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Abstract

This paper presents an overview of historical advances and the current state of genetic

psychophysiology, a rapidly developing interdisciplinary research linking genetics, brain, and

human behavior, discusses methodological problems, and outlines future directions of research.

The main goals of genetic psychophysiology are to elucidate the neural pathways and mechanisms

mediating genetic influences on cognition and emotion, identify intermediate brain-based

phenotypes for psychopathology, and provide a functional characterization of genes being

discovered by large association studies of behavioral phenotypes. Since the initiation of this

neurogenetic approach to human individual differences in the 1970s, numerous twin and family

studies have provided strong evidence for heritability of diverse aspects of brain function

including resting-state brain oscillations, functional connectivity, and event-related neural activity

in a variety of cognitive and emotion processing tasks, as well as peripheral psychophysiological

responses. These data indicate large differences in the presence and strength of genetic influences

across measures and domains, permitting the selection of heritable characteristics for gene finding

studies. More recently, candidate gene association studies began to implicate specific genetic

variants in different aspects of neurocognition. However, great caution is needed in pursuing this

line of research due to its demonstrated proneness to generate false-positive findings. Recent

developments in methods for physiological signal analysis, hemodynamic imaging, and genomic

technologies offer new exciting opportunities for the investigation of the interplay between genetic

and environmental factors in the development of individual differences in behavior, both normal

and abnormal.
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1. Introduction

The past decade has seen remarkable development in neurosciences and genetics, which

greatly facilitated research in genetic psychophysiology, an interdisciplinary field at the

intersection of psychophysiology and human genetics. This review provides a survey of the

main advances in this field as well as problems and caveats, some of which are well known

to geneticists but may be less appreciated in the psychophysiologists and cognitive

neuroscientists, and, finally, outlines future directions in genetic psychophysiology research

in the light of recent advances in both genomic technologies and novel approaches to

physiological signal analysis and multimodal neuroimaging.

The issue of the relationships between genes and human behavior, both normal and

abnormal, has a long and controversial history. Much progress has been made in

understanding these relationships over recent decades, and the “nature versus nurture”

debate is no longer relevant. Now, as the role of both genetic and environmental factors in

shaping individual differences in human behavior is universally recognized, the focus of

research has shifted towards the understanding of how genetic factors influence behavior.

Because genes can influence behavior only to the extent that they influence the brain

(Lomov and Ravich-Shcherbo, 1978), to address this question we need to elucidate the

neural pathways and mechanisms that mediate the link between genes and behavior,

including both normal individual differences and psychopathology. The main paths

connecting genes, brain, and behavior are shown in Fig. 1. Psychophysiology is well

positioned to address this question, thanks to its growing arsenal of methods for elucidating

neural mechanisms underlying human behavior, from basic reflexes to complex social

interactions.

Why is genetic psychophysiology important? The significance of the field is at least three-

fold: For psychophysiologists, genetic research can reveal the causal sources of individual

variability in psychophysiological responses. For behavioral and psychiatric geneticists,

genetic psychophysiology can provide intermediate phenotypes that can help to bridge the

gap between genes and complex behaviors such as personality traits and psychopathology,

as well as provide insight into the functional role of the genetic variants that have been

associated with complex behavioral or psychiatric phenotypes in genome-wide association

studies. Finally, by linking genetics, cerebral and autonomic functioning, and behavior,

genetic psychophysiology contributes to integrative, systems-level understanding of the

nature of individual psychological differences and psychopathology.

The goal of this review is to summarize the state of the field of genetic psychophysiology,

identify current trends, discuss some methodological problems and caveats, and outline

future directions in research. It is important to mention that this review is not intended to

provide an exhaustive coverage of all genetic studies relevant to psychophysiology; for a

detailed discussion review earlier studies, we refer the reader to several excellent reviews

published previously (Boomsma et al., 1997; de Geus, 2002; van Beijsterveldt and van Baal,

2002). The present review is limited to traditional measurement modalities in

psychophysiology and does not cover the field of so-called “imaging genetics” (genetic

studies of fMRI phenotypes) as this line of research deserves a separate review. This review
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does not cover substantial literature on EEG abnormalities in hereditary neurological

disorders such as epilepsy and genetic syndromes such as fragile X and chromosome 22q

deletion as these are areas of more specialized clinical interest. Finally, this review does not

include studies in animals such as EEG studies in genetic strains of rodents or gene knock-

out models.

2. Historical highlights

Shortly after the first systematic description of the human EEG by Hans Berger in 1928,

large individual differences in EEG pattern were noted: when Adrian and Matthews, other

pioneers of the EEG research, presented their own EEGs to the members of the

Physiological Society in Cambridge in 1934, it was found that Adrian's EEG displayed a

regular alpha-rhythm, whereas Matthews produced “no regular waves” (Niedermeyer,

1999). The first twin studies of EEG followed shortly (see Box 1 for the interpretation of

twin findings). Based on visual analysis of EEG patterns, Davis & Davis (1936) concluded

that the degree of intrapair differences in MZ twins did not exceed the differences between

repeated EEG recordings of the same person. In 1958, the first large-scale genetic study of

the human EEG (100 MZ and 98DZ pairs) using multiple quantitative variables was

published (Vogel, 1958). Using measures such as percent-time alpha and the dominant EEG

frequency, Vogel has shown that MZ twin differences on these quantitative measures do not

exceed average differences between the right and the left hemisphere of the same person.

Because test-retest reliability serves as a theoretical upper limit for MZ correlations and

heritability, these early studies suggested that the stable, trait-like variance in the human

EEG is almost entirely determined by genetic factors.

The first twin study of event-related brain potentials (ERPs) was published by Dustman and

Beck in 1965 (Dustman and Beck, 1965). They showed that the correlation between

waveforms of sensory evoked potentials elicited by light flashes measured between MZ co-

twins is of the same order as the correlations between two separate recordings made in the

same person, whereas DZ twins showed markedly lower resemblance.

About the same time, systematic twin studies of the EEG and ERP phenotypes began in

Ravich-Scherbo's Genetic Psychophysiology laboratory in Moscow. These studies,

summarized in an edited book titled “Problems of Genetic Psychophysiology of Man”

published in 1978 (Lomov and Ravich-Shcherbo, 1978), have demonstrated heritability of

resting EEG including spectral band powers, amplitude variability, autoregressive

parameters of EEG rhythms, as well as reactive EEG changes in response to sensory

stimulation.

Subsequent studies have utilized increasingly larger samples of twins, employed more

advanced genetic analysis methods based on linear structural equation modeling and

investigated an increasingly broad spectrum of psychophysiological phenotypes. By now,

several large-scale studies of psychophysiological phenotypes involving hundreds and even

thousands of twins have been conducted, including Free University of Amsterdam (Dorret

Boomsma and Eco de Geus), University of Minnesota (William Iacono), University of
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Southern California (Laura Baker), University of Queensland (Margaret Wright and Narelle

Hansell), Washington University in St. Louis (Andrey Anokhin), and other research centers.

Most recently, with the advent of molecular genetics techniques allowing for direct

measurement of DNA variation, we have seen an explosion of studies attempting to

associate psychophysiological characteristics with polymorphic variants of various

“candidate” genes that presumably play a role in specific aspects of the central nervous

system functioning. Although the increasing availability and affordability of genotyping data

offers new and exciting opportunities for genetic psychophysiology research, findings from

association studies based on small samples are very prone to false-positive findings and

should therefore be interpreted with great caution (this issue is addressed in greater detail

below).

3. Methodological approaches

3.1. Overview

Below I introduce briefly methodological approaches and some key concepts relevant to

genetic psychophysiology. Essentially, genetic psychophysiology is an application of human

genetics methods to psychophysiological phenotypes; therefore, methodological approaches

and problems are largely the same as in other areas of human genetic research dealing with

complex phenotypes. Unlike classical “Mendelian” phenotypes that show a simple mode of

inheritance and a relatively straightforward relationship between the phenotype and a single

gene, a complex phenotype is a product of many genes and environmental factors, and the

relationship between genotype and phenotype usually involves multiple mediating pathways

and mechanisms. With rare exceptions, most psychophysiological indicators of individual

differences are complex phenotypes.

There are two major directions of genetic investigation of complex phenotypes such as

psychophysiological traits. The first line of research involves elucidation of genetic

architecture of the phenotypes using the assessment of heritability and genetic correlations

among different variables using biometrical genetic analysis of twin and family data. The

second direction of research focuses on the identification of specific genes contributing to

overall heritability using linkage and association studies. There are excellent reviews and

primers on the genetic analyses of twin data (Boomsma et al., 2002; Evans et al., 2002;

Posthuma et al., 2003; Rijsdijk and Sham, 2002; van Dongen et al., 2012) and genetic

association analysis (Hardy and Singleton, 2009; Hirschhorn and Daly, 2005; Wang et al.,

2005; Yang et al., 2013). A reader interested in these methodologies is advised to consult

with these sources. A brief overview of these methods is provided below.

3.2. Assessment of heritability and genetic covariance using the twin method

The primary goal of twin studies is estimation of heritability, or the proportion of the total

variance of the trait that can be explained by genetic variation. In other words, heritability is

a quantitative measure of the extent to which observed individual differences in a trait of

interest (e.g. ERP component amplitude) emerge as a result of genetic differences among

individuals. Heritability can be expressed in percentage units and varies from 0 to 100%. By

definition, the remainder of the variance in the trait is caused by non-genetic
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(environmental) factors that can be further subdivided into two categories: shared

environmental factors representing those aspects of the environment that are common to co-

twins (e.g. ethnicity, culture, family, neighborhood) and therefore tend to increase their

similarity, and non-shared, or individual, environment that includes environmental factors

and experiences that are unique to each of the co-twins and therefore tends to decrease

twins’ similarity. In addition, genetic factors can be subdivided into additive (reflecting

additive effects of genes contributing to the trait) of and non-additive (reflecting non-

additive allelic interaction including within-locus dominance and between-loci epistatic

interaction). These components of variance can be estimated by fitting linear structural

equation models (SEM) to the observed twin data (see Box 1). Importantly, MZ twins share

100% of their segregating genes, whereas DZ twins share only 50% on the average, the

same as non-twin siblings. However, both MZ and DZ twins reared together share their

environment to the same extent (one of the key assumptions of the twin method). The model

fitting approach provides tests of different models that explain the variance in the trait by

some combination of genetic, shared environmental, and individual environmental factors.

Goodness of fit of these models can be compared and parameter estimates obtained for the

best-fitting model. These parameter estimates yield the measure of heritability.

Importantly, non-shared environmental variance also includes the measurement error, which

is an important consideration for the selection of psychophysiological characteristics for

genetic analysis. Because only stable, trait-like individual differences can be heritable, in

most cases test-retest reliability can be regarded as the upper bound for heritability.

There are a few important attributes of heritability that should be taken into account when

interpreting the results of twin studies. First, heritability is a characteristic of a population

and cannot be applied to an individual. Second, heritability applies to a given population at a

given moment in time (although most psychophysiological traits show a good convergence

of heritability estimates obtained in different populations at different times).

Of course, it would be a simplification to say that assessment of heritability is the only goal

of twin studies. Twin data provide rich information that can be used to address many

additional questions. Multivariate analysis of twin data can be used to estimate genetic

correlations between different traits, i.e. the extent to which genetic influences on two or

more different psychophysiological characteristics are common or specific. For example,

one may ask the question whether individual differences in novelty or oddball P3, or resting

EEG and ERPs are influenced by same or different genetic factors. The application of this

multivariate approach is illustrated below (section 4.2.8) by showing that substantial

proportion of genetic variance in P3 amplitude is shared with resting-state EEG power.

Another extension of the classical twin method is longitudinal genetic analysis that permits

us to address such questions as whether the strength of genetic influences (heritability)

changes with age, whether same or different genes influence the trait at different stages of

development, and whether the rate of developmental changes is influenced by genetic

factors (McArdle, 2006; Posthuma et al., 2003). Analysis of twin data can also reveal sex

differences in genetic and environmental influences, i.e. whether heritability is different in

males and females and whether the trait is influenced by the same or distinct genetic factor

in the two sexes. Finally, data obtained from twins reared apart allow researchers to control
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for shared familial environment. For a more detailed overview of the twin method and its

various extensions, the reader is referred to methodological reviews (Boomsma, 2002;

Rijsdijk, 2002; Dongen, 2012).

The classical twin method provides important information about the genetic and

environmental origin of individual differences, as well as commonality versus specificity of

genetic influences on different phenotypes, but it does not specify genes influencing the

trait. The latter goal can be achieved by genetic linkage and association studies.

3.3. Finding specific genes using genetic linkage and association methods

Genetic linkage refers to co-segregation of alleles of two different loci in families due to

their physical proximity on a chromosome. If two loci reside very close on the same

chromosome, they are unlikely to be segregated during the meiosis and will be transmitted

together to the offspring. Thus, a linkage study is in essence an analysis of co-segregation of

two loci in families, one of which is observed “marker” with known location on the

chromosome, and the other is a latent locus containing a genetic variant underlying a

phenotype of interest such as a disease. If a certain marker co-segregates with the

phenotype, it can be inferred that a gene contributing to this phenotype is located in the same

chromosomal region as the marker. Linkage analysis can provide the chromosomal location

of the putative gene with a certain degree of confidence and resolution, but the identification

of the gene requires further efforts such as DNA sequencing. Linkage studies are now

becoming rare, as they are being surpassed by association studies.

