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Uncovering genes for cognitive (dys)function and predisposition
for alcoholism spectrum disorders: A review of human brain
oscillations as effective endophenotypes

Madhavi Rangaswamy* and Bernice Porjesz
Henri Begleiter Neurodynamics Laboratory, Department of Psychiatry and Behavioral Sciences,
SUNY Downstate Medical Center

Abstract
Brain oscillations provide a rich source of potentially useful endophenotypes (intermediate
phenotypes) for psychiatric genetics, as they represent important correlates of human information
processing and are associated with fundamental processes from perception to cognition. These
oscillations are highly heritable, are modulated by genes controlling neurotransmitters in the brain,
and provide links to associative and integrative brain functions. These endophenotypes represent
traits that are less complex and more proximal to gene function than either diagnostic labels or
traditional cognitive measures, providing a powerful strategy in searching for genes in psychiatric
disorders. These intermediate phenotypes identify both affected and unaffected members of an
affected family, including offspring at risk, providing a more direct connection with underlying
biological vulnerability. Our group has utilized heritable neurophysiological features (i.e., brain
oscillations) as endophenotypes, making it possible to identify susceptibility genes that may be
difficult to detect with diagnosis alone. We have discussed our findings of significant linkage and
association between brain oscillations and genes in GABAergic, cholinergic and glutamatergic
systems (GABRA2, CHRM2, and GRM8). We have also shown that some oscillatory indices from
both resting and active cognitive states have revealed a common subset of genetic foci that are shared
with the diagnosis of alcoholism and related disorders. Implications of our findings have been
discussed in the context of physiological and pharmacological studies on receptor function. These
findings underscore the utility of quantitative neurophysiological endophenotypes in the study of the
genetics of brain function and the genetic diathesis underlying complex psychiatric disorders.
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1. Introduction
An important focus of electrophysiological studies is to understand how large neuronal
assemblies organize and function in the brain and the possible mechanisms for cooperation
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that form the basis for all sensory, cognitive, and motor processes in health and disease. Not
only do electrophysiological indices provide a means to delineate the millisecond-by-
millisecond structure and progression of information processing in the brain, but they also
provide vital clues to points of aberration that may underlie a predisposition or vulnerability,
especially to psychiatric conditions, and the extent of damage caused by the disease
progression. Brain regions generally display a combination of delta (1–3 Hz), theta (4–7 Hz),
alpha (8–12 Hz), beta (13–30 Hz), and gamma (> 30 Hz) rhythms, as has also been seen in
corticothalamic network operations (Buzsaki and Draguhn, 2004; Steriade, 2001; Steriade,
2006). Furthermore, several rhythms can coexist in the same area or interact among different
structures, and adjacent frequency bands within the same neuronal network are associated with
different brain states (Steriade, 2001; Varela et al., 2001). The challenge of refining the exact
combination of time and frequency elements corresponding to specific brain states is aided by
new methods of analyses, such as the Continuous Wavelet Transform (Grossman and Morlet,
1984), Matching Pursuits (Mallat, 1993), and most recently the S-Transform (Stockwell,
1996), among others.

Traditional physiological models of brain function inherent in the event-related potential (ERP)
methodologies often conceptualize electrophysiological spontaneous activity as internal noise
(Tomberg and Desmedt, 1999). Functional neuroimaging studies have shown how the baseline
of spontaneous neuronal activity is organized in multiple highly specific functional anatomical
networks, known as resting state networks (Damoiseaux et al., 2006; De Luca et al., 2006).
The hemodynamic changes in these resting state networks have been shown to fluctuate at
frequencies between 0.01 and 0.1 Hz, and strongly overlap with sensory–motor and cognitive
networks that are commonly modulated during active behavioral tasks (Corbetta et al., 2000;
Fox et al., 2005; Fox et al., 2006; Mazoyer et al., 2001). Hence, recent models propose that
spontaneous activity may play an important functional role by providing constraints or
opportunity that could be important to communication in sensory, cognitive, or motor activity
networks (Engel et al., 2001; Llinas, 1988; Mantini et al., 2007; Varela et al., 2001).

Until recently, ERPs have been the basic electrophysiological indices of cognition and have
provided valuable insights into human brain processes. There is now a substantial literature
which suggests that some ERP features arise from oscillatory changes due to sensory and/or
cognitive processes which influence the dynamics of ongoing electroencephalographic (EEG)
rhythms of different frequency bands (Basar-Eroglu and Basar, 1991; Basar-Eroglu et al.,
2001; Demiralp et al., 2001; Karakas et al., 2000a; Schurmann et al., 1995; Schurmann et al.,
2001; Yordanova and Kolev, 1996). Sensory, cognitive and motor activities are associated with
synchronization and enhancement of EEG activity, where random resting EEG oscillations
become organized, amplified and coupled, thus giving rise to an ‘evoked’ (phase-locked) or
‘induced’ (non-phase-locked) rhythmicity. Event-related oscillations (EROs) have been
proposed to arise in part from superpositioning or from a process-related ‘partial-phase
resetting’ occurring in different EEG frequency bands in response to sensory or cognitive
stimulation (Basar, 1980; Basar, 1999; Makeig et al., 2002). These oscillations thus provide
links to associative and integrative brain functions. Specific frequency rhythms of oscillatory
responses have been attributed to underlie various cognitive processes, as follows: delta, signal
detection and decision-making (Basar et al., 1999; Schurmann et al., 2001); theta, conscious
awareness, recognition memory, and episodic retrieval (Basar et al., 2001b; Doppelmayr et al.,
1998; Gevins et al., 1998; Klimesch et al., 2001; Klimesch et al., 1994); slow alpha, attribution
of attentional resources (Basar et al., 1997; Klimesch, 1997; Klimesch et al., 1998); fast alpha,
semantic memory and stimulus processing (Klimesch, 1997; Klimesch et al., 1997a; Klimesch
et al., 1997b; Klimesch et al., 1994); beta and gamma, sensory integrative processes (Basar-
Eroglu et al., 1996a; Basar-Eroglu et al., 1996b; Basar et al., 2001a; Schurmann et al., 1997).
The more recent models evaluating brain function using oscillations stress the importance of
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phase reorganization of these task-relevant oscillations in the understanding of cognitive brain
function (see review, Klimesch et al., 2007).

The two new trends in cognitive neuroscience discussed in this section make it possible to
study neural network dynamics in the human brain in health and disease; they have therefore,
strongly contributed to the study of predisposition and brain dysfunction in psychiatric
populations (Banaschewski and Brandeis, 2007; Ford et al., 2007; Herrmann and Demiralp,
2005; Porjesz et al., 2005; van der Stelt and Belger, 2007). In the following sections, we will
elaborate on the utility of studying human brain oscillations in the search for genes involved
in one of the many psychiatric conditions – alcoholism – that falls in the spectrum of addictive
disorders. Recent evidence also suggests that alcohol dependence is part of a spectrum of
disinhibitory disorders, which include externalizing and substance use disorders (Kendler et
al., 2003). We will highlight the key oscillatory indices that have emerged as significant
discriminators in the context of alcoholism, and will then provide a brief overview of the current
genetic analysis methods used to trace the path from EEG and EROs to genes (Figure 1).
Finally, we will discuss the genes in the context of their physiological significance and the
underlying genetic diathesis for alcoholism and related disorders.

2. Exploring key brain oscillations in alcoholism
The concept of “intrinsic” rather than resting activity contributing a large proportion of the
measured activity is gaining prominence (Raichle et al., 2001; Raichle and Snyder, 2007).
Hence, functional connectivity in the brain during these “rest” periods is likely to reflect the
maintenance of dynamic equilibrium of the “intrinsic” networks (Llinas et al., 1999). Power
estimates of EEG activity in different frequency bands have been demonstrated to
corresponding to arousal and activity levels of the cerebral cortex (Niedermayer and Lopes Da
Silva, 1999). Measures of synchronicity, such as coherence, offer a means to study the
functional relation between populations of neurons/regions. EEG coherence is a measure of
phase correlation (Nunez and Srinivasan, 2006; Srinivasan et al., 1998) and reflects functional
cortical connectivity, possibly arising from corticocortical or corticothalamic fiber networks.
Functional connectivity impairments have been reported in other psychiatric and neurological
conditions, such as attention deficit hyperactivity disorder (ADHD) (Barry et al., 2002; Clarke
et al., 2007), autism (Murias et al., 2007) and schizophrenia (Higashima et al., 2007; Higashima
et al., 2006). In our strategy to find genes, we have focused on brain oscillations that
differentiate between alcoholics and controls as well as between high risk offspring of
alcoholics and low risk offspring of nonalcoholics (Table 1). In the following sections we will
discuss some key findings, both current and published, pertaining to two brain states – resting
and cognitive challenge (visual oddball) that have been extensively studied in our laboratory
and as part of the extended Collaborative study on the Genetics of Alcoholism (COGA), with
respect to understanding risk and predisposition to alcoholism and the related spectrum
disorders.

2.1. EEG beta oscillations: Power
The signatures of the resting state of the brain as determined by electroencephalography (EEG)
have revealed characteristic patterns in individuals with alcoholism and also those with high
risk for developing alcoholism and related spectrum of externalizing conditions (Porjesz et al.,
2005), review). Across most studies published in this field, increased beta power in the EEG
has emerged as one such important feature; it is noted in affected (Bauer, 2001; Costa and
Bauer, 1997; Propping et al., 1981; Rangaswamy et al., 2002; Winterer et al., 1998) and high
risk individuals (Finn and Justus, 1999; Gabrielli et al., 1982; Pollock et al., 1995; Rangaswamy
et al., 2002; Rangaswamy et al., 2004b). The low voltage alpha (LVA) EEG variant has been
shown to be associated with a subtype of alcoholism that is related to anxiety disorder (Enoch
et al., 1999). It has been hypothesized that altered norepinephrine levels on thalamic activity
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may partly explain the connection between LVA and anxiety disorders in alcoholic women
(Enoch et al., 2003).

Increased resting beta power has been reported at frontal leads in those who also have a
diagnosis of antisocial personality disorder (ASP) (Bauer and Hesselbrock, 1993). Also, the
beta power increase may be associated with increased vulnerability, as female high risk subjects
with a larger number of affected first-degree relatives displayed significantly elevated beta
power compared to those with just one affected parent (Rangaswamy et al., 2002). Thus
evidence of elevated beta power provides strong support to the excitation-inhibition imbalance
model proposed to underlie the predisposition to alcohol dependence (Begleiter and Porjesz,
1999).

2.2. EEG theta oscillations: Synchrony
There is evidence in the literature that not only do alcoholics manifest differences in EEG
power in specific frequency bands, but they also manifest increased interhemispheric
coherence (Kaplan et al., 1985; Michael et al., 1993). It has been reported that bilateral
intrahemispheric coherences in alpha and beta frequency bands were increased in both long-
term abstinent and non-abstinent alcoholics compared to controls (Winterer et al., 2003a).
These findings were strongest for the alpha2 (10.5–12 Hz) frequency band, and were most
pronounced at temporal, parietal and occipital regions, particularly when depressiveness was
included as a covariate; there was no effect of length of abstinence on these findings.

Most published studies on coherence have employed monopolar pairs in the analyses, a
configuration that has a considerable amount of spatial smearing. Using bipolar electrode pairs
effectively results in a low resolution spatial filter that controls this issue (Cook et al., 1998),
and thus the coherence measure provides a better estimate of localized activity and possibly
enhances the contributions of corticothalamic and interhemispheric fiber connections. In our
laboratory we have observed significant increases in resting EEG interhemispheric high theta
(6–7 Hz) coherence, using the bipolar montages, in alcohol-dependent subjects when compared
to normal controls (Figure 2). Peak theta band coherence was highest for posterior electrode
pairs in alcohol dependent subjects, displaying a shift from a more frontocentral prominence
as seen in normal control subjects. Hence increased EEG coherence (cortical synchronization)
may serve as an endophenotype (i.e. biological marker) for alcoholism.

2.3. Event-related theta and delta oscillations: Power
One of the most consistent robust findings in the literature is the reduced P3 amplitude in
alcoholics and in offspring at risk prior to alcohol exposure (Begleiter et al., 1984; Porjesz et
al., 2005). The low P3 amplitudes coupled with the weaker and less well-organized sources in
alcoholics and offspring at risk suggest inefficient allocation of resources during neural
processing. This undifferentiated neurophysiological pattern suggests a level of cortical
disinhibition in alcoholics and individuals at risk.

The low P3 amplitude is not only observed in abstinent alcoholics and offspring of alcoholics,
but is also present in various disinhibitory conditions, such as substance abuse, ASP, conduct
disorder and ADHD. Moreover, individuals with low P3 amplitudes manifest a significantly
higher incidence of externalizing disorders and disinhibitory traits than those with high P3
amplitudes (Porjesz et al., 2005), review).

