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Event-related oscillations (EROs) represent highly her-

itable neuroelectric correlates of cognitive processes

that manifest deficits in alcoholics and in offspring at

high risk to develop alcoholism. Theta ERO to targets

in the visual oddball task has been shown to be an

endophenotype for alcoholism. A family-based genome-

wide association study was performed for the frontal

theta ERO phenotype using 634 583 autosomal single

nucleotide polymorphisms (SNPs) genotyped in 1560

family members from 117 families densely affected by

alcohol use disorders, recruited in the Collaborative

Study on the Genetics of Alcoholism. Genome-wide sig-

nificant association was found with several SNPs on

chromosome 21 in KCNJ6 (a potassium inward rectifier

channel; KIR3.2/GIRK2), with the most significant SNP

at P = 4.7 × 10−10). The same SNPs were also associ-

ated with EROs from central and parietal electrodes, but

with less significance, suggesting that the association

is frontally focused. One imputed synonymous SNP in

exon four, highly correlated with our top three SNPs,

was significantly associated with the frontal theta ERO

phenotype. These results suggest KCNJ6 or its product

GIRK2 account for some of the variations in frontal theta

band oscillations. GIRK2 receptor activation contributes

to slow inhibitory postsynaptic potentials that modulate

neuronal excitability, and therefore influence neuronal

networks.
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The electroencephalogram (EEG) recorded from the scalp
during cognitive tasks contains oscillation patterns in
specific frequency bands associated with task processing.
These event-related oscillations (EROs) provide a versatile
framework to generate coordination and communication
during complex brain operations (Buzsaki 2010; Buzsaki &
Draguhn 2004); they bind neural ensembles by providing
windows of opportunity for neurons to fire enabling
functional integration of networks (Fries 2005). EROs in
specific frequency bands [δ (1.0–2.5 Hz); θ (3.0–7.0 Hz);
α (7.5–12.0 Hz); β (12.5–29.0 Hz) and γ (>29.0 Hz)] have
been attributed to specific cognitive processes during normal
and pathological brain function (Babiloni et al. 2011; Basar
et al. 2001; Klimesch et al. 2001; Rothenberger 2009). Delta
EROs are associated with signal evaluation and decision
making (Basar et al. 1999; Schurmann et al. 2001), while
theta EROs are important for processes underlying frontal
inhibitory control, conscious awareness, recognition memory
and episodic retrieval (Gevins et al. 1998; Klimesch et al.
1994, 2001). Theta oscillations have been implicated in
sensorimotor integration (Bland & Oddie 2001; O’Keefe &
Recce 1993), evaluating loss and gain (Kamarajan et al. 2008)
and several processes associated with memory (Jacobs
et al. 2006; Klimesch et al. 2008; Vertes 2005). Theta
rhythm plays a role in information processing using an
attentional double-gating mechanism, ‘filtering-in’ signals for
effective registration and encoding of selected information
and ‘filtering-out’ interfering inputs (Vinogradova 1995). Brain
oscillations have been shown to be stable, highly heritable
(van Beijsterveldt & Boomsma 1994; van Beijsterveldt et al.
1996), and to be reliable endophenotypes that reflect a shared
liability between alcoholism and related disorders (Porjesz
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KCNJ6 SNPs and theta oscillations

et al. 2005). Power estimates of oscillations are more
heritable than event-related potential (ERP) components,
giving them a slight edge as endophenotypes (de Geus 2010).

Alcoholism is part of a spectrum of disinhibitory disorders,
which include externalizing and substance use disorders;
a shared set of genetic factors influencing impulse control
are postulated to underlie these cooccurring disinhibitory
disorders (Kendler et al. 2003; Lahey et al. 2011). Hence,
examining neuroelectric phenotypes that reflect shared
liabilities provides a powerful strategy to investigate
underlying risk for alcoholism and related disorders (Porjesz
& Rangaswamy 2007; Rangaswamy & Porjesz 2008). Our
earlier studies have shown that both delta and theta
power are significantly reduced in alcoholics and adolescent
offspring of alcoholics when compared with normal controls
during target processing in a visual oddball paradigm (Jones
et al. 2006b; Rangaswamy et al. 2007). Frontal theta ERO
has successfully served as an endophenotype in family and
case–control genetic studies in the Collaborative Study on
the Genetics of Alcoholism (COGA) (Chen et al. 2009; Jones
et al. 2004, 2006a; Zlojutro et al. 2011). This study examines
the theta ERO endophenotype recorded at the midline frontal
(Fz) electrode in response to targets in a visual oddball
paradigm in a family-based genome-wide association study
(GWAS). This study also evaluates the scalp topography
of associations for theta ERO and single nucleotide
polymorphisms (SNPs) in the most significant gene. The
advantage of a family-based study design is robustness
against population substructure and the availability of the
genotypes of both parents, which enables a more correct
evaluation of genotype errors. This is the first family-based
GWAS of EROs.