Genetic association refers to the co-occurrence of a certain allele of a genetic marker and the

phenotype of interest in the same individuals at above-chance level. Unlike linkage studies

that require family data, genetic association studies of complex phenotypes can be

conducted using samples of unrelated individuals, although related individuals can also be

included, provided appropriate corrections are applied. Association studies fall into two

broad categories: candidate gene association studies and genome-wide association studies

(GWAS).

Candidate gene studies focus on genetic polymorphisms selected by their biological

relevance to the studied phenotype. Usually, these are functional polymorphisms, i.e. their

selection is based on the evidence that they produce functional effects at the molecular and

cellular level such as changes in gene expression, enzyme activity, or receptor

characteristics. Most of the association studies involving psychophysiology-relevant

phenotypes were conducted using this approach. The Candidate gene approach has obvious

strengths: it is hypothesis driven, utilizes genetic variants that are likely to be causal

variants, and therefore has a strong potential to provide a mechanistic explanation for the

observed association. Finally, it usually involves a limited number of statistical tests, thus

mitigating the multiple comparisons problem. Consequently, this analysis does not require

very large samples, which is an important consideration for phenotypes that are difficult and

costly to measure, such as psychophysiological or neuroimaging phenotypes. However, in

recent years, this approach has drawn much criticism for its inherently restrictive nature, i.e.

limiting the search for genes involved in the determination of complex phenotype to a

handful of apriori selected variants while neglecting the rest of the genome (other issues
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related to candidate gene association studies are discussed in greater detail in the “Problems”

section of this review).

In contrast to the candidate gene approach, the GWAS approach is largely an exploratory

approach without any prior knowledge or hypothesis about the genes or underlying

biological mechanisms; it involves scanning the entire genome for possible associations

using hundreds of thousands of markers providing a dense coverage of every chromosome.

The obvious benefit of this approach is that it provides an exhaustive coverage of the whole

genome. However, it also has some caveats. First, as in linkage studies, markers showing an

association signal may not necessarily be causal variants, and the latter still need to be

determined by fine mapping and sequencing of the region. Second, due to a massive

multiple testing problem inherent to this approach and, consequently, the need to adjust the

significance threshold, very large samples (of the order of thousands or even tens of

thousands) are necessary to conduct a GWAS study with sufficient statistical power. In

GWAS studies of psychopathology phenotypes conducted to date, this problem is further

exacerbated by small effect sizes necessitating further increase in sample size in order to

detect a significant effect. Although there is some hope that effect sizes for “brain-based”

phenotypes may be larger, for the study of psychophysiology phenotypes the GWAS

approach remains cost-prohibitive, though not impossible, especially if multi-center

collaboration using a standardized set of measures is established. A compromise approach

would be an extended version of the candidate gene design, with multiple genes selected

based on bioinformatics evidence for their involvement in the biological pathway relevant to

the studied phenotype. A sufficiently dense coverage of these genes may reduce the number

of markers to thousands or perhaps even hundreds, which may be a realistic number for a

study involving hundreds, rather than thousands, of subjects. For a more detailed description

of genetic concepts and methods, as well a thorough discussion of the strengths and

weaknesses of different approaches to the study of genetic association, the reader is referred

to appropriate review articles (Attia et al., 2009a, b, c; Hardy and Singleton, 2009;

Hirschhorn and Daly, 2005; McCarthy et al., 2008; Wang et al., 2005).

The application of genetic methods and approaches described above to psychophysiological

characteristics has been increasing exponentially over recent years. These studies have

generated a plethora of interesting findings that have greatly advanced our understanding of

how genes influence the brain and, ultimately, shape individual differences in behavior, both

normal and abnormal. Most notable of these advances are reviewed below, starting with the

resting EEG as the most basic measure of brain functioning.

4. Advances

4.1. Resting-state EEG

4.1.1. Spectral band power—EEG recorded in the state of resting wakefulness is the

most thoroughly studied psychophysiology-relevant phenotype. Early small-sample twin

studies of the EEG (mentioned in Section 2) were followed by larger-scale studies using

quantitative analysis of EEG time series and formal estimation of heritability.
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A twin study of EEG spectral characteristics (Lykken et al., 1974; Stassen et al., 1988b)

found a striking similarity of EEG power spectra in MZ twins and much lower resemblance

in DZ twin pairs. Intrapair MZ correlations were high and significant, with their magnitude

approaching twin correlations for morphological characteristics such as height and weight

(r>.8). Corroborating earlier observations, Lykken et al. demonstrated that across different

quantitative characteristics of the resting EEG, the magnitude of MZ intrapair correlations is

of the same order as the corresponding test-retest correlations within the same individual.

Furthermore, this study employed a unique sample of MZ twins reared apart. Twin

correlations for EEG characteristics in this sample were virtually at the same level as for MZ

twins reared together (Lykken et al., 1974; Stassen et al., 1988a), suggesting that twin

resemblance results from shared genetic, rather than shared environmental, factors. Because

MZ twins reared apart share their genotypes but not environment, their phenotypic

resemblance is due solely to their genetic commonality. Consequently, correlation between

MZ twins reared apart can serve as a direct estimate of heritability. Another large twin study

has yielded highly convergent results, indicating very high heritability of spectral band

power (van Beijsterveldt et al., 1996). Collectively, these studies suggest that the stable

(trait-like) part of EEG variance is almost entirely determined by genetic factors, with little

contribution from the shared environmental factors. Sample sizes tended to increase in

subsequent studies, providing more accurate estimates of heritability, and the results were

remarkably consistent across studies, pointing to a very high heritability of the resting-state

human EEG characteristics. Of different EEG frequency bands, alpha band power (8-13 Hz)

tends to yield the highest heritability estimates (Anokhin et al., 2006a; Christian et al., 1996;

Lykken et al., 1974; Smit et al., 2006; van Beijsterveldt et al., 1996; Vogel, 1970b). Fig. 2

illustrates intrapair twin correlations with respect to alpha-band power (unpublished data

from the author's laboratory).

Furthermore, heritability estimates obtained using family data showed a good convergence

with the results of twin studies. In one study, relative EEG power data obtained from 298

members of 45 families were subjected to principal component analysis. The alpha-power

factor accounting for 38% of the total variance showed highly significant parent-offspring

(r=.38) and sibling (r=.41) correlations, suggesting about 0% heritability (Anokhin, 1989).

This convergence suggests that correlations between first-degree relatives obtained in family

studies represent genetic transmission, rather than similarity arising from sharing the same

environmental factors. A study of non-twin siblings has shown somewhat lower

heritabilities of the resting EEG power assessed using both monopolar and digitally

constructed bipolar derivations(Tang et al., 2007). Lower heritability estimates in the latter

study can be explained by a very broad age range of 7 to 70 years which may lead to

additional non-familial variance that is difficult to account for statistically. Both family

(Anokhin, 1989) and twin (Zietsch et al., 2007) studies employing multivariate genetic

analysis of absolute power measures of EEG frequency bands point to high phenotypic and

genetic correlations among powers in different frequency bands, suggesting the existence of

a common genetic factor influencing the overall amplitude of EEG oscillations. As

mentioned above (section 3.1), bivariate genetic analysis permits a decomposition of

covariance between two variables into genetic and environmental components and thus the

assessment of the degree of overlap between genetic factors influencing two variables.
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While most of twin EEG studies were conducted in young or middle-aged adult samples,

several studies specifically addressed developmental aspects of EEG heritability. van Baal et

al. (1996) examined heritability of absolute and relative powers in the main EEG spectral

bands in 167 MZ and DZ pairs of 5 year old twins and found very high (80%) heritability

for theta, alpha, and beta-1 bands, with somewhat lower heritabilities for delta and beta-2

bands. Another study from the same laboratory found even higher heritabilities (76-89%) of

similar spectral EEG parameters in a sample of 16 years old adolescents (van Beijsterveldt

et al., 1996). Both studies included opposite-sex DZ twins, which allowed the authors to test

for possible differences in heritability between males and females, however, no significant

sex differences were observed. One study investigated EEG in infant twins aged 7-12

months and found modest heritabilities and a contribution of shared environmental factors to

the main EEG frequency bands; however, heritability tended to increase by the end of the

first year of life (Orekhova et al., 2003). In summary, developmental twin studies suggest

that the strength of genetic influences increases rapidly during development, and heritability

reaches adult values already in young children. However, lower heritability in infants can be

explained by larger measurement error due to movement and the difficulty of obtaining

clean recordings. This alternative explanation can be tested by comparing heritability with

test-retest heritability at different ages.

Very few studies addressed genetic influences on human EEG at the other end of the

lifespan. One of the early twin studies of older adults (Heuschert, 1963) including 26 MZ

twins at the age of 50-79 years noted a striking intra-pair similarity with respect to both

general EEG characteristics and specific aging-related EEG changes such as slowing of the

alpha-rhythm, increased variability of alpha-frequency, and diffuse slow-wave activity. This

similarity was observed despite substantial differences in lifestyles and experiences of the

twins. Interestingly, a blind matching of co-twins using their EEG was successful in 24

cases out of 26. This study, although based on a small sample, points to the importance of

genetic factors in brain aging and suggests the possibility that quantitative EEG could

potentially serve as a marker of genetically determined age-related changes in brain

function, both normal and pathological (e.g. in Alzheimer's disease). This possibility should

be explored in future twin EEG studies focused on the genetic determinants of individual

differences in brain aging.

In summary, quantitative characteristics of the resting-state EEG are strongly influenced by

genetic factors and, collectively, represent one of the most heritable human traits.

4.1.2. Frontal EEG asymmetry—Spectral band powers of the resting EEG reflect basic

characteristics of neural oscillatory activity. Overall, there is a relative consensus that

abundant alpha-band oscillations reflect cortical deactivation, whereas scarce or absent alpha

oscillation and increased higher frequency activity reflects increased level of cortical

arousal. However, functional interpretation of individual differences in spectral

characteristics of the resting EEG is not very straightforward due to the lack of consistent

evidence for their correlations with individual differences in behavior.

One notable exception is a special resting EEG phenotype, frontal EEG asymmetry (FA),

which is expressed as the difference in alpha power between the left and right anterior scalp
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regions. A good test-retest stability of individual differences in FA was reported (Tomarken

et al., 1992). Davidson et al. suggested that greater left than right alpha-band power

presumably indicating lower left than right level of prefrontal activation is associated with

stronger withdrawal motivation and increased vulnerability to depression, while the opposite

pattern of frontal EEG asymmetry is associated with stronger approach motivation and low

risk for depression (Davidson, 1998; Davidson and Fox, 1982). Over the past two decades,

this attractive hypothesis has generated an extensive literature, however, evidence for the

association between FA, depression, and relevant personality traits and behavioral measures

remains somewhat mixed (Allen and Kline, 2004; Davidson, 1998; Hagemann, 2004),

Nevertheless, FA is still considered by many researchers as an indicator of affective style

and risk for internalizing psychopathology (Allen et al., 2004; Allen and Kline, 2004; De

Pascalis et al., 2013; Gatzke-Kopp et al., 2012).

Family and twin studies suggest modest but significant heritability of FA in different age

groups. Analysis of familial transmission using 27 families with EEG available from both

parents and at least two offspring showed a significant correlation of r=.46 between mean

parent and offspring values, which is a proxy measure for heritability, with the assumption

that familial resemblance arises from genetic, rather than environmental commonality of

family members (Anokhin and Rohrbaugh, 1998). This study also showed a significant

familial association between FA and comorbid depression and alcoholism. However,

generalizability of this study may be limited because the sample included families selected

for high incidence of alcoholism, along with control families.

A small-scale twin study of FA yielded mixed results, with evidence for heritability obtained

only under specific conditions (Allen et al., 1997; Coan et al., 2003). A subsequent twin

study of FA has shown modest but significant heritability (27%) for asymmetry measured

using F3 and F4 scalp sites but not more lateral (F7 and F8) sites, with no evidence for the

contribution of shared familial environment (Anokhin et al., 2006a). Consistent with

previous studies, heritability of alpha power at F3 and F4 locations was very high, 87% and

86%, respectively. Another twin study yielded slightly higher heritability estimates for FA

in young adults (32% in males and 37% in females), however, genetic influences were non-

significant in middle-aged adults. Smit et al. also found modest but significant correlations

between FA and a “risk factor score” for anxiety and depression, a composite measure

derived from several self-report assessments, with the relationship being mediated by

genetic factors (Smit et al., 2007b). Finally, a recent study using a large sample of 9-10-

year-old twins yielded low (11-28%) but significant heritability estimates for FA (Gao et al.,

2009). More recently, studies implicating specific genetic variants in FA began to emerge.

An association between FA and serotonin receptor-1a gene polymorphism (HTR1a) has

been reported, although effect sizes were small, with d ranging from .03 to .06. (Bismark et

al., 2010). Another study found that a variant of the dopamine receptor D4 gene (DRD4)

moderated the relation between the pattern of resting frontal EEG asymmetry at 9 months

and regulation and attention at 48 months in a sample of typically developing children

(Schmidt et al., 2009).

In summary, twin, family and emerging genetic association studies consistently point to

significant but modest genetic influences on FA, however, the utility of this EEG measure as
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an endophenotype for internalizing disorders may be limited due to its low heritability and

somewhat inconsistent evidence for its association with depression and anxiety.

4.1.3. Other resting EEG measures: alpha rhythm frequency, non-linear
dynamics, and functional connectivity—In addition to spectral band powers,

spontaneous EEG oscillations can be quantified in a variety of other ways, with different

methods emphasizing distinct aspects of neural dynamics, with specific functional

significance attributed to many of them. These EEG characteristics also showed varying

degree of heritability in twin studies.

