
linkage of regions on chromosomes 3q to not only schizophrenia
but also bipolar disorder was suggested.* In addition, GSK3B has
been known as one of the candidate genes for both schizophrenia
and bipolar disorder.

Russ et al’® detected 5 single nucleotide polymorphisms
(SNPs) in the GSK3B. They identified 2 common SNPs at posi-
tions —50 C/T and —1727 A/T localized in the promoter region,
with minor allele frequencies in white controls of 35% and 13%,
respectively. It was reported that —50T/C of GSK3B influenced
the long-term response to lithium salts in bipolar illness and that
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carriers of the mutant (C) allele (GSK3B C/C genotype) improved
on lithium therapy.®’

Because GSK3B —50T/C and —1727A/T were detected in the
GSK3B promoter region,® the 2 SNPs were selected for the present
study to determine their association with bipolar disorder (Fig. 1).

Brain-derived neurotrophic factor, which is modulated by an-
tidepressants and produces antidepressivelike activity in preclini-
cal behavioral models, is able to inhibit GSK-3,B.6 The GSK-33
substrate cyclic adenosine monophosphate regulatory element—
binding protein transcription factor has been shown to modulate
antidepressant activity.> A recent study revealed a genetic interac-
tion between 2 functional SNPs in the GSK-33 gene and the
microtube-associated protein T H1/H1 haplotype, suggesting a
possible combinative role of T and GSK-3(3 in Parkinson disease
and/or Alzheimer disease pathology.”'°

In this study, we hypothesized that genetic variants of the
GSK-3/3 gene could partially underlie the response susceptibility
to lithium treatment in bipolar disorder. In this study, we examined
the possible association of the 2 previously studied GSK3B poly-
morphisms, —50T/C (1s334558) and —1727A/T (1s3755557), with
bipolar disorder in Japanese lithium-treated patients, using an up-
date of a previous study on the GSK3B haplotype undertaken in
our laboratory.

METHODS

The relationship between haplotypes consisting of SNPs of
GSK3B —50T/C and —1727A/T and the effect of lithium was
studied for lithium responders and nonresponders among Japa-
nese patients affected by bipolar disorder (Diagnostic and Statis-
tical Manual of Mental Disorders, Fourth Edition).

The subjects had received lithium treatment for at least
24 months. The lithium treatment efficacy was evaluated by calcu-
lating the difference between the symptoms before and during lith-
ium treatment, using a structured clinical rating scale, namely, the
Young Mania Rating Scale.'" Responder analysis revealed that
64% of the patients showed a reduction of 50% or more from base-
line to endpoint in the Young Mania Rating Scale score (responder).

Genomic DNA samples were obtained from 42 patients
(responders, 27 [11 men and 16 women]; nonresponders, 15
[4 men and 11 women]; mean [SD] age, 35.8 [8.8] years) after
written informed consent had been obtained. The GSK3B —50T/C
and —1727A/T genotyping was performed by the polymerase
chain reaction method.™®

The Hardy-Weinberg disequilibrium was assessed by the
x? test.

For statistical analysis of GSK3B haplotypes, gPLINK (http:/
pngu.mgh harvard.edu/~purcell/plink/) and Haploview (http:/www.
broadinstitute.org/scientific-community/science/programs/medical-
and-population-genetics/haploview/haploview) were used. !>

RESULTS

As shown in Table 1, the distributions of the GSK3B haplo-
types (—50T/C and —1727A/T) showed a trend with significant
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FIGURE 1. SNPs in the promoter region of the GSK-38 gene.
Regulatory cis- elements for transcription are indicated according to
the report of Lau et al® (1999).

difference between the lithium nonresponders and responders
(global P=0.07074; empirical global P=0.1305). Haplotype 1
(T-A) was associated with a higher lithium response (haplotype-
specific P=0.03477; empirical P=0.0673), whereas haplotype 2
(C-A) was associated with a lower lithium response (haplotype-
specific P=0.03443; empirical P=0.079).

Pairwise D' and #* values between the 2 SNPs in this study
were 1.0 and 0.097, respectively. The 2 SNPs showed weak link-
age disequilibrium with each other.

Hardy-Weinberg equilibrium was tested by means of the
goodness-of-fit x? test. The 2 SNPs, GSK3B —50T/C and
—1727A/T, were polymorphic, and their minor allele frequencies
were 31% and 18%. There was no evidence of deviation from
Hardy-Weinberg equilibrium for both SNPs.

There was no significant difference in genotypic or allelic
frequencies of single SNPs (rs334558 and rs3755557) between
the responder and nonresponder groups (Table 2). Genotypic
and allelic frequencies of —50T/C polymorphism observed in this
study were consistent with the genotypic (x2=0.8577, P=0.6512,
df=2) and allelic frequency (x*=0.8432, P=0.3585, df=1) ob-
served in the HapMap Japanese population; however, those of
—1727A/T were not (x*=46.0482, P < 0.01, df=2; x*=68.6213,
P <0.01, dF=1).

DISCUSSION

The results of the present study reinforce the association be-
tween GSK-33 and bipolar illness because GSK3B haplotype 1
(T-A) was associated with a higher lithium response and haplo-
type 2 (C-A) was associated with a lower lithium response.

However, Benedetti et al®’ showed that carriers of the mutant
(C) allele of —50T/C (rs334558) improved on lithium salt therapy
in 88 bipolar type I patients, supporting the hypothesis that GSK
is a target for the therapeutic action of lithium.

TABLE 2. Allelic and Genotypic Distribution According to
Lithium Therapeutic Response

Variant Responder  Nonresponder x* df P
GSK-33 —50T/C (1s334558)
Genotypes
CcC 12 10 2.5 2 028
CT 9 5
T 6 0
Alleles
C 33 25 3.48 1 006
T 21 5
GSK-38 ~1727A/T (1s3755557)
Genotypes
AA 19 11 0.31 2 086
AT 6 3
T 2 1
Alleles
A 44 25 077 1 093
T 10 5