Materials and methods

Participants
Alcoholic and community probands and their families were recruited
and tested as part of the national multi-site COGA. Alcoholic
probands were recruited from inpatient and outpatient treatment
facilities; all participants were administered the Semi-Structured
Assessment for the Genetics of Alcoholism (Bucholz et al. 1994;
Hesselbrock et al. 1999), and alcoholic subjects met criteria for
alcohol dependence (DSM-IV). Data from the six COGA collection
sites were included in the analysis: SUNY Downstate Medical
Center at Brooklyn, New York; University of Connecticut Health
Science Center; Washington University School of Medicine in St.
Louis; University of California at San Diego; University of Iowa, and
Indiana University School of Medicine. Recruitment and assessment
procedures have been outlined previously (Begleiter et al. 1995;
Foroud et al. 2000; Nurnberger et al. 2004; Reich et al. 1998) and are
available at zork.wustl.edu/niaaa/coga_instruments/resources.html.
Institutional review boards at each site approved the research
protocols in the COGA study and written consent was obtained
from each individual before participation.

Prior to neurophysiological assessments, alcoholic subjects were
required to abstain from alcohol for a minimum of 3 weeks and
not exhibit withdrawal symptoms. Subjects were excluded from
neurophysiological assessment if they had any of the following:
(1) recent substance or alcohol use (i.e. positive breath-analyzer
test and/or urine screen), (2) hepatic encephalopathy/cirrhosis of the
liver, (3) significant history of head injury, seizures or neurosurgery,
(4) uncorrected sensory deficits, (5) taking medication known to
influence brain functioning, (6) history/symptoms of psychoses,
(7) positive test for human immunodeficiency virus, (8) other

acute/chronic medical illnesses that affects brain function and (9) and
a score of less than 25 on the Mini Mental State Examination (Folstein
et al. 1975).

Prioritization of families for the COGA family-based GWAS was
based on the number of alcohol-dependent family members, the
number of individuals who supplied DNA and the number of family
members with electrophysiological measurements. The family-based
GWAS of the theta ERO phenotype only included families of primarily
Caucasian descent (to reduce heterogeneity of the sample) and
those with measurements of the theta ERO phenotype at the
frontal (Fz) lead. Thus, the dataset for the family-based GWAS of
theta ERO comprised 1560 individuals (male = 738, female = 822)
ranging in age from 7 to 74 years (male: 7–74 years, average =
30.7 years; female: 7–72 years, average = 31.6 years) from 117
multi-generational families affected with alcoholism. Family sizes
ranged from 4 to 39 individuals and had an average of 13.4 subjects
per family (Fig. S1).

Visual oddball task
A three stimulus visual oddball task was employed with 280 visual
stimuli of three different types: targets (rarely occurring letter X
to which the subjects responded quickly and accurately with a
button press, non-targets (frequently occurring white squares) and
novels (rarely occurring random colored geometric figures). Stimuli
subtended a visual angle of 2.5◦ with stimulus durations of 60
milliseconds and inter-stimulus intervals of 1.625 milliseconds. The
task comprised 35 target, 35 novel and 210 non-target stimuli with
a probability of occurrence of 0.125, 0.125 and 0.750, respectively.
The stimuli were presented pseudo-randomly with the only constraint
that the targets and novels always followed non-targets.