One of such measures is the frequency of alpha-rhythm, the most prominent form of resting-

state brain oscillations. Individual differences in alpha frequency have been shown to be

associated with cognitive performance (Klimesch et al., 1993) and general intelligence

(Anokhin and Vogel, 1996). Lykken et al. (1974) reported high heritability of individual

alpha-rhythm frequency (84%). A more recent study of adolescent twins yielded remarkably

consistent results, with heritability of individual alpha frequency estimated at 81%,

suggesting that alpha frequency is a highly heritable index of brain functioning (Smit et al.,

2006).

Other studies have focused on EEG measures of functional connectivity between distant

cortical regions. A theory of spatiotemporal organization of cerebral function (Livanov,

1977) posits that dynamical functional networks supporting goal-directed behavior are

formed by the synchronization of neural oscillations in distributed but functionally

connected brain regions. One of the most frequently used metrics of large-scale

synchronization of cortical oscillations is EEG coherence, a measure of phase consistency

between two oscillatory processes at a given frequency which is analogous to a linear

correlation.

A study of 5-6 year old twins showed significant heritability of inter-electrode EEG

coherence, with stronger genetic influences (heritability around 60%) observed for long-

distance frontal-parietal and central-parietal connections within the hemispheres, whereas

most inter-hemispheric coherences showed lower heritability (Ibatoullina et al., 1994).

These findings based on a moderate sample of twins were corroborated in a much larger

scale study of 5-years old twins that also reported heritability estimates of 50-60% (van Baal

et al., 1998), however, the latter study also found substantial heritability of inter-hemispheric

connections. Furthermore, van Baal et al. have followed up their sample to age 7 and found

that EEG coherence values changed significantly from age 5 to age 7, and their heritability

increased for occipital cortical connections. Longitudinal genetic analysis indicated the

emergence of new genetic influences on frontal-parietal coherences, consistent with

available evidence for rapid cognitive development during this age period (van Baal et al.,

2001). A study from the same group using an adolescent sample of twins (age 16) yielded

very similar results, with around 60% of individual differences in inter-electrode coherence

explained by genetic factors, except the delta band, where heritabilities were somewhat

lower (van Beijsterveldt et al., 1998a).
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Other measures of spatial connectivity can provide additional information about spatial

synchronization of EEG oscillations. For example, synchronization likelihood (SL) provides

a measure of the statistical relationships between two time series that is sensitive to both

linear and non-linear interdependencies of the signal and unbiased after narrow band

filtering (Stam, 2005). It is presumed that this measure reflects functional coupling between

spatially distributed oscillating neuronal assemblies. Using a large sample of adult twins and

extended twin families, Posthuma et al. (2005) found that SL is moderately to highly

heritable (33–70%) especially in the alpha frequency range (8–13 Hz). Other studies by the

same group (Smit et al., 2010; Smit et al., 2008) extended these findings to graph-theory

based measures derived from synchronization likelihood. Two global network parameters,

clustering coefficient (the proportion of interconnected local nodes) and average path length

(average number of steps from a network node to other nodes) showed substantial

heritabilities (38 and 46% on the average, respectively). Thus, the extent to which individual

brain dynamics approaches the properties of the “small-world” network, i.e. combining

modularity and global information integration, appears to be influenced by genetic factors.

In addition to the measures of oscillations in traditional frequency bands, one twin study

addressed slower EEG dynamics using a measure of amplitude modulation, i.e. the temporal

structure of the waxing and waning of the amplitudes of spontaneous alpha and beta EEG

oscillations on time scale of 1 to 20 seconds using detrended fluctuation analysis

(Linkenkaer-Hansen et al., 2007). There is evidence that correlations in brain oscillations on

a large time scale (up to tens of seconds) may be important for performance of tasks that

require coordination of neuronal activity on multiple time scales (Linkenkaer-Hansen et al.,

2005). This study showed high (around 60%) heritability of “long-range temporal

correlation measures” across the entire scalp; importantly, these measures were independent

from the overall frequency-band power.

Another approach to EEG analysis and interpretation is based on the non-linear dynamic

systems theory dealing with complex, aperiodic systems capable of self-organization (Elbert

et al., 1994; Pritchard and Duke, 1995). From this perspective, the EEG time series can be

viewed as a complex structure reflecting the complexity of the dynamics of the underlying

neural generators. It has been shown that dimensional complexity of the EEG can depend on

the number of independently oscillating neuronal networks in the cortex and reflect a fine-

tuned balance between chaotic and non-chaotic neuronal dynamics, a property that has

important implications for normal adaptive brain functioning. Evidence from different

neuroimaging modalities suggests that the human brain is a self-organized, large-scale

complex system that operates in a critical state on the edge of order and chaos, which

provides optimal conditions for flexible transitions between mental states as well as

information processing, storage, and retrieval, whereas dysregulation of this fine-tuned

balance between chaotic and non-chaotic brain dynamics can lead to breakdown of behavior

observed in psychopathology (Birbaumer et al., 1995; Elbert et al., 1994; Kitzbichler et al.,

2009; Lutzenberger et al., 1995). A twin study using a pointwise dimension (PD2) measure

showed that EEG complexity is highly heritable (65%) in the resting eyes closed condition,

with somewhat lower heritability (about 50%) in the eyes open condition, suggesting that

this complexity measure is a useful indicator of genetically transmitted characteristics of

cortical dynamics (Anokhin et al., 2006b).
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4.1.4. EEG in different functional states—While most of the twin studies of the

human EEG focused on the resting state oscillations, some studies also examined heritability

of EEG characteristics in other functional states, such as conditions following administration

of psychoactive drugs and sleep. It is important to note that genetic influences on EEG

responses to challenge (e.g. pharmacological or psychological) can be distinct from genetic

influences on resting-state EEG because challenge can activate neural networks that may be

“silent” during resting baseline and thus help to reveal genetic influences specific to these

networks.

The twin design can be a useful tool in pharmacogenetics research, since it permits the

detection and estimation of genetic influences on the psycho- and neuropharmacological

effects of drugs. However, relatively few studies have investigated genetic influences on

EEG changes produced by the administration of psychoactive drugs. Propping et al. (1977)

examined individual differences in EEG changes after ethanol ingestion in twins. Acute

alcohol produces a significant increase in theta- and alpha-power and decrease in beta-

power, suggesting a sedative effect. Importantly, MZ twins showed greater similarity with

respect to EEG response to alcohol than DZ twins, suggesting that individual differences in

the acute effect of alcohol on the brain are at least partially genetically determined.

Furthermore, alcohol-induced changes depended on individual differences in the baseline

EEG: individuals with irregular, low amplitude alpha-rhythm showed the largest gain in

alpha amplitude, while those with abundant, high amplitude alpha activity showed a blunted

EEG response to alcohol. Based on the evidence that “desynchronized”, low-alpha EEG is

indicative of higher level of tonic arousal and is prevalent among alcoholics, the authors

proposed a model of alcoholism risk, according to which individuals with higher level of

tonic central nervous system excitation may be predisposed to alcoholism because they

experience greater relaxation after alcohol intake and therefore may be more sensitive to the

rewarding and reinforcing effects of alcohol. Finally, MZ similarity on EEG measures

tended to increase, while DZ similarity tended to decrease after alcohol intake, suggesting

that genetic influences on brain oscillations are increased in the state of alcohol intoxication.

These results have been corroborated in a later study (Sorbel et al., 1996) that, using a larger

twin sample, showed increased heritability of EEG spectral band power in all frequency

bands after alcohol intake, which was mainly due to decrease in within-pair differences of

MZ twins. Taken together, these studies suggest that EEG under alcohol may be influenced

by an additional set of genes specific to this condition, perhaps with non-additive affects,

and these genetically determined differences in brain function may be important for the

understanding of individual differences in the effects of alcohol on mood and behavior that

can mediate susceptibility to alcohol use disorders.

Apart from alcohol, few other pharmacological challenges have been used in the context of

genetic research on the human EEG. Hynek et al. (1978) examined the effects of

chlorpromazine (a dopamine antagonist) on the EEG in twins and found that drug-induced

EEG changes, most notably, an increase in beta-band power, are influenced by genetic

factors. Although drug challenge studies using the twin design are very scarce, they

demonstrate that this approach can be used to determine whether and to what extent

individual differences in response to psychoactive drugs are influenced by genetic factors.

Anokhin Page 13

Int J Psychophysiol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Several twin studies examined EEG recorded during sleep. In the first study of this kind,

EEG was recorded from 6 pairs of twins for 4 consecutive nights. MZ twins were highly

concordant with respect to periodic changes in sleep stages, whereas DZ twins were not

(Zung and Wilson, 1966). Subsequent studies reported significant genetic influences on

sleep stages 2, 3, 3+4, and 4, as well as rapid eye movement (REM) density, however, no

genetic influences were found for total sleep period, period of sleep, total sleep time, sleep

onset latency, and REM latency (Linkowski, 1999). A more recent study also involving

EEG recording over four consecutive nights suggested a very high heritability (>90%) of the

spectral power of the sleep EEG in the 8 to 15.75 Hz range (De Gennaro et al., 2008).

Another study investigated genetic influences on EEG composition during sleep and found

significant genetic influences on some aspects of sleep architecture including the duration of

sleep stage 3 and REM sleep, as well as spectral composition of non-REM sleep,

particularly in delta, alpha, and theta bands (Ambrosius et al., 2008). Finally, most recent

studies have identified specific genetic variants contributing to individual differences in

sleep EEG patterns, including functional polymorphisms of the clock gene PER3 and of

genes contributing to signal transduction pathways involving adenosine (ADA,

ADORA2A), brain-derived neurotrophic factor (BDNF), dopamine (COMT) and prion

protein (PRNP) (reviewed inLandolt, 2011).

4.1.5. Familial transmission of special EEG variants—Individual differences in the

EEG can be characterized using dimensional and categorical approaches. Although most

genetic studies of the human EEG have been dealing with continuous variables such as

frequency band power or coherence, other studies took a categorical approach focusing on

the identification of distinct EEG types, or variants. This typological approach to the

genetics of the human brain function was pioneered by F. Vogel, who has identified several

specific discrete EEG variants including low-voltage (N), low-voltage borderline (NG);

monotonous alpha waves (R); occipital fast alpha-variants (BO); fronto-precentral beta-

groups (BG), and diffuse beta-waves (BD) (Vogel, 1970a). Most of these variants are

peculiar enough to be distinguished by visual analysis, although quantitative measures were

also proposed.

For example, the N variant (in later work also referred to as LVEEG) is characterized by the

absence of alpha-rhythm, even in the eyes closed condition. Since alpha-rhythm is the most

prominent form of oscillatory activity in most of the individual EEG recordings, this variant

is readily recognizable by the naked eye, however, it can be objectively quantified using

such measures as percent-time alpha (alpha-index) or alpha-band power. Family studies of

these EEG variants conducted in different samples, one of them including large pedigrees

(Anokhin et al., 1992; Vogel, 1970a), showed that familial transmission of some of these

EEG variants, most notably, the LVEEG, is consistent with a simple Mendelian mode of

inheritance, with about 50% of the offspring of a LVEEG carrier showing this EEG pattern

and a clear segregation of the offspring into two categories, one with the LVEEG and the

other showing varying degree of alpha-activity, with the distribution of quantitative alpha

measures similar to that in the general population. Importantly, Vogel et al. have

demonstrated modest but significant differences between these genetically transmitted EEG
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variants with respect to cognitive performance, emotional reactivity and personality(Vogel

et al., 1979a; Vogel et al., 1979b).

4.1.6. Linkage and association studies of the resting-state EEG—The LVEEG

phenotype described above was chosen for the first genetic linkage study of a human EEG

phenotype (Anokhin et al., 1992; Steinlein et al., 1992). While no significant linkage was

detected in the entire sample, admixture test for linkage heterogeneity was highly

significant, indicating a strong linkage to chromosome 20q in a subset of families and thus

suggesting a genetic heterogeneity of this EEG phenotype. Genetic heterogeneity refers to

the possibility that the same phenotype may have different genetic underpinnings in

different individuals and families. Different allelic variants in the same or different genes

may lead to the same phenotypic effect, e.g. mutations in different genes causing disruptions

at different stages of a metabolic chain can lead to the deficiency of the end product, and

different mutation may be responsible for the transmission of the “deficient” phenotype in

different families. Overall, these findings provide further support for the transmission of

LVEEG phenotype in families as a discrete, categorical trait and point to the chromosomal

location of the underlying genetic locus, however, specific genes contributing to the LVEEG

phenotype remain to be determined. More recently, a significant association between alpha

power and a serotonin receptor gene (HTR3B) polymorphism was reported, yet, the

association was present in two samples (American Caucasians and Plain Indians) but not in

the third and the largest of the studied samples (Finnish)(Ducci et al., 2009). Another study

performed in American Indian population found evidence for significant linkage on

chromosomes 1 and 6 (Ehlers et al., 2010).

These variable findings obtained in different populations support the notion of genetic

heterogeneity of EEG variation suggested by the first linkage study (Anokhin et al., 1992).

Importantly, other studies have provided evidence for functional significance of the LVEEG

variant. Enoch et al. reported the association between the LVEEG phenotype, anxiety

disorders, and alcoholism, with the strongest association observed for a subtype of

alcoholism associated with anxiety disorders (Enoch et al., 1995; Enoch et al., 1999).

