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Abstract

The ability to inhibit prepotent but context- or goal-inappropriate responses is essential for
adaptive self-regulation of behavior. Deficits in response inhibition, a key component of
impulsivity, have been implicated as a core dysfunction in a range of neuropsychiatric disorders
such as ADHD and addictions. Identification of genetically transmitted variation in the neural
underpinnings of response inhibition can help to elucidate etiological pathways to these disorders
and establish the links between genes, brain, and behavior. However, little is known about genetic
influences on the neural mechanisms of response inhibition during adolescence, a developmental
period characterized by weak self-regulation of behavior. Here we investigated heritability of
ERPs elicited in a Go/No-Go task in a large sample of adolescent twins assessed longitudinally at
ages 12, 14, and 16. Genetic analyses showed significant heritability of inhibition-related frontal
N2 and P3 components at all three ages, with 50 to 60% of inter-individual variability being
attributable to genetic factors. These genetic influences included both common genetic factors
active at different ages and novel genetic influences emerging during development. Finally,
individual differences in the rate of developmental changes from age 12 to age 16 were
significantly influenced by genetic factors. In conclusion, the present study provides the first
evidence for genetic influences on neural correlates of response inhibition during adolescence and
suggests that ERPs elicited in the Go/No-Go task can serve as intermediate neurophysiological
phenotypes (endophenotypes) for the study of disinhibition and impulse control disorders.
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1. Introduction

1.1. ERP correlates of response inhibition and their functional significance

Response inhibition (RI), or ability to voluntarily suppress a prepared but context- or goal-
inappropriate action plays a critical role in the self-regulation of adaptive goal-directed
behavior. Response inhibition is considered an essential facet of executive functioning and
cognitive control (Chambers et al., 2009; Dalley et al., 2011), and weak response inhibition
constitutes a key component of impulsivity. The neural dynamics underlying response
inhibition has been extensively studied using brain event-related potential (ERPs),which
represent a direct real-time measure of neuronal activity and permit the discrimination
between consecutive stages of cognitive processing that unfold at the time scale of tens to
hundreds of milliseconds. Most ERP studies of response inhibition employ Go/No-Go tasks
in which participants are instructed to respond to Go stimuli and to withhold their responses
to No-Go stimuli, as well as stop-signal tasks in which participants have to stop the response
triggered by a Go stimulus if a stop stimulus is presented shortly after the Go stimulus.

There are two ERP components that have been consistently associated with response
inhibition. The first is the midline frontal N2 component which is observed at 200-270 ms
post-stimulus in successful No-Go trials (Eimer, 1993; Falkenstein et al., 1999; Jodo and
Kayama, 1992; Kirmizi-Alsan et al., 2006; Nieuwenhuis et al., 2004; Nieuwenhuis et al.,
2003; van Boxtel et al., 2001). The frontal No-Go N2 component, interpreted as a correlate
of inhibition in earlier studies, more recently has been viewed as manifestation of a conflict
between incompatible response tendencies. The conflict account of N2 suggests that N2
reflects detection of a conflict caused by the competition between the execution and the
inhibition of a single response (Donkers and van Boxtel, 2004; Gomez et al., 2007,
Nieuwenhuis et al., 2003; Smith et al., 2010).

The second ERP component associated with successful withholding of a response is the No-
Go P3 wave peaking in the time window of 250-500 ms which is substantially enhanced in
frontal and central areas on No-Go trial relative to Go trials. This effect, labeled as “No-Go
anteriorization” of P3 (Fallgatter and Strik, 1999; Pfefferbaum et al., 1985; Roberts et al.,
1994), has been proposed as a robust topographical marker of the activation of frontal
circuitry related to response inhibition (Fallgatter et al., 1997). In contrast to N2, there is
stronger evidence linking the No-Go P3 to response inhibition (Bekker et al., 2004; Bruin
and Wijers, 2002; Donkers and van Boxtel, 2004; Smith et al., 2008). Although studies
comparing neural correlates of withholding of overt and covert responses suggested that No-
Go P3 is related to both cognitive and motor inhibition, the P3 effect was greatly enhanced
when motor inhibition was required. Thus, No-Go N2 and P3 represent distinct and
temporally dissociable processes related to response inhibition: the N2 is implicated in the
detection of conflict between a prepared response and the need to inhibit it, whereas No-Go
P3 is seen as a manifestation of motor inhibition (Randall and Smith, 2011; Smith et al.,
2008).
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1.2. Neuroanatomical substrates of response inhibition: ERP and fMRI studies

