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Abstract The aim of this study was to evaluate the

association of genes that encode gap junction forming

proteins and schizophrenia. Representative genetic candi-

dates (Panx2 and Cx36) from two families of gap junction

genes were selected for analysis. According to the present

findings these genes represent both functional and posi-

tional candidates for schizophrenia. The sample was

comprised of 381 schizophrenic patients, and the same

number of matched controls was tested in this study in

order to evaluate the possible influence of the aforemen-

tioned genes on the pathogenesis of schizophrenia. Four

SNPs in the case of Panx2 and two SNPs in the case of

Cx36 were selected for analysis. Allele-, genotype- and

haplotype-wise association did not yield statistically sig-

nificant results. These data do not suggest that Panx2 or

Cx36 could increase the risk of schizophrenia in the Jap-

anese population.

Keywords Gap junction � Panx2 � Cx36 � Schizophrenia �
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Introduction

Schizophrenia is a severe mental disorder with a global

morbid risk of approximately 1% and a strong genetic

component in its etiology. The disease is characterized by

abnormal perception, thought disturbances and impaired

cognitive function (Sadock and Sadock 2005). One of the

present views on the pathogenesis of schizophrenia is re-

lated to the disturbed connectivity of neuronal networks

(Phillips and Silverstein 2003). The mechanism of the

neuronal network depends on two types of synapses,

namely, the usual chemical synapses and gap junctions (or

electrical synapses) (Connors and Long 2004). A large

body of evidence has shown that gap junctions have con-

siderable influence on the stabilization and propagation of

synchronized neuronal activity, especially in the beta (12–

30 Hz) and gamma (30–80 Hz) frequency band of EEG

(electroencephalogram) (LeBeau et al. 2003; Sohl et al.

2005). The aforementioned had been shown both in in vitro

(Whittington et al. 1995; Szabadics et al. 2001; LeBeau

et al. 2003; Mann et al. 2005; Traub et al. 2005) and in vivo

studies, namely in experiments involving Cx36 (connexin

36) knock out mice (Hormuzdi et al. 2001; Buhl et al.

2003). Furthermore, gap junctions have the capability of

bidirectional signal transmission and low-pass filter (LPF)

characteristics that are markedly different from properties

of chemical synapses. LPF as a term is used for describing

the virtue of preferential transmission of sub-threshold

potentials and low frequency stimuli that favor synchro-

nous activity of neural networks (an extensive review is

available at Sohl et al. 2005).

Two families of gap junction proteins have been de-

scribed in humans: connexins and pannexins. The connexin

family is divided into three subfamilies (alpha, beta and

gamma) consisting of more than ten different proteins
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(Rozental et al. 2000); however, Cx36 (subfamily gamma)

is preferentially expressed in cell types of neural origin

(Condorelli et al. 2000). Moreover, as has been mentioned

before, several studies have indicated its role in the pro-

motion of synchrony and power in a gamma frequency

range of EEG (Hormuzdi et al. 2001; Buhl et al. 2003). The

human pannexin (in a further text referred to as Panx)

family consists of Panx1, Panx2 and Panx3. However,

Panx2 is abundantly expressed in the brain and involved in

forming gap junctions of principal cells or GABAergic

interneurons (gamma amino butyric acid) (Bruzzone et al.

2003).

Regarding schizophrenia, several lines of evidence have

showed decreased power and synchrony in the gamma

frequency band of EEG during cognitive tasks in com-

parison to the nonaffected group (Spencer et al. 2003,

2004; Hong et al. 2004; Waberski et al. 2004). In that

regard, the reported deficit in gamma band oscillations

might be contributed by impaired synchronization of

pyramidal cells owing to nonadequate perisomatic inhibi-

tion by paralbumin—expressed GABAergic interneurons,

(Lewis et al. 2005).

Therefore, regarding gene expression and the reported

role in the generation of gamma band oscillations, genes

that encode Cx36 and Panx2 can be seen as functional

candidates for schizophrenia. Moreover, chromosomal

locations of both Cx36 (15q14) and Panx2 (22q13) are

reported as linkage regions for schizophrenia (Meyer et al.

2002; Kenneth and Lindon 2005). For this reason, the

aforementioned genes are positional candidates as well.