Finally, it should be noted that the prevalence of the LVEEG phenotype shows considerable

differences across different human populations and ethnic groups (Anokhin et al., 1992;

Ehlers and Phillips, 2003; Ehlers et al., 2004). This observation has important implications

for association studies, since group differences in both the frequency of the phenotype and

the frequency of a genetic variant can lead to spurious association (see section 6.2.2). Thus,

categorical approach to phenotypic characterization of the human EEG based on the

identification of specific patterns of activity can be an alternative to the analysis of separate

quantitative characteristics, however, there is a need for more accurate methods of objective

classification of EEG patterns. Given the recent advances in quantitative methods of EEG

analysis, source localization, and multivariate statistical techniques, this objective is quite

tenable. A refinement of specific EEG phenotypes can lead to further progress in the

identification of single genes affecting brain functioning.

Other linkage and association studies used quantitative phenotypes, mostly spectral band

powers. A genome-wide association study (GWAS) performed in a sample of 322 Plains

American Indians reported a significant association between theta-band EEG power and a
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SNP in the SGIP1 gene (SH3-domain GRB2-like endophilin-interacting protein 1). A

similar trend was observed in North American Caucasian replication sample, but the

association was non-significant after multiple comparisons correction (Hodgkinson et al.,

2010).

A candidate gene association study in a sample of young adult females found that 10-repeat

allele carriers of 5HTT (serotonin transporter) polymorphisms alleles conferring low

transcription efficiency tended to have reduced EEG power, particularly in the gamma

frequency band (Lee et al., 2011b). Another study by the same group (Lee et al., 2011a)

reported a significant effect of the catechol-O-methyl-transferase (COMT), gene on the

strength of the resting EEG spatial connectivity in the left frontal-temporal scalp area

measured using the time-frequency mutual information method, such that connectivity

strengths increased in carriers of the Val allele which causes a 3- to 4-fold increase in the

enzyme activity and, consequently, reduced prefrontal DA levels (Bilder et al., 2004;

Tunbridge et al., 2006). In a related analysis utilizing the same sample, the epsilon4 allele of

the Apolipoprotein E (ApoE) gene, a known risk factor for cognitive impairments in

Alzheimer's disease and normal aging, was associated with reduced EEG power, particularly

in the alpha frequency band, as well as weaker inter-regional connectivity in the right

hemisphere in a young population aged 19-21 (Lee et al., 2012). The the epsilon4 isoform

variant is associated with reduced efficiency of proteolytic break-down of beta-amyloid, a

peptide that builds up at abnormal levels in Alzheimer's disease (Jiang et al., 2008). Another

study showed that among patients with Alzheimer disease, ApoE-4 allele carriers had

reduced alpha activity in the left hemisphere (Canuet et al., 2012). A study involving

younger and older adults showed that ApoE-4 carriers and non-carriers differed with respect

to EEG reactivity to hyperventilation in an age-dependent manner, such that the younger

ApoE-4 carriers had excessive reactivity of EEG to the HV, while older ApoE-4 carriers

showed lower reactivity than non-carriers. Overall, ApoE-4 carriers showed more

pronounced age-related decrease in EEG reactivity to hyperventilation, suggesting that

ApoE-related pathology in old age may be mediated by vascular factors (Ponomareva et al.,

2012).

A large study of sleep EEG (n=800) found a significant association between a single

nucleotide polymorphism in the adenosine deaminase gene (ADA G22A) and sleep EEG

characteristics, with carriers of the A allele showing higher power in delta and theta bands

relative to non-carriers, suggesting higher sleep efficiency in A allele carriers (Mazzotti et

al., 2012). Adenosin plays a role in sleep homeostasis, and A allele has been associated with

decreased ADA activity and lower adenosine clearance (Battistuzzi et al., 1981), resulting in

higher sleep efficiency.

Porjesz et al., using linkage analysis on a large sample mostly consisting of families selected

for dense, multigenerational alcoholism, found evidence for linkage between the EEG beta-2

band (a quantitative trait derived by multivariate analyses of spectral band power) and a

region on the short arm of chromosome 4 harboring a set of GABAA receptor genes. Since

inhibitory GABA-ergic interneurons have been implicated in the generation of fast cortical

oscillations, this finding lends itself to a plausible mechanistic interpretation. The authors

concluded that, based on pharmacological data, the GABAA alpha-2 subunit may be the
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most likely candidate for their linkage findings (Porjesz et al., 2002a). Further analyses

using improved genetic analytical approaches led to significant findings on chromosomes 1,

4, 5, and 15 with evidence of epistatic interaction between these loci(Ghosh et al., 2003). It

is important to note that linkage analysis is just the first step to gene identification, since it

only provides a probable chromosomal location of gene(s) influencing the phenotypic trait.

Single-nucleotide polymorphisms (SNPs) offer an opportunity to test for association

between the beta EEG traits and SNP located in the GABA receptor genes on chromosome

4. Subsequent linkage disequilibrium analyses of 69 SNPs within a cluster of four

GABA(A) receptor genes performed by the same group found significant associations with

both beta oscillations and alcoholism, yet, no coding differences were found between the

high-risk and low-risk haplotypes, suggesting that the effect is mediated through gene

regulation (Edenberg et al., 2004).

However, generalization of findings from COGA may be limited due to the selective nature

of this sample containing a very high proportion of severe alcoholism cases and known

effects of alcohol and other co-abused substances on the human EEG that often remain

unaccounted for in genetic analyses; thus this interesting finding still awaits an independent

replication in a general population-based sample. It is important that linkage analysis is just

an important first step to gene identification, since it only provides a probable chromosomal

location of gene(s) influencing the phenotypic trait. With the advent of SNPs, there is an

opportunity to test for association between the beta EEG traits and SNP located in the

GABA receptor genes on chromosome 4 using the same and other datasets.

4.2. Event-related brain potentials (ERPs)

Event-related potentials (ERPs) represent EEG changes in response to a discrete event

relative to the baseline activity preceding that event. The ERP is averaged across trials and

represents changes in the electric potential that are phase-locked to the even onset (evoked

activity), and do not include activity that may be systematically related to the stimulus but

does not show exact phase alignment with the stimulus. Historically, two types of evoked

activity are distinguished: evoked potentials (EP) elicited by sensory stimuli and varying as

a function of stimulus characteristics and event-related, or “endogenous” potentials that vary

as a function of the subjective meaning of the stimulus, rather than its sensory

characteristics.

4.2.1. Sensory evoked potentials—Earlier twin studies dealt mostly with evoked

potentials elicited in different sensory modalities (for a more detailed review of genetic

studies of evoked potentials, see van Beijsterveldt and van Baal (2002)). For example, Lewis

et al. studied visual, auditory, and somatosensory evoked potentials in 44 MZ, 44 DZ, and

46 unrelated individuals and found that evoked response waveforms of MZ twins showed a

consistently higher degree of similarity than those of the DZ or UR groups across all three

sensory modalities and in most of the scalp areas studied. (Maryutina, 1994) used different

types of stimuli and noted greater heritability for sensory stimuli relative to semantic stimuli,

where shared environmental factors were also significant. Overall, studies of sensory evoked

potentials show significant heritability of both amplitude and latency of early ERP

components; however, differences in heritability between specific ERP parameters of
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conditions should be interpreted with caution because most of these earlier studies were

based on relatively small samples of twins.

4.2.2. P3 component in oddball tasks—The P3 (P300) ER component is typically

elicited in “oddball” tasks and associated with cognitive processing of relatively rare

“target” task-relevant stimulus which is presented in the context of a more frequent

“standard” stimuli that have to be ignored. Numerous studies have linked P3 to the processes

of context updating, cognitive resource allocation, attention, and working memory (Polich,

2007). The oddball-P3 is the most extensively studied ERP phenomenon, perhaps because it

was the first “endogenous” potential discovered (Sutton et al., 1965).

Genetic influences on P3 have been assessed in many twin studies that consistently showed

significant genetic influences, although there was some variability in heritability estimates

despite differences with respect to subject samples and ERP tasks across studies. Many of

these studies are summarized in an excellent review and meta-analysis of twin studies of

oddball-P3 conducted by van Beijsterveldt et al. (2002). In this analysis, the “AE” model

including additive genetic (A) and non-shared environmental (E) factors was the best fitting

one for both P3 amplitude and latency, and the overall estimate for heritability was 60% for

P300 amplitude and 51% for P3 latency, with the remaining variance explained by unique

environmental factors. It should be noted, however, that a study using repeated longitudinal

assessments of P3 estimated heritability of the “stable” variance at 90% (Carlson and

Iacono, 2006), suggesting that heritability of a single measurement is substantially

attenuated by measurement error.

More recent studies have provided further evidence for genetic influences on P3 and

addressed a number of related questions, including genetic covariation between P3 latency

measured in a delayed response working memory task and working memory performance

(Hansell et al., 2005), genetic specificity of P3 as evidenced by the lack of genetic overlap

with other ERP measures such as MMN or P50 (Hall et al., 2006a), invariance of P3

heritability across the lifespan demonstrated using cross-sectional comparison of young and

middle-aged adult cohorts (Smit et al., 2007a), genetic influences on age-related decrease of

P3 amplitude using longitudinal analysis spanning ages from 17 to 23 (Carlson and Iacono,

2006) and genetic influences on neural oscillations contributing to P3 assessed using time-

frequency decomposition of event-related EEG (Ethridge et al., 2012).

A number of linkage and association studies searched for specific genes contributing to

heritability of P3 amplitude and other ERP characteristics documented by twin studies. Hill

et al. (1998) reported an association between a polymorphic marker for D2 dopamine

receptor gene (DRD2 Taq I, later localized in ANKK1 gene) and P3 amplitude in children of

alcoholics, with A1 allele carriers showing reduced P3 amplitude. Another study (Anokhin

et al., 1999b) has replicated this association in a sample of adults, mostly from families with

alcoholism. Furthermore, this study found a significant interaction effect of this genetic

polymorphism and tobacco smoking status on P300, such that smokers with A1 allele

showed the largest P3 amplitude reduction. One possible explanation for this finding is that

A1 allele increases the riskfor nicotine addiction, but this association is moderated by P3,

with reduced P300 amplitudes facilitating addiction in A1 carriers and high P3 amplitude
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acting as a protective factor. According to this hypothesis, P3 is a moderator, rather than

mediator, of genetic risk (Anokhin et al., 1999a). This hypothesis is consistent with the

notion that P3 (which is ubiquitous across a variety of cognitive tasks) reflects the

recruitment of cognitive control network, with higher P3 indicating higher cognitive control

capacity and thus better impulse control. The proposed interpretation of P3 as an indicator of

general, non-specific cognitive control capacity is supported by fMRI studies using oddball

tasks(reviewed in Kiehl et al., 2005; Linden, 2005; Polich, 2007; Soltani and Knight, 2000)

showing significant activation in frontal and parietal regions that are broadly consistent with

regions implicated in a common, “superordinate” fronto-parietal system cognitive control

network (Dosenbach et al., 2007; Naghavi and Nyberg, 2005; Niendam et al., 2012) as well

as dorsal frontopriatal attention network supporting goal-directed (top-down) selection for

stimuli and responses (Corbetta and Shulman, 2002).

Porjesz et al. (2002b) reported the results of linkage disequilibrium mapping of ERP

phenotypes, including visual oddball P3 in a sample predominantly consisting of families

with dense, multigenerational alcoholism. Of 351 highly polymorphic microsatellite markers

tested for linkage separately with each of the EEG electrodes, none reached the nominal

significance threshold (LOD score of 3), but several markers approached that value and

were therefore considered “suggestive” of linkage; most notably, two markers on the

chromosome 2 showed a trend to linkage with P3 amplitude at P4 and C4 locations. In

addition to P3, the same study examined the N1 component obtained in the same VP3

paradigm and found significant linkage on chromosome 16. Although these results are very

encouraging, drastic differences in the linkage results for neighboring electrodes (which

typically show very high correlations with respect to P3 amplitude) raise important

methodological question of whether P3 component at a given scalp location might reflect

relatively independent processes influenced by distinct genetic factors. This issue should be

addressed in future studies using e.g. independent component analysis and/or source

localization in order to delineate genetic influences on dissociable neural processes

contributing to the scalp-recorded P3 potential.

Apart from the traditional peak amplitude, several follow-up publications from the same

group focused on event-related oscillations (EROs) assessed in the same ERP experiment. In

contrast to the ERP measures that are derived from event-locked EEG signal in the time

domain averaged across multiple trials, EROs represent the same signal in the frequency

domain, allowing for the estimation of brain oscillations in different frequency bands that

are associated with the event of interest. These studies reported significant genetic

associations between EROs in the delta and theta band elicited by the target stimulus and

various genetic polymorphisms including the cholinergic muscarinic receptor gene

(CHRM2) (Jones et al., 2004), serotonin receptor gene HTR7 (Zlojutro et al., 2011),

glutamate receptor gene (GRM8) (Chen et al., 2009), corticotropin releasing hormone

receptor 1 gene (CRHR1) (Chen et al., 2010) and association with KCNJ6, a gene related a

potassium inward rectifier channel demonstrated in a GWAS study at genome-wide

significance level (Kang et al., 2012). These studies suggest that EROs can capture separate

aspects of the neural response elicited by the target stimulus that are distinct from P3

amplitude and thus can serve as a promising phenotype for genetic studies. A study using

coherence analysis of event-related EEG from an auditory oddball task (Winterer et al.,
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2003) found a significant association between polymorphism in exon 7 of the GABAB

receptor 1 gene and EEG coherence in parietotemporal regions in both resting state and

during the performance of auditory choice reaction time task.

In summary, twin studies consistently show substantial heritability of oddball-P3. Linkage

and association studies have identified several genetic loci and candidate genes that may

contribute to the variability in both traditional peak amplitude measure and more novel

measures based on time-frequency decomposition of evoked and induced brain oscillations.