Human lesion studies have shown that the medial prefrontal cortex, including the anterior
cingulate and the supplementary motor areas, plays a key role in both response preparation
and inhibition (Verfaellie and Heilman, 1987). Studies using source localization methods as
well as studies combining fMRI and ERP measurement in the same Go/No-Go tasks have
consistently associated the No-Go N2 component with the activation of the anterior
cingulate cortex (ACC)(Garavan et al., 2002; Mathalon et al., 2003; Swainson et al., 2003;
van Veen and Carter, 2002a, b). The sources for No-Go P3 were found in the ACC, premotor
areas, and the dorsolateral prefrontal cortex (Dias et al., 2003; Fallgatter et al., 2002; Kiefer
et al., 1998). More recently, neural substrates of N2 and P3 were further clarified by
multimodal imaging studies capitalizing on high temporal resolution of EEG and high
spatial resolution of fMRI. A study using separate ERP and fMRI recordings in the same
subjects showed strong correlations between No-Go N2 and activation in the caudal part of
the ACC and executive control regions in the dorsolateral prefrontal cortex (Mathalon et al.,
2003). In a study with simultaneous EEG and fMRI recording during a stop-signal task
(Huster et al., 2011), N2/P3 ERP complex produced by successful response inhibition was
associated with activation in a functional network of regions known from previous fMRI
studies to be involved in response inhibition, most notably, the anterior midcingulate cortex,
pre-supplementary motor area, and the anterior insula. A subsequent review (Huster et al.,
2013) of source localization and imaging studies provided a more detailed account of
separate brain regions implicated in N2 and P3 generation. Converging evidence suggests
that N2 reflects activity in the medial and lateral prefrontal cortices, with the medial source
located in the anterior midcingulate region, in line with ERP source localization studies
consistently implicating a generator in the ACC (Huster et al., 2013). Furthermore, in
another study N2, but not P3, correlated with morphological variation in the anterior
cingulate region (Huster et al., 2014). Frontocentral P3 showed associations with a broader
network of regions including medial frontal and precentral regions, including the pre-SMA,
anterior insulae, and temporoparietal regions. Interestingly, both N2 and P3 correlated with
activation of the midcingular region, although N2 sources were located more anteriorly than
P3 sources (Huster et al., 2013).

1.3. Developmental changes in the neural correlates of response inhibition

Structural and functional imaging data suggest that brain regions supporting cognitive
control, most notably, the anterior cingulate (ACC) and dorsolateral prefrontal cortex
(DLPFC), continue to develop during adolescence(Luna et al., 2010; Rubia, 2013).
Consistent with this evidence, ERP studies of response inhibition indicate substantial
differences in inhibition-related brain activity between children and adults. A comparison of
children at age 9 and young adults with respect to ERPs in a Go/No-Go task (Jonkman et al.,
2003) found a well-pronounced N2 component that was larger in children compared with
adults, however, the No-Go P3 was absent in children. These results were corroborated in a
subsequent study with an extended age range (Jonkman, 2006), a cross-sectional study
comparing children at age 6—7 and 9-10 years and young adults suggested a decrease of N2
amplitude and increase of P3 with age. Convergent results were obtained in another cross-
sectional study of children and adults: the N2 component assessed in an auditory Go/No-Go
task diminished with age, while No-Go P3 showed a substantial increase (Johnstone et al.,
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2005). From the conflict monitoring perspective, the decrease in N2 amplitude may reflect a
decrease in the level of experienced conflict, perhaps due to more efficient processing in the
ACC (Jonkman, 2006). It is important to note that the same developmental pattern was
observed in studies using visual and auditory stimuli, suggesting that No-Go ERP
components and their developmental changes represent general, modality-independent
neural processing underlying response inhibition (Johnstone et al., 2005; Jonkman, 2006).
However, another study of children of 5-16 years of age reported an increase in both N2 and
P3 components with age (Lewis et al., 2006). This discrepancy may be related to task
differences (the latter study involved using negative emotion induction) as well as small
sample sizes in these studies. Overall, these studies suggest that neurophysiological
mechanisms of response inhibition continue to develop during adolescence and even young
adulthood, and suggest that No-Go N2 and P3 potentials may have distinct developmental
trajectories.

Findings from developmental ERP studies are generally consistent with functional magnetic
resonance imaging (fMRI) studies of response inhibition. These studies suggest that
functional activation underlying inhibitory control in lateral and medial frontal regions
increases with age (Rubia, 2011; Rubia et al., 2000; Rubia et al., 2006) and provide evidence
for increasing inter-regional connectivity within task-relevant fronto-striatal and fronto-
parieto-temporal networks (Rubia, 2013; Rubia et al., 2007).