There is a significant racial difference in the GSK3B poly-
morphisms between Japanese and white populations. A signifi-
cantly lower frequency of the T allele of —50T/C (1s334558)
and a significantly higher frequency of the C allele of —50T/C
(rs334558) were found in the Japanese patients than those re-
ported for white populations. Benedetti et al®” showed that the ge-
notype frequencies were T/T 38%, T/C 45%, and C/C 15% and
that the allele frequencies were T 60.5% and C 39.5% for Italian
bipolar type I patients. In this study, the observed genotype fre-
quencies T/T 14.3%, T/C 33.3%, and C/C 52.4% and the allele
frequencies T 31.0% and C 69.0% for the Japanese bipolar disor-
der patients were not significantly different from those for
Japanese healthy subjects (19%,63%,18%; 49%:51%).'* There
was a significant difference in the genotype frequency of -50T/C
between the Italian and Japanese patients. As for —1727A/T, the al-
lele frequencies (A 87% and T 13%) for white healthy subjects
shown by Russ et al were not significantly different from those
for the Japanese healthy subjects (A 81% and T 19%). They identi-
fied 2 common SNPs at positions —50T/C and —1727A/T localized
in the promoter region of the gene, with minor allele frequencies in
white controls 0f 35% (C) and 13% (T), respectively, and we iden-
tified in the Japanese controls 49% (T) and 19% (T), respec-
tively.>'* In this study, genotypic and allelic frequencies of
—1727A/T polymorphism observed were inconsistent with the
genotypic and allelic frequencies observed in the HapMap Japanese
population. However, the frequencies observed in our data are con-
sistent with previous studies conducted in an Asian population,

TABLE 1. Haplotype Frequencies in Lithium Responders and Nonresponders

Frequency
Haplotype —50T/C —1727A/T Responder Nonresponder x° P Empirical P
1 T A 0.3889 0.1667 4.456 0.03477 0.0673
2 C A 0.4259 0.6667 4473 0.03443 0.079
3 C T 0.1852 0.1667 0.04509 0.8318 0.851

The haplotype distributions showed a trend with significant difference between the lithium nonresponders and responders (global P=0.07074; empirical
global P=0.1305). Haplotype 1 (T-A) was associated with a higher lithium response (haplotype-specific P=0.03477; empirical P=0.0673), whereas haplo-
type 2 (C-A) was associated with a lower lithium response (haplotype-specific P=0.03443; empirical P=0.079).
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and the frequencies of —1727 A/A genotype in our Japanese con-
trol subjects (64%) were similar to those in Korean subjects
(70%—73%).14°18

In previous genetic and functional studies on GSK-3, it was
revealed that the major physiological mechanism that regulates
the activity of GSK3 is the phosphorylation of the N-terminal
serine of GSK3.!7 It was shown that the T allele of —50T/C
(rs334558) GSK3B polymorphism gives greater transcriptional
activity, which can be associated with the hyperphosphorylation
of 7, resulting in neurodegeneration.® In addition, Benedetti et al%’
reported that, in humans, the promoter variant (rs334558*C) was
associated with reduced activity and better antidepressant re-
sponse. Furthermore, lithium has been used for the treatment of
bipolar disorder, and its ability to inhibit GSK-3/3 has been impli-
cated as the mechanism of action in bipolar disorder.!

Therefore, the GSK3B transcriptional activity regulation by
lithium may also be associated with the susceptibility to lithium
treatment in bipolar disorder. Our finding that GSK3B haplotype
1 (T-A) was associated with a higher lithium response may suggest
that patients with the T allele of —50T/C (rs334558), which gives
greater transcriptional activity, are more affected by lithium,
which inhibits GSK-3/3 activity.

Initially, GSK-3 was identified as a phosphorylating and
inactivating glycogen synthase that is critical to the regulation of
glucose storage.'® It was recently discovered that GSK3 is a
serine/threonine-specific protein and that it plays an important role
in regulating neuronal plasticity, gene expression, and cell survival.'®

The importance of GSK-35 and T protein seen not only in
Parkinson disease and/or Alzheimer disease”'° pathology but also
in bipolar illness® has already been documented. On the other
hand, Yoona and Kima®® suggested that 2 promoter polymor-
phisms of the GSK-33 gene may not be related to the pathogenesis
of major depression disorder and the risk for suicidal behavior in
Korean depressive patients. ’

The sample size in this study including Japanese bipolar dis-
order lithium responders and nonresponders was not large enough
for clinical situation, even if this study is a pilot study for person-
alized medicine (tailor-made therapy) for bipolar disorder. There-
fore, larger-scale comparison is needed to confirm the actual
relationship between susceptibility to lithium and GSK-38 haplo-
types among bipolar disorder patients.
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Haplotypes of P2RX7 gene polymorphisms are
associated with both cold pain sensitivity and
analgesic effect of fentanyl
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Masabumi Minami® and Kazutaka lkeda'”

Abstract

Background: The P2X; receptor is a member of the P2X family of adenosine 5'-triphosphate-gated cation channels.
Several recent studies have demonstrated that this receptor is involved in mechanisms related to pain and inflammation.
However, unknown is whether polymorphisms of the P2RX7 gene that encodes the human P2X; receptor influence pain
sensitivity and analgesic effects of opioids. The P2RX7 gene is known to be highly polymorphic. Thus, the present study
examined associations between fentanyl sensitivity and polymorphisms in the P2RX7 gene in 355 Japanese patients who
underwent painful orofacial cosmetic surgery.

Results: We first conducted linkage disequilibrium (LD) analyses for 55 reported single-nucleotide polymorphisms (SNPs)
in the region within and around the P2RX7 gene using genomic samples from 100 patients. In our samples, 42 SNPs were
polymorphic, and a total of five LD blocks with six Tag SNPs (rs2708092, rs1180012, rs1718125, rs208293, rs1718136, and
rs7132846) were observed. Thus, we further analyzed associations between genotypes/haplotypes of these Tag
SNPs and clinical data using a total of 355 samples. In the genotype-based association study, only the rs1718125

G > A SNP tended to be associated with higher pain scores on a visual analog scale 24 h after surgery (VAS24). The
haplotype-based association study showed that subjects with homozygous haplotype No.3 (GTAAAC; estimated
frequency: 15.0%) exhibited significantly higher cold pain sensitivity and lower analgesic effects of fentanyl for acute
cold pain in the cold pressor test. Conversely, subjects who carried haplotype No.1 (ACGGAG; estimated frequency:
24.5%) tended to exhibit lower cold pain sensitivity and higher analgesic effects of fentanyl. Furthermore, subjects with
homozygous haplotype No.2 (GCGGAC; estimated frequency: 22.9%) exhibited significantly lower VAS24 scores.

Conclusions: Cold pain sensitivity and analgesic effects of fentanyl were related to the SNP and haplotypes of

the P2RX7 gene. The patients with the rs1718125 G>A SNP tended to show higher VAS24 scores. Moreover, the
combination of polymorphisms from the 5™-flanking region to exon 5 recessively affected cold pain sensitivity and
analgesic effects of opioids for acute cold pain. The present findings shed light on the involvement of P2RX7 gene
polymorphisms in naive cold pain sensitivity and analgesic effects of fentanyl.