However, the use of oddball P3 as an intermediate phenotype may be somewhat limited by

the lack of specificity in its conceptual interpretation in terms of the underlying neural

processes and cognitive correlates. Since multiple interpretations of P3 continue to exist

focusing on context updating, attention, cortical inhibition, etc., it is difficult to link

individual differences in P3 to variability in a specific cognitive process and its neural

underpinnings. There is emerging evidence that P3 is composed of multiple overlapping

oscillatory components (Rangaswamy et al., 2007), presumably originating from different

sources. The location and time courses of neural generators contributing to P3 have been

investigated using source reconstructions of scalp-recorded EEG, ERP recordings in patients

with focal brain lesions, intracranial depth electrode recordings in humans and primates,

fMRI registration during the performance of oddball tasks, and simultaneous EEG/fMRI

registration (reviewed in (Linden, 2005; Polich, 2007; Soltani and Knight, 2000)) . These

studies suggest that P3 generated by a distributed network of cortical regions including,

most notably, the temporo-parietal junction (TPJ), medial temporal, medial frontal, and

lateral prefrontal cortices, inferior parietal lobule, thalamus, as well as frontal-

temporoparietal interaction and cortico-limbic interaction. Distinct processes contributing to

P3 may have relatively independent genetic basis and functional significance, their

associations with psychopathology need to be evaluated separately using paradigms

emphasizing particular component processes (e.g. oddball or and novelty processing, visual

and auditory modality), as well as advance signal analysis methods permitting the

assessment of dissociable neural processes such as independent component analysis, time-

frequency decomposition, connectivity measures, etc. It is possible that individual

components contributing to P3 will show stronger associations with specific

psychopathology phenotypes compared with the overall P3 response due to increased

specificity of the neural processes represented by these components. Therefore, delineation

of component processes giving rise to P3 potential holds great promise for both existing and

future studies using P3 as an ERP endophenotype for psychopathology.

Apart from P3, however, other heritable ERP phenotypes with greater specificity with

respect to underlying neurocognitive processes may be of great value. More recent studies

have provided evidence for heritability of ERP characteristics measured in tasks focused on

distinct aspects of cognitive processing and behavioral regulation. An overview of these

studies follows below.

4.2.3. Mismatch negativity (MMN)—The mismatch negativity (MMN) is an automatic

change-detection response of the brain elicited even in the absence of attention or behavioral

task (Naatanen et al., 2012). MMN is typically elicited by auditory stimuli that deviate in

some respect, such as frequency, intensity, or duration from the preceding more frequent
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stimuli and thus reflects the mismatch between the current sensory input and the memory

representation of the preceding auditory stimuli. MMN is generated by the process of early

change detection in the left and right auditory cortices and subsequent prefrontal activation.

We are aware of only one published twin study of MMN (Hall et al., 2006b). In this study,

both test-retest reliability and heritability of duration MMN amplitude was high (.66 and

68%, respectively), suggesting that the entire trait-like variance in MMN is genetically

determined. However, this study was based on a modestly-sized sample (40 MZ pairs and 30

DZ pairs), therefore these point estimates should be interpreted with some caution.

Importantly, a recent case-control study confirmed high test-retest reliability of MMN and

has assigned this measure one of the highest ranks among other potential endophenotypes

for schizophrenia, based on three criteria including state independence, long-term stability,

and magnitude of deficits is patients relative to controls (Light et al., 2012). Unfortunately,

heritability, a crucial criterion for endophenotype, was not included in this study's rating

system. Evidence for heritability of MMN remains scarce, and replication on larger samples

by independent laboratories is needed before a definitive conclusion about endophenotype

value of this measure can be made.

4.2.4. Sensory gating (P50)—Sensory gating refers to the phenomenon of the

suppression of response to the second of the two identical stimuli (usually, short clicks)

when they are presented with a short inter-stimulus interval (less than 1 second). The degree

of the suppression, or “gating”, of the second stimulus can be measured using the difference

between ERP amplitudes elicited by the first and the second stimulus in the pair.

Historically, this effect has been measured using the early P50 component reflecting largely

pre-attentive sensory processing.

P50 suppression has been extensively studied as an endophenotype for schizophrenia

(Freedman et al., 2003). The main assumption is that the gating deficit occurring at early

stages of sensory processing can give rise to more complex cognitive deficits occurring at

later processing stages, such as problems with attention and perception, cognitive

fragmentation, hypervigilance, etc. (Braff and Geyer, 1990; Freedman et al., 2003).

There have been only a few twin studies of the P50 gating phenotype. Two earlier studies

estimated twin correlations but did not provide formal heritability estimates, perhaps due to

small sample size. One study found a .57 correlation in MZ and 0 in DZ twins (Young et al.,

1996), while the other study reported intrapair correlations of .50 and .13 for MZ and DZ,

respectively (Myles-Worsley et al., 1996). Another small-scale twin study suggested that the

extent of alcohol-induced reduction in P50 suppression effect is a stable trait influenced by

genetic factors (Freedman et al., 1987). A more recent study using 40 MZ pairs and 30 DZ

pairs found intrapair twin correlations of .52 and .04 for MZ and DZ, respectively and

estimated heritability at 68%.using the structural equations modeling (SEM) approach.

However, another study (Anokhin et al., 2007b) based on a larger twin sample and using

alternative methods for P50 quantification found substantially lower but significant

heritability of P50 gating (27-36%, depending on the method for P50 measurement). The

same study investigated the gating effect in relation to the ERP component immediately

following P50, the much larger and robust N100 peak, and found significant heritability of

the peak amplitude (73%) and N100 gating effect (57%). Notably, recent studies suggest
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that N100 gating can be an intermediate phenotype for schizophrenia (Light et al., 2012).

What is the possible explanation of the discrepancy between these studies with respect to

heritability estimates for P50 gating? Studies using repeated measurement of P50 gating

ratio in the same individuals reported low test-retest reliabilities (Boutros et al., 1991;

Cardenas et al., 1993; Smith et al., 1994), even within a single ERP session (Clementz et al.,

1997), with a notable exception of the study by Hall et al. (2006a) that found high test-retest

stability (.66) for the same measure.

A genetic linkage study has shown a significant linkage between P50 suppression index and

the alpha7 neuronal nicotinic receptor subunit gene (CHRNA7)(Freedman et al., 1997). A

subsequent association analysis showed association between an SNP in the linkage region

and P50 phenotype (Leonard et al., 2002).

4.2.5. ERPs in response inhibition (Go-NoGo) tasks—Genetic and neurobiological

underpinnings of response inhibition have received enormous attention in the past decade

because deficits of response inhibition, or behavioral disinhibition, became a central concept

in the studies of psychiatric disorders, particularly those belonging to the “externalizing”

spectrum (Young et al., 2009). These behavioral phenotypes show very high heritability,

however, relatively little is known about the neural mechanisms mediating these genetic

influences. Individual differences in the neural processes underlying response inhibition can

be studied using ERPs elicited in the Go-NoGo tasks, in which the subject is required to

inhibit a prepotent motor response. Twin studies of response inhibition-related ERPs are

scarce. Anokhin et al. (2004) investigated ERP components elicited in a Go-NoGo task and

found significant heritability of peak amplitudes of two ERP components that are elicited by

No-Go stimuli that required inhibition of a prepared response , the frontal N2 component

(60%) and the “anteriorized” P3 component (58%), suggesting that individual differences in

the neural correlate of response inhibition are strongly influenced by genetic factors.

Previous studies suggest that the No-Go ERP effects are produced by a rapid activation of

the network involving anterior cingulate and lateral prefrontal cortices subserving the

detection and resolution of conflict between simultaneously active, but incompatible task-

related representations, namely, execution and inhibition of a prepotent response

(Nieuwenhuis et al., 2003; van Veen and Carter, 2002). The anteriorization of P3 can be an

electrophysiological manifestation of the engagement of the prefrontally mediated cognitive

control processes required for the resolution of the Go-NoGo conflict. Subsequent analyses

of data from the same experiment using inter-trial phase-locking measure to assess neural

synchrony showed that the degree of task-related phase synchronization of brain oscillations

in the No-Go condition is modestly but significantly influenced by genetic factors (Mueller

et al., 2007).

4.2.6. Error-Related Negativity (ERN)—Error-related negativity (ERN, or Ne) is

electrophysiological index of error monitoring, or detection of the discrepancy between the

desired and actually executed action. ERN is a sharp negative potential observed within

50-150 ms after incorrect responses in tasks that involve response selection or response

inhibition and typically require a speeded response. ERN is followed by a slower positive

potential termed Error Positivity (Pe). Correct responses in such tasks with a high level of
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response conflict elicit similar wave but of smaller amplitude, the “correct-related

negativity” (CRN). Extant research has linked ERN to both automatic, largely pre-conscious

error detection and conflict processing, while Pe has been associated with conscious

awareness of the error and implementation of corrective adjustments of behavior following

error detection. Converging evidence indicates that ERN is generated in the rostral part of

the ACC (Debener et al., 2005). A study of 99 MZ and 151 DZ adolescent twins (Anokhin

et al., 2008) has found a highly significant heritability of all three ERP components related

to error monitoring: ERN (47%), CRN (60%) and Pe (52% in males, 39% in females).

Furthermore, a significant genetic correlation was found between these components. Thus,

neural substrates of error monitoring, a fundamental mechanism of behavioral regulation,

appear to be under significant genetic control.

Several candidate gene association studies of ERN have been reported. Fallgatter et al.

(2004), using a very small sample (n=27), found larger ERN amplitudes in the carriers of the

low-activity short allele of the serotonin transporter gene (5-HTTLPR). Similar results were

obtained in another study including a small group of children hat was very mixed with

respect to psychiatric diagnoses and medication (Althaus et al., 2009). However, a

subsequent study using a larger sample (n=89) and more detailed genotyping taking into

account the A/G SNP in the long allele (Olvet et al., 2010), failed to replicate this finding.

Another study found a highly significant effect of a functional polymorphism in the brain-

derived neurotrophic factor (BDNF) gene on ERN amplitude and other characteristics, with

Val/Val genotype associated with larger ERN response and stronger inter-trial phase locking

(Beste et al., 2010).

4.2.7. Face-related ERPs—A growing number of ERP and fMRI studies is using images

of human faces, with both neutral and emotional expressions, as stimuli for the investigation

of the neural mechanisms of nonverbal social communication and their impairment in

disease (Haxby et al., 2002). Event-related brain activity elicited by facial stimuli has proven

itself as a useful indicator of individual differences in processing of socially relevant

information and a marker of risk for a number of psychiatric disorders characterized by

abnormalities in social cognition and behavior, most notably, autism and schizophrenia

(Posamentier and Abdi, 2003). Thus, identification of heritable characteristics of the neural

processing of socially relevant facial information can help to elucidate the pathways from

genes to individual differences in social behavior, both normal and abnormal. Anokhin et al.

(2010) examined genetic influences on the ERPs elicited by facial expressions of emotion

using a paradigm in which neutral expression was instantaneously replaced by an emotional

expression of the same face. Changes of emotional expression produced two distinct ERP

components: N240 wave with a right temporoparietal maximum and a P300 wave with a

centropariatal midline maximum. Genetic analyses revealed substantial heritability of both

components (36–64% for N250 and 42–62% for P300 components, respectively), suggesting

that neural processing of facial affect is strongly influenced by genetic factors.

4.2.8. EEG and ERP: Common and specific genetic influences—Traditionally,

resting-state EEG and ERP measures have been studied independently. However, since early

days of electroencephalography, it has been known that evoked potential waveforms emerge
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as a result of phase resetting of the ongoing EEG oscillations at different frequencies present

in the resting EEG, as well as modulation of their amplitude (Livanov, 1934).

Studies of sensory evoked potentials in humans (Vogel et al., 1986) have shown that latency

and amplitude of visual and auditory potentials depend on individual characteristics of the

resting-state EEG: subjects with abundant, high-amplitude alpha-rhythm showed higher

amplitudes of most peaks of the visually and auditory evoked potentials compared to

individuals with the low-voltage EEG type who showed reductions in ERP amplitudes

(described above in greater detail). This study provided the first evidence that genetically

transmitted differences in the resting EEG can influence the characteristics of brain

potentials elicited by sensory stimulation. However, the conclusions of that early work were

limited to differences between two relatively rare EEG variants.

Using data from the Amsterdam twin study cited above (van Beijsterveldt et al., 1996,

1998b) Anokhin et al. (2001), investigated the structure of genetic and environmental

relationships between visual oddball P300 amplitude and spectral band powers of resting

EEG recorded independently in the same subjects. A multivariate genetic analysis of twin

data revealed substantial genetic overlap between the spectral content of the resting EEG

and P3 amplitude: individuals with greater delta- and theta-band activity at rest showed

larger P300 components in the visual oddball task, and vice versa. Importantly, this

relationship was largely due to common genetic factors influencing both resting EEG and

ERP. Since resting-state brain oscillation can be considered as baseline relative to event-

related perturbations of that activity giving rise to ERPs, these results suggest that genetic

influences on P3 amplitude are mediated in part by spectral properties of baseline, resting-

state EEG. However, the results also indicated a significant residual genetic influence on P3

amplitude that was not shared with the resting EEG, with genetic factors specific to P300

accounting for 26% of the total P300 variance.

Substantial overlap between genetic influences on P300 amplitude and resting EEG has

important implications for the functional interpretation of individual differences in P3

amplitude. First, this finding suggests that substantial proportion of genetic variability in P3

reflects some baseline characteristics of brain neurophysiology rather than differences in

cognitive processing. Second, if individual differences in task related cognitive processing

are of primary interest, it can be recommended that resting-state EEG characteristics be

included as covariates in order to isolate the “true” ERP-specific variance.