Several studies have demonstrated that P3 responses are primarily the outcome of theta and
delta oscillations elicited during cognitive processing of stimuli (Basar-Eroglu et al., 1992;
Basar et al., 1999; Karakas et al., 2000a; Karakas et al., 2000b; Yordanova and Kolev, 1996).
Topographically, delta oscillation power peaks at the posterior region, while the theta power
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peak is located in the fronto-central region (Karakas et al., 2000b); theta oscillations also
contribute strongly to N2 components.

In a visual oddball paradigm, alcoholics manifest significantly less evoked theta and delta ERO
amplitudes while processing the target stimuli (Jones et al., 2006b); these findings are most
significant anteriorly for theta, and posteriorly for delta (Figure 3). In order to determine
whether these deficits in theta and delta oscillations antecede the development of alcoholism
we examined high-risk children of alcoholics using the same paradigm (Rangaswamy et al.,
2007). The two groups in the study compared children of alcoholics and normal children in the
age range of 14–17 years. These results show that the adolescent offspring of alcoholics have
reduced delta and theta band ERO amplitude (underlying P3) while processing the target
stimuli compared to controls. The differences were most prominent centro-parietally for theta,
and parietally for delta. Interestingly, the ERO measures were superior to P3 amplitude in
differentiating between high-risk and low-risk offspring. Hence, the results of these two studies
indicate that decreased theta and delta EROs to target stimuli may antecede the development
of alcoholism and represent a strong trait marker (Figure 3).

We have also reported theta and delta oscillatory deficits in alcoholics and high risk subjects
during the performance of tasks designed to assess response inhibition (a Go-NoGo task) and
error/response evaluation (a gambling task), providing more evidence that these deficient
oscillatory responses may antecede the development of alcoholism. A significant reduction in
delta and theta band ERO amplitude was concentrated in the frontal region for alcoholics,
particularly during No-Go processing in a Go/No-Go paradigm (Kamarajan et al., 2004); in
the high risk offspring the significant differences were more profound and showed a global
decrease in theta and delta power (Kamarajan et al., 2006).

2.4. Event-related gamma oscillations: Power
The early phase-locked gamma has been considered to represent an important processing step
related to the selection and identification of target stimuli, indicative of a top-down mechanism
involved in selective attention (Basar-Eroglu et al., 1996b; Fell et al., 2003). This phase-locked
gamma is larger to attended stimuli compared to unattended stimuli, particularly over frontal
regions (Basar et al., 1999; Yordanova et al., 2001). Neuro-imaging studies using attentional
tasks have implicated the role of fronto-parietal networks in this top-down control of selective
attention (Corbetta et al., 2000; Giesbrecht et al., 2003). Some studies have found associations
between stimulus induced amplitude modulations and reaction time and speed (Frund et al.,
2007; Haig et al., 1999). Induced gamma oscillations have been associated with a wide range
of cognitive processes and learning (Basar-Eroglu et al., 1996b; Gruber and Muller, 2006;
Tallon-Baudry et al., 1999).

Our group (Padmanabhapillai et al., 2006a) has recently found that abstinent alcoholics
manifest significantly less early (1–150 ms) gamma band response (28–45 Hz) in the frontal
region during target processing in a visual oddball task than controls. Control subjects had
significantly more gamma while processing the target when compared to their processing of
the non-target stimulus. However, the alcoholics had an opposite profile, eliciting more gamma
band response to non-target than to target stimuli. We have suggested that the reduction in
early evoked frontal gamma band response to targets may be associated with frontal lobe
dysfunction associated with a deficient top-down processing mechanism in alcoholics. Early
phase-locked gamma band activity in the children of alcoholics and non-alcoholics was
investigated using the same visual oddball task (Padmanabhapillai et al., 2006b). Subjects were
in the age range of 14–17 and high risk children came from families who had at least one
alcoholic parent. Topographically, peak gamma band response was observed in the frontal
region for the target stimuli in both groups. High risk children had significantly lower gamma
activity than control children, especially in the parietal regions for the target condition.
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Additionally, the offspring of alcoholics showed less differentiation between target and non-
target stimuli in the parietal region compared to controls, indicating difficulty in early stimulus
processing. It is likely that a dysfunctional frontoparietal attentional network may underlie this
deficit. There is clear evidence of deficient activations in inferior frontal and inferior parietal
brain regions while high risk subjects performed the visual oddball task in an fMRI study
(Rangaswamy et al., 2004a).

3. Exploring genetics of key brain oscillations and their application to
alcoholism and related disorders

Alcoholism is a common, complex (non-Mendelian) disorder with contributions from both
genetic and environmental influences and their interactions. As psychiatric diagnosis is
dichotomous (an individual is either affected or unaffected), it is difficult to use diagnosis as
the sole phenotype when studying the genetics of complex disorders, such as alcoholism. It
has been suggested that, ideally, molecular genetic studies should not be performed on
psychiatric diagnoses alone, which reflect distal and variable effects of genes, but on
quantitative neurobiological measures or markers that reflect more proximal effects of genes
involved in the genetic predisposition for developing psychiatric disorders (Tsuang and
Faraone, 2000). These quantitative biological markers (endophenotypes or intermediate
phenotypes) serve as covariates that correlate with the main trait of interest (diagnosis) and
serve to better define that trait or its underlying genetic mechanism (Gottesman and Gould,
2003; Gottesman and Shields, 1973; Gottesman, 1972). The advantages of using quantitative
neurobiological measures of risk as endophenotypes in the search for genes involved in
complex disorders are that they are closer to gene action involved in the predisposition for the
disorder, they are genetically simpler than clinical endpoints, and quantitative traits provide
more power to localize and characterize disease susceptibility genes (Almasy, 2003; Dick et
al., 2006c).

Recent evidence suggests that alcohol dependence is part of a spectrum of disinhibitory
disorders, which include externalizing and substance use disorders. Many of the same genetic
risk factors underlie these disinhibitory co-occurring disorders and can be explained by a small
number of common underlying genetic factors (Kendler et al., 2003). These findings are in
keeping with the electrophysiological findings described above (Sections 2.1 and 2.3)
indicating a similar electrophysiological profile in these related disinhibitory disorders.

The identification of suitable quantitative biologic markers that are genetically transmitted
could explicate the genetic factors involved in the etiology of alcoholism and related disorders,
and also might elucidate the potential nature of the genetic factors. Brain function is likely to
be involved in a genetic predisposition to develop alcoholism and other psychiatric disorders,
and neuroelectric events may serve as excellent biological markers or endophenotypes.
Understanding genetic control of brain electrical activity may provide clues about cerebral
function, and may shed light on pathogenic mechanisms involved in neurological and
psychiatric disorders, where impairment in brain electrical activity is apparent. Brain
oscillations provide a rich source of potentially useful endophenotypes for psychiatric genetics,
as they represent important correlates of human information processing and cognition.

In order to be considered as an endophenotype, there are certain criteria that must be met, the
most important of which is that the trait must be heritable (Porjesz et al, 2005). The data on
the heritability of EEG frequencies are quite compelling. High concordance rates in the spectral
characteristics of resting eyes-closed EEG have been reported from monozygotic twin pairs
compared to dizygotic twin pairs. A large twin study indicates that power in all frequency bands
of the resting EEG is highly heritable: delta 76%, theta 89%, alpha 89%, and beta 86% (van
Beijsterveldt and Boomsma, 1994; van Beijsterveldt et al., 1996) and EEG coherence has also
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been reported to be heritable, with estimates between 50% and 70% in twin populations
(Stassen et al., 1988; van Baal et al., 1998; van Beijsterveldt and Boomsma, 1994; van
Beijsterveldt et al., 1998) and estimates between 40% to 60% for coherences in theta and alpha
band in posterior regions reported for a sib-pair population (Chorlian et al., 2007). In order for
genetic studies to be successful, it is extremely important to select a well-characterized (endo)
phenotype. Therefore, genetic studies of neuroelectric endophenotypes (brain oscillations, such
as EEG and those EROs underlying ERPs, including the P3 component) provide a powerful
strategy for identifying underlying susceptibility genes for developing alcoholism and related
disinhibitory disorders.

3.1. Exploring the gene targets: Methods
The possible approaches for finding genes associated with the variation in quantitative traits
(e.g. brain oscillations) in complex diseases (e.g. psychiatric disease) fall into two main
categories: (a) genome-wide studies, which include linkage studies and the more recent
genome-wide association studies (GWAS), and (b) candidate gene studies, which are mostly
association studies. Genome-wide studies do not require any hypotheses about gene function,
while candidate gene studies are based on biological hypotheses. Both of these approaches
have been successful in finding genes, and often, a successful strategy is to use both methods
together; yet each has both advantages and drawbacks (For a review of these approaches see
(Hirschhorn and Daly, 2005).

The most traditional method used to find genes is genome-wide linkage analysis. Linkage
studies assess whether a polymorphic genetic marker from a chromosomal region can be linked
to a specific trait (e.g. brain oscillation) within a family. Thus linkage analysis determines
patterns of DNA sharing among family members that correlates with the phenotypic trait
(Almasy and Blangero, 1998). This method serves to indicate chromosomal sharing within
families, and precisely which alleles are shared can be different across families. The advantage
of this approach is that the entire genome can be scanned without any prior hypotheses, and it
is often successful in finding rare genes. Linkage is measured by the Logarithm of Odds (LOD)
score, where a LOD score over 3 is taken as evidence of significant linkage (equivalent to p-
value of 0.0001). Linkage analysis techniques have been successfully utilized to locate genes
of rare Mendelian traits, where a single gene accounts for a disease. However, linkage may
also be detected when multiple genes lie in the same chromosomal region, giving rise to a broad
linkage peak with several candidate genes underlying the peak (see Figures 1 and 5). While
linkage methods have been less successful in locating genes associated with more common
complex traits (e.g. psychiatric diagnosis), which are likely the result of multiple small gene
effects, studies from our laboratory (COGA) have successfully used these methods to identify
genes associated with quantitative traits (electrophysiological) that have often led to genes
involved in psychiatric disease. As will be seen in this review, we have successfully used this
approach with brain oscillations as endophenotypes, to target chromosomal regions using
linkage that contain potential candidate genes that may be involved in both brain function and
diagnosis of alcohol dependence and related disorders, which is then more closely investigated
using association analyses (Figure 1).

Rather than scan the entire genome, association studies test the strength of the relationship
between the variants of a specific candidate gene and a trait, such as brain oscillations. Publicly
available databases are used to identify single-nucleotide polymorphisms (SNPs) within and
flanking candidate genes under regions of the chromosome with significant linkage peaks. The
COGA strategy has sought to include SNPs in all regions, and is not just restricted to coding
regions or exons. Association studies need not be family based, and can be accomplished by
comparing alleles of a particular variant between cases and controls. It is important to begin
the search with a set of well-characterized heritable biological quantitative measures, such as
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brain oscillations, and some well-defined functional candidate gene. The selection of a
candidate gene can be made in two ways: subsequent to a significant linkage finding, or
determined on the basis of a priori biological facts associated with the trait under study. In the
first approach, linkage analysis will identify a chromosomal region that will include a variety
of potential candidate genes that may influence the trait; in the second approach, the candidates
would be selected based on biological hypotheses. For example, in the case of brain oscillations,
likely candidate genes could be regulatory genes that control neurochemical processes in the
brain, and hence neural functions that are likely to influence brain oscillations. As will be
illustrated, both linkage and association methods have successfully been used to find genes
involved in brain oscillations as well as complex disorders for which they are endophenotypes.
A positive association between an allele and a specific oscillation may indicate that the allele
is a causative factor in the phenotype. In association studies, one allele is being tested, but it
is quite possible that other nearby alleles are fully enriched in one of the tested genotype groups.
This phenomenon is called linkage disequilibrium (LD). A given allele may serve as a proxy
for other nearby alleles that have moved together across generations on the same chromosome.

It should be cautioned that a positive association between an allele and an oscillation may also
reflect artifacts that arise from genotyping errors, as well as multiple testing. Another common
source of artifact is the problem of population stratification. This refers to potential ethnic
group difference in allelic frequency due primarily to effects of population of origin and
geographical isolation which concentrate certain alleles in different populations. Therefore it
is important to keep in mind the problem of population stratification in conducting association
studies. Various methods have been implemented to deal with population stratification in
conducting association studies, such as using family-based controls, or limiting analyses to
ethnically homogeneous groups of individuals (e.g. only Caucasians). As will be seen in our
studies, we have used all of these approaches to take these issues into account as much as
possible (i.e. all association studies are performed only on Caucasians (which is the majority
of our sample), and we use family based association studies (FBAT), as well as controlling for
multiple comparisons using statistical methods such as false discovery rate (FDR). Since the
influence of any single gene on a given oscillation is likely to be small, we must also keep in
mind other potential confounding factors such as gender, age, alcohol or drug abuse,
psychopathology, etc.