Keywords: P2X; receptor, ATP, Purinergic receptor, Single-nucleotide polymorphism, Pain, Fentanyl, Cold pain,
Haplotype analysis, Perioperative analgesia
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Introduction

-Extracellular adenosine 5’-triphosphate (ATP) has been
recognized as a neurotransmitter and/or neuromodu-
later in the nervous system that specifically acts on P2
purinergic receptors on the cell surface. P2 purinergic
receptors are divided into two classes. P2X receptors
are ATP-gated cation channels and subdivided into
seven subtypes (P2X;_,). P2Y receptors are heptahelical
G-protein-coupled receptors and subdivided into eight
subtypes (P2Y1, P2Y2, P2Y4., P2Y6, P2Y11, P2Y12, P2Y13,
and P2Yy,). Both P2X and P2Y receptors are widely
expressed in the sensory nerve system and exert various
effects on neuronal and glial cells [1]. Recent studies
revealed that ATP and its receptors are involved in
peripheral and central nociceptive transmission, includ-
ing mechanisms involved in neuropathic pain [2,3].

P2X, receptors exhibit unique pharmacological char-
acteristics compared with other P2X receptor subtypes.
A high concentration of ATP (i.e., >100 pM) is required
for P2X; receptor activation [4]. In addition to acting as
ATP-gated Ca®*-permeable cation channels, P2X; recep-
tors induce the formation of large nonselective pores
with a 900 Da cut-off [4,5]. Many studies have shown
the involvement of P2X; receptors in pain. P2X;, recep-
tor knockout mice have been shown to exhibit a reduc-
tion of thermal and mechanical hypersensitivity in a
partial sciatic nerve ligation model [6]. Recent develop-
ments in selective inhibitors of P2X; receptors also
showed that P2X; receptor blockade reduced nociceptive
behavior in several animal models of neuropathic and in-
flammatory pain (7-10]. Although these studies revealed
an important role for P2X; receptors in neuropathic and
inflammatory pain development in animal models, the
involvement of P2X, receptors in the modulation of
naive pain sensitivity and efficacy of analgesics in humans
is still unclear.

Opioid analgesics, such as fentanyl and morphine, are
widely used for the treatment of moderate to severe
pain. However, the analgesic efficacy of opioids is well
known to vary widely among individuals {11]. Individual
differences may be related to various genetic and nonge-
netic factors, including gender, age, ethnic origin, hepatic
or renal function, and mental status [12]. Several studies
that used mice that lack the p-opioid receptor (MOP)
[13-15] have shown that analgesia produced by opioids
crucially depends on the level of MOP expression. Fur-
thermore, several single-nucleotide polymorphisms (SNPs)
in the OPRM I gene, which encodes the human MOP pro-
tein, have been reported to lead to differences in the anal-
gesic efficacy of opioids [16]. Several gene-association
studies have also reported that the analgesic efficacy of
opioids could be affected by other molecules [17-21].

Many gene polymorphisms, most of which are SNPs,
reportedly exist in the genes that encode P2X and P2Y
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receptors. The gene that encodes the human P2X;
receptor (P2RX7) is known to be highly polymorphic.
Some SNPs in the P2RX7 gene have been shown to
cause changes in receptor function [22-24]. Only a few
studies have tested associations with human pain sensi-
tivity [24], and whether genetic polymorphisms in the
P2RX7 gene exhibit associations with pain sensitivity or
opioid analgesia is still unclear. In contrast to animal
studies that use standardized pain tests, the analgesic
effects of opioids in humans are usually evaluated in
patients with actual pain, particularly cancer pain or
acute postoperative pain [16]. Patients with acute post-
operative pain following standardized surgical proce-
dures may be more optimal subjects for investigating
gene-opioid effect relationships [11,17,25]. Further-
more, because subjects prior to cosmetic orthognathic
surgery have no spontaneous pain, the analgesic effects
of opioids in humans can be evaluated under more opti-
mal conditions. Therefore, the present study examined
whether SNPs and haplotypes in the P2RX7 gene affect
cold pain sensitivity and the analgesic effects of fentanyl,
one of the most commonly used opioid analgesics, evalu-
ated by a standardized pain test and fentanyl requirements
in healthy Japanese subjects who underwent uniform
surgical procedures. '

Materials and methods

Ethics statement

The study protocol was approved by the Institutional
Review Board, Tokyo Dental College, Chiba, Japan, and
the Institutional Review Board, Tokyo Metropolitan
Institute of Medical Science, Tokyo, Japan. Written in-
formed consent was obtained from all of the patients and
also from parents if required.

Patients

Enrolled in the study were 355 healthy patients (American
Society of Anesthesiologists Physical Status I, age 15-52
years, 125 males and 230 females [the same patients who
served as subjects in our previous report] [17]) who were
scheduled to undergo cosmetic orthognathic surgery
(mandibular sagittal split ramus osteotomy) for mandibu-
lar prognathism at Tokyo Dental College Suidoubashi
Hospital. Patients with chronic pain, those taking pain
medication, and those who had experienced Raynaud’s
phenomenon were excluded.

Preoperative cold pressor-induced pain test

The patients were premedicated with oral diazepam,
5 mg, and oral famotidine, 150 mg, 90 min before the
induction of anesthesia. The patients had an intravenous
(iv.) line on the forearm on their nondominant side.
The temperature in the operating room was maintained
at 26°C. The cold pressor-induced pain test was then
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performed before and 3 min after an i.v. bolus injection
of fentanyl, 2 pg/kg, as previously described [25,26].
Briefly, crushed ice cubes and cold water were blended
15 min before the test in a 1 L isolated tank, and the
mixture was stirred immediately before each test to
ensure uniform temperature distribution (0°C) within
the tank. The dominant hand was immersed up to the
wrist. Patients were instructed to keep the hand calm in
the ice-cold water and withdraw it as soon as they per-
ceived any pain. All of the patients were administered
the test by the same investigator. The baseline latency
to pain perception, defined as the time of immersion of
the hand in the ice water, before an iv. injection of
fentanyl (PPLpre) was recorded. A cut-off point of 150 s
was set to avoid tissue damage. The hand was warmed
with a hair dryer as soon as it was withdrawn from the
ice water until the sensation of cold was completely
abolished. The patients then received iv. fentanyl, 2 pg/kg.
Three minutes after the injection, the pain perception
latency of the dominant hand (PPLpost) was measured
again. The analgesic effect of fentanyl in the preoperative
cold pressor-induced pain test was evaluated simply as
the difference between PPLpost and PPLpre (PPLpost -
PPLpre).