Event-related potential recording
All six collaborating sites used identical experimental procedures and
EEG acquisition hardware and software programs. Subjects were
seated comfortably 1 m from a monitor in a dimly lit sound-attenuated
RF-shielded booth (Industrial Acoustics Company, Bronx, NY, USA),
and wore a 19-channel electrode cap (Electro-Cap International,
Inc., Eaton, OH, USA) as specified by the International 10–20
System for Electrode Placement (Fig. S2). The nose served as
reference and the forehead served as ground. Electrode impedances
were maintained below 5 k�. Electrical activity was amplified
10 000 times using Sensorium EPA-2 Electrophysiology amplifiers
(Charlotte, VT, USA) was recorded continuously over a bandwidth of
0.02–100.0 Hz on a Neuroscan system (Version 4.1–4.5; Neurosoft,
Inc., El Paso, TX, USA) at sampling rates of 256, 500 and 512 Hz,
and stored for further analysis. During analysis all signals were
re-sampled to 256 Hz and bandpass filtered between 0.05 and
55.0 Hz. Artifact rejection threshold was set at 100 μV. A minimum
of 20 epochs of 100 milliseconds pre-stimulus to 750 milliseconds
post-stimulus artifact free trials for each stimulus was required for
analysis.

ERO energy estimation
Estimates of localized power of non-stationary evoked potential
time series were obtained using the S-transform, a time-frequency
representation method developed by Stockwell (2007) and Stockwell
et al. (1996). This method has been previously described and
implemented in our laboratory to evaluate event-related signals in
the time-frequency domain (Jones et al. 2006b; Kamarajan et al.
2006; Rangaswamy et al. 2007).

Phenotype
Event-related electrophysiological data for the target stimulus from
the visual oddball task were analyzed. The amplitude envelope of
the S-transform time-frequency region was averaged across single
trials, per individual, to obtain estimates of event-related total power.
Mean power was calculated for each electrode within time-frequency
regions of interest that were defined by frequency band ranges and
time intervals (Lachaux et al. 2003). The primary phenotype used
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Kang et al.

for the family GWAS was the total power in the θ (3.0–7.0 Hz)
oscillation at the frontal midline channel (Fz) extracted from the
300–700 ms time window, which corresponds to the window of
the P300 component in the event-related waveforms. The total
theta power measure was also extracted for the central (Cz)
and parietal (Pz) channels for secondary analyses. As the theta
ERO phenotype showed significant age and gender effects with
amplitude, age and gender were included as covariates in the genetic
analyses.

Genotyping and quality control
Samples from the COGA DNA and Cell Repository at Rutgers
University were genotyped at the Genome Technology Access
Center at Washington University School of Medicine in St. Louis
using the Illumina Human OmniExpress array 12.VI (731 444 SNPs;
Illumina, San Diego, CA, USA) on 2098 subjects selected from
118 densely affected families. An additional 224 subjects from
these 118 families had been genotyped in a previous case–control
GWAS by the Center for Inherited Disease Research (CIDR)
at John Hopkins University using the Illumina Human 1M-Duo
BeadChip Technology (1 041 465 SNPs; Illumina, San Diego, CA,
USA; Edenberg et al. 2010). To insure quality control (QC), 51
subjects previously genotyped at CIDR were included among the
2098 subjects genotyped at Washington University.

The genotypic data set of 731 444 SNPs was carefully examined
to ensure high quality standards (Turner et al. 2011). In this QC,
each SNP was first examined for genotypic completeness. A
genotype call score threshold of 0.15 was used, as recommended
by Illumina Technical Support, which led to the removal of 1.7%
of SNPs from further analysis. For those cases (n = 162, 0.33%) in
which duplication or deletion was observed, the entire chromosome
harboring this copy number variant was removed from further
analysis. Inconsistencies (a non-missing, but different, genotype on
the two arrays) of the 544 276 overlapping SNPs on the Illumina
Human 1M-Duo and the Illumina Human OmniExpress arrays were
tested using the 51 twice-genotyped subjects. We found 571 SNPs
with more than one discrepancy and removed those SNPs in all
2322 subjects. Deviations from Hardy–Weinberg equilibrium (HWE)
were evaluated using 442 genotyped founders, and SNPs that failed
the HWE test at P < 10−6 were removed. SNPs with minor allele
frequency less than 0.01 were removed. In total, 634 627 autosomal
SNPs were analyzed for association.