With the completion of the human genome and the availability of SNPs and whole genome
association studies (GWAS), the possibility exists of identifying specific genes that affect
human cognition and various neural oscillations that underlie them, as well as the related
biological mechanisms contributing to disease. While there are more than 6 million SNPs in
the human genome, very few SNPs associated with these complex traits are likely to be in
coding regions of the gene, and therefore may not involve changes in the encoded protein
expression, and subsequently its function (Goldberg and Weinberger, 2004; Hirschhorn and
Daly, 2005). Variations in the protein coding sequences can result in changes that range from
synonymous (unchanged function of the protein) to non-synonymous or missense (changes in
the function of the protein) mutations. It is more likely that the majority of these functional
changes will involve the regulation of transcription via promoter variants or the organization
of transcription through splice-site variants. At this point in time, it is not possible to determine
how many of these variations will affect brain oscillations and cognitive processes. It is most
likely that multiple genes with small effects may be involved. In addition to the aforementioned
role of altered gene regulation impacting on brain oscillations and cognition, special
consideration needs to be given to gene–gene interactions, gene–environment interactions and
potential stochastic factors.
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3.2. Resting EEG beta power: GABRA2 gene
As increased resting beta power is already observed in offspring before the onset of alcohol
dependence, it antecedes the development of alcoholism and is considered to be a “trait” rather
than a “state” measure. Significant linkage and linkage disequilibrium between the EEG beta
frequency and a gamma-aminobutyric acid (GABAA) receptor gene on chromosome 4 has
been reported (Porjesz et al., 2002). With the use of multiple SNPs across this cluster of
GABAA receptor genes on chromosome 4, that includes GABRA2, GABRA4, GABRB1 and
GABRG1, we were able to specifically identify that it was variations only in the GABRA2
receptor gene that accounts for the linkage/linkage disequilibrium findings with the beta
frequency (See Figure 4; Table 1). Thus, variations in GABRA2 (the gene encoding the alpha
2 subunit of the GABAA receptor) affect brain oscillations and are directly involved in the
level of neural excitability (balance between excitation and inhibition). There is a strong
relationship between the rs279836 SNP in the GABRA2 receptor gene and Beta 2 EEG power.
It is interesting to note that individuals who are homozygous for the rarer genotype (15%) of
the rs279836 SNP have significantly increased EEG beta 2 compared to individuals with all
other genotypes. These individuals are more likely to manifest CNS disinhibition.

Subsequent SNP (single nucleotide polymorphism) analysis indicated that the same
GABRA2 gene associated with the EEG beta endophenotype is associated with DSM-IV
diagnosis of alcohol dependence (Edenberg et al., 2004), substance dependence (Agrawal et
al., 2006), ASP (Dick et al., 2006a), and childhood conduct disorder (Dick et al., 2006b). The
association between GABRA2 and alcohol dependence has been replicated by a number of
groups throughout the world (Covault et al., 2004; Drgon et al., 2006; Enoch et al., 2006; Fehr
et al., 2006; Lappalainen et al., 2005; Soyka et al., 2008).

It has been demonstrated that the beta rhythm is generated while maintaining the balance in
networks of excitatory pyramidal cells and inhibitory interneurons, involving GABAA action
as the pacemaker (Whittington et al., 2000). Fast synaptic inhibition in the mammalian central
nervous system is mediated largely by activation of GABAA receptors (Tobler et al., 2001).
GABAA actions are a fundamental requirement for both gamma (30–80 Hz) and beta
oscillations to occur, and blockade of these receptors results in loss of synchronization
(Haenschel et al., 2000). Beta rhythms can synchronize over long temporal delays between
more spatially distant brain loci than gamma rhythms (Kopell et al., 2000). Although the
recording of electrical oscillations from a neural population reflects the firing of multiple
excitatory pyramidal cells, the mechanism underlying beta and gamma oscillations depends
on the firing patterns of a network of inhibitory interneurons (Faulkner et al., 1999; Kopell et
al., 2000), gated by their mutually induced GABAA action (Whittington et al., 2000).

Alcoholics and offspring at high risk manifest increased power in EEG beta oscillations,
suggesting an imbalance between excitation-inhibition (CNS disinhibition). This provides a
biological hypothesis relating the underlying CNS disinhibition to the genetic risk for alcohol
dependence and related disorders (Begleiter and Porjesz, 1999). The involvement of the
GABAergic system in alcoholism is supported by neuroimaging studies, which report specific
deficits in GABA benzodiazepine receptor function in the brains of alcoholics (Abi-Dargham
et al., 1998; Krystal et al., 2006; Lingford-Hughes et al., 1998) and individuals at risk (Volkow
et al., 1995). Taken together, these findings suggest GABA deficits in the brains of alcoholics
and individuals at risk may account for their lack of CNS inhibition (hyperexcitability) and
may be involved in the predisposition to develop alcoholism.

3.3. Interhemispheric theta coherence: GABRA2 and CHRM2 genes
Recent studies have suggested a significant role for theta frequency coherence in normal and
aberrant thalamocortical interactions (Sarnthein and Jeanmonod, 2007; Sarnthein et al.,
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2005). Impairments in neural synchrony have been reported in several psychiatric conditions,
including alcohol dependence, as noted in an earlier section (Section 2.2.). We conducted whole
genome linkage analysis using the high theta coherence at parietal-occipital leads as the
phenotype. Highly significant linkage was found in COGA on chromosome 4 in the same
region spotlighted by the EEG beta power phenotype (Porjesz and Rangaswamy, 2007;
Rangaswamy et al, in preparation). Family-based association analyses with the cluster of
GABAA receptor genes under this linkage peak revealed strong association with a large number
of SNPs (several at p < 0.001) genotyped in GABRA2 for the Caucasian-only subset. There
was no significant association with other genes in the GABAA cluster on chromosome 4 (Figure
4; Table 1).

These results suggest that GABRA2 may indeed influence susceptibility to alcohol and drug
dependence, not just by modulating level of neural excitation, but also by influencing functional
connectivity of interhemispheric networks. In their model of thalamocortical dysrhythmia,
Llinas and co-workers have proposed that the enhanced low-frequency (theta) oscillations in
the thalamocortical module can affect the lateral inhibitory drive in the cortex and eventually
result in high frequency coherent activation of cortical modules (Llinas et al., 1999). This is
particularly significant in light of our genetic findings where two resting state
electrophysiological signatures - Beta power (high frequency activity associated with arousal)
and theta coherence (low frequency synchrony) are both linked to GABAA receptor gene
involvement.

In another study (Winterer et al., 2003c), the authors report that 3 exonic variants of the gene
encoding the human GABAB receptor on chromosome 6 modify cortical synchronization
measured as scalp-recorded EEG coherence. Parietotemporal coherence showed statistical
significance associated with exon 7 and the authors concluded that this exon may be
functionally meaningful and impact on cortical EEG oscillations. Alpha rhythms in the scalp
electrical activity are strongly influenced by the thalamus and this has been well supported by
evidences from animal and human studies including the noninvasive recordings. Some authors
have suggested that similar mechanisms associated with thalamocortical cell populations, may
form the basis of theta (2–7 Hz) rhythms (Hughes and Crunelli, 2005). Interestingly, a study
reported significant association between the exon 7 variant of the GABAB receptor gene and
EEG alpha voltage (classified as LVA or normal), for control but not alcoholic subjects
(Winterer et al., 2003b). LVA in females has been associated with a genetic variant resulting
in low COMT activity, which is involved in the dopaminergic system yielding low levels of
norepinephrine (Enoch et al., 2003). The authors hypothesize that this finding may partly
explain their observation of low LVA associated with anxiety disorders in alcoholic women.

Significant linkage on chromosome 7 was observed for the interhemispheric high theta
centroparietal coherence phenotype in a whole genome linkage scan, and family based
association tests revealed very significant associations with a muscarinic acetylcholine receptor
(M2) gene (CHRM2), underlying the linkage peak on chromosome 7 (Porjesz and
Rangaswamy, 2007) (Figure 5; Table 2). No significant association was observed for SNPs in
another candidate gene underlying the linkage peak in this region - the GRM8 gene.

Significant linkage and association for evoked theta band responses at the same CHRM2 gene
have been previously reported (Jones et al., 2006a; Jones et al., 2004) (see below). Both the
GABAergic and cholinergic systems interact significantly in the functions of local inhibitory
circuits, thus affecting network functions and influence cortical synchronization. Increased
strength of GABAergic inhibition has been reported to be a likely mechanism underlying the
impaired synaptic plasticity observed with M2 knockout mice. These mice demonstrate
impaired behavioral flexibility and memory deficits (Seeger et al., 2004). In a recent study
examining muscarinic control of long-range cortical GABAergic inhibition, the authors

Rangaswamy and Porjesz Page 10

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



suggested that M2 receptor activation produces a presynaptic inhibition of GABA release by
long-range inhibitory neurons of the perirhinal cortex projecting to the entorhinal cortex
(Apergis-Schoute et al., 2007).

3.4. Theta and delta event-related oscillations underlying P3: CHRM2 and GRM8 genes
We have reported significant linkage and association between the CHRM2 gene on
chromosome 7 and frontal theta oscillations to target stimuli in a visual oddball task; association
analyses using both population based tests (Measured Genotype) and pedigree based tests
(Quantitative Pedigree Disequilibrium Test, QPDT) indicate significant association of the
frontal theta band ERO phenotype with several SNPs surrounding exon 4 of CHRM2 (p<0.001).
Further, an examination of the slower frequency parietal-occipital delta band EROs revealed
significant association with several SNPs surrounding the coding region of the CHRM2 gene
(p<0.01) (Jones et al., 2006a; Jones et al., 2004). (See Figure 5; Table 2).

These findings implicate the possible role of CHRM2 in the generation and modulation of
evoked oscillations. Theta and delta EROs depend on the level of acetylcholine (muscarinic
activation). M2 receptors inhibit presynaptic release of acetycholine, leading to inhibition of
irrelevant networks. Muscarinic receptors are especially concentrated in the forebrain and
possibly serve to maintain the effective balance of relevant/irrelevant networks, hence, having
a direct influence on P3 generation (Frodl-Bauch et al., 1999). It is proposed that the genetic
underpinnings of evoked oscillations are likely to stem from regulatory genes that control the
neurochemical processes of the brain and, therefore, influence neural function. The three major
neurochemical substrates contributing to theta and delta rhythms and P3 involve strong
GABAergic, cholinergic, and glutamatergic system interactions (Frodl-Bauch et al., 1999).

Moreover, the cholinergic muscarinic genes have a major role in memory and cognition
(Calabresi et al., 1998; Comings et al., 2003). Several studies, including the COGA study, have
found evidence that this gene may be involved in intelligence (Comings et al., 2003; Dick et
al., 2007b; Gosso et al., 2007). In the COGA study, we found evidence of association with
multiple SNPs across CHRM2 and Performance IQ, as measured by the Wechsler Adult
Intelligence Scale-Revised (WAIS-R). These results remain significant after taking into
account alcohol dependence and depression diagnoses in the sample (Dick et al., 2007b).

Our results with the CHRM2 gene and brain oscillations strongly support the role of
acetylcholine in the generation of N2 (theta oscillations) and in the P3 component (delta and
theta oscillations). The function of acetylcholine has been demonstrated with regard to stimulus
significance (Perry et al., 1999), selective attention (Mitrofanis and Guillery, 1993), and P3
generation (Callaway, 1983). Administration of cholinergic agonists and antagonists have
yielded modified memory performance, and modified P3 amplitude in humans (Dierks et al.,
1994; Hammond et al., 1987; Potter et al., 2000). In vitro administration of moderate amounts
of the muscarinic agonist carbachol in the rat hippocampus induces synchronized delta
oscillations, whereas higher concentrations produced short episodes of theta oscillations, and
the carbachol-induced delta rhythms were not observed concurrent with carbachol-theta
(Fellous and Sejnowski, 2000; Tiesinga et al., 2001).

Recent evidence indicates that the CHRM2 gene is not only associated with brain oscillations
and cognition, but also clinical diagnosis. Significant linkage and association were reported
for the CHRM2 gene and a diagnosis of alcohol dependence and depression (Wang et al.,
2004), comorbid alcohol and drug dependence (a more severe addiction profile) (Dick et al.,
2007a), as well as a spectrum of externalizing disorders (Dick et al., 2008) in the COGA study.
Other groups have also replicated these findings, reporting that the CHRM2 gene predisposes
to alcohol dependence, drug dependence and affective disorders (Luo et al., 2005), and major
depression in women (Comings et al., 2002). Thus genes important for the expression of the
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endophenotype (brain oscillations) help in identification of genes that increase the
susceptibility for risk of alcohol dependence and related disorders (Begleiter and Porjesz,
2006; Dick et al., 2006c).