Anesthesia, surgery, and postoperative pain management
Anesthesia, surgery, and postoperative pain management
were performed as previously described [17]. Briefly, after
the cold pressor-induced pain test ended, general anesthesia
was induced with a target-controlled infusion (TCI) of
propofol. After the induction of anesthesia, 10 ml of
venous blood was sampled for the preparation of DNA
specimens. Local anesthesia was performed on the right
side of the surgical field with 8 ml of 2% lidocaine that
contained epinephrine, 12.5 ug/ml, and right mandibu-
lar ramus osteotomy was performed. Local anesthesia
was then performed on the left side, and left mandibular
ramus osteotomy was performed. The bilateral man-
dibular bone segments were fixed in appropriate posi-
tions. Whenever systolic blood pressure or heart rate
exceeded +20% of the preinduction value during sur-
gery, i.v. fentanyl, 1 pg/kg, was administered. At the end
of the surgery, rectal diclofenac sodium, 50 mg, and i.v.
dexamethasone, 8 mg, were administered at the request
of surgeons to prevent postoperative orofacial edema/
swelling. After emergence from anesthesia and tracheal
extubation, i.v. patient-controlled analgesia (PCA) with
a fentanyl-droperidol combination (2 mg fentanyl and
5 mg droperidol diluted in normal saline in a total
volume of 50 ml) commenced using a CADD-Legacy
PCA pump (Smiths Medical Japan, Tokyo, Japan). A
bolus dose of fentanyl, 20 pug, on demand and a lockout
time of 10 min were set. Patient-controlled analgesia
continued for 24 h postoperatively. The intensity of
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spontaneous pain was assessed 3 and 24 h postoperatively
using a 100-mm visual analog scale (VAS), with 0 mm
indicating no pain and 100 mm indicating the worst
pain imaginable. Intraoperative fentanyl use and post-
operative PCA fentanyl use during the first 24 h postopera-
tive period were recorded. Doses of fentanyl administered
intraoperatively and postoperatively were normalized to
body weight. Additionally, perioperative fentanyl use was
calculated as the sum of intraoperative fentanyl use and
postoperative fentanyl use.

Genotyping procedures and linkage disequilibrium
analysis

Genomic DNA was extracted from whole-blood samples
using standard procedures. The extracted DNA was dis-
solved in TE buffer (10 mM Tris—HCl, 1 mM ethylenedi-
aminetetraacetic acid, pH 8.0). The DNA concentration
was adjusted to 5-50 ng/ul for genotyping individual SNPs
or 100 ng/pl for whole-genome genotyping using a Nano-
Drop ND-1000 Spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE, USA).

For the analysis of SNPs within and around the P2RX7
gene region, genotype data from whole-genome genotyp-
ing were used. Briefly, whole-genome genotyping was
performed using Infinium assay II and an iScan system
{(Ilumina, San Diego, CA) according to the manufacturer’s
instructions. Five kinds of BeadChips were used to genotype
40, 67, 6, 119, and 123 samples, respectively: HumanHap
300 (total markers: 317,503), HumanHap300-Duo (total
markers: 318,237), Human610-Quad v1 (total markers:
620,901), HumanlM v1.0 (total markers: 1,072,820), and
Human 1 M-Duo v3 (total markers: 1,199,187). Some Bead-
Chips included a number of probes specific to copy number
variation markers, but most were for SNP markers on
the human autosome or sex chromosome. Approxi-
mately 300,000 SNP markers were commonly included
in all of the BeadChips. After the whole-genome geno-
typing, the data for genotyped samples were analyzed
using BeadStudio or GenomeStudio with the Genotyp-
ing module v3.3.7 (Illumina) to evaluate the quality of
the results, and the genotype data for all of the SNPs with
P2RX7 gene annotation were extracted. In the data-
cleaning process, markers that had “Cluster sep” values
(Le, an index of genotype cluster separation) <0.4 and
were separated from any of the three genotype clusters
were excluded from the subsequent association study.

Single-nucleotide polymorphisms for the association
studies were selected based on recently advanced tagging
strategies [27-29]. To identify relationships between the
SNPs used in the study, linkage disequilibrium (LD)
analysis was performed in 55 SNPs that were in the
approximately 108 kbp region that contained the P2RX7
gene among 1,072,820 markers in the Human 1 M v1.0
BeadChip for 100 samples using Haploview v.4.2 [30].
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For the estimation of LD strength between the SNPs,
the commonly used D’ and 7° values were pairwise
calculated using the genotype dataset of each SNP.
Linkage disequilibrium blocks were defined among the
SNPs that showed “strong LD,” based on the default al-
gorithm of Gabriel et al. [31], 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 using Tagger software with
default settings, which is incorporated in Haploview and
has been detailed in a previous report [29].

Statistical analysis

Parametric and nonparametric data are expressed as
mean = SD and median [interquartile range], respectively.
The statistical analysis was performed using IBM SPSS
statistics v.20.0.0 (IBM, Tokyo, Japan). In the present
study, none of the clinically measured endpoints that were
related to pain sensitivity (i.e., PPLpre) or fentanyl anal-
gesia (i.e., analgesia measured with the preoperative cold
pressor test, perioperative fentanyl use, and VAS scores at
3 and 24 h postoperatively) were normally distributed.
Therefore, nonparametric analyses, including the Mann~—
Whitney U-test or Kruskal-Wallis test (with Steel-Dwass
multiple comparison tests), were used to detect possible
associations between any of the clinical or genomic pa-
rameters (e.g., sex and genotypes of the Tag SNP) and clin-
ical endpoints related to pain sensitivity or the analgesic
effects of fentanyl. The sample size of the present non-
parametric data was higher than the estimated size that
possesses statistical power (1 minus type II error probabil-
ity) of 99% for the Cohen’s conventional “medium” effect
size of 0.25, when power analysis was performed for
analysis of variance with three genotype groups using
G*Power v.3.1.3 [32]. Haplotype analyses were per-
formed using HPlus v.3.2 software with default settings
(Fred Hutchinson Cancer Research Center, Seattle, WA,
USA) that employs expectation-maximization with a
modified progressive ligation computational algorithm
to infer haplotypes [33].

Resuits

To identify the LD blocks in the approximately 108 kbp
region that contains the P2RX7 gene, 55 SNPs among
1,072,820 markers that were included in the whole-
genome genotyping (Human 1 M v1.0 BeadChip) were
tested using genomic samples of 100 patients who were
randomly selected from all 355 Japanese patients. In
these Japanese samples, 42 SNPs were found to be
polymorphic. A total of five LD blocks (LD1-5) were
observed within and around the P2RX7 gene region
(the exon, intron, and approximately 45 kbp 5’-flank-
ing region and 10 kbp 3'-flanking region of the P2RX7
gene [approximately 53 kbp]), and six representative
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Tag SNPs (rs2708092, rs1180012, rs1718125, rs208293,
rs1718136, and rs7132846) were selected in this region
(Table 1, Additional file 1). Thus, we further examined
associations between clinical endpoints and these six
representative Tag SNPs using genomic samples from
all 355 Japanese patients.