Methods

Sample population

The sample used in this research consisted of 381 schizo-

phrenia patients (229 males and 151 females; mean age

50 ± 15.1 years) and 381 healthy controls (160 males and

221 females; mean age 40 ± 14.6 years). For analysis of

Cx36, the total sample size consisted of 762 subjects and

had been genotyped. On the other hand, the genetic asso-

ciation between schizophrenia and Panx2 was tested with a

subset of the original sample comprised of 384 subjects

(case control ratio 1:1). All the subjects were unrelated and

of Japanese ethnicity. Subjects included in the case cohort

met the DSM-IV criteria for schizophrenia with the con-

sensus of two psychiatrists on the basis of an unstructured

diagnostic interview and review of their medical records.

Prior to inclusion in the control cohort subjects were

screened on the basis of brief diagnostic interviews by an

experienced psychiatrist. Subsequent to the study descrip-

tion, written informed consent was requested from each

subject. This study was approved by the Ethics Committee

at Nagoya University.

SNP selection

In order to test for genetic association either between the

positional or functional candidate and phenotype of inter-

est, we implemented a gene-based approach. This method

implies inclusion of both the gene region and gene flanking

regions in the association study (Neale and Sham 2004). In

other words, it is important to understand the gene as a

functional unity of coding and regulatory regions. Later on,

by taking advantage of the observed linkage disequilibrium

in the region of interest, it was possible to scale down the

number of single nucleotide polymorphisms (SNPs) to be

included in the association analysis by rejecting the

redundant SNPs and picking only haplotype tagging SNPs

in accordance with observed linkage disequilibrium (LD).

SNPs were selected from the hapmap database (release

#21; phase II; July 2006, population: Japanese in Tokyo)

(HapMap Consortium 2005), and the tagging SNP strategy

was based on two criteria: first to exclude redundant SNPs

from genotyping by taking advantage of the observed

linkage disequlibrium in order to achieve 95% haplotype

coverage and second to exclude SNPs with minor allele

frequencies less than 10% (because of substantial loss of

power due to sample size). According to the aforemen-

tioned criteria, from initial SNPs, four tagging SNPs for

Panx2 (rs17284210, rs3817816, rs4838859 and rs7292533)

and two tagging SNPs for Cx36 were selected (rs3743123

and rs752876).

None of the polymorphisms that had been tested in this

study were functional; however, we can speculate on the

possible impact on gene expression. Moreover, we tried to

achieve good coverage of the gene and gene-adjacent re-

gions. The rationale for the latter lies in the fact that tag-

ging SNPs may be used as a proxy for detecting functional

polymorphisms (i.e., LD between tagging SNP and un-

known functional polymorphisms).

Genotyping methods

Genomic DNA was extracted from peripheral blood. The

restriction fragment length polymorphism (RFLP) method

was performed for genotyping rs17284210, rs3817816 and

rs7292533. On the other hand, the allelic discrimination

assay (Applied Biosystem Japan Ltd., Tokyo) was carried

out for genotyping rs4838859, rs3743123 and rs752876. For

each 384-well plate used for the allelic discrimination assay,

three nontemplate controls were included. Details regarding

primer design, cycle condition and restriction enzymes used

for RFLP assay, as well as data on the probe design for

allelic discrimination assay, are available upon request.
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Statistical methods

The LD blocks were defined in accordance with the four

gamete rule (Wang et al. 2002). Haplotype frequencies were

estimated by the expectation-maximization algorithm. The

aforementioned (LD block definition and haplotype fre-

quency estimation) are functions implemented in the Ha-

ploview software v3.32 that was used in this study (Barrett

et al. 2005). Genotype deviations from the Hardy–Weinberg

equilibrium, allelic and genotypic associations were tested

by chi-squared statistics. Log likelihood ratio tests for ha-

plotypic association between schizophrenia and SNPs that

are in linkage disequilibrium were carried out by the soft-

ware Unphased v2.403 (Dudbridge 2003) with a permutation

test for the calculation of empirical significance levels for

differences between haplotype frequencies in case and

control cohorts. The experimental alpha level was set to 0.05.

Power analysis was performed in accordance with the

general power calculation model for chi-squared statistics.