Under the same theta ERO linkage peak on chromosome 7 is a glutamate receptor (GRM8)
gene that is another very likely candidate gene for modulating electrophysiological networks,
particularly as the glutamatergic system is also involved in theta oscillations and P3 (Frodl-
Bauch et al., 1999). Family-based association analyses of theta EROs revealed significant
associations with several SNPs and theta EROs to target stimuli at frontal, central, and parietal
regions (Chen et al., submitted). An interesting finding is that several SNPs were also
significant for diagnosis of alcohol dependence using ICD-10 diagnostic criteria.

A 3-T proton magnetic resonance spectroscopy (1H-MRS) study has suggested the
involvement of glutamatergic neurotransmission in integrative frontal-hippocampal
processing (Gallinat et al., 2006) and the sensation seeking personality dimension (Gallinat et
al., 2007). The study demonstrated a robust relationship between glutamate levels in the
hippocampus and frontal theta activity during auditory stimulus processing. Glutamatergic
neurotransmission and its neuroadaptive changes have been proposed as important molecular
determinants of craving and relapse (Cornish and Kalivas, 2000; Tzschentke and Schmidt,
2000). In particular, it is suggested that a hyperglutamatergic state mediates, at least in part,
alcohol relapse behavior and maintenance of alcoholism (Tsai and Coyle, 1998). Several
studies have suggested the involvement of glutamate receptors – NMDA and metabotropic, in
alcohol relapse (Bachteler et al., 2005; Holter et al., 2000; Krystal et al., 2003). Acamprosate,
a drug used to prevent relapse in alcoholic patients (Mann et al., 2004), has been suggested to
act through a suppression of a hyperglutamatergic state created by alcohol addiction (Dahchour
and De Witte, 2000; Spanagel and Heilig, 2005).

The glutamate receptors belong to two subfamilies: (a) glutamate-gated ion channels, including
NMDA, AMPA/kainite type receptors, and (b) metabotropic glutamate receptors, consisting
of mGluRs of which intracellular actions are mediated by G-proteins. Metabotropic glutamate
receptors (mGluRs) belong to three groups, mGlu I, mGlu II and mGlu III, based on signal
transduction pathways and sequence homology (Schoepp, 2001). The GRM8 gene that encodes
mGluR8 spans over 800 kb, and is composed of 10 exons and 9 introns (Shigemoto et al.,
1997). Prominent mGlu8 expression has been observed in several areas of limbic system,
especially the hippocampus, pontine nuclei, and lateral reticular nucleus of the medulla
oblongata. Strong expression for mGlu8 has also been noted in scattered cells in the deeper
layers of the cerebral cortex and pyramidal cells of the piriform cortex. The mGlu8 is detected
in the presynaptic active zone in both glutamatergic and GABAergic terminals in various brain
regions (Ferraguti and Shigemoto, 2006). Presynaptic inhibition of synaptic transmission via
activation of mGluRs occurs very widely in the brain, with involvement of group II and group
III mGluRs being especially prominent. The electrophysiological studies of these receptors
have shown the regulation of synaptic sensitivity via suppression of presynaptic voltage-
dependent calcium channels, the activation of presynaptic K+ channels and the direct inhibition
of regulated exocytosis (Anwyl, 1999).

In light of the theta oscillations showing strong association to both CHRM2 and GRM8 genes,
one could speculate a synergistic genetic mechanism underlying this electrophysiological
phenotype, thus opening doors to future research in this direction. Interestingly, in studies on
the rat hippocampus, authors have reported that a majority of interneurons strongly
immunopositive for the muscarinic M2 or the mGlu1 receptors were the primary targets of
mGluR8-containing terminals (Ferraguti et al., 2005). Rare neurons coexpressing calretinin
and M2 were consistently targeted by mGluR8-positive boutons. The postsynaptic interneuron
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type-specific expression predicts a role in adjusting the activity of interneurons depending on
the level of network activity.

4. Conclusion
This nascent field of investigation into the genetic underpinnings of the oscillatory dynamics
is rapidly evolving, propelled by (a) technological advances in the field of genetic research,
such as new SNP-chip technology, advanced functional studies, improved statistical genetic
methods, and (b) new mathematical tools for signal analysis, improved imaging methods and
the emerging idea of oscillatory interactions as units of dynamic functional brain states (Basar,
2006). Together, these advances provide a better means to understand brain function and make
gene identification and understanding of gene expression imminently tenable. The recent
identification of genetic loci regarding brain oscillations indicates that they are under genetic
control and are modulated by genes controlling neurotransmitters in the brain. This approach
has the unprecedented potential to unravel the complex interplay of various neural subsystems
relevant to the generation of brain oscillations elicited under different cognitive conditions.
The advent of genomics and proteomics and a fuller understanding of gene regulation will open
new horizons on the critical electrical events so essential for human brain function. It is a hope
that by combining these approaches we can eventually understand how much of the capacity
to modulate these oscillations, in the context of a disease state, lies in control of genes and how
environment influences this control.

Alcohol dependence and related disorders results from a complex interaction of changing
genetic and environmental liabilities across development, with greater genetic loading for
early-onset disorders. The use of quantitative brain oscillations as endophenotypes provides
the power to more easily localize and characterize disease susceptibility genes than diagnostic
categories. In our endeavor to study the genetic underpinnings of predisposition/risk, some key
genes that have emerged from the quantitative phenotype studies are the GABAA receptor
(GABRA2), the metabotropic glutamate receptor (GRM8), and the cholinergic muscarinic
receptor (CHRM2) genes. These results do not imply that these genes are wholly responsible
for the existence of the respective brain oscillations. It is however more likely that the individual
variations in the oscillations are a product of genetic variation of the GABRA2, GRM8 and
CHRM2 receptor genes, and the altered oscillatory activity is its cognitive correlate. Although
no functional variant affecting the electrophysiological characteristics has yet been identified
at the molecular level, there is a great deal of pharmacological evidence that attests to the
relevance of these receptors to aspects of cognitive functions. Moreover, these genes are known
to have very complex transcriptional patterns with different types of promoters and tissue
specific expression patterns that add to the complexity.

Functional studies are underway to understand the effects of observed coding and/or non-
coding variants of the key genes in gene expression and protein function in animal and in
vitro models. Data from our COGA project indicate that in the case of GABRA2, the regulatory
differences may affect alternative splicing and alternative promoter use (Tian et al., 2005). This
eventually results in several isoforms in different brain regions, possibly with differing levels
of functionality. Future molecular studies examining the functionality of isoforms will allow
us to come full circle in determining the brain oscillation-to-gene connections.

Understanding genetic control of brain electrical activity may provide clues about cerebral
function, and may shed light on pathogenic mechanisms involved in neurological and
psychiatric disorders, where impairment in brain electrical activity is apparent. Once genes are
identified and understood, risk genotypes and haplotypes can be used in prospective studies of
young individuals, and can lead to an improved understanding of how cognitive changes
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contribute to susceptibility, which in turn can lead to the design of well-targeted prevention
initiatives.

Acknowledgments
This manuscript is dedicated to the memory of Henri Begleiter (deceased April 6, 2006), Distinguished Professor of
Psychiatry and Neuroscience, and founder and director of the Neurodynamics Laboratory, now renamed in his honor.
His scientific vision brought together the fields of brain oscillations and genetics, culminating in the use of brain
oscillations as endophenotypes, which is the subject of this manuscript. Our laboratory continues to follow the path
that he envisioned, inspired by his innovative approaches to research.

The work reviewed in this manuscript was supported by NIH Grants AA008401, AA05524, AA002686 from the
National Institute of Alcohol Abuse and Alcoholism.

List of abbreviations

ADHD Attention Deficit Hyperactivity Disorder

AMPA Alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate glutamate receptor

ASP Antisocial Personality Disorder

CHRM2 cholinergic muscarinic receptor type 2

CNS Central Nervous System

COGA Collaborative study on the Genetics of Alcoholism

EEG electroencephalogram

ERO Event-related oscillation

ERP Event-related potential

FBAT Family based Association Studies

FDR False discovery rate

GABA gamma aminobutyric acid

GABRA2 gamma-aminobutyric acid (GABA) A receptor, alpha 2

GABRA4 gamma-aminobutyric acid (GABA) A receptor, alpha 4

GABRB1 gamma-aminobutyric acid (GABA) A receptor, beta 1

GABRG1 gamma-aminobutyric acid (GABA) A receptor, gamma 1

GRM8 glutamate receptor, metabotropic 8

GWAS Genomewide Association Studies

LD Linkage disequilibrium

LOD Logarithm of Odds

LVA Low voltage alpha

mGluR metabotropic glutamate receptors

ms millisecond

NMDA N-methyl-D-aspartate glutamate receptor

QPDT Quantitative Pedigree Disequilibrium Test

SNP Single-nucleotide polymorphisms

Rangaswamy and Porjesz Page 14

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
Abi-Dargham A, Krystal JH, Anjilvel S, Scanley BE, Zoghbi S, Baldwin RM, Rajeevan N, Ellis S,

Petrakis IL, Seibyl JP, Charney DS, Laruelle M, Innis RB. Alterations of benzodiazepine receptors in
type II alcoholic subjects measured with SPECT and [123I]iomazenil. Am J Psychiatry
1998;155:1550–5. [PubMed: 9812116]

Agrawal A, Edenberg HJ, Foroud T, Bierut LJ, Dunne G, Hinrichs AL, Nurnberger JI, Crowe R,
Kuperman S, Schuckit MA, Begleiter H, Porjesz B, Dick DM. Association of GABRA2 with drug
dependence in the collaborative study of the genetics of alcoholism sample. Behav Genet 2006;36:640–
50. [PubMed: 16622805]

Almasy L. Quantitative risk factors as indices of alcoholism susceptibility. Ann Med 2003;35:337–43.
[PubMed: 12952020]

Almasy L, Blangero J. Multipoint quantitative-trait linkage analysis in general pedigrees. Am J Hum
Genet 1998;62:1198–211. [PubMed: 9545414]

Anwyl R. Metabotropic glutamate receptors: electrophysiological properties and role in plasticity. Brain
Res Brain Res Rev 1999;29:83–120. [PubMed: 9974152]

Apergis-Schoute J, Pinto A, Pare D. Muscarinic control of long-range GABAergic inhibition within the
rhinal cortices. J Neurosci 2007;27:4061–71. [PubMed: 17428984]

Bachteler D, Economidou D, Danysz W, Ciccocioppo R, Spanagel R. The effects of acamprosate and
neramexane on cue-induced reinstatement of ethanol-seeking behavior in rat.
Neuropsychopharmacology 2005;30:1104–10. [PubMed: 15668725]

Banaschewski T, Brandeis D. Annotation: what electrical brain activity tells us about brain function that
other techniques cannot tell us - a child psychiatric perspective. J Child Psychol Psychiatry
2007;48:415–35. [PubMed: 17501723]

Barry RJ, Clarke AR, McCarthy R, Selikowitz M. EEG coherence in attention-deficit/hyperactivity
disorder: a comparative study of two DSM-IV types. Clin Neurophysiol 2002;113:579–85. [PubMed:
11956003]

Basar-Eroglu C, Basar E. A compound P300-40 Hz response of the cat hippocampus. Int J Neurosci
1991;60:227–37. [PubMed: 1787051]

Basar-Eroglu C, Basar E, Demiralp T, Schurmann M. P300-response: possible psychophysiological
correlates in delta and theta frequency channels. A review. Int J Psychophysiol 1992;13:161–79.
[PubMed: 1399755]

Basar-Eroglu C, Demiralp T, Schurmann M, Basar E. Topological distribution of oddball ‘P300’
responses. Int J Psychophysiol 2001;39:213–20. [PubMed: 11163898]

Basar-Eroglu C, Struber D, Kruse P, Basar E, Stadler M. Frontal gamma-band enhancement during
multistable visual perception. Int J Psychophysiol 1996a;24:113–25. [PubMed: 8978438]

Basar-Eroglu C, Struber D, Schurmann M, Stadler M, Basar E. Gamma-band responses in the brain: a
short review of psychophysiological correlates and functional significance. Int J Psychophysiol
1996b;24:101–12. [PubMed: 8978437]

Basar, E. EEG-Brain Dynamics: Relation Between EEG and Brain Evoked Potentials. Elsevier;
Amsterdam: 1980.