Of the 355 Japanese patients who enrolled in the
study, 353 completed the study. The distributions of six
representative Tag SNP genotypes are shown in Table 2.
No observed genotype frequencies were significantly dif-
ferent from Hardy-Weinberg equilibrium.

The Mann-Whitney U/-test revealed that the VAS
score at 24 h was significantly lower (p = 0.019; Table 3)
in subjects who did not carry the minor A allele of the
rs1718125 SNP than subjects who carried this allele,
whereas the rs1718125 SNP had no significant associ-
ation with PPLpre, PPLpost-PPLpre, 24-h postoperative
fentanyl use, perioperative fentanyl use, total peri-
operative analgesic use, and the VAS score at 3 h. The
unpaired t-test, Fisher’s exact test, and Mann—Whitney
U-test revealed no significant differences in age, sex,
duration of surgery, and duration of anesthesia be-
tween subjects who carried the minor A allele and sub-
jects who did not carry this allele (p =0.079 [age:
Table 3], p = 0.740 [sex: Table 3], p =0.430 [duration of
surgery: AA + AG, 106 min (93, 128); GG, 105 min (92,
122)], and p = 0.384 [duration of anesthesia: AA + AG,
173 min (160, 195); GG, 173 min (157, 193)], respect-
ively). Therefore, we did not conduct additional multi-
variate covariate analyses. The other five SNPs did not
show any associations with any of the clinical endpoints
(Table 3). When multiple-testing corrections (ie., the
standard Bonferroni correction for the number of SNPs)
were applied, no significant association was found be-
tween the genotype of the rs1718125 SNP and VAS
score at 24 h,

We further analyzed the haplotype-based associations
of the six P2RX7 gene Tag SNPs with clinical endpoints.
Of the 26 estimated haplotypes, 10 haplotypes (esti-
mated frequency >1%) are listed in Table 4. Haplotype
No.1 (ACGGAC) was significantly associated with both
higher PPLpre score and higher PPLpost-PPLpre score
in the linear regression analysis that used the recessive
model (Table 5) and log-additive model (PPLpre: coef-
ficient = 4.532 [confidence interval (CI): 0.048, 9.017],
z-score = 1.981, p =0.048; PPLpost-PPLpre: coefficient =
8.735 [CI: 1.829, 15.640], z-score = 2.479, p = 0.013) and
associated with higher PPLpost-PPLpre score using the
dominant model (coefficient =8.802 [CI: 0.601, 17.004],
z-score = 2.104, p = 0.035), although the adjusted
p values of these associations with haplotype No.1 after
multiple-testing corrections (i.e., the standard Bonferroni
correction for the number of clinical endpoints) were
not significant. The linear regression analyses that used
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Table 1 Allelic frequencies of SNPs in five LD blocks around the P2RX7 gene of Japanese subjects

rs number of SNPs Position Major allele Minor allele Frequency LD block
rs12819523 Flanking_5UTR —45261 G A 7.5%

rs12819930 Flanking_5UTR —45087 G A 10.7% 1

rs10492051 Flanking_SUTR ~45012 G - 0.0%

*rs2708092 Flanking_5UTR —44792 A G 49.0% 1

*rs1180012 Flanking_5UTR —40230 C T 38.8% 1

rs2516210 Flanking_5UTR -35256 T C 15.9% 1

rs1796421 Flanking_5UTR -30332 T C 15.9% 1

rs1796412 Flanking_5UTR —28966 T C 182% 1

rs7298521 Flanking_5UTR —28847 C T 22.9% 1

rs1794899 Flanking_5UTR -27705 G A 18.0% 1

rs1796415 Flanking_5UTR —27667 T - 0.0%

rs3892756 Flanking_5UTR ~16010 T - 0.0%

rs10849846 Flanking_5UTR —12255 T C 21.8% 1

rs208277 Flanking_5UTR -10097 A G 41.1% 1

rs12314721 Flanking_5UTR —4921 C T 14.9% 1

rs9805004 Flanking_5UTR —4808 C T 18.2% 1

rs670541 Flanking_5UTR -1044 C T 8.9% 1

15591874 Intron1 IVS1 + 567 A C 40.9% 1

1s7959194 Intron1 VST + 5089 G - 0.0%

rs11065450 Intron1 IVS1 + 8759 C A 28.7%

1s568531 Intron1 VST + 8775 C T 7.5% 2
1607094 intron1 VST + 9566 T C 6.4% 2
rs208286 Intron1 [VS1-5688 G - 0.0%

r$17525809 Exon2 T227C[V76A] T C 8.9%

*rs1718125 Intron2 IVS2 +263 G A 28.3% 3
rs10849851 Intron3 VS3-2061 A G 21.0% 3
rs1653583 Intron3 IV$3-53 C T 72% 3
*rs208293 Intron4 V54-47 G A 41.1% 3
rs208294 Exon5 T463CIY155H] T C 435% 3
rs1186055 Intron5 VS5 + 206 G T 39.5%

15208296 Intron5 IVS5 + 630 C T 36.1%

1511065464 Intron5 IVS5-1025 C A 243%

15208298 Intron5 IVS5-922 G A 16.6% 4
rs654856 Intron5 1VS5-38 C A 134% 4
rs2857589 Intron7 IVS7 + 486 @ A 51% 4
15503720 Intron7 VS7-217 G A 16.1% 4
rs16950860 Exon8 C808T[R270C] C - 0.0%

1s7958311 Exon8 GB0OSA[R270H] G A 35.6%

rs7958316 Exon8 G827A[R276H] G - 0.0%

*rs1718136 Intron8 IVS8-3583 A G 15.0% 5
157137542 Intron8 IVS8-545 G - 0.0%

*rs7132846 Intron9 IVS9-16 C T 12.9% 5
11718119 Exon11 G1040A[A348T] G A 17.5% 5
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Table 1 Allelic frequencies of SNPs in five LD blocks around the P2RX7 gene of Japanese subjects (Continued)

151653598 Intron11 IVS11 434
152567998 Intron11 IVS11-16
rs10160951 Exon12 C1289G[P430R]
rs12829218 Intron12 IVS12+133
15891781 intron12 VS12 +180
157312642 Intron12 IVS12-1921
1512815078 Intron12 IVS12-101
1$2230912 Exon13 A1379G[Q460R]
153751144 Exon13 C142217
rs3751143 Exon13 A1487C[E496A]
rs1718161 Flanking_3UTR +3582
152686365 Flanking_3UTR +9907