The software package PLINK v1.07 (Purcell et al. 2007) was
used to calculate pairwise identity-by-descent (IBD) estimates of
100 000 SNPs, which were not in linkage disequilibrium with each
other, to verify the reported pedigree structure of the 118 families.
Based on these IBDs, some family structures were modified. Using
the software PEDCHECK v1.1 (O’Connell & Weeks 1998) on the
modified pedigrees, 2899 SNPs with two or more inconsistencies
with Mendelian inheritance were identified and removed. Ethnic
stratification was assessed with EIGENSTRAT (Price et al. 2006)
using the 100 000 SNPs and the HapMap Caucasian reference
samples, and no individual was excluded based on the EIGENSTRAT
v3.0 results.

Statistical genetic analyses
Genome-wide association tests with the frontal theta ERO phenotype
to target stimuli were performed on 1560 samples from 117
of the 118 families genotyped; one of the 118 families was
excluded because there were no theta ERO measurements available.
Association testing was carried out assuming an additive model using
the generalized disequilibrium test. Phenotype data was derived
from multivariate linear regression models which were constructed
from log-transformed theta power recorded at Fz, controlling for log-
transformed age and stratified by gender and the residual values were
fit to a standard normal distribution to create z-scores. Secondary
analysis examined the topographic distribution of association signals
in the KCNJ6 region using total theta power at Cz and Pz scalp
locations.

Imputation of SNPs in the KCNJ6 region was performed
using the program BEAGLE version 3.3.1 (Browning & Browning
2009) (http://www.sph.umich.edu/csg/abecasis/MaCH/). We used
reference data from the European population in the August 2010
release of the 1000 Genomes Project provided with the Beagle
release for our European American sample. SNPs with a final r2, the
estimated squared correlation between the estimated allele dosage
and the true allele dosage, >0.30 were used. For individual-level
genotype data, we retained genotypes having a probability ≥80%
(from the gprob metric in Beagle); otherwise that genotype was
set to missing. To account for uncertainty, we used the mean of the
distribution of imputed genotypes, which corresponds to an expected
allelic or genotypic count (dosage) for each individual. Subsequently,
association tests of the Fz theta ERO phenotype were performed.

Results

Event-related electrophysiological data for the target stimulus
from the visual oddball task yielded measures of total power
in the θ (3.0–7.0 Hz) oscillation at the frontal midline channel
(Fz). This measure was estimated for 1560 individuals from
the signals in the 300–700 milliseconds time window, which
corresponded to the time window of the P300 component in
the event-related waveforms. The mean power in the theta
band for the frontal midline channel was 30.2 ± 18.7 μV2

(males = 28.2 μV2; females = 32.0 μV2).
The quantile–quantile (QQ) plot of predicted and observed

association results is presented in Fig. S3. The genomic
inflation factor λ is 1.00, indicating that there is no bias of the
test statistic. Figure 1 displays the P-values of association
tests for the θ Fz phenotype in a Manhattan plot. The most
significant results were located on chromosome 21, with
seven SNPs reaching genome-wide significant P-values (see
Table 1 for SNPs with P < 1 × 10−5). The SNP with the

Figure 1: Manhattan plot of

genome-wide association re-

sults for theta ERO at Fz. Nega-
tive log-transformed P-values for
SNPs are plotted against posi-
tion on each chromosome. One
genomic region on chromosome
21 contains SNPs that exceed the
genome-wide significance thresh-
old of 7.88 × 10−8 (indicated by
red line).

714 Genes, Brain and Behavior (2012) 11: 712–719
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KCNJ6 SNPs and theta oscillations

Table 1: Top SNPs with P < 1 × 10−5 associated with theta power at Fz in family GWAS