1.4. Neural correlates of response inhibition, Individual differences, and psychopathology

Deficits in response inhibition in adolescence are associated with increased risk for
maladaptive behaviors and psychopathology, most notably, a range of “externalizing”
neuropsychiatric disorders characterized by poor inhibitory control and impulsivity, such as
ADHD, conduct and antisocial disorders, and substance abuse (Gorenstein and Newman,
1980; Young et al., 2000). In particular, an influential theory of attention deficit and
hyperactivity disorder (ADHD) posits that response inhibition deficit plays a central role in
the disorder etiology, whereas deficits in working memory, attention, and emotional
regulation can be secondary to inhibition deficit (Barkley, 1997). Deficits in inhibitory
control can be a common factor underlying a constellation of impulsive, disruptive, and
reckless behaviors, demonstrated in many epidemiological studies and labeled as behavioral
disinhibition (Gorenstein and Newman, 1980; lacono et al., 2008; Young et al., 2009; Young
et al., 2000), externalizing factor (Krueger et al., 2002; Krueger et al., 2007), or
psychological dysregulation (Tarter et al., 2003).

It is reasonable to expect that this spectrum of disinhibited behaviors is mediated by
abnormalities in the neural mechanisms of RI, and increased prevalence of these behaviors
during adolescence may be related to immaturity of the neurophysiological substrates of
response inhibition due to their late development. This perspective on adolescent
disinhibitory psychopathology is supported by evidence for abnormal No-Go N2 and P3
components in externalizing spectrum disorders. Reduced No-Go P3 has been reported in
both children and adult individuals with ADHD (Brandeis et al., 2002; Cheung et al., 2015;
Fallgatter et al., 2004; Overtoom et al., 1998) (Helenius et al., 2011; McLoughlin et al.,
2010; Tye et al., 2013; Wild-Wall et al., 2009; Woltering et al., 2013). Abnormal No-Go
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ERP components have been found in children with externalizing disorders: the clinical
sample had larger N2 magnitudes and smaller frontal P3 magnitudes compared with controls
(Woltering et al., 2011). A study of juvenile delinquents with antisocial personality
characteristics reported amplitude reduction of both N2 and P3 No-Go components (Guan et
al., 2015). A study of adult psychopaths (Kiehl et al., 2000) showed a marked reduction of
the N2 component and a lack of No-Go P3 effect, with psychopaths showing the opposite
direction of the Go versus No-Go difference compared to controls. These results of ERP
studies converge with findings from fMRI studies of response inhibition showing reduced
activation of inhibition-related network in adolescent substance users (Norman et al., 2011;
Whelan et al., 2012).

Furthermore, behavioral correlates of altered neural mechanisms of response inhibition as
indicated by No-Go ERPs are not limited to externalizing-spectrum behaviors: inhibitory
deficits may be associated with a broader range of behaviors characterized by poor self-
control such as overeating, as evidenced by the finding of reduced No-Go P3 component
(Reyes et al., 2015) and its diminished anteriorization (Kamijo et al., 2012) in obese
children, which was paralleled by poorer inhibitory performance. However, the opposite
extreme, i.e. overactive response inhibition-related neural activation is not necessarily
beneficial: an ERP study in children suggested that increased N2 (linked to the anterior
cingulate cortical activity in that study) might be a biomarker inhibited social behavior and
increased risk for later anxiety problems (Lamm et al., 2014). Taken together, these data
suggest a possibility that an intermediate level of inhibition-related activity may be most
beneficial for adaptive behavior because it provides an optimal combination of control and
flexibility of response production and suppression. The relationships between neural
mechanisms of response inhibition and individual differences in normal-range behavior
remains unclear due to the scarcity of studies, especially those using developmental designs.

Finally, emerging evidence suggests that abnormalities in ERP correlates of response
inhibition may be associated with familial and, presumably, genetic risk for addictive
disorders. Kamarajan et al. (2005a) reported significantly reduced No-Go P3 along with the
relatively less anteriorized topography in alcoholics. Further analysis of ERPs in family
members of alcoholic probands revealed a similar deficit in offspring of alcoholics,
suggesting that reduced No-Go P3 can be an endophenotypic marker of risk for the
development of alcoholism and related disorders (Kamarajan et al., 2005b).

In summary, No-Go P3 showed more consistent impairments in clinical and at-risk
populations, whereas findings for N2 have been more variable.

1.5. Response inhibition-related ERPs as intermediate phenotypes linking genes and

behavior

Numerous twin, family, and adoption studies demonstrated that individual differences in
personality, behavior, and psychopathology are strongly influenced by genetic factors.
However, efforts to identify specific genes so far yielded modest results; furthermore, when
such genes are identified, the mechanisms by which they influence behavioral phenotypes
remain largely unknown. It has been suggested that these issues can be addressed by shifting
the focus of genetic studies from complex (and likely heterogeneous) behavioral phenotypes

Int J Psychophysiol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anokhin et al.