4.3. Startle reflex

Startle reflex is a rapid automatic defensive response to abrupt sensory stimulation. It is

ubiquitous in mammalian species, and its biological role is to protect the organism from a

sudden attack or injury (Lang et al., 1993). In humans, one of the most pronounced

components of the startle reflex is the eyeblink that can be elicited by strong abrupt sound

and quantified using the measurement of electromyographic activity of the muscle

responsible for the eyeblink (m. orbicularis oculi). Startle magnitude reflects individual

difference in the overall defensive reactivity, and exaggerated startle response has been

associated with different pathological conditions, most notably posttraumatic stress disorder.
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Most of the startle research, however, was concerned with startle modulation effects, most

notably, pre-pulse inhibition and emotion-modulated startle.

Prepulse inhibition (PPI) refers to the suppression of the startle reflex that occurs when an

intense startling stimulus is preceded by a weaker ‘prepulse’ stimulus. PPI is considered a

measure of sensorimotor gating, automatic inhibitory regulation of sensory input and/or

motor response that allows for an undisturbed processing of relatively weak sensory events.

Gating deficits are considered to be a possible neurobiological mechanism mediating

cognitive abnormalities in schizophrenia and some other disorders (Braff et al., 2001). PPI is

considered one of the potential endophenotypes for schizophrenia (Light et al., 2012).

A twin study using the PPI paradigm has shown high heritability of the overall startle

response magnitude (68%) and slightly lower heritability (58%) of the PPI index (Anokhin

et al., 2003). Importantly, a separate analysis of the first and the second half of the

experiment showed attenuation of heritability, which can be explained by overall startle

habituation in the course of the experiment leading to the “floor effect” in the assessment of

startle amplitude. Thus, contrary to the more common case when larger number of trials

usually leads to more reliable estimate of the response, in the case of PPI a shorter

experiment can yield more heritable measures.

Another widely used paradigm involving startle response is based on the well-established

fact that the intensity of startle reflex depends on the ongoing motivational and affective

state of the subject. Both animals and humans studies have shown that this obligatory

defensive reflex is facilitated by aversive/defensive motivational states and attenuated by

appetitive states (Lang et al., 1993). In humans, startle modulation is typically achieved by

pictures with different affective content: pleasant, neutral, and unpleasant. Individual

differences in the extent of startle suppression by pleasant pictures and/or potentiation by

unpleasant, especially, threatening pictures is viewed as an objective measure of relative

sensitivity of the appetitive and aversive motivational systems respectively. The first twin

study of emotion-modulated startle (17 MZ and 12 DZ pairs) estimated twin correlations

that were suggestive of significant genetic influences on the degree of emotional modulation

of startle, but a formal genetic analysis was not performed due to the small sample size

(Carlson et al., 1997). However, a subsequent larger study (Anokhin et al., 2007a) failed to

show genetic or shared environmental influences on the amount of startle modulation,

although heritability of the overall startle magnitude in all three valence conditions was high

(59-61%). Thus, this study found no evidence for familial influences, and individual

differences in startle modulation could be attributed entirely to individually unique

environmental factors.

One possible explanation of this negative finding is the possibility of high developmental

plasticity of the neural organization of emotional reactivity which allows the organism to

adapt flexibly to the changing environment. However, there is another, more parsimonious

explanation: test-retest assessments suggest very low individual stability of emotion-

modulated startle (Larson et al., 2005; Lee et al., 2009), which casts doubt on the notion that

it can serve as an indicator of stable, trait-like individual differences. However, these

negative findings do not preclude the possibility that individual differences in emotion-
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modulated startle are influenced by genetic factors. First, the study by Anokhin et al.

(2007a) included only females, and there is a possibility that emotion-modulated startle is

heritable in males but not females. Second, measures of startle modulation in other

experimental paradigms may be under greater genetic influences. For example, twin studies

of startle modulation by affective facial expressions or fear-potentiated startle can help to

clarify this issue.

Overall, characteristics psychophysiological indices of emotional processing.such as frontal

EEG asymmetry and emotion modulation of startle reflex showed somewhatlower reliability

relative to measures of cognitive processing. This may seem somewhat counterintuitive

because, from the evolutionary perspective, emotional response systems are older and more

directly related to survival; consequently, one can expect a greater degree of genetic

determination of such responses compared to e.g. executive functions the development of

which may be to a larger extent mediated by social environment. On the other hand,

however, developmental plasticity of emotional reactivity is an adaptive feature that permits

a flexible adaptation to individually specific environment (which automatically decreases

heritability at the population level). Importantly, twin research designs can provide

important information about the role of environmental factors, both shared and non-shared.

For example, the co-twin control studies based on the comparison of MZ twins who are

discordant for a certain environmental exposure allows for a direct estimation of the effects

of specific environmental factors by providing an ideal control for genetic factors and

environment shared by twins.

5. Implications for understanding gene-brain-behavior relationships in

health and disease

5.1. Intermediate phenotypes, or “endophenotypes”

How can the knowledge gained in genetic psychophysiology research help us to advance the

broader field of behavior and psychiatric genetics? The first important contribution can be

facilitation of gene finding. During the past two decades, enormous resources have been

allocated to finding genes that confer liability to highly heritable psychiatric disorders and

addictive behaviors such as schizophrenia, autism, ADHD, alcoholism, nicotine addiction,

and other conditions. There was a great hope that the application of high-density arrays of

genetic markers made available by the rapid progress in molecular genetics and the use of

gigantic samples would lead to a quick progress in the identification of the genes responsible

for these disorders. The results of early genome-wide association studies (GWAS) were

largely disappointing because first positive findings were often refuted by subsequent

studies based on even larger samples. For example, numerous large scale linkage and

association studies of alcoholism have been conducted, but the agreement across studies was

very poor and, by now, there is no single well-replicated finding of a gene conferring risk

for alcoholism, except the genes encoding the key enzymes of alcohol metabolism (ADHs

and ALDHs), that have been known long before the GWAS era (Edenberg, 2012). However,

the situation started to change in the last few years as independently replicated GWAS

findings have emerged for nicotine addiction(Wang et al., 2012), schizophrenia(van Dongen

Anokhin Page 26

Int J Psychophysiol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and Boomsma, 2013)and other disorders, although these genetic variants account only for a

very small portion of heritability of these phenotypes.

One of the issues that used to be frequently mentioned in relation to GWAS has been so

called “missing heritability”, i.e. the fact that genetic variants identified by GWAS can

account only for a small portion of heritability. However, more recent GWAS studies were

able to capture an increasingly large proportion of the phenotypic variation, especially when

all SNPs, rather than only GWAS “hits”, are considered. As GWAS efforts continue and

sample sizes grow to tens or even hundreds of thousands, it becomes clear that the perceived

failure or disappointment about GWAS was overstated (Visscher et al., 2012). Vissher et al.

underscore that the aim of GWAS is to detect loci that are associated with complex traits,

rather than explain all genetic variation, and this aim is being successfully achieved by

GWAS studies that have led to new discoveries about genes and pathways involved in

common diseases and other complex traits (Visscher et al., 2012). However, most of these

recent successes concerned “somatic” phenotypes such as auto-immune or metabolic

diseases, while the progress in the identification of loci associated with behavioral

phenotypes such as psychiatric disorders was relatively modest, with a few exceptions (e.g.

Rietveld et al., 2013; Smoller et al., 2013). The root of the problem lies in the complexity,

variability, and possible etiological heterogeneity of the diagnostic phenotypes, as well as

the large “distance” between the predisposing genes and their phenotypic expression.

Genetic influences on complex behavioral phenotypes are mediated by numerous pathways

and mechanisms that interact in a highly non-linear fashion and are strongly modulated by

environmental influences. The second source of the lies in the large number of genes and

their small effect sizes. At the early stages of behavioral and psychiatric genetics there was a

hope that substantial portion of variance of complex phenotypes can be explained by

“oligogenes”, i.e. a few genes with relatively large effects. However, this assumption has

been largely refuted by recent GWAS studies, as it became clear that many genes with very

small effects are likely to be involved in the determination of complex human traits. Due to

this complexity of pathways linking genes to behavior and small gene effects, attempts to

directly associate individual genes with a complex behavioral phenotype turn out to be a

formidable, if not impossible, task.

One possible solution for this seemingly intractable problem is to shift the focus of genetic

studies from the complex phenotype to its “building blocks”, or component processes of

liability, and to trace them all the way up to the behavioral phenotype. The first step is to

delineate these components, which can be represented by heritable individual differences in

brain function and psychophysiological responses. The next step is to identify common and

process-specific genes influencing these components. The final step is to determine how

interaction between these components gives rise to the complex behavioral phenotype, i.e.

elucidation of etiological mechanisms.

This brain-based approach to understanding genetic influences on behavior was proposed by

Vogel (Vogel et al., 1979b). He suggested and implemented a research strategy that first

focuses on the identification of genetic variability in brain function and then explores how

this variability influences behavior. In psychiatric genetics, such intermediate brain-based

phenotypes were labeled as “endophenotypes”(Gottesman and Gould, 2003).
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One of the initial arguments in favor of the focus on intermediate phenotypes was that

variability at the neurobiological level is “closer” to immediate gene effects, such as change

of a protein function than complex behavior and, due to this proximity to gene products, the

effects of single genes on neurophenotypes can be relatively large and therefore readily

detectable. However, this turned out not to be the case, as neurophenotypes, at least those

that can be measured non-invasively in humans and likely to play a causal role in behavioral

differences, are also quite complex and are therefore unlikely to demonstrate simpler genetic

architecture (de Geus, 2010; Flint and Munafo, 2007). Various models linking genes,

endophenotypes, and clinical phenotypes are discussed by Rommelse et al. (2011).

However, this complexity does not diminish the value of neurophenotypes, since with the

advent of GWAS and growing number of genetic variants contributing to behavioral

variation, there is an increasing need in the investigation of the pathways mediating the

effects of these variants on behavior. In fact, functional significance of many of genetic loci

being identified by GWAS is not readily clear. Therefore, De Geus (2010) argued that EEG

endophenotypes can serve as an important tool for the elucidation of the functional meaning

of candidate genetic variants that derive from association studies by helping us to understand

where in the brain, at which stage and during what type of information processing these

genetic variants have a role (de Geus, 2010).

A number of criteria for psychophysiological endophenotypes were proposed (de Geus,

2002, 2010), including 1) association with disorder, even during remission; 2) temporal

stability including developmental stability; 3) heritability; 4) familial association with

disorder as indicated by the presence of the same abnormality in the first degree relatives of

probands. Additional criteria may include a) association with dimensional phenotypes

indicating liability such as temperamental traits, for example, harm avoidance and trait

negative affect for internalizing spectrum disorders and impulsivity for externalizing

spectrum; b) suitability for repeated administration, i.e. relative resistance to learning and

practice effects; c) availability of animal models, which allows for a more detailed

investigation of both genetic and neurobiological mechanisms at more elementary levels

such as gene expression in specific brain regions and its modification by strictly controlled

environmental influences and neurophysiological investigation and the level of single

neurons and local circuits; d) construct validity in the sense that psychophysiological

measure is a specific and valid indicator for a certain cognitive process; e) knowledge of the

underlying genetic architecture and specific genes involved, i.e. heritability “explained”.

Of course, in reality, very few candidate endophenotypes would meet all these criteria. A

question arises, what of the criteria listed above are most imperative in order for a measure

to be an intermediate phenotype. Since, by definition, it is imperative that a measure or

construct mediating genetic influences on behavior is genetically determined, heritability

appears to be the main criterion. Furthermore, a demonstration of heritability automatically

serves as a proof of reliability, since test-retest reliability theoretically serves as the upper

limit for heritability. The latter pertains to the stable, trait-like variance; consequently, a

non-stable measure cannot be heritable. It is important to note that the reverse is not true:

high test-retest stability does not necessarily imply heritability, because stable individual

differences can also be shaped by environmental factors. The intermediate phenotype
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approach is illustrated below using the example of the oddball P3 ERP component as a

marker of risk for alcoholism and associated externalizing behaviors syndrome.

5.2. An example: P3 as intermediate phenotype for externalizing disorders

Numerous studies have shown that oddball P3 amplitude is reduced in alcoholics and, most

importantly, in unaffected biological relatives of alcoholics(Begleiter and Porjesz, 1990; Hill

et al., 1995; Hill et al., 1988; Iacono et al., 2003, 2008; Polich et al., 1994; Porjesz and

Begleiter, 1991); this evidence summarized in a recent meta-analysis (Euser et al., 2012).