Basar, E. Brain Function and Oscillations. Vol. II: Integrative brain function, neurophysiology and
cognitive processes. Springer Verlag; Berlin: 1999.

Basar E. The theory of the whole-brain-work. Int J Psychophysiol 2006;60:133–8. [PubMed: 16563537]
Basar E, Basar-Eroglu C, Karakas S, Schurmann M. Are cognitive processes manifested in event-related

gamma, alpha, theta and delta oscillations in the EEG? Neurosci Lett 1999;259:165–8. [PubMed:
10025584]

Basar E, Basar-Eroglu C, Karakas S, Schurmann M. Gamma, alpha, delta, and theta oscillations govern
cognitive processes. Int J Psychophysiol 2001a;39:241–8. [PubMed: 11163901]

Basar E, Schurmann M, Basar-Eroglu C, Karakas S. Alpha oscillations in brain functioning: an integrative
theory. Int J Psychophysiol 1997;26:5–29. [PubMed: 9202992]

Basar E, Schurmann M, Sakowitz O. The selectively distributed theta system: functions. Int J
Psychophysiol 2001b;39:197–212. [PubMed: 11163897]

Rangaswamy and Porjesz Page 15

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Bauer LO. Predicting relapse to alcohol and drug abuse via quantitative electroencephalography.
Neuropsychopharmacology 2001;25:332–40. [PubMed: 11522462]

Bauer LO, Hesselbrock VM. EEG, autonomic and subjective correlates of the risk for alcoholism. J Stud
Alcohol 1993;54:577–89. [PubMed: 8412148]

Begleiter H, Porjesz B. What is inherited in the predisposition toward alcoholism? A proposed model.
Alcohol Clin Exp Res 1999;23:1125–35. [PubMed: 10443977]

Begleiter H, Porjesz B. Genetics of human brain oscillations. Int J Psychophysiol 2006;60:162–71.
[PubMed: 16540194]

Begleiter H, Porjesz B, Bihari B, Kissin B. Event-related brain potentials in boys at risk for alcoholism.
Science 1984;225:1493–6. [PubMed: 6474187]

Buzsaki G, Draguhn A. Neuronal oscillations in cortical networks. Science 2004;304:1926–9. [PubMed:
15218136]

Calabresi P, Centonze D, Gubellini P, Pisani A, Bernardi G. Blockade of M2-like muscarinic receptors
enhances long-term potentiation at corticostriatal synapses. Eur J Neurosci 1998;10:3020–3.
[PubMed: 9758172]

Callaway E. Presidential address, 1982. The pharmacology of human information processing.
Psychophysiology 1983;20:359–70. [PubMed: 6356200]

Chorlian DB, Tang Y, Rangaswamy M, O’Connor S, Rohrbaugh J, Taylor R, Porjesz B. Heritability of
EEG coherence in a large sib-pair population. Biol Psychol 2007;75:260–6. [PubMed: 17498861]

Clarke AR, Barry RJ, McCarthy R, Selikowitz M, Johnstone SJ, Hsu CI, Magee CA, Lawrence CA, Croft
RJ. Coherence in children with Attention-Deficit/Hyperactivity Disorder and excess beta activity in
their EEG. Clin Neurophysiol 2007;118:1472–9. [PubMed: 17502165]

Comings DE, Wu S, Rostamkhani M, McGue M, Iacono WG, MacMurray JP. Association of the
muscarinic cholinergic 2 receptor (CHRM2) gene with major depression in women. Am J Med Genet
2002;114:527–9. [PubMed: 12116189]

Comings DE, Wu S, Rostamkhani M, McGue M, Lacono WG, Cheng LS, MacMurray JP. Role of the
cholinergic muscarinic 2 receptor (CHRM2) gene in cognition. Mol Psychiatry 2003;8:10–1.
[PubMed: 12556901]

Cook IA, O’Hara R, Uijtdehaage SH, Mandelkern M, Leuchter AF. Assessing the accuracy of topographic
EEG mapping for determining local brain function. Electroencephalogr Clin Neurophysiol
1998;107:408–14. [PubMed: 9922086]

Corbetta M, Kincade JM, Ollinger JM, McAvoy MP, Shulman GL. Voluntary orienting is dissociated
from target detection in human posterior parietal cortex. Nat Neurosci 2000;3:292–7. [PubMed:
10700263]

Cornish JL, Kalivas PW. Glutamate transmission in the nucleus accumbens mediates relapse in cocaine
addiction. J Neurosci 2000;20:RC89. [PubMed: 10899176]

Costa L, Bauer L. Quantitative electroencephalographic differences associated with alcohol, cocaine,
heroin and dual-substance dependence. Drug Alcohol Depend 1997;46:87–93. [PubMed: 9246556]

Covault J, Gelernter J, Hesselbrock V, Nellissery M, Kranzler HR. Allelic and haplotypic association of
GABRA2 with alcohol dependence. Am J Med Genet B Neuropsychiatr Genet 2004;129:104–9.
[PubMed: 15274050]

Dahchour A, De Witte P. Ethanol and amino acids in the central nervous system: assessment of the
pharmacological actions of acamprosate. Prog Neurobiol 2000;60:343–62. [PubMed: 10670704]

Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, Smith SM, Beckmann CF. Consistent
resting-state networks across healthy subjects. Proc Natl Acad Sci U S A 2006;103:13848–53.
[PubMed: 16945915]

De Luca M, Beckmann CF, De Stefano N, Matthews PM, Smith SM. fMRI resting state networks define
distinct modes of long-distance interactions in the human brain. Neuroimage 2006;29:1359–67.
[PubMed: 16260155]

Demiralp T, Ademoglu A, Istefanopulos Y, Basar-Eroglu C, Basar E. Wavelet analysis of oddball P300.
Int J Psychophysiol 2001;39:221–7. [PubMed: 11163899]

Dick DM, Agrawal A, Schuckit MA, Bierut L, Hinrichs A, Fox L, Mullaney J, Cloninger CR, Hesselbrock
V, Nurnberger JI Jr, Almasy L, Foroud T, Porjesz B, Edenberg H, Begleiter H. Marital status, alcohol

Rangaswamy and Porjesz Page 16

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dependence, and GABRA2: evidence for gene-environment correlation and interaction. J Stud
Alcohol 2006a;67:185–94. [PubMed: 16562401]

Dick DM, Agrawal A, Wang JC, Hinrichs A, Bertelsen S, Bucholz KK, Schuckit M, Kramer J, Nurnberger
J Jr, Tischfield J, Edenberg HJ, Goate A, Bierut LJ. Alcohol dependence with comorbid drug
dependence: genetic and phenotypic associations suggest a more severe form of the disorder with
stronger genetic contribution to risk. Addiction 2007a;102:1131–9. [PubMed: 17567401]

Dick DM, Aliev F, Kramer J, Wang JC, Hinrichs A, Bertelsen S, Kuperman S, Schuckit M, Nurnberger
J Jr, Edenberg HJ, Porjesz B, Begleiter H, Hesselbrock V, Goate A, Bierut L. Association of CHRM2
with IQ: converging evidence for a gene influencing intelligence. Behav Genet 2007b;37:265–72.
[PubMed: 17160701]

Dick DM, Aliev F, Wang JC, Grucza RA, Schuckit M, Kuperman S, Kramer J, Hinrichs A, Bertelsen S,
Budde JP, Hesselbrock V, Porjesz B, Edenberg HJ, Bierut LJ, Goate A. Using Dimensional Models
of Externalizing Psychopathology to Aid in Gene Identification. 2008;65:310–318.

Dick DM, Bierut L, Hinrichs A, Fox L, Bucholz KK, Kramer J, Kuperman S, Hesselbrock V, Schuckit
M, Almasy L, Tischfield J, Porjesz B, Begleiter H, Nurnberger J Jr, Xuei X, Edenberg HJ, Foroud
T. The role of GABRA2 in risk for conduct disorder and alcohol and drug dependence across
developmental stages. Behav Genet 2006b;36:577–90. [PubMed: 16557364]

Dick DM, Jones K, Saccone N, Hinrichs A, Wang JC, Goate A, Bierut L, Almasy L, Schuckit M,
Hesselbrock V, Tischfield J, Foroud T, Edenberg H, Porjesz B, Begleiter H. Endophenotypes
successfully lead to gene identification: results from the collaborative study on the genetics of
alcoholism. Behav Genet 2006c;36:112–26. [PubMed: 16341909]

Dierks T, Frolich L, Ihl R, Maurer K. Event-related potentials and psychopharmacology. Cholinergic
modulation of P300. Pharmacopsychiatry 1994;27:72–4. [PubMed: 7913237]

Doppelmayr M, Klimesch W, Schwaiger J, Auinger P, Winkler T. Theta synchronization in the human
EEG and episodic retrieval. Neurosci Lett 1998;257:41–4. [PubMed: 9857961]

Drgon T, D’Addario C, Uhl GR. Linkage disequilibrium, haplotype and association studies of a
chromosome 4 GABA receptor gene cluster: candidate gene variants for addictions. Am J Med Genet
B Neuropsychiatr Genet 2006;141:854–60. [PubMed: 16894595]

Edenberg HJ, Dick DM, Xuei X, Tian H, Almasy L, Bauer LO, Crowe RR, Goate A, Hesselbrock V,
Jones K, Kwon J, Li TK, Nurnberger JI Jr, O’Connor SJ, Reich T, Rice J, Schuckit MA, Porjesz B,
Foroud T, Begleiter H. Variations in GABRA2, encoding the alpha 2 subunit of the GABA(A)
receptor, are associated with alcohol dependence and with brain oscillations. Am J Hum Genet
2004;74:705–14. [PubMed: 15024690]

Engel AK, Fries P, Singer W. Dynamic predictions: oscillations and synchrony in top-down processing.
Nat Rev Neurosci 2001;2:704–16. [PubMed: 11584308]

Enoch MA, Schwartz L, Albaugh B, Virkkunen M, Goldman D. Dimensional anxiety mediates linkage
of GABRA2 haplotypes with alcoholism. Am J Med Genet B Neuropsychiatr Genet 2006;141:599–
607. [PubMed: 16874763]

Enoch MA, White KV, Harris CR, Robin RW, Ross J, Rohrbaugh JW, Goldman D. Association of low-
voltage alpha EEG with a subtype of alcohol use disorders. Alcohol Clin Exp Res 1999;23:1312–9.
[PubMed: 10470973]

Enoch MA, Xu K, Ferro E, Harris CR, Goldman D. Genetic origins of anxiety in women: a role for a
functional catechol-O-methyltransferase polymorphism. Psychiatr Genet 2003;13:33–41. [PubMed:
12605099]

Faulkner HJ, Traub RD, Whittington MA. Anaesthetic/amnesic agents disrupt beta frequency oscillations
associated with potentiation of excitatory synaptic potentials in the rat hippocampal slice. Br J
Pharmacol 1999;128:1813–25. [PubMed: 10588938]

Fehr C, Sander T, Tadic A, Lenzen KP, Anghelescu I, Klawe C, Dahmen N, Schmidt LG, Szegedi A.
Confirmation of association of the GABRA2 gene with alcohol dependence by subtype-specific
analysis. Psychiatr Genet 2006;16:9–17. [PubMed: 16395124]

Fell J, Fernandez G, Klaver P, Elger CE, Fries P. Is synchronized neuronal gamma activity relevant for
selective attention? Brain Res Brain Res Rev 2003;42:265–72. [PubMed: 12791444]

Rangaswamy and Porjesz Page 17

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fellous JM, Sejnowski TJ. Cholinergic induction of oscillations in the hippocampal slice in the slow (0.5–
2 Hz), theta (5–12 Hz), and gamma (35–70 Hz) bands. Hippocampus 2000;10:187–97. [PubMed:
10791841]

Ferraguti F, Klausberger T, Cobden P, Baude A, Roberts JD, Szucs P, Kinoshita A, Shigemoto R,
Somogyi P, Dalezios Y. Metabotropic glutamate receptor 8-expressing nerve terminals target subsets
of GABAergic neurons in the hippocampus. J Neurosci 2005;25:10520–36. [PubMed: 16280590]

Ferraguti F, Shigemoto R. Metabotropic glutamate receptors. Cell Tissue Res 2006;326:483–504.
[PubMed: 16847639]

Finn PR, Justus A. Reduced EEG alpha power in the male and female offspring of alcoholics. Alcohol
Clin Exp Res 1999;23:256–62. [PubMed: 10069554]

Ford JM, Krystal JH, Mathalon DH. Neural synchrony in schizophrenia: from networks to new treatments.
Schizophr Bull 2007;33:848–52. [PubMed: 17567628]

Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. The human brain is
intrinsically organized into dynamic, anticorrelated functional networks. Proc Natl Acad Sci U S A
2005;102:9673–8. [PubMed: 15976020]