Chromosome Gene Function SNP bp A1∗ A2 Freq.† Effect‡ P

21 KCNJ6 Intron rs2835872 39 027 272 G A 0.681 −0.145 4.70 × 10−10

21 KCNJ6 Intron rs702860 39 008 629 A G 0.699 −0.139 3.10 × 10−9

21 KCNJ6 Intron rs2835850 39 012 977 T C 0.700 −0.139 3.50 × 10−9

21 KCNJ6 Intron rs857975 39 001 613 C A 0.699 −0.135 9.20 × 10−9

21 KCNJ6 Intron rs857978 38 998 126 C T 0.678 −0.129 1.90 × 10−8

21 rs2835831 38 987 233 T C 0.684 −0.129 2.00 × 10−8

21 rs2835837 38 990 443 G A 0.681 −0.129 2.10 × 10−8

21 KCNJ6 Intron rs2154553 39 004 501 A G 0.696 −0.130 1.00 × 10−7

21 KCNJ6 Intron rs12482570 39 077 777 A G 0.671 −0.123 1.10 × 10−7

21 KCNJ6 Intron rs2835893 39 060 893 G A 0.672 −0.126 1.50 × 10−7

21 KCNJ6 Intron rs1787422 39 076 961 T C 0.610 −0.115 1.90 × 10−7

21 rs2835833 38 987 897 G A 0.683 −0.123 2.90 × 10−7

14 rs2766692 100 684 192 G A 0.691 −0.110 2.10 × 10−6

22 PRR5-ARHGAP8 Intron rs16992796 45 183 014 G A 0.050 −0.236 3.00 × 10−6

15 rs7181753 96 844 727 T C 0.199 0.128 3.00 × 10−6

3 rs9860340 87 783 976 A G 0.749 −0.122 3.60 × 10−6

21 KCNJ6 Intron rs858008 39 065 630 C T 0.512 0.099 4.30 × 10−6

21 KCNJ6 Intron rs2835886 39 040 342 C T 0.586 0.101 4.60 × 10−6

6 rs9395865 53 307 694 T C 0.279 0.106 6.10 × 10−6

11 C11orf84 Intron rs10897449 63 592 621 T C 0.453 −0.099 7.20 × 10−6

6 FAM65B Intron rs4256430 24 863 075 A G 0.465 −0.099 8.40 × 10−6

6 rs4712029 53 317 012 G A 0.238 0.114 8.40 × 10−6

∗A1 is the reference allele.
†Freq. is the allele frequency of the reference allele A1.
‡Effect is the effect of the reference allele A1 on the phenotype theta power recorded at Fz.

lowest P-value (4.70 × 10−10) was rs2835872 in KCNJ6 on
chromosome 21. The G allele of rs2835872 was associated
with lower theta power at Fz. This marker, along with 10
other SNPs listed in Table 1, were located within the introns
of KCNJ6.

Given the significant findings of KCNJ6 SNPs, we imputed
additional SNPs in this region. Our imputed data show that
the top three highly correlated SNPs (r2> 0.99) in introns
of KCNJ6 are associated with theta Fz at a genome-wide
significance level (rs2835880, imputed, P = 2.80 × 10−10;
rs2835872, genotyped, P = 4.70 × 10−10; rs10483038,
imputed, P = 6.60 × 10−10). A synonymous SNP, rs702859
(imputed) in KCNJ6 that is highly correlated with the top three
SNPs, rs2835880, rs2835872, and rs10483038 (r2 > 0.8) is
associated with theta Fz at P-value 1.60 × 10−8 (Table
S1). Figure 2 displays KCNJ6 in the chromosome 21q22
association with theta Fz for both genotyped and imputed
SNPs.

To evaluate the topographic specificity of the significant
findings of KCNJ6 SNPs with the theta ERO phenotype at Fz,
we investigated the association of SNPs in KCNJ6 with theta
ERO power at the central midline (Cz) and parietal midline
(Pz) channels. The association analysis results for Cz and
Pz for KCNJ6 SNPs did not reach genome-wide significance
levels, nor yield as many P-values <1 × 10−4 as Fz. There
are 15 SNPs with P-values <1 × 10−4 for Fz while there is
only one for Cz and none for Pz. The most significant SNP
for Fz, rs2835872, was also most significant for Cz (6.00 ×
10−5). The SNP with the lowest P-value for Pz, rs2835850
(P = 1.10 × 10−4), reached genome-wide significance for Fz.

This suggests that the theta oscillations in all three regions
shared a genetic determinant in KCNJ6, and that the frontal
channel shows the strongest signal.

In addition to KCNJ6, some evidence of association
(P < 1.0 × 10−5) was found with SNPs in or near other genes
(Table 1). These other findings were in PRR5-ARHGAP8 on
chromosome 22, C11orf84 on chromosome 11, and FAM65B
on chromosome 6.