A G 14.9% 5
- 0.0%
- 0.0%
- 0.0%
17.5% 5
12.1%
6.1%
- 0.0%
12.9%
32.0%
6.5%
- 0.0%

6 - -

O > > N > > 60N X O >
[N GRS

*Tag SNPs in the LD blocks (selected using Tagger software with default settings; * > 0.8).

the recessive model revealed that haplotype No.3
(GTAAAC) was significantly associated with both lower
PPLpre score and lower PPLpost-PPLpre score, even
after multiple-testing corrections (Table 5). These sig-
nificant associations were not evident when analyzed
using either a dominant or log-additive model. Further-
more, linear regression analyses that used the recessive
model also revealed that haplotype No.2 (GCGGAC)
was significantly associated with lower VAS scores at
24 h, even after multiple-testing corrections (Table 5).
This significant association was also not evident when
analyzed using either the dominant or log-additive
model.

Discussion

We studied patients who underwent mandibular sagittal
split ramus osteotomy. Subjects who undergo this cos-
metic surgery are usually young and healthy. The oper-
ation causes considerable perioperative pain that arises
from the dissected mandibular bone, and the surgical
technique is highly standardized at our institute. We
conducted a standardized pain test before the induction
of general anesthesia in opioid-naive subjects without
pain. Using these ideal subjects and methods, we found
that PPLpre and the analgesic effects of fentanyl
(PPLpost-PPLpre) evaluated in the cold pressor test were
significantly lower in subjects who carried homozygous

haplotype No.3 (GTAAAC) in the P2RX7 gene com-
pared with the other subjects. Subjects who carried
haplotype No.1 (ACGGAC), which has a different allele
in the Tag SNP on the LD1-3 regions from haplotype
No.3, tended to have higher PPLpre scores and higher
analgesic effects of fentanyl. These results suggest that
the combination of polymorphisms from the 5'-flanking
region to exon 5 (from LD1 to LD3 regions) in the
P2RX7 gene could recessively affect cold pain sensitivity
and the analgesic effects of opioids for acute cold pain.
Furthermore, VAS scores at 24 h tended to be lower in
subjects who carried homozygously the major G allele of
the rs1718125 SNP (3rd Tag SNP) than subjects who
carried the minor A allele. We also found that VAS
scores at 24 h were significantly lower in subjects who
carried homozygous haplotype No.2 (GCGGAC) in the
P2RX7 gene compared with the other subjects. Thus,
haplotype No.2 could recessively affect the postoperative
analgesic effects of opioids. Although we analyzed five
types of BeadChips that were merged together in the
present study because the sample sizes were small for
each of the five datasets and they all presumably had
Japanese ancestry, performing a meta-analysis is usually
better than merging. Thus, further studies that have a
greater number of samples might be required to reveal
the influences of these haplotypic effects in the P2RX7
gene. Twenty-four hour postoperative fentanyl use,

Table 2 Distribution of six Tag SNP genotypes examined in the P2RX7 gene

rs2708092 AA: 99 (28.0%) / AG:
rs1180012 cc 128 (36.1%) / CT:
rs1718125 GG: 180 (50.7%) / GA:
15208293 GG: m (31.3%) / GA:
rs1718136 AA: 247 (69.6%) / AG:
rs7132846 cc 274 (77.2%) / CT:

177 (50.0%) / GG: 79 (22.0%)
169 (47.6%) / TT: 58 (16.3%)
149 (42.0%) / AA: 26 (7.3%)
177 (49.9%) / AA: 67 (18.9%)
97 (27.3%) / GG: 1 (3.1%)
75 (21.1%) / T 6 (1.7%)

The data are expressed as number (%) of subjects.
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Table 3 Patients’ demographic and clinical data
rs2708092 rs1180012 rs1718125

AA AG+ GG CcC CT+TT GG GA+AA
Age (years) 26170 258+78 273%77 25175 26677 252+75
Male/Female 32/67 92/163 51/77 74/153 65/115 60/115
PPLpre (s) 15 [10,21] 14 [9,23] 14 [9,23] 149, 23] 1409, 22] 159, 23]
PPLpost (s) 29 18, 52] 27 [16, 54] 28 [16, 49] 28 [16, 54] 27 [16, 49] 30 [16, 56]
Analgesic effect (PPLpost-PPLpre) (s) 15 [5, 35] 11 [4, 35] 10 [4, 30] 13 [4, 36] 10 4, 30] 14 [5, 37]
24-h postoperative fentanyl use (ug/kg) 22[12,47] 231010, 41] 23 (09, 4.1] 23[1.1,43] 2.1109,39] 24[13,44]
Perioperative fentanyl use (ug/kg) 76 (58,921 6.7 5.1,9.1] 68 [5.0,9.1] 7.11[53,9.1] 6.8 [5.0, 8.6 7.1[5.5,9.5]
Total perioperative analgesic use (ug/kg) 85 [6.7,10.2] 76 [6.0,10.1] 7.7 [5.8,10.2] 8062, 10.0] 78158, 9.6] 8.0 [6.3, 10.5]
VAS pain score at 3 h (mm) 27 15, 47] 27 15, 50] 27 15, 50] 30 [15, 50] 27 115, 50 30 [16, 501
VAS pain score at 24 h (mm) 25 {10, 38] 25 [10, 45] 22 [8, 40] 26 [11, 43] 23 [8, 40] 28 [14, 46]*

rs208293 rs1718136 rs7132846

GG GA +AA AA AG+GG cc CT+TT
Age (years) 275+£79 252+74 262+79 254+69 257+73 268+88
Male/Female 41/70 84/160 95/152 30/78 104/170 21/60
PPLpre (s) 139, 22] 159, 24] 14 [9, 24] 159, 21] 14 [9, 23] 149, 23]
PPLpost (s) 27 [16, 51] 28 [16, 54] 29 [16, 56] 25 [15, 48] 28 {16, 53] 28 [16, 53]
Analgesic effect (PPLpost-PPLpre) (s) 10 [3, 34] 13 [5, 35] 13 [5, 36] 11 [4, 30] 12 [4, 35] 12 4, 35]
24-h postoperative fentanyl use (ug/kg) 23[1.1,40] 231010, 43] 231[1.1,43] 201[1.0,4.1] 23101.1,42] 23[1.0,42)]
Perioperative fentanyl use (ug/kg) 6.8 [5.1,9.0] 7.1153,92] 701[5.2,92] 6.7 [5.2,89] 6.9 [5.2,9.1] 6.9 [5.2,9.1]
Total perioperative analgesic use (ug/kg) 7.7 [59,10.1] 80 [6.2,10.1] 8.01[6.1,10.1] 7.7 [6.1,99] 8.0 [6.1,10.1] 80 [6.1,10.1)
VAS pain score at 3 h (mm) 27 [16, 50 27 [15, 49] 27 [15, 50] 26 (15, 49] 28 [15, 50] 27 [15, 50]
VAS pain score at 24 h (mm) 22 (10, 39] 26 [11, 45] 25110, 42] 25 [8,42] 25 (10, 42] 25110, 42]