Fox MD, Snyder AZ, Zacks JM, Raichle ME. Coherent spontaneous activity accounts for trial-to-trial
variability in human evoked brain responses. Nat Neurosci 2006;9:23–5. [PubMed: 16341210]

Frodl-Bauch T, Bottlender R, Hegerl U. Neurochemical substrates and neuroanatomical generators of
the event-related P300. Neuropsychobiology 1999;40:86–94. [PubMed: 10474063]

Frund I, Busch NA, Schadow J, Korner U, Herrmann CS. From perception to action: phase-locked gamma
oscillations correlate with reaction times in a speeded response task. BMC Neurosci 2007;8:27.
[PubMed: 17439642]

Gabrielli WF Jr, Mednick SA, Volavka J, Pollock VE, Schulsinger F, Itil TM. Electroencephalograms
in children of alcoholic fathers. Psychophysiology 1982;19:404–7. [PubMed: 7122778]

Gallinat J, Kunz D, Lang UE, Neu P, Kassim N, Kienast T, Seifert F, Schubert F, Bajbouj M. Association
between cerebral glutamate and human behaviour: the sensation seeking personality trait.
Neuroimage 2007;34:671–8. [PubMed: 17123835]

Gallinat J, Kunz D, Senkowski D, Kienast T, Seifert F, Schubert F, Heinz A. Hippocampal glutamate
concentration predicts cerebral theta oscillations during cognitive processing. Psychopharmacology
(Berl) 2006;187:103–11. [PubMed: 16767420]

Gevins A, Smith ME, Leong H, McEvoy L, Whitfield S, Du R, Rush G. Monitoring working memory
load during computer-based tasks with EEG pattern recognition methods. Hum Factors 1998;40:79–
91. [PubMed: 9579105]

Giesbrecht B, Woldorff MG, Song AW, Mangun GR. Neural mechanisms of top-down control during
spatial and feature attention. Neuroimage 2003;19:496–512. [PubMed: 12880783]

Goldberg TE, Weinberger DR. Genes and the parsing of cognitive processes. Trends Cogn Sci
2004;8:325–35. [PubMed: 15242692]

Gosso FM, de Geus EJ, Polderman TJ, Boomsma DI, Posthuma D, Heutink P. Exploring the functional
role of the CHRM2 gene in human cognition: results from a dense genotyping and brain expression
study. BMC Med Genet 2007;8:66. [PubMed: 17996044]

Gottesman II, Gould TD. The endophenotype concept in psychiatry: etymology and strategic intentions.
Am J Psychiatry 2003;160:636–45. [PubMed: 12668349]

Gottesman II, Shields J. Genetic theorizing and schizophrenia. Br J Psychiatry 1973;122:15–30.
[PubMed: 4683020]

Gottesman, II.; Shields, J. Schizophrenia and Genetics: A Twin Study Vantage Point. Academic Press;
New York: 1972.

Grossman A, Morlet J. Decomposition of Hardy functions into square integrable wavelets of constant
shape. SIAM J Math 1984;15:723–736.

Gruber T, Muller MM. Oscillatory brain activity in the human EEG during indirect and direct memory
tasks. Brain Res 2006;1097:194–204. [PubMed: 16729980]

Haenschel C, Baldeweg T, Croft RJ, Whittington M, Gruzelier J. Gamma and beta frequency oscillations
in response to novel auditory stimuli: A comparison of human electroencephalogram (EEG) data
with in vitro models. Proc Natl Acad Sci U S A 2000;97:7645–50. [PubMed: 10852953]

Rangaswamy and Porjesz Page 18

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Haig AR, De Pascalis V, Gordon E. Peak gamma latency correlated with reaction time in a conventional
oddball paradigm. Clin Neurophysiol 1999;110:158–65. [PubMed: 10348335]

Hammond EJ, Meador KJ, Aung-Din R, Wilder BJ. Cholinergic modulation of human P3 event-related
potentials. Neurology 1987;37:346–50. [PubMed: 3808322]

Herrmann CS, Demiralp T. Human EEG gamma oscillations in neuropsychiatric disorders. Clin
Neurophysiol 2005;116:2719–33. [PubMed: 16253555]

Higashima M, Takeda T, Kikuchi M, Nagasawa T, Hirao N, Oka T, Nakamura M, Koshino Y. State-
dependent changes in intrahemispheric EEG coherence for patients with acute exacerbation of
schizophrenia. Psychiatry Res 2007;149:41–7. [PubMed: 17140670]

Higashima M, Takeda T, Kikuchi M, Nagasawa T, Koshino Y. Functional connectivity between
hemispheres and schizophrenic symptoms: a longitudinal study of interhemispheric EEG coherence
in patients with acute exacerbations of schizophrenia. Clin EEG Neurosci 2006;37:10–5. [PubMed:
16475479]

Hirschhorn JN, Daly MJ. Genome-wide association studies for common diseases and complex traits. Nat
Rev Genet 2005;6:95–108. [PubMed: 15716906]

Holter SM, Linthorst AC, Reul JM, Spanagel R. Withdrawal symptoms in a long-term model of voluntary
alcohol drinking in Wistar rats. Pharmacol Biochem Behav 2000;66:143–51. [PubMed: 10837854]

Hughes SW, Crunelli V. Thalamic mechanisms of EEG alpha rhythms and their pathological
implications. Neuroscientist 2005;11:357–72. [PubMed: 16061522]

Jones KA, Porjesz B, Almasy L, Bierut L, Dick D, Goate A, Hinrichs A, Rice JP, Wang JC, Bauer LO,
Crowe R, Foroud T, Hesselbrock V, Kuperman S, Nurnberger J Jr, O’Connor SJ, Rohrbaugh J,
Schuckit MA, Tischfield J, Edenberg HJ, Begleiter H. A cholinergic receptor gene (CHRM2) affects
event-related oscillations. Behav Genet 2006a;36:627–39. [PubMed: 16823639]

Jones KA, Porjesz B, Almasy L, Bierut L, Goate A, Wang JC, Dick DM, Hinrichs A, Kwon J, Rice JP,
Rohrbaugh J, Stock H, Wu W, Bauer LO, Chorlian DB, Crowe RR, Edenberg HJ, Foroud T,
Hesselbrock V, Kuperman S, Nurnberger J Jr, O’Connor SJ, Schuckit MA, Stimus AT, Tischfield
JA, Reich T, Begleiter H. Linkage and linkage disequilibrium of evoked EEG oscillations with
CHRM2 receptor gene polymorphisms: implications for human brain dynamics and cognition. Int J
Psychophysiol 2004;53:75–90. [PubMed: 15210286]

Jones KA, Porjesz B, Chorlian D, Rangaswamy M, Kamarajan C, Padmanabhapillai A, Stimus A,
Begleiter H. S-transform time-frequency analysis of P300 reveals deficits in individuals diagnosed
with alcoholism. Clin Neurophysiol 2006b;117:2128–43. [PubMed: 16926113]

Kamarajan C, Porjesz B, Jones K, Chorlian D, Padmanabhapillai A, Rangaswamy M, Stimus A, Begleiter
H. Event-related oscillations in offspring of alcoholics: neurocognitive disinhibition as a risk for
alcoholism. Biol Psychiatry 2006;59:625–34. [PubMed: 16213472]

Kamarajan C, Porjesz B, Jones KA, Choi K, Chorlian DB, Padmanabhapillai A, Rangaswamy M, Stimus
AT, Begleiter H. The role of brain oscillations as functional correlates of cognitive systems: a study
of frontal inhibitory control in alcoholism. Int J Psychophysiol 2004;51:155–80. [PubMed:
14693365]

Kaplan RF, Glueck BC, Hesselbrock MN, Reed HB Jr. Power and coherence analysis of the EEG in
hospitalized alcoholics and nonalcoholic controls. J Stud Alcohol 1985;46:122–7. [PubMed:
3990297]

Karakas S, Erzengin OU, Basar E. The genesis of human event-related responses explained through the
theory of oscillatory neural assemblies. Neurosci Lett 2000a;285:45–8. [PubMed: 10788704]

Karakas S, Erzengin OU, Basar E. A new strategy involving multiple cognitive paradigms demonstrates
that ERP components are determined by the superposition of oscillatory responses. Clin Neurophysiol
2000b;111:1719–32. [PubMed: 11018485]

Kendler KS, Prescott CA, Myers J, Neale MC. The structure of genetic and environmental risk factors
for common psychiatric and substance use disorders in men and women. Arch Gen Psychiatry
2003;60:929–37. [PubMed: 12963675]

Klimesch W. EEG-alpha rhythms and memory processes. Int J Psychophysiol 1997;26:319–40.
[PubMed: 9203012]

Klimesch W, Doppelmayr M, Pachinger T, Ripper B. Brain oscillations and human memory: EEG
correlates in the upper alpha and theta band. Neurosci Lett 1997a;238:9–12. [PubMed: 9464642]

Rangaswamy and Porjesz Page 19

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Klimesch W, Doppelmayr M, Pachinger T, Russegger H. Event-related desynchronization in the alpha
band and the processing of semantic information. Brain Res Cogn Brain Res 1997b;6:83–94.
[PubMed: 9450602]

Klimesch W, Doppelmayr M, Russegger H, Pachinger T, Schwaiger J. Induced alpha band power changes
in the human EEG and attention. Neurosci Lett 1998;244:73–6. [PubMed: 9572588]

Klimesch W, Doppelmayr M, Yonelinas A, Kroll NE, Lazzara M, Rohm D, Gruber W. Theta
synchronization during episodic retrieval: neural correlates of conscious awareness. Brain Res Cogn
Brain Res 2001;12:33–8. [PubMed: 11489606]

Klimesch W, Sauseng P, Hanslmayr S, Gruber W, Freunberger R. Event-related phase reorganization
may explain evoked neural dynamics. Neurosci Biobehav Rev 2007;31:1003–16. [PubMed:
17532471]

Klimesch W, Schimke H, Schwaiger J. Episodic and semantic memory: an analysis in the EEG theta and
alpha band. Electroencephalogr Clin Neurophysiol 1994;91:428–41. [PubMed: 7529682]

Kopell N, Ermentrout GB, Whittington MA, Traub RD. Gamma rhythms and beta rhythms have different
synchronization properties. Proc Natl Acad Sci U S A 2000;97:1867–72. [PubMed: 10677548]

Krystal JH, Petrakis IL, Mason G, Trevisan L, D’Souza DC. N-methyl-D-aspartate glutamate receptors
and alcoholism: reward, dependence, treatment, and vulnerability. Pharmacol Ther 2003;99:79–94.
[PubMed: 12804700]

Krystal JH, Staley J, Mason G, Petrakis IL, Kaufman J, Harris RA, Gelernter J, Lappalainen J. Gamma-
aminobutyric acid type A receptors and alcoholism: intoxication, dependence, vulnerability, and
treatment. Arch Gen Psychiatry 2006;63:957–68. [PubMed: 16952998]

Lappalainen J, Krupitsky E, Remizov M, Pchelina S, Taraskina A, Zvartau E, Somberg LK, Covault J,
Kranzler HR, Krystal JH, Gelernter J. Association between alcoholism and gamma-amino butyric
acid alpha2 receptor subtype in a Russian population. Alcohol Clin Exp Res 2005;29:493–8.
[PubMed: 15834213]

Lingford-Hughes AR, Acton PD, Gacinovic S, Suckling J, Busatto GF, Boddington SJ, Bullmore E,
Woodruff PW, Costa DC, Pilowsky LS, Ell PJ, Marshall EJ, Kerwin RW. Reduced levels of GABA-
benzodiazepine receptor in alcohol dependency in the absence of grey matter atrophy. Br J
Psychiatry 1998;173:116–22. [PubMed: 9850223]

Llinas RR. The intrinsic electrophysiological properties of mammalian neurons: insights into central
nervous system function. Science 1988;242:1654–64. [PubMed: 3059497]

Llinas RR, Ribary U, Jeanmonod D, Kronberg E, Mitra PP. Thalamocortical dysrhythmia: A neurological
and neuropsychiatric syndrome characterized by magnetoencephalography. Proc Natl Acad Sci U
S A 1999;96:15222–7. [PubMed: 10611366]

Luo X, Kranzler HR, Zuo L, Wang S, Blumberg HP, Gelernter J. CHRM2 gene predisposes to alcohol
dependence, drug dependence and affective disorders: results from an extended case-control
structured association study. Hum Mol Genet 2005;14:2421–34. [PubMed: 16000316]

Makeig S, Westerfield M, Jung TP, Enghoff S, Townsend J, Courchesne E, Sejnowski TJ. Dynamic brain
sources of visual evoked responses. Science 2002;295:690–4. [PubMed: 11809976]

Mallat S, Zhang Z. Matching pursuits with time-frequency dictionaries. IEEE Transactions on Signal
Processing 1993;41:3397–3415.