The robust finding of familial association between P3 and alcoholism is corroborated by the

evidence for high heritability of individual differences in P3 amplitude in the general

population(Anokhin et al., 2001; Katsanis et al., 1997; van Beijsterveldt et al., 1998b; van

Beijsterveldt and van Baal, 2002). Furthermore, reduced P3 was found to be associated not

only with AUDs but also with nicotine dependence (Anokhin et al., 2000), drug dependence

(Bauer, 1997), conduct disorder (Bauer and Hesselbrock, 1999), suggesting that diminished

P3 indicates an inherited predisposition for a spectrum of addictive behaviors and comorbid

externalizing psychopathology (Gilmore et al., 2010; Iacono et al., 2003). Multivariate

genetic analyses of twin data demonstrated significant genetic correlations between P3 and

latent externalizing factor, thus supporting the notion that P3 indicates genetic diathesis for

externalizing disorders (Hicks et al., 2007). Importantly, a converging line of evidence

suggests that reduced P3 indicates a genetically transmitted deficit predating alcohol use and

abuse, rather than a consequence of heavy drinking: the reduction of P3 is present in high-

risk (i.e. family history positive) adolescents was present before the onset of drinking (Hill

and Shen, 2002; Hill et al., 1999; Hill et al., 2000); P3 is not significantly affected by

alcohol use (Perlman et al., 2009); in longitudinal studies reduced P3 prospectively

predicted the onset of alcohol abuse(Gilmore et al., 2012) as well as aggression and crime

(Gao and Raine, 2009); in non-alcohol dependent social drinkers without family history of

alcoholism P3 amplitude was unrelated to lifetime alcohol intake(Bijl et al., 2005); finally, a

co-twin control study(Carlson et al., 2002) has shown that in twin pairs discordant for AUDs

the alcohol abusing/dependent twins' amplitude did not differ from that of non-alcoholic co-

twins, providing further evidence that P3 amplitude reduction is a genetically transmitted

marker of risk, rather than consequence of drinking. Interestingly, animal models show a

pattern of ERP differences that parallels the human findings described above: selectively

bred alcohol-preferring rats show reduced P3 amplitude in the parietal cortex and increased

fast-frequency EEG activity compared with and non-preferring rats(Criado and Ehlers,

2010). Thus, high heritability of P3 (and associated event-related theta oscillations) in the

general population, its robust familial association with alcoholism, genetic correlations with

a broader externalizing trait, and little modification by alcohol use, makes it a good

intermediate phenotype (endophenotype) for genetically transmitted vulnerability to

alcoholism.

However, exact neurocognitive mechanisms by which the reduction of P3 amplitude

contributes to the risk for externalizing spectrum behaviors remains unclear. One possible

interpretation based on the evidence that electrocortical positivity is associated with

inhibitory regulation of cortical excitability (Birbaumer et al., 1990), is that reduced P3

reflects a tonic elevation of cortical excitability, with the latter being a risk factor for poor
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inhibitory control of behavior (Anokhin et al., 1999b; Begleiter and Porjesz, 1999).

However, this cortical disinhibition hypothesis does not seem to be in good agreement with

the widely accepted notion that dysregulated behaviors result from poor cortical control over

subcortically generated drives and impulses. According to this model, a deficit, rather than

excess, of cortical activation would be a risk factor for externalizing behaviors. Apart from

oddball tasks, P3 potentials are elicited across a variety of other cognitive tasks by goal-

relevant stimuli that require some sort of decision making and response. On the other hand,

meta-analysis of functional neuroimaging studies indicated that diverse executive functions

tend to engage a very similar set of brain regions, suggesting the existence of a common,

super-ordinate fronto-cingulo-parietal cognitive control network (Niendam et al., 2012).

Moreover, these regions show substantial overlap with regions identified as possible P3

generators (Eichele et al., 2005; Mantini et al., 2009; Mulert et al., 2004). It is therefore

reasonable to hypothesize that P3 reflects the engagement of this frontopariatal cognitive

control network (CCN), and reduced P3 indicates insufficient recruitment of this network,

perhaps due to poor integration of its components. Due to non-specificity of CCN, it is more

likely to act as a moderator, rather than mediator of more specific risk factors, such that high

level of CCN functioning will suppress the manifestation of specific predisposing factors,

while low level of CCN functioning will facilitate the development of abnormal behavior by

reducing threshold for the expression of disease-specific liability. This proposed model can

explain why P3 amplitude reduction is observed across diverse psychiatric disorders.

This review focused only on a single example of intermediate phenotype for psychiatric

disorders. Genetic psychophysiology research has identified potential intermediate

phenotypes for a broad spectrum of other disorders, such as enlarged error-related negativity

in obsessive-compulsive disorder, abnormalities of face processing autism, etc. , however,

detailed discussion of these findings is beyond the scope of the present review.

6. Challenges facing genetic psychophysiology

Despite substantial progress achieved in genetic psychophysiology and increasing interest in

this field as evidenced by rapid growth of the number of publications over the past 10 years,

some old challenges remain and new ones have emerged. Below we summarize the main

challenges facing the field.

6.1. Is psychophysiology still relevant in the fMRI era?

One frequently discussed question is whether EEG and ERP methods remain relevant in the

time of increasing proliferation and availability of fMRI. The answer is a definite “yes”, and

there are many important arguments in favor of electrophysiology methods - some of them

are quite general, while others are more specific to the field of genetic psychophysiology.

The first important argument is that EEG is a direct measure of neuronal activity, whereas

the blood oxygenation-dependent (BOLD) signal is not. Modeling the relationship between

BOLD signal and neural activity hinges on a number of assumptions, the validity of which

may be unclear in particular cases. The exact nature of neural activity reflected by BOLD

signal is also poorly understood. Although it has been established that the BOLD signal is

associated with gradual postsynaptic potentials, rather than action potentials of the neurons,
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the relative contribution of inhibitory (IPSP) and excitatory (EPSP) postsynaptic potentials

to the BOLD signal remains to be determined. An increase in the BOLD signal is commonly

interpreted as “activation”, however, if IPSPs make a substantial contribution to the increase

in BOLD signal, the validity of this straightforward interpretation may be challenged.

Furthermore, it cannot be excluded apriori that functionally meaningful changes in neuronal

activity may occur without significant changes in local metabolism, for example when some

neurons reduce while others increase their activity within the same region, or when

synchronization of activity changes without the change in the overall number of active

neurons. For example, a recent study has shown that the BOLD response is insensitive to

substantial changes in neural activity associated with certain aspects of visual processing

(Swettenham et al., 2013). Conversely, another study suggested that, in addition to

haemodynamic response related to a visual stimuli, additional trial-related haemodynamic

signal emerged as an anticipatory adaptation to pending processing demands, and this latter

signal was not directly associated with neuronal activity (Cardoso et al., 2012; Sirotin and

Das, 2009). Thus, functionally significant changes in local neuronal activity and changes in

BOLD signal may not always be related in a straightforward, linear fashion, which

underscores the importance of electrophysiology methods.

The second important advantage of electrophysiology methods is their excellent temporal

resolution permitting the delineation of distinct stages of information processing in the brain

(stimulus detection, categorization, response selection, error detection, etc.) that unfold

within a period of less than on second. In contrast, the BOLD signal reaches its peak only

about 5 seconds after the stimulus and takes 10 more seconds to return to baseline. Due to

their ability to capture specific, short-living neural processes, electrophysiology methods can

provide a better mechanistic understanding of cognitive processing and its impairment of

disease. While fMRI is better suited to answer the question, where the information is

processed, modern methods of EEG/ERP analysis are better suited to address the question of

how the information is processed by the brain (Lorig, 2009). It is possible that some

psychiatric disorders result from the impairment of mechanisms, such as precise temporal

and spatial integration and coordination of activity in distributed networks, rather than

impairment of a particular brain region.

Of course, coarse spatial resolution is the main disadvantage of electrophysiology methods.

Yet, higher cognitive functions are subserved by highly dynamic, rapidly forming and

dissipating distributed functional networks involving dynamic interaction among distant

brain regions. This raises the question of whether we really need a very fine spatial

resolution in order to localize processes that may inherently lack a strict anatomical

localization, as suggested by both electrophysiology and fMRI data (e.g. substantial

variability of regional BOLD “activation” across subjects in the same task and variability

within subject across sessions or even within a single session). Finally, the neural substrates

of well-established ERP components are being increasingly clarified by studies integrating

ERP and fMRI data (see e.g.Debener et al., 2005; Ford et al., 2004), which provides

neuroanatomical validation for ERP phenotypes.

Other two arguments in favor of EEG/ERP are more specific to genetic psychophysiology

research. First, Most EEG/ERP measures show high intraindividual stability, a necessary
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prerequisite for genetic research: test-retest correlations are in the range of .6-.9 for resting

EEG characteristics and .5-.7 for many ERP paradigms, although reliability of other popular

psychophysiological indices such as auditory P50 gating and emotion-modulated startle

remains questionable. In contrast, a review of test-retest studies of fMRI-based measures of

task-related regional activation has revealed modest test-retest reliability (Bennett and

Miller, 2010). The problem is exacerbated by the fact that the less reliable the measure is,

the larger samples are needed for genetic studies to detect a significant effect, which is

particularly undesirable in the case of neuroimaging studies because of the high cost of

assessments. Accordingly, another advantage of electrophysiology methods is their low cost

and relative portability permitting the assessment of large samples required for genetic

research.

6.2. Methodological issues

6.2.1 General Issues—Genetic association studies using psychophysiology measures

face many of the same problems as psychiatric genetic and behavior genetic research,

including relatively small effect sizes of individual genes and complexity of phenotypes.

Moreover, these problems are further exacerbated by such factors as lack of standardized

assessments which hinders replication efforts and pooling data across laboratories,

multiplicity of phenotype description (a single ERP experiment can generate a host of

variables), and small sample sizes (because psychophysiology assessments require a lab

visit). Clearly, the combination of multiple phenotypes, multiple genes, and small sample

size is prone to produce false positive findings (Type I error). Apart from these general

problems, there are a number of problems that are specific to the measurement of the

phenotype and to certain aspects of the genetic analyses.

6.2.2. Issues related to psychophysiological measurements—A critical issue in

genetic research of complex phenotypes, including psychophysiological responses, is test-

retest reliability. Clearly, only individually stable, trait-like characteristics can be heritable.

As already mentioned above, test-retest reliability can be regarded as upper boundary for

heritability. Psychophysiological variables show a very broad range of reliability, from very

high such as resting EEG, to very low such as emotion-modulated startle reflex. Therefore,

one important but often neglected step in genetic studies should be the selection of a reliable

indicator of the function or process of interest. Some pilot studies may be needed to compare

the utility of different psychophysiological indices, but this investment will pay off because

a properly conducted genetic study requires large samples, and the availability of a reliable

measure may reduce the sample size required to achieve the desired statistical power.

Another important issue related to the likelihood of gene finding and the interpretation of

results is the specificity of psychophysiological phenotypes. It is reasonable to expect that

measures that load strongly on a single specific aspect or mechanisms of neural processing

and are less affected by other processes would have a simpler neural and genetic basis. On

the other hand, measures reflecting a more integrative level of processing may be a product

of multiple interacting processes and have a more complex genetic basis. For example,

oddball P3 has been extensively used in genetic psychophysiology research related to

psychopathology, particularly alcoholism and schizophrenia, but the degree to which it has
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contributed to the understanding of the mechanisms mediating genetic influences on these

disorders has been limited by its low specificity with respect to distinct neurocognitive

processes that might be conceptually implicated in the pathophysiology of these disorders.

Given multiple brain regions and mechanism implicated in P3 generation and the diversity

of its functional interpretations, oddball P3 is itself a very complex phenotype, for example,

fMRI studies have identified 34 regions that are significantly activated during target

detection in the auditory oddball task (Kiehl et al., 2005). Therefore, more focused tasks

may be needed, with greater specificity with respect to separable neurocognitive processes.

For example, error-related negativity (ERN) appears more selective with respect to both

cognitive processes and neural substrates than oddball P3, and therefore may be a more

tenable target for the identification of genes affecting functionally and anatomically specific

neural circuit.

An important consideration for genetic association studies of psychophysiological

phenotypes is standardization of assessments that should enable the replication of results,

meta-analyses, as well as pooling data from different studies in order to increase statistical

power. Historically, there is a large variability in laboratory protocols, including task design,

specific stimuli used, recording parameters, and instructions to the subjects. Even the

“classic” oddball P3 amplitude can be measured in a variety of ways. First, paradigms may

be different, leading to different cognitive processes engaged by the task (e.g. Hill et al.,

1998; Noble et al., 1994). Second, quantification of the neural response may be different,

varying from simple peak amplitude of the averaged ERP to more sophisticated algorithms

such as event-related band power.

Addressing the issues of reliability, specificity, and standardization can be greatly facilitated

by following the general guidelines for ERP research (Duncan et al., 2009). A proper

quantification of event-related brain activity (e.g., using principal or independent

components analysis to separate overlapping components of response when needed) is

essential for the identification of genetic factors influencing neural activity associated with

specific cognitive processes. While the use of alternative representation of event-related

response may be well justified, it can be recommended that traditional peak and latency data

are also presented to ensure comparability across studies.

Age range of the sample is another important consideration. Many EEG and ERP

phenotypes show substantial age-related changes, and large variability in age within the

sample may inflate twin correlation both in MZ and DZ pairs, leading to an overestimation

of the shared environmental influences. Therefore, it can be recommended that age-related

trend is removed in regression analyses before entering the data in genetic analyses or,

alternatively, age effects should be included in the biometrical model. Of note, a linear

regression will likely be insufficient in many cases due to nonlinear shape of age-related

trends for many variables such as resting EEG band powers and P3 amplitude.

Finally, it is important to test and account for gender effects by testing “sex limitation”

models that allow one to test for gender differences in the degree of heritability and gender-

specific genetic effects, i.e. to determine whether the same or different genetic factors

influence the trait in males and females.
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6.2.3. Issues related to genetic analysis—The most serious problem is related to

candidate gene association studies and is concerned with high probability of false positive

findings. The main source of this problem is a dangerous combination of two factors known

to increase the rate of Type I error: small sample size and multiple comparisons. This

problem is not limited to genetic psychophysiology research and has already raised

substantial concern in other fields employing candidate gene approach.