The data are expressed as numbers, mean + SD (range), or median [interquartile range]. *p <0.05, compared with subjects not carrying minor allele.

perioperative fentanyl use, and total perioperative anal-
gesic use were not associated with haplotypes in the
P2RX7 gene. Although further validation is needed, the
analgesic/opioid requirements for postoperative pain
management might not be associated with genetic poly-
morphisms in the P2RX7 gene.

Table 4 Estimated P2RX7 gene Tag SNP haplotypes and
their frequencies

Estimated haplotypes Frequency (SE)
1 ACGGAC 0.245 (0.016)
2 GCGGAC 0.229 (0.019)
3 GTAAAC 0.150 0.014)
4 ATGAGC 0.103 0.011)
5 GTAAAT 0.051 (0.010)
6 ACGGAT 0.048 0.017)
7 ATAAGC 0.046 (0.009)
8 ACGAAC 0.041 (0.008)
9 ATAAAC 0.018 (0.014)
10 GTGGAC 0016 (0.006)

In the present study, subjects who carried homozy-
gous haplotype No.3 (GTAAAC) in the P2RX7 gene
exhibited higher cold pain sensitivity and lower anal-
gesic effects of fentanyl for acute cold pain in the cold
pressor test, but still unknown is whether this combin-
ation of SNDPs alters gene function or expression, which
may be an important limitation of the present study.
Many SNPs have been identified in the P2RX7 gene,
and some of the SNPs in the P2RX7 gene have been
shown to cause changes in receptor function [22-24].
Although our present study did not focus on these re-
ported functional SNPs, some of them are located on
the present LD blocks. The rs208294 T/C SNP (Tyr**® to
His), which was described as the C489T SNP in previous
reports with non-Japanese subjects, is located in the LD3
region in the present study. This SNP showed high LD
(D’ =1.0) with the present 4th Tag SNP, rs208293 G/A
SNP. In the previous report, functional analyses in recom-
binant cells that expressed P2X; receptors with the muta-
tion of the rs208294 SNP using [Ca®*]; influx and
ethidium uptake experiments revealed that the T>C
mutation in this position caused a loss of function of P2X,,
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Table 5 Associations between P2RX7 gene Tag SNP haplotypes and clinical data

PPLpre

Haplotypes Coefficient SE Cl Z-score p value
1 ACGGAC 13.245 6.576 (0.357, 26.134) 2014 0.044
2 GCGGAC -023 4.252 (-8.563, 8.103) -0.05 0957
3 GTAAAC ~7.275 2.34 (-=11.860, —2.689) =3.11 0.002

Analgesic effect (PPLpost-PPLpre)

Coefficient SE Cl z-score p value
1 ACGGAC 19452 9.34 (1.146, 37.759) 2083 0.037
2 GCGGAC —2.966 6.87 (16431, 10499) -043 0.666
3 GTAAAC -1497 4.585 (-23.957, -5.983) -327 0.001

VAS pain score at 24 h

Coefficient SE Cl z-score p value
1 ACGGAC 7.878 4067 (-0.094, 15.849) 1937 0.053
2 GCGGAC -10.799 3523 (-17.705, —3.894) -3.07 0.002
3 GTAAAC 7434 8.88 (-9.971, 24.839) 0.837 0402

Haplotype-based associations were tested using linear regression analyses with a recessive model.

receptors [34]. Although the rs208293 G/A SNP alone
did not show any association with cold pain sensitivity
and the analgesic effects of fentanyl, the rs208294 T/C
SNP might be one of the mutations in LD1-3 that
caused the present results. Interestingly, P2X; receptors
have been reported to contain several alternative spli-
cing variants (P2X7,)), some of which presented
altered function [35-38]. Because the splicing difference
in more than half of these isoforms occurs from the
LD1 to LD3 regions (from exon 1 to exon 5) in the
P2RX7 gene, polymorphisms in these regions might
affect this splicing mechanism and induce a functional
change in neuronal transmission via P2X, receptors.
Further studies that focus on gene polymorphisms from
LD1 to LD3 in the P2RX7 gene may reveal the
functional mechanisms that affect pain sensitivity and
clinical efficacy of opioids. A recent report showed
a genetic association between the hypofunctional
rs7958311 G/A SNP (Arg”’® to His) and lower pain in-
tensity in two cohort studies of human patients with
chronic pain [24]. The rs7958311 G/A SNP is located
- in the gap between the present LD4 and LD5 regions.
Including this SNP, some other nonsynonymous SNPs
(e.g., rs3751143 A/C SNP [Glu*®® to Ala] [22]) are lo-
cated in the gap among the present LD regions and
were not evaluated in the present study. Further asso-
ciation analyses of these SNPs in the P2RX7 gene may
be necessary to reveal the role and mechanisms of
P2X; receptors in naive pain sensitivity and the efficacy
of analgesics.
The potential of P2X; receptors as a therapeutic target
in the management of neuropathic pain and inflammation