Mann K, Lehert P, Morgan MY. The efficacy of acamprosate in the maintenance of abstinence in alcohol-
dependent individuals: results of a meta-analysis. Alcohol Clin Exp Res 2004;28:51–63. [PubMed:
14745302]

Mantini D, Perrucci MG, Del Gratta C, Romani GL, Corbetta M. Electrophysiological signatures of
resting state networks in the human brain. Proc Natl Acad Sci U S A 2007;104:13170–5. [PubMed:
17670949]

Mazoyer B, Zago L, Mellet E, Bricogne S, Etard O, Houde O, Crivello F, Joliot M, Petit L, Tzourio-
Mazoyer N. Cortical networks for working memory and executive functions sustain the conscious
resting state in man. Brain Res Bull 2001;54:287–98. [PubMed: 11287133]

Michael A, Mirza KA, Mukundan CR, Channabasavanna SM. Interhemispheric electroencephalographic
coherence as a biological marker in alcoholism. Acta Psychiatr Scand 1993;87:213–7. [PubMed:
8465670]

Rangaswamy and Porjesz Page 20

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mitrofanis J, Guillery RW. New views of the thalamic reticular nucleus in the adult and the developing
brain. Trends Neurosci 1993;16:240–5. [PubMed: 7688166]

Murias M, Webb SJ, Greenson J, Dawson G. Resting state cortical connectivity reflected in EEG
coherence in individuals with autism. Biol Psychiatry 2007;62:270–3. [PubMed: 17336944]

Niedermayer, E.; Lopes Da Silva, FH. Electroencephalography: Basic Principles, Clinical Applications
and Related Fields. Williams & Wilkins; New York: 1999.

Nunez PL, Srinivasan R. A theoretical basis for standing and traveling brain waves measured with human
EEG with implications for an integrated consciousness. Clin Neurophysiol 2006;117:2424–35.
[PubMed: 16996303]

Padmanabhapillai A, Porjesz B, Ranganathan M, Jones KA, Chorlian DB, Tang Y, Kamarajan C,
Rangaswamy M, Stimus A, Begleiter H. Suppression of early evoked gamma band response in male
alcoholics during a visual oddball task. Int J Psychophysiol 2006a;60:15–26. [PubMed: 16019097]

Padmanabhapillai A, Tang Y, Ranganathan M, Rangaswamy M, Jones KA, Chorlian DB, Kamarajan C,
Stimus A, Kuperman S, Rohrbaugh J, O’Connor SJ, Bauer LO, Schuckit MA, Begleiter H, Porjesz
B. Evoked gamma band response in male adolescent subjects at high risk for alcoholism during a
visual oddball task. Int J Psychophysiol 2006b;62:262–71. [PubMed: 16887227]

Perry E, Walker M, Grace J, Perry R. Acetylcholine in mind: a neurotransmitter correlate of
consciousness? Trends Neurosci 1999;22:273–80. [PubMed: 10354606]

Pollock VE, Earleywine M, Gabrielli WF. Personality and EEG beta in older adults with alcoholic
relatives. Alcohol Clin Exp Res 1995;19:37–43. [PubMed: 7771661]

Porjesz B, Almasy L, Edenberg HJ, Wang K, Chorlian DB, Foroud T, Goate A, Rice JP, O’Connor SJ,
Rohrbaugh J, Kuperman S, Bauer LO, Crowe RR, Schuckit MA, Hesselbrock V, Conneally PM,
Tischfield JA, Li TK, Reich T, Begleiter H. Linkage disequilibrium between the beta frequency of
the human EEG and a GABAA receptor gene locus. Proc Natl Acad Sci U S A 2002;99:3729–33.
[PubMed: 11891318]

Porjesz B, Rangaswamy M. Neurophysiological endophenotypes, CNS disinhibition, and risk for alcohol
dependence and related disorders. ScientificWorldJournal 2007;7:131–41. [PubMed: 17982586]

Porjesz B, Rangaswamy M, Kamarajan C, Jones KA, Padmanabhapillai A, Begleiter H. The utility of
neurophysiological markers in the study of alcoholism. Clin Neurophysiol 2005;116:993–1018.
[PubMed: 15826840]

Potter DD, Pickles CD, Roberts RC, Rugg MD. Scopolamine impairs memory performance and reduces
frontal but not parietal visual P3 amplitude. Biol Psychol 2000;52:37–52. [PubMed: 10686371]

Propping P, Kruger J, Mark N. Genetic disposition to alcoholism. An EEG study in alcoholics and their
relatives. Hum Genet 1981;59:51–9. [PubMed: 10819022]

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL. A default mode of brain
function. Proc Natl Acad Sci U S A 2001;98:676–82. [PubMed: 11209064]

Raichle ME, Snyder AZ. A default mode of brain function: a brief history of an evolving idea. Neuroimage
2007;37:1083–90. discussion 1097–9. [PubMed: 17719799]

Rangaswamy M, Jones KA, Porjesz B, Chorlian DB, Padmanabhapillai A, Kamarajan C, Kuperman S,
Rohrbaugh J, O’Connor SJ, Bauer LO, Schuckit MA, Begleiter H. Delta and theta oscillations as
risk markers in adolescent offspring of alcoholics. Int J Psychophysiol 2007;63:3–15. [PubMed:
17129626]

Rangaswamy M, Porjesz B, Ardekani BA, Choi SJ, Tanabe JL, Lim KO, Begleiter H. A functional MRI
study of visual oddball: evidence for frontoparietal dysfunction in subjects at risk for alcoholism.
Neuroimage 2004a;21:329–39. [PubMed: 14741671]

Rangaswamy M, Porjesz B, Chorlian DB, Wang K, Jones KA, Bauer LO, Rohrbaugh J, O’Connor SJ,
Kuperman S, Reich T, Begleiter H. Beta power in the EEG of alcoholics. Biol Psychiatry
2002;52:831–42. [PubMed: 12372655]

Rangaswamy M, Porjesz B, Chorlian DB, Wang K, Jones KA, Kuperman S, Rohrbaugh J, O’Connor SJ,
Bauer LO, Reich T, Begleiter H. Resting EEG in offspring of male alcoholics: beta frequencies. Int
J Psychophysiol 2004b;51:239–51. [PubMed: 14962576]

Rangaswamy M, Porjesz B, Chorlian DB, Choi K, Jones KA, Wang K, Rohrbaugh J, O’Connor S,
Kuperman S, Reich T, Begleiter H. Theta power in the EEG of alcoholics. Alcohol Clin Exp Res
2003;27:607–15. [PubMed: 12711923]

Rangaswamy and Porjesz Page 21

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sarnthein J, Jeanmonod D. High thalamocortical theta coherence in patients with Parkinson’s disease. J
Neurosci 2007;27:124–31. [PubMed: 17202479]

Sarnthein J, Morel A, von Stein A, Jeanmonod D. Thalamocortical theta coherence in neurological
patients at rest and during a working memory task. Int J Psychophysiol 2005;57:87–96. [PubMed:
15982767]

Schoepp DD. Unveiling the functions of presynaptic metabotropic glutamate receptors in the central
nervous system. J Pharmacol Exp Ther 2001;299:12–20. [PubMed: 11561058]

Schurmann M, Basar-Eroglu C, Basar E. Gamma responses in the EEG: elementary signals with multiple
functional correlates. Neuroreport 1997;8:1793–6. [PubMed: 9189935]

Schurmann M, Basar-Eroglu C, Kolev V, Basar E. A new metric for analyzing single-trial event-related
potentials (ERPs): application to human visual P300 delta response. Neurosci Lett 1995;197:167–
70. [PubMed: 8552290]

Schurmann M, Basar-Eroglu C, Kolev V, Basar E. Delta responses and cognitive processing: single-trial
evaluations of human visual P300. Int J Psychophysiol 2001;39:229–39. [PubMed: 11163900]

Seeger T, Fedorova I, Zheng F, Miyakawa T, Koustova E, Gomeza J, Basile AS, Alzheimer C, Wess J.
M2 muscarinic acetylcholine receptor knockout mice show deficits in behavioral flexibility,
working memory, and hippocampal plasticity. J Neurosci 2004;24:10117–27. [PubMed: 15537882]

Shigemoto R, Kinoshita A, Wada E, Nomura S, Ohishi H, Takada M, Flor PJ, Neki A, Abe T, Nakanishi
S, Mizuno N. Differential presynaptic localization of metabotropic glutamate receptor subtypes in
the rat hippocampus. J Neurosci 1997;17:7503–22. [PubMed: 9295396]

Soyka M, Preuss UW, Hesselbrock V, Zill P, Koller G, Bondy B. GABA-A2 receptor subunit gene
(GABRA2) polymorphisms and risk for alcohol dependence. J Psychiatr Res 2008;42:184–191.
[PubMed: 17207817]

Spanagel R, Heilig M. Addiction and its brain science. Addiction 2005;100:1813–22. [PubMed:
16367982]

Srinivasan R, Nunez PL, Silberstein RB. Spatial filtering and neocortical dynamics: estimates of EEG
coherence. IEEE Trans Biomed Eng 1998;45:814–26. [PubMed: 9644890]

Stassen HH, Lykken DT, Propping P, Bomben G. Genetic determination of the human EEG. Survey of
recent results on twins reared together and apart. Hum Genet 1988;80:165–76. [PubMed: 3169741]

Steriade M. Impact of network activities on neuronal properties in corticothalamic systems. J
Neurophysiol 2001;86:1–39. [PubMed: 11431485]

Steriade M. Grouping of brain rhythms in corticothalamic systems. Neuroscience 2006;137:1087–106.
[PubMed: 16343791]

Stockwell RG, Mansinha L, Lowe RP. Localization of the complex spectrum: The S-transform. IEEE
Trans on Sig Proc 1996;44:998–1001.

Tallon-Baudry C, Kreiter A, Bertrand O. Sustained and transient oscillatory responses in the gamma and
beta bands in a visual short-term memory task in humans. Vis Neurosci 1999;16:449–59. [PubMed:
10349966]

Tian H, Chen HJ, Cross TH, Edenberg HJ. Alternative splicing and promoter use in the human GABRA2
gene. Brain Res Mol Brain Res 2005;137:174–83. [PubMed: 15950776]

Tiesinga PH, Fellous JM, Jose JV, Sejnowski TJ. Computational model of carbachol-induced delta, theta,
and gamma oscillations in the hippocampus. Hippocampus 2001;11:251–74. [PubMed: 11769308]

Tobler I, Kopp C, Deboer T, Rudolph U. Diazepam-induced changes in sleep: role of the alpha 1 GABA
(A) receptor subtype. Proc Natl Acad Sci U S A 2001;98:6464–9. [PubMed: 11353839]

Tomberg C, Desmedt JE. The challenge of non-invasive cognitive physiology of the human brain: how
to negotiate the irrelevant background noise without spoiling the recorded data through electronic
averaging. Philos Trans R Soc Lond B Biol Sci 1999;354:1295–305. [PubMed: 10466152]

Tsai G, Coyle JT. The role of glutamatergic neurotransmission in the pathophysiology of alcoholism.
Annu Rev Med 1998;49:173–84. [PubMed: 9509257]

Tsuang MT, Faraone SV. The frustrating search for schizophrenia genes. Am J Med Genet 2000;97:1–
3. [PubMed: 10813798]

Rangaswamy and Porjesz Page 22

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tzschentke TM, Schmidt WJ. Functional relationship among medial prefrontal cortex, nucleus
accumbens, and ventral tegmental area in locomotion and reward. Crit Rev Neurobiol 2000;14:131–
42. [PubMed: 11513242]

van Baal GC, de Geus EJ, Boomsma DI. Genetic influences on EEG coherence in 5-year-old twins. Behav
Genet 1998;28:9–19. [PubMed: 9573642]

van Beijsterveldt CE, Boomsma DI. Genetics of the human electroencephalogram (EEG) and event-
related brain potentials (ERPs): a review. Hum Genet 1994;94:319–30. [PubMed: 7927323]

van Beijsterveldt CE, Molenaar PC, de Geus EJ, Boomsma DI. Heritability of human brain functioning
as assessed by electroencephalography. Am J Hum Genet 1996;58:562–73. [PubMed: 8644716]

van Beijsterveldt CE, Molenaar PC, de Geus EJ, Boomsma DI. Genetic and environmental influences on
EEG coherence. Behav Genet 1998;28:443–53. [PubMed: 9926613]

van der Stelt O, Belger A. Application of electroencephalography to the study of cognitive and brain
functions in schizophrenia. Schizophr Bull 2007;33:955–70. [PubMed: 17363840]