In brief, power is determined with respect to the degree of

freedom and predefined alpha level of the study, after

assuming the effect size (in accordance with Cohen’s cri-

teria). For the power calculation, Sample Power software v

2.0 (SPSS inc.) was used.

Results

HapMap data revealed a discreet linkage disequilibrium

pattern in the region of Panx2. In detail, pairwise LD

analysis of Panx2 polymorphisms showed one LD block

that comprises several polymorphisms. However, only

rs4838859 and rs7292533 were sufficient for 95% haplo-

type coverage. In spite of the fact that the remaining two

polymorphisms (rs17284210 and rs3817816) are neither in

linkage disequilibrium nor within a separate LD block, we

included them in the study design in order to achieve sat-

isfactory gene coverage for association analysis. Con-

cerning Cx36, pairwise LD analysis showed one LD block

that spreads throughout the gene region. Two SNPs

(rs3743123 and rs752876) were sufficient in order to

achieve 95% of haplotype coverage. The LD pattern of our

data was in accordance with the LD pattern predicted by

the HapMap database data set (data not shown).

Deviation from Hardy–Weinberg equilibrium was not

observed. Allele-, genotype- or haplotype-wise analysis did

not provide sufficient evidence for association between two

genes that encode gap junction proteins and schizophrenia

(see Table 1). Regarding Panx2, in case effect size is set to

medium (in accordance with Cohen’s criteria), the sample

that was characterized in our research had approximately

80% power for detecting genetic association. However, in

case the size effect had been set to small, the calculated

power was 50%. On the other hand, regarding the Cx36

sample, the power was estimated to be more than 80% even

if the effect size was set to small.

Discussion

The common disease-common variants hypothesis postu-

lates that linkage disequilibrium should be detected by the

Table 1 Genotype distribution

Gene SNPa Blockb Cohort Genotypec P value Alleled P value Haplotype
P value

M/M M/m m/m M m

Cx 36 rs752876 Icx36 Case 121 186 74 0.807 56.2 43.8 0.877 0.807

G > A Control 127 177 77 56.6 43.4

rs3743123 Case 138 176 67 0.803 59.3 40.7 0.958

C > T Control 133 185 63 59.2 40.8

Panx 2 rs17284210 / Case 134 51 7 0.680 83.1 16.9 0.372 /

T > G Control 141 46 5 85.4 14.6

rs3817816 / Case 90 79 23 0.987 67.4 32.6 0.878 /

G > A Control 89 79 24 66.9 33.1

rs4838859 Ipanx2 Case 107 74 11 0.949 75.0 25.0 0.802 0.386

A > G Control 110 71 11 75.8 24.2

rs7292533 Case 84 94 14 0.344 68.2 31.8 0.539

T > C Control 84 86 22 66.1 33.9
a Upper value is dbSNP designation while lower value represents major > minor allele
b Dotted line represents LD block
c M Major allele, m minor allele in absolute numbers
d M Major allele, m minor allele in percents
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haplotype association test if the risk haplotype was linked to

variants (Chakravarti 1999). Therefore, regarding the Jap-

anese population, the data presented in this article do not

provide sufficient evidence for the involvement of the two

gap junction coding genes in conferring that susceptibility.

Definition of phenotypes is vital for genetic association

study; therefore, endophenotypes (being more specific than

phenotypes) are thought to be important for this field

(Gottesman and Gould 2003; Braff et al. 2007). We did not

take advantage of endophenotypes in order to test for ge-

netic association, and that might be a limitation of our

study. However, here we have to mention that several

studies showed gamma band oscillations, recorded in

schizophrenic patients, that indeed have reduced power and

synchrony in comparison to nonaffected subjects (Spencer

et al. 2003, 2004). Therefore, rather that segregation of the

sample in respect to the characteristic of gamma band

oscillations, we implemented a crude phenotype approach

(schizophrenia phenotype in toto) in the study design.

Moreover, regarding Cx36, our data are in concordance

with previous research regarding the aforementioned gene

and schizophrenia (Meyer et al. 2002).

In conclusion, neither Panx2 nor Cx36 has influence on

the pathogenesis of schizophrenia in the Japanese popula-

tion. However, since this is the first study regarding Panx2

and schizophrenia, it might be interesting to explore the

possible association in different population settings.
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