This problem is further exacerbated by the well-known publication bias towards reporting

positive findings. Recent meta-analytic studies have demonstrated that this ubiquitous

problem is especially pervasive in genetic research of complex neuropsychiatric and

behavioral phenotypes. The existence of this bias is indicated by a higher rate of positive

results among novel findings compared to replication attempts, since journals are more

likely to accept a paper reporting a novel genetic association than a paper reporting a

negative finding (Duncan and Keller, 2011; Flint and Munafo, 2012). Smaller studies are

more likely to be published if they yield positive results because researchers are typically

more reluctant to publish negative results, moreover, if a study reporting a negative result is

underpowered, it is less likely to be accepted for publication than a similarly underpowered

study reporting a positive finding.

Perhaps the most notorious example is the excess of positive findings in “imaging genetics”

studies that has been revealed in several recent analyses of publications in this field (Flint

and Munafo, 2012; Ioannidis, 2011; Ioannidis and Trikalinos, 2007). These analyses

estimated the expected proportion of positive findings of association given statistical power

and the reported effect size, and compared it with the observed rate of positive reports. The

results indicated strong biases towards reporting positive findings, probably due to selective

outcome reporting and selective analyses reporting.

Another important factor leading to increased rate of false-positive findings is multiple

testing combined with selective reporting of only those statistical comparisons that yielded

positive findings, for example, multiple measures can be derived from an ERP experiment

and tested for association with multiple genetic polymorphisms, but only one test that

yielded a significant finding may be described in the published report. Recent analyses of

published studies support the notion that many more tests have been conducted than reported

in the literature (Duncan and Keller, 2011; Flint and Munafo, 2012).

Analyses of the literature also showed that low power increases the proportion of false-

positive to true-positive findings among those studies that achieve nominal statistical

significance (Munafo and Flint, 2010). Finally, genetic association studies published in

journals with a high impact factor tend to be based on smaller sample sizes while reporting

larger effect sizes and are therefore more likely to provide an overestimate of the true effect

size (Munafo et al., 2009). In light of evidence for high rates of reports containing false

positive findings, a number of journals in the field of psychiatric and behavior genetics have

adopted more restrictive editorial policies for the acceptance of studies reporting candidate

gene association findings.
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What can be learned from these examples? First, there is no reason to believe that the

situation with candidate gene association studies in genetic psychophysiology is any

different from other fields using the same approach. Therefore, a sizable portion of the

reported positive findings based on small samples studies are likely to be false positives and

it can be expected that the replication rate will be very modest. Next, we need to adjust

strategies and standards in this area of research and, perhaps, editorial policies towards a

more conservative approach. In particular, studies reporting negative findings should be

given at least the same weight as studies reporting positive findings.

Studies reporting candidate gene associations should apply appropriate correction for

multiple testing and explicitly disclose the total number of tests performed. Data reduction

may be necessary to avoid multiple testing, for example, a dataset including EEG spectral

power measures obtained for multiple frequency bands and multiple electrodes can be

subjected to principal components analysis in order to extract 3or 4 factor scores that explain

the great bulk of variance in the original variables. Second, studies should use adequate

sample sizes that are justified by power calculations and realistic estimation of the expected

effect size. Given that effect sizes are likely to be small (Flint and Munafo, 2012; McCarthy

et al., 2008), quite large samples may be needed by the standards of psychophysiology (not

genetics!). Even when a single measure is tested for association with a single genetic

variant, samples of the order of hundreds may be needed, especially, if there are covariates

that have to be controlled for. A GWAS study of the human EEG (Hodgkinson et al., 2010)

has reported effects sizes that are substantially larger relative to other human phenotypes

that have been investigated using the GWAS approach much more extensively. It remains to

be seen whether these effects will be replicated in subsequent studies.

Another issue of potential concern is population stratification. It is generally assumed that

association between a genetic variant and the phenotype of interest arises due to linkage

disequilibrium (close location of two genes on the chromosome resulting in their co-

inheritance), however, association can also result from spurious sources. Most commonly,

spurious association is caused by population stratification, when the studied population is

composed of subgroups that differ with respect to both the genetic marker allele frequency

and the studied phenotype (see Hamer and Sirota (2000) for a nice didactic example). A

number of ways to deal with this issue have been proposed, the most simple of which is to

ensure maximum homogeneity of the studied sample with respect to racial and ethnic

ancestry. Detailed discussion of these and other methodological issues is outside the scope

of this review; interested reader can consult more specialized literature on this subject

(Tiwari et al., 2008).

7. Future directions

Despite the challenges discussed above, genetic psychophysiology research holds great

promise for the elucidation of the pathways and mechanisms by which genes influence

human behavior(Boomsma et al., 1997; de Geus, 2010; Rommelse et al., 2011). New

exciting developments can be anticipated in the coming years, many of them driven by

methodological improvements both in psychophysiology and genetics.
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The application of novel approaches to the analysis of physiological signals will likely lead

to identification of genes affecting distinct aspects of the brain function. In the past decade,

advanced methods for the analysis of spontaneous and event-related EEG activity have

received widespread acceptance, such as principal- and independent-component analyses,

time-frequency decomposition of event-related oscillations, measures of dynamical

complexity, assessment of local neural synchrony using phase-locking measures, methods

for the assessment of functional connectivity, including directional and causal measures

such as Granger causality, source-level connectivity, and other advanced techniques that

allow researchers to extract information about conceptually important aspects of brain

functioning. Collectively, these measures allow for a better utilization of the rich

information contained in the EEG and ERP data. Recent studies underscore the importance

of various forms of neural synchrony as biological substrate for cognitive processing,

including such measures as event-related coherence, phase-locking, and cross-frequency

coupling. However, these task-related characteristics have been little studied from the

genetic perspective. So far genetic studies of EEG-based connectivity measures were mostly

limited to the resting state. Resting EEG characteristics have obvious advantage as candidate

endophenotypes: first, they show stronger heritability relative to event-related measures;

second, resting EEG recordings require minimal participation of the subject and can

therefore be used in clinical samples where administration of cognitive tasks would be

problematic. These studies provided important insights into the genetic underpinnings of

some general characteristics of brain organization such as “small world network” properties

(Smit et al., 2010) and suggested potentially useful endophenotypes. Nonetheless, extending

this approach to event-related changes in neuronal synchrony and connectivity in cognitive

tasks can take this line of research to a new level by adding more specificity in regard to

dissociable cognitive processes and neural circuits.

The potential of multivariate genetic methods (see section 3.1) demonstrated in behavior

genetic research (Boomsma et al., 2002; van Dongen et al., 2012) has not yet been fully

utilized in genetic psychophysiology. In particular, these methods can reveal whether

different characteristics are influenced by overlapping or independent genetic factors. This

approach can be applied to psychophysiological measures from the same domain (e.g.

novelty and oddball P3), across measurement domains (e.g. ERP and startle response or

measures of autonomic reactivity), and even to covariances between psychophysiological

and psychometric measures (e.g. ERPs and personality or psychopathology). Information

gained by such analyses can substantially further our understanding of many

psychophysiological phenomena.

On the molecular genetics side, several recent developments offer new opportunities for

genetic psychophysiology research. There is an exponential increase in the number of

identified copy number variants (CNVs), genomic variation resulting from deletions and

duplications of DNA fragments. The cost of genome sequencing is rapidly dropping and this

technology may soon become available at affordable prices. In addition, progress in

bioinformatics will permit the selection of broader arrays of candidate genes by their

relevance to the biological pathways hypothesized to play causal role in shaping individual

differences in brain function and behavior.
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The coming years will probably see more GWAS studies of psychophysiology phenotypes,

perhaps through collaboration among multiple laboratories, because such studies require

very large samples (of the order of thousands). For example, resting EEG is being routinely

recorded in many laboratories in addition to ERP experiments. In most cases, EEG data can

be retroactively standardized by applying re-referencing, re-sampling, filtering, and other

transformations when necessary, and such data can be pooled to conduct an adequately

powered full genome scan.

Another important direction of research for genetic psychophysiology in coming years will

be functional characterization of genes implicated in psychological and psychiatric

phenotypes. Generally speaking, two alternative approaches to the study of the genotype-

phenotype relationships can be distinguished. The first one is the currently dominating top-

down, phenotype-centered approach that identifies a phenotype of interest and asks the

question: what genes influence this phenotype? In contrast, the bottom-up, gene-centered

approach starts with a specific genetic polymorphism and asks the question: what are the

phenotypic effects of this genetic variation? Few studies have taken the latter strategy, but it

can be anticipated that the ongoing GWAS studies of psychiatric phenotypes will identify

important causal variants conferring susceptibility to disorder, but very little may be known

about the mechanisms of their action. de Geus has recently proposed that testing the

association of the newly identified risk alleles with EEG and ERP endophenotypes can help

us understand “where in the brain, in which stage, and during what type of information

processing the genetic variant has a role”(de Geus, 2010). Importantly, such testing would

require substantially smaller samples than a GWAS study (de Geus, 2010). Genetic variants

can be screened for functional effects using a broad battery of psychophysiological and

behavioral tests, and the resulting “functional profile” can provide important insights into

the neurocognitive mechanisms mediating the effects of these genes on behavior.

Another rapidly developing area of genetic research is concerned with epigenetic

modifications of gene expression through DNA methylation and histone modifications that

can lead to long-lasting changes of the phenotype. These epigenetic processes can be

triggered by exposure to both physical and psychosocial factors (Fraga et al., 2005; Wong et

al., 2010). Epigenetic differences have been documented in MZ twins (Kaminsky et al.,

2009); these differences are already present in children (Wong et al., 2010) and tend to

accumulate with age (Fraga et al., 2005; Poulsen et al., 2007). Investigation of epigenetic

characteristics in twin pairs discordant for a phenotype of interest (e.g. EEG or specific ERP

response) can shed light on the role of epigenetic factors in brain development and shaping

individual differences in neurocognitive functioning.

One promising area of research for genetic psychophysiology with a strong translational

potential is psychopharmacogenetic research focused on the elucidation of the mechanisms

behind drug X gene interaction. Here, at least two distinct directions can be identified. The

first direction involves the investigation of genetically determined differences in acute

psychophysiological responses to drugs of abuse, which can facilitate the understanding of

the mechanisms of addiction to alcohol, nicotine, and other drugs. For example, a twin study

of acute alcohol effects on the EEG revealed heritable individual differences in acute

tolerance and sensitization to alcohol (O'Connor et al., 1999). Another study suggested that
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the effect of nicotine of P50 sensory gating is moderated by functional variation in the

dopamine transporter gene (DAT) (Millar et al., 2011). The second direction is concerned

with genetically determined differences in psychophysiological responses to medication. For

a better understanding of variability in treatment efficacy and outcomes, it is important to

know what specific neurocognitive mechanisms are affected by a given medication in

genetically different individuals.

Finally, recent years have seen proliferation of methods for modification of brain function

by electric or magnetic brain stimulation (George and Aston-Jones, 2010), including

Transcranial Magnetic Stimulation (TMS) and re-emergence (after almost 100 years) of

Transcranial Direct Current Stimulation (tDCS). These methods offer an opportunity for the

investigation of the interplay between genetic determination and plasticity in brain function.

Can genetically determined deficits in specific aspects of neurocognitive processing be

ameliorated by brain stimulation? Will these modifications be long-lasting? Conversely,

how responses to brain stimulation are modulated by the individual's genotype?

8. Summary and conclusions

The past decade has seen a remarkable increase in studies at the intersection of genetic and

neurosciences, including psychophysiology. Substantial progress has been made in the

understanding of the role that genetic factors play in shaping individual differences in

pychophysiological responses across different measurement domains and modalities. Twin

studies have documented high heritability of diverse aspects of brain functioning assessed

using resting–state EEG recordings, and substantial genetic influences on event-related

neuronal activity registered in a variety of tasks emphasizing distinct aspects of cognitive

and emotional processing. However, some of the studied psychophysiological phenotypes

showed low heritability, primarily due to their poor test-retest reliability. Overall,

characteristics related to cognitive functioning showed higher heritability than

psychophysiological indices of emotional processing. Emerging candidate gene association

studies are beginning to suggest specific genetic variants responsible for individual

differences in brain function and various psychophysiological responses. However, this line

of research should be pursued with great caution due to its demonstrated proneness to

generate false-positive findings and overestimate the real effect size. Recent developments

in methods for physiological signal analysis, multimodal brain imaging, and genomic

technologies offer new exciting opportunities for the investigation of the brain mechanisms

mediating genetic and environmental influences on behavior, both normal and abnormal.
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Highlights

• Twin and family studies indicate strong heritability of brain function

• Association studies point to specific genes affecting brain physiology

• Genetic psychophysiology can provide intermediate phenotypes for

psychopathology
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Box: Assessment of heritability using twin data
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Fig. 1.
Major causal paths linking genes, brain, and behavior. The “ascending” paths on the left

show that genomic variation influences brain function which, in turn, leads to individual

differences in behavior. The “descending” paths on the right show that behavior itself may

lead to changes in the brain due to adaptation and learning or brain damage due to exposure

to hazardous factors such as alcohol and drugs. These influences on the brain may also lead

to epigenetic modifications affecting gene expression in brain cells and thus brain function.

Each of these relationships is moderated by environmental factors (not shown for

simplicity).
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Fig. 2.
Twin resemblance for resting-state EEG alpha-band power. A. Scatterplot of intrapair

correlation in monozygotic twin. One co-twin is plotted against the other co-twin. B.
Scatterplot of test-retest correlations in unrelated individuals. Data from the first EEG

recording session is plotted against the second EEG recording from the same individual,

with the average interval between two sessions of about 2 weeks.
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Fig. 3.
EEG phenotypes in twins. Upper panel: regular alpha variant; lower panel: Low-voltage

EEG.
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