Varela F, Lachaux JP, Rodriguez E, Martinerie J. The brainweb: phase synchronization and large-scale
integration. Nat Rev Neurosci 2001;2:229–39. [PubMed: 11283746]

Volkow ND, Wang GJ, Begleiter H, Hitzemann R, Pappas N, Burr G, Pascani K, Wong C, Fowler JS,
Wolf AP. Regional brain metabolic response to lorazepam in subjects at risk for alcoholism. Alcohol
Clin Exp Res 1995;19:510–6. [PubMed: 7625590]

Wang JC, Hinrichs AL, Stock H, Budde J, Allen R, Bertelsen S, Kwon JM, Wu W, Dick DM, Rice J,
Jones K, Nurnberger JI Jr, Tischfield J, Porjesz B, Edenberg HJ, Hesselbrock V, Crowe R, Schuckit
M, Begleiter H, Reich T, Goate AM, Bierut LJ. Evidence of common and specific genetic effects:
association of the muscarinic acetylcholine receptor M2 (CHRM2) gene with alcohol dependence
and major depressive syndrome. Hum Mol Genet 2004;13:1903–11. [PubMed: 15229186]

Whittington MA, Traub RD, Kopell N, Ermentrout B, Buhl EH. Inhibition-based rhythms: experimental
and mathematical observations on network dynamics. Int J Psychophysiol 2000;38:315–36.
[PubMed: 11102670]

Winterer G, Enoch MA, White KV, Saylan M, Coppola R, Goldman D. EEG phenotype in alcoholism:
increased coherence in the depressive subtype. Acta Psychiatr Scand 2003a;108:51–60. [PubMed:
12807377]

Winterer G, Kloppel B, Heinz A, Ziller M, Dufeu P, Schmidt LG, Herrmann WM. Quantitative EEG
(QEEG) predicts relapse in patients with chronic alcoholism and points to a frontally pronounced
cerebral disturbance. Psychiatry Res 1998;78:101–13. [PubMed: 9579706]

Winterer G, Mahlberg R, Smolka MN, Samochowiec J, Ziller M, Rommelspacher HP, Herrmann WM,
Schmidt LG, Sander T. Association analysis of exonic variants of the GABA(B)-receptor gene and
alpha electroencephalogram voltage in normal subjects and alcohol-dependent patients. Behav
Genet 2003b;33:7–15. [PubMed: 12645817]

Winterer G, Smolka M, Samochowiec J, Ziller M, Mahlberg R, Gallinat J, Rommelspacher HP, Herrmann
WM, Sander T. Association of EEG coherence and an exonic GABA(B)R1 gene polymorphism.
Am J Med Genet B Neuropsychiatr Genet 2003c;117:51–6.

Yordanova J, Banaschewski T, Kolev V, Woerner W, Rothenberger A. Abnormal early stages of task
stimulus processing in children with attention-deficit hyperactivity disorder--evidence from event-
related gamma oscillations. Clin Neurophysiol 2001;112:1096–108. [PubMed: 11377270]

Yordanova J, Kolev V. Brain theta response predicts P300 latency in children. Neuroreport 1996;8:277–
80. [PubMed: 9051795]

Rangaswamy and Porjesz Page 23

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. From indices of cognition to genes – An illustration of our strategy
Brain oscillations, such as theta (θ, 3–7 Hz) EROs underlying P3, are correlates of impaired
cognitive brain processes in alcoholism and risk, as seen in this time-frequency representation
of EEG response to target stimuli in a visual oddball task. Head plot displays differences in
ERO power and topography between alcoholics and controls.
Genetic Linkage analysis scans the entire genome to assess if a polymorphic genetic marker
from a chromosomal region can be linked to a quantitative trait (theta ERO power) within a
family. This is a logarithm of odds (LOD) score plot of linkage for theta ERO power at Fz, Cz
and Pz electrodes on chromosome 7 indicating 2 candidate genes under the linkage peak
(CHRM2, GRM8).

Rangaswamy and Porjesz Page 24

Brain Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Candidate gene studies focus on genes underlying significant linkage peaks and/or genes with
relevant biological significance. This is a schematic diagram of the CHRM2 gene indicating
its coding region (gray) and exons.
Genetic Association tests are performed for each single-nucleotide polymorphism (SNP) in
the candidate gene and the trait variable. SNPs are identified within and flanking the candidate
CHRM2 gene (exons and introns). Significant associations (red dots) of the trait (theta ERO
power) with these SNPs indicate loci of interest.
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Figure 2. Interhemispheric high theta (6–7 Hz) coherence in resting EEG
a) Bars display coherence mean and standard error at 6 interhemispheric pairs along anterior
to posterior axis depicted in the head plot inset (b). Alcoholics (120, blue bars) manifest
significant increases in resting EEG interhemispheric high theta coherence when compared to
normal controls (120, green bars) [F = 2.59, p = 0.019; MANOVA [SPSS 12.0] (Rangaswamy,
Chorlian et al., in preparation).
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Figure 3. S-transform derived time-frequency representations of the average instantaneous
amplitude that are z-scored for each frequency
Instantaneous amplitudes were averaged across individual trials of subjects so that non-phase
locked or imprecise phase locked oscillatory energy is preserved.
Top panel: Plots for the target condition at Cz electrode in 120 alcoholic (right) and 120 control
(left) subjects. Headplots of the time-frequency regions of interest (TFROIs) indicate that the
theta band (4–5 Hz) power at 300–500 ms shows frontal maxima while the delta band (1–3
Hz) power at 350–700 ms has posterior maxima. Note that alcoholics have weaker responses
in both theta and delta bands.
Bottom panel: Plots for the target condition at Fz electrode in visual oddball task in 87 high
risk (right) and 57 matched low risk (left) adolescent subjects. Head plots for the TFROI that
extends from 300 to 700 milliseconds for each band revealing frontal maxima for theta band
power and parietal maxima for delta band power. Note that high risk adolescents have weaker
responses in both theta and delta bands to target stimuli, similar to the alcoholics.
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Figure 4. Linkage plot showing maximum LOD scores with significant linkage peaks over the
GABAA receptor gene cluster on chromosome 4
(a) Red trace: Resting EEG beta band power – beta 2 (16.5–20 Hz). The dataset consists of
1553 individuals from 250 families. (b) Green trace: Resting EEG high theta band (6–7 Hz)
interhemispheric coherence at parieto-occipital bipolar pairs of electrodes (P4_O2-P3_O1).
The dataset consists of 1312 individuals from 251 families.
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Figure 5. Linkage plot showing maximum LOD scores with significant linkage peaks on
chromosome 7, over the region harboring two candidate genes: a cholinergic muscarinic receptor
gene (CHRM2) and a glutamate receptor gene (GRM8)
(a) Green trace: the central midline theta (4–5 Hz) ERO band power (between 300–700 ms,
P3 latency window for visual target case) on chromosome 7. The dataset consists of 1337
individuals from 253 families; (b) Blue trace: Resting EEG theta band (6–7 Hz)
interhemispheric coherence at centro-parietal bipolar pairs of electrodes (C4_P4-C3_P3) on
chromosome 7. The dataset consists of 1312 individuals from 251 families.
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Table 1

Brain oscillations as neurophysiological phenotypes: Comparing alcoholics and controls and high risk offspring
and low risk controls

Neurophysiological Phenotype Results Citation

Resting EEG

Theta Power (3–7 Hz) Increased theta power in
Alcohol Dependent
subjects when compared
to Controls

Rangaswamy et al. (2003)

Beta 1&2 Power (12–20 Hz) Increased Beta power in
Alcohol Dependent
subjects when compared
to Controls.

Rangaswamy et al. (2002)

Increased Beta power in
male high risk subjects
(12–16 Hz) and female
high risk subjects (16–20
Hz).

Rangaswamy et al. (2004b)

Bipolar Theta Coherence (4–7 Hz) Alcohol dependent
subjects have
significantly increased
posterior
interhemisperic theta
band coherence when
compared to Controls.

Rangaswamy, Chorlian, et al. (in
preparation)

Visual Oddball Task (VP3)

Theta 4–7 Hz ERO 300–500 ms Decreased Theta power
during target processing
in Alcohol dependent
and High risk subjects.

Jones et al. (2006b)
Rangaswamy et al. (2007)

Delta 1–3 Hz ERO 300–700 ms Decreased Delta power
during target processing
in Alcohol dependent
and High risk subjects

Jones et al. 2006
Rangaswamy et al. 2007

Gamma 29–45 Hz ERO 0–150 ms Decreased gamma
power during target
processing in Alcohol
dependent and High risk
subjects

Padmanabhapillai et al. (2006a, b)

Gambling Task

Theta Band ERO Decreased Theta power
during outcome
processing in Alcohol
dependent individuals.

Kamarajan et al. (in preparation)

Response Inhibiton (Go/NoGo)

Delta, Theta, Alpha Band ERO Alcohol dependent
individuals had
decreased delta and theta
ERO power during
NoGo trials. This
reduction was prominent
frontally.

Kamarajan et al. (2004)

High risk subjects had
significantly decreased
delta, theta ERO power

Kamarajan et al. (2006)
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Neurophysiological Phenotype Results Citation

for Go and NoGo and an
additionally decreased
alpha1 (8–9 Hz) ERO
power for the NoGo.
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Table 2

Summary of association results from the quantitative pedigree disequilibrium test (QPDT) for SNPs in the
candidate gene GABRA2.

GABRA2

Theta Coherence EEG Beta Power

3′

rs490434 rs490434

rs576666 rs576666

rs531460 rs531460

rs561779 rs561779

rs495818 rs495818

rs497068 rs497068

rs572227 rs572227

3′UTR rs573400 rs573400

Intron 9

rs541418 rs541418

rs481311 rs481311

rs507788 rs507788

rs532780 rs532780

rs548583 rs548583

rs10938435 rs10938435

Intron 8

rs496650 rs496650

rs540363 rs540363

rs526752 rs526752

rs530329 rs530329

rs483160 rs483160

Intron 7 rs279871 rs279871

Intron 6

rs279869 rs279869

rs279867 rs279867

rs279866 rs279866

rs1808851 rs1808851

Intron 5
rs279863 rs279863

rs279861 rs279861

Exon 5 rs279858 rs279858

Intron 4

rs175931 rs175931

rs279843 rs279843

rs279845 rs279845

rs279846 rs279846

rs183961 rs183961

rs1440130 rs1440130

rs279826 rs279826

rs11503016 rs11503016
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GABRA2

Theta Coherence EEG Beta Power

Intron 3

rs279827 rs279827

rs279828 rs279828

rs279834 rs279834

rs279836 rs279836

rs279837 rs279837

rs279841 rs279841

rs189957 rs189957

rs1442059 rs1442059

rs1442061 rs1442061

rs1442062 rs1442062

rs11503015 rs11503015

Intron 0
rs11503014 rs11503014

rs3756007 rs3756007

5′

rs894269 rs894269

rs1372472 rs1372472

rs2165607 rs2165607

rs1545234 rs1545234

SNPs showing significant associations for the two endophenotypes (theta coherence and EEG beta power) are indicated in bold red font.
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Table 3

Summary of association results from the quantitative pedigree disequilibrium test (QPDT) for SNPs in the
candidate gene CHRM2 SNPs.

CHRM2

Theta ERO Delta ERO Theta Coherence

upstream of exon 1

rs1424558 rs1424558 rs1424558

rs1424574 rs1424574 rs1424574

rs13247260 rs13247260 rs13247260

intron 3-4

rs1424569 rs1424569 rs1424569

rs1424387 rs1424387 rs1424387

rs2350780 rs2350780 rs2350780

rs978437 rs978437 rs978437

cc785 cc785 cc785

cc1218 cc1218 cc1218

rs7782965 rs7782965 rs7782965

rs7800170 rs7800170 rs7800170

rs1455858 rs1455858 rs1455858

rs1378646 rs1378646 rs1378646

intron 4-5

rs1824024 rs1824024 rs1824024

rs2061174 rs2061174 rs2061174

rs7799047 rs7799047 rs7799047

rs2350786 rs2350786 rs2350786

exon 5 chrm2ex5 chrm2ex5 chrm2ex5

intron 5-6

rs6948054 rs6948054 rs6948054

rs324640 rs324640 rs324640

rs324650 rs324650 rs324650

rs324651 rs324651 rs324651

3′UTR
rs8191992 rs8191992 rs8191992

rs8191993 rs8191993 rs8191993

downsteam of exon 6

rs1378650 rs1378650 rs1378650

rs1424548 rs1424548 rs1424548

rs324656 rs324656 rs324656

SNPs showing significant associations for the three endophenotypes (theta ERO, delta ERO and theta coherence) are indicated in bold red font.
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