Discussion

The results from this family GWAS have provided the first
genome-wide significant association of theta oscillations with
three SNPs in KCNJ6. These SNPs were associated with
theta oscillations across the scalp; however, the strongest
associations were frontal (Fz). One imputed synonymous
SNP in exon four, highly correlated with our top three SNPs,
was significantly associated with the frontal theta ERO
phenotype. These results suggest a role for KCNJ6 or its
product GIRK2 in variations of frontal theta band oscillations.

The protein encoded by KCNJ6 is known as GIRK2, GIRK2a
and KIR 3.2, and is part of a superfamily of inward rectifier
channels. GIRK2 is widely distributed in the brain and is an
important functional element in dopaminergic, cholinergic,
GABAergic and glutamatergic synapses (Saenz del Burgo
et al. 2008). Studies have suggested that three different
splice variants of GIRK2 (GIRK2a, GIRK2b and GIRK2c)
channels may exist in neurons (Isomoto et al. 1997). Of
the four GIRK channels (GIRK1–4) expressed in mammals,

Genes, Brain and Behavior (2012) 11: 712–719 715

 1601183x, 2012, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/j.1601-183X

.2012.00803.x by T
est, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Kang et al.

Figure 2: Plot of chromosome

21q22 association with theta

power at Fz. Negative log-
transformed P-values for SNPs
are plotted against position on
chromosome 21q22. * Indicates
genotyped SNP. # Indicates syn-
onymous coding SNP.

GIRK1–3 are abundantly expressed in the brain (Wickman
et al. 2000). Of these, only GIRK2 is capable of forming
both heterotetrameric (with GIRK1/3) and homotetrameric
functional channels (Liao et al. 1996). By virtue of its
channel properties, GIRK2 contributes to the slow inhibitory
postsynaptic potentials as a result of GABAB action (Luscher
et al. 1997; Nicoll 2004). Activity of GIRK receptors results
in hyperpolarization that decreases neuronal excitability and
this in turn directly influences activity levels in neurons.
There are several lines of evidence that highlight the role
of inhibition in tuning responses and pacing oscillations and
establishing synchrony during cognitive processing in the
brain (Isaacson & Scanziani 2011;review). A simulation study
examining decision time and theta rhythm suggests that a
mixture of slow and fast inhibition can affect the power
in the theta band and speed up the reaction times in a
decision-making network (Smerieri et al. 2010).

Very few studies have examined electrophysiology and
genetics in humans. Small effects from several genes
associated with neurotransmitters may contribute to the
variation in P300 and theta and delta oscillations during
cognitive tasks. The neurochemical basis of the target
stimulus response and P300 component has been suggested
to be triggered by glutamatergic activity and modulated by
influences from both cholinergic and GABAergic sources
(Frodl-Bauch et al. 1999; Kenemans & Kahkonen 2011).
Previous studies conducted in COGA examining the genetics
of EROs have employed whole genome linkage followed by
candidate gene association methods on family and case
control data. Based on the regions identified in whole
genome linkage scans with theta EROs, we identified
candidate genes, namely, GRM8 (metabotropic glutamate
receptor) and CHRM2 (muscarinic cholinergic receptor), and
subsequently reported that SNPs in both candidate genes

are associated with theta EROs to targets (Chen et al.
2009; Jones et al. 2006a; Jones et al. 2004). In this study,
we also found several SNPs in both CHRM2 and GRM8
genes were significantly associated with frontal theta EROs;
however, not quite at the level of genome-wide significance
(Table S2). Another study endorsing a role for the thalamus
in cognitively relevant brain rhythms has suggested both
metabotropic glutamate receptor and muscarinic cholinergic
receptor activation can cause rhythmic bursting at alpha/theta
frequencies (Hughes et al. 2008). Since the GIRK2 is an
important functional element in dopaminergic, cholinergic,
GABAergic and glutamatergic synapses (Saenz del Burgo
et al. 2008), a functional involvement of the GIRK2 channels
in the oscillatory dynamics of theta band can be speculated.