has been the subject of intensive recent investigations
[2,3,39], but the involvement of P2X, receptors in the
modulation of naive pain sensitivity and efficacy of analge-
sics is still unclear. P2X, receptors are expressed predom-
inantly on immune cells, and are speculated to contribute
to the hyperexcitability of nociceptive neurons through
the release of both interleukin-1p (IL-1p) and tumor ne-
crosis factor a (TNF-a) [40-42]. These cytokines are well
known to play important roles in the generation and
maintenance of pain, and especially in chronic pain states
[39,42]. P2X; receptors are also known to act not only as
cation channels following brief activation by extracellular
ATP but also as large nonselective pores following pro-
longed or repeated activation. Sorge et al. reported that
mice that carried a mutation in the P2RX7 gene that
causes impaired pore formation showed less hypersensitiv-
ity in neuropathic and inflammatory pain states [24].
These previous data might indicate that the pore forma-
tion of P2X; receptors closely affects chronic pain states
[43]. In the present study, haplotype No.2 (GCGGAC) and
the rs1718125 SNP in the P2RX7 gene showed associa-
tions with VAS scores at 24 h but not with VAS scores at
3 h or the analgesic effects of fentanyl in the cold pressor
test. Immediate pain transmission in the cold pressor test
and the acute phase of postoperative pain (reflected by
VAS score at 3 h) might have different pain-modulated
mechanisms from subacute postoperative pain (VAS score
at 24 h), and the latter might be affected by the pore
formation of P2X; receptors. Further validation of the
relationship between these P2RX7 gene polymorphisms
and time-dependent changes in postoperative pain
states is needed to clarify this issue.
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The present study revealed that PPLpre and PPLpost-
PPLpre in the cold pressor test were associated with
haplotypes of the SNPs (haplotype No.1 and No.3) in the
P2RX7 gene, suggesting that P2X; receptors are involved
in cold pain transmission and the analgesic effects of
opioids for cold pain stimuli under naive conditions.
However, these haplotypes showed no significant asso-
ciation with clinical pain conditions (VAS scores) or fen-
tanyl requirements. The pain stimulus in the cold
pressor test may be mediated by the activation of transi-
ent receptor potential ankyrin 1 (TRPAI) channels in
primary sensory neurons [44]. Postoperative pain may be
mediated mainly by the activation of transient receptor
potential vanilloid 1 (TRPV1) channels subsequent to
incision and inflammation and not by the activation of
TRPA1 channels [45]. P2X; receptors are well known
to act as ATP-gated Ca”*-permeable cation channels.
Furthermore, the function of TRP channels might be
regulated by external Ca®* [46]. Thus, together with
our present results, TRPA1 channels may be affected
by the channel function of P2X; receptors, and TRPV1
channels may be affected by the pore formation of
P2X;, receptors. Although further investigation and
validation are needed to confirm this hypothesis, P2X,
receptors are suggested to play differential roles in pain
transmission, depending on the type of pain stimulus.
Furthermore, the mechanisms of P2X; receptor-induced
alterations in the analgesic effects of opioids are still un-
clear. Only a few reports have shown that the blockade
of P2X; receptors with specific antagonists or targeting
small interfering RNA (siRNA) enhanced the analgesic
effects of morphine in chronic morphine-treated (ie.,
morphine-tolerant) rats, although these effects were not
evident in naive rats [47,48]. Thus, neuronal modulation
via P2X; receptors may affect the analgesic effects of
opioids, but these modulatory effects may depend on
the type of pain stimulus or pain expression (i.e., acute
or chronic).

Conclusions

In Japanese subjects, naive cold pain sensitivity and
the analgesic effect of fentanyl were related to an SNP
and haplotypes in the P2RX7 gene. The rs1718125
G>A SNP tended to be associated with higher VAS
scores at 24 h after mandibular sagittal split ramus
osteotomy. Furthermore, subjects with homozygous
haplotype No.3 (GTAAAC) exhibited higher cold pain
sensitivity and lower analgesic effects of fentanyl for
acute cold pain in the cold pressor test. The combin-
ation of polymorphisms from the 5’-flanking region to
exon 5 in the P2RX7 gene could recessively affect cold
pain sensitivity and the analgesic effects of opioids for
acute cold pain. Subjects with homozygous haplotype
No.2 (GCGGAC) had lower VAS scores at 24 h after
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surgery. Although further validation is needed, our
data may provide valuable information about the role of
P2X; receptors in pain pathways and pain treatment.

Additional file

Additional file 1: State of linkage disequilibrium (LD) between the
SNPs in the P2RX7 gene. The numbers in squares represent
percentages of the D’ values. Squares without numbers represent D' = 1.
The color scheme is presented according to the "Standard Color Scheme”
of Haploview v.4.2 software: bright red (Lod = 2, D"= 1), shades of pink/red
(Lod 2 2, D" < 1), blue (Lod < 2, D= 1), white (Lod < 2, D’ < 1). Blue lines
indicate the exon regions of the P2RX7 gene.
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Abstract. G-protein—activated inwardly rectifying potassium (GIRK) channels are expressed in
many tissues and activated by several Gy, protein—coupled receptors, such as opioid and dopamine
receptors, and thus are known to be involved in the modulation of opioid-induced analgesia, pain,
and reward. We focused on a GIRK-channel subunit that plays a pivotal role in the brain, GIRK2,
and investigated the contribution of genetic variations of the GIRK2 (KCNJ6) gene to individual
differences in the sensitivity to opioid analgesia. In our initial linkage disequilibrium analysis, a
total of 27 single-nucleotide polymorphisms (SNPs) were selected within and around the regions
of the KCNJ6 gene. Among them, the rs2835859 SNP, for which associations with analgesia and
pain have not been previously reported, was selected in the exploratory study as a potent candidate
SNP associated with opioid analgesic sensitivity. The results were corroborated in further
confirmatory study. Interestingly, this SNP was also found to be associated with sensitivity to both
cold and mechanical pain, susceptibility to nicotine dependence, and successful smoking
cessation. The results indicate that this SNP could serve as a marker that predicts sensitivity to
analgesic and pain and susceptibility to nicotine dependence.

[Supplementary materials: available only at http://dx.doi.org/10.1254/jphs.14189FP]

Keywords: G-protein—activated inwardly rectifying potassium (GIRK) channel,
single-nucleotide polymorphism, opioid analgesia, pain,
susceptibility to nicotine dependence

Introduction channel activation is triggered by the activation of
several Gy, protein—coupled receptors, such as opioid

G-protein—activated inwardly rectifying potassium (8), My-muscarinic (9), D,- and Ds-dopaminergic (10),
(GIRK) channels are members of the inwardly rectifying ap-adrenergic (11), serotonin 1A (5-HT}a) (12), metabo-
potassium channel family, and four kinds of subunits tropic glutamate (13), somatostatin (14), CB;-cannabinoid
(GIRK1-GIRK4) have been identified in mammals (1). (15, 16), nociceptin/orphanin FQ (17), and A;-adenosine
GIRK channels are expressed in many tissues, including (18) receptors. Neuronal GIRK channels are predomi-
the heart (2), spinal cord (3, 4), and various regions in the nantly heteromultimeric, composed of GIRK1 and

brain with different subunit compositions (5 — 7). GIRK GIRK2 subunits in most brain regions (19, 20), or
homomultimeric, composed of GIRK2 subunits in the

*Corresponding author. ikeda-kz@igakuken.or jp substantia nigra (21). Several studies that used knockout
Published online in J-STAGE on October 25, 2014 mice showed that opioid-induced GIRK channel
doi: 10.1254/jphs.14189FP activation co-expressed with opioid receptors inhibited
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