The activation of GIRK channels can influence neuronal
networks at different levels in the brain via different mech-
anisms: (1) neuronal self-inhibition – where the transmitter
released from the dendrites activates the GIRK channels
on the same cell (Bacci et al. 2004), (2) neuron-to-neuron
inhibition – a result of activation of post synaptic receptors
such as GABAB (Newberry & Nicoll 1985), D2 (Beckstead &
Williams 2007) and group II metabotropic glutamate recep-
tors (Dutar et al. 1999) by the relevant transmitters released
from presynaptic neurons and (3) network level inhibition – a
result of ambient levels of neuromodulators like adenosine
and somatostatin, which are endogenous G protein coupled
receptor agonists. Somatostatin may alter the oscillatory
behavior of thalamic networks through postsynaptic activa-
tion of GIRK channels together with presynaptic inhibition
(Sun et al. 2002); in addition, endogenous adenosine may
suppress gamma oscillations in the hippocampus, which
also activate GIRK channels (Pietersen et al. 2009).

Animal models have shown that GIRK channels are
important effectors in both opioid- and ethanol-induced
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analgesia (Ikeda et al. 2002), as well as being directly
activated by ethanol with the involvement of a discrete
alcohol pocket (Aryal et al. 2009). Another study on rat
midbrain dopaminergic neurons suggests that the action
of ethanol occurs on activated GIRK channels downstream
of the GABAB receptors (Federici et al. 2009). The authors
suggest that the enhancing effects of ethanol on GABAB
responses could modulate alcohol intake and the mental
and motor performance in an acute intoxicative phase.
These receptors are the focus for developing new analgesics
(Lotsch & Geisslinger 2011) or therapeutic compounds that
could mitigate the effects of alcohol. Hence, this may also
be a pathway by which alcohol can modulate oscillatory brain
activity.

A candidate gene study looking for genetic variants of risk
for nicotine dependence identified a marker in KCNJ6 gene
as one of their top signals (Saccone et al. 2007). Recently,
another study examined a few SNPs in the promoter
region of KCNJ6 and found some association with these
SNPs for alcohol dependence in adults and for hazardous
drinking behavior in adolescents who were exposed to
early life stress (Clarke et al. 2011). Another recent study
has suggested epistatic interaction of KCNJ6 with CREB1
(cyclic adenosine 5′-phosphate (adenosine monophosphate)-
response element binding protein) may influence rumination,
which is a core cognitive feature of depression (Lazary
et al. 2011).

A polymorphism in this gene has been associated with opi-
oid effects on analgesia and methadone replacement dose
(Lotsch et al. 2010). A study examining dopamine-dependent
phenotypes in GIRK2 knockout mice noted the presence of
dopamine-dependent hyperactivity and enhanced responses
to drugs that stimulate dopamine neurotransmission (Arora
et al. 2010). However, these phenotypes were not solely
attributable to the loss of GIRK (1/2) signaling in dopamine
neurons, but could be due to adaptations in the mesolim-
bic dopamine system that facilitated excitatory glutamatergic
neurotransmission. Therefore the authors suggest that drugs
of abuse may evoke adaptations to promote chronic use
through a regulation of GIRK signaling strength in dopamin-
ergic neurons or their input neurons.

In conclusion, the results of the present study suggesting
a role for the KCNJ6 gene in variations of frontal theta
band oscillations are very compelling. Although all the
neurotransmitter interactions and the functional role of GIRK2
channels on brain electrophysiology and behavior is yet to be
completely defined, there is robust evidence (as reviewed
above) for an important role of this channel in regulating the
excitability of neuronal networks. Our findings underscore
the potential for identifying meaningful genetic correlates
of brain oscillations associated with pathophysiology of
neuropsychiatric conditions.

Despite these strong findings, there are some limitations
and caveats to bear in mind. As this method is designed for
common variants, studies are planned to examine rare vari-
ants (through sequencing). Furthermore, increasing the sam-
ple size and meta-analysis with other data sets will improve
power to identify associations. Future studies using an inde-
pendent data sample are needed to confirm this association
and examine the functional importance of these associations.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1: Distribution of family sizes in the GWAS
sample.

Figure S2: 10–20 International system electrode montage
used to record ERO. Frontal midline location (Fz in red)
was used for primary analysis; Central (Cz) and parietal (Pz)
locations in blue - used in secondary analysis.

Figure S3: QQ plot of GWAS results for theta power at
Fz. The genomic control inflation factor λ is 1.00.

Table S1: Imputed SNPs in KCNJ6 with P < 1 × 10−5

associated with theta power at Fz.
Table S2: SNPs in CHRM2 and GRM8 with p < 0.05

associated with theta power at Fz.
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