Page 6

to brain-based intermediate phenotypes (Vogel, 1981; Vogel et al., 1979), sometimes
referred to as “endophenotypes” (Gottesman and Gould, 2003). By focusing on
neurobiological processes that are more proximal to immediate effects of genes than
complex behavioral phenotypes, this approach may both facilitate the identification of
relevant genes and, most importantly, clarify the mechanisms and pathways mediating the
effects of these genes on behavior. One important attribute of such an intermediate
phenotype is heritability.

We have previously demonstrated significant heritability of No-Go N2 and P3 components
in adults and proposed that these neural markers of response inhibition can serve as
endophenotypes for genetic studies of disorders characterized by neurobehavioral
disinhibition (Anokhin et al., 2004). However, little is known about heritability of the neural
correlates of response inhibition during adolescence. This is a significant gap in knowledge
because this developmental period is characterized by relative immaturity of the prefrontal
cortex and increased risk for impulse control disorders. Therefore, understanding the
developmental course of the neural mechanisms of response inhibition and their genetic end
environmental determinants can provide important knowledge about the etiological
mechanisms of these disorders.

1.6. Integration of genetic and developmental approaches and aims of the present study

Investigation of genetic influences during a period of active development presents a number
of challenges due to complex interplay between developmental and genetic factors. First, the
role of genetic factors may change with development (change of heritability). Furthermore,
the structure of genetic influences may also change with development: some genes
influencing inhibition may be expressed at one but not another developmental stage (change
in genetic architecture). Consequently, even when genetic influences are of the same
magnitude at different ages, the nature of these genetic influences (i.e. the set of genes
influencing the phenotype) may be different: some genes may be active only at earlier stages
of development and then “turned off”, while others may become active at later
developmental stages. Finally, genetic factors can affect not only the overall expression of a
phenotype at different points in development, but also the developmental process itself,
resulting in genetically determined individual differences in developmental trajectories
(heritability of change).

This complex set of interrelated problems can be approached only by the integration of
genetic and developmental approaches within a longitudinal twin design, which is both
developmentally and genetically informative. Here we use data from an ongoing population-
based longitudinal study of adolescent twins to address a number of fundamental questions:
Do neural correlates of response inhibition show developmental changes during
adolescence? Do individual differences in these neural phenotypes show developmental
stability despite population-level changes in mean values? Are these individual differences
heritable? Do same or different genetic factors influence ERP traits at different ages? Does
heritability vary significantly as a function of age (change of heritability)? Are individual
differences in the rate of development influenced by genes (heritability of change)?
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2. Method

2.1. Participants

Subjects were adolescent twins participating in a longitudinal study of Genetics,
Neurocognition, and Adolescent Substance Abuse (GNASA). All participants were recruited
from the local population using a state birth records database, therefore, the sample is largely
representative of the general population. Exclusion criteria were minimal and included a
history of serious head trauma and health conditions precluding a laboratory visit or the
ability to perform the experimental tasks (e.g. severe visual impairment or mental
retardation). The first assessment (baseline) was conducted at age 12, and follow up
assessments were conducted at ages 14 and 16. The Continuous Performance Task (CPT)
described below was administered to a total of 743 subjects at age 12, 614 subjects at age
14, and 404 subjects at age 16 (for a more detailed description of the sample, see Table 1).
Zygosity was determined using a set of 160 DNA markers, an interview administered to the
twins’ parents, and research assistants’ ratings of twins’ physical similarity. The study was
approved by Washington University Institutional Review Board, and written informed assent
and consent were obtained from adolescent participants and their parents, respectively, after
complete description of the study to the subjects and their parents.

2.2. Materials and procedure

Participants were administered a slightly modified Go/No-Go version of the Continuous
Performance Test (CPT) that has been shown to be a reliable measure of response inhibition
(Fallgatter et al., 1997; Fallgatter et al., 1999; Fallgatter and Strik, 1999). A series of letters
was presented sequentially, one at a time, for 0.2 s with inter-stimulus interval of 2 s (Fig. 1).
The subjects were instructed to respond as quickly as possible to a letter X preceded by a
letter O (O-X combination) by pressing a button on a response pad with the right index
finger, but to withhold their response when the letter O was followed by any other letter than
X (O-non-X combination). Response speed and accuracy were equally emphasized. A total
of 400 letters were presented, of which 80 (20%) were cue stimuli (the letter “O”), 40 (10%)
were Go stimuli (X following O), 40 (10%) were No-Go stimuli (any letter other than X
following O), and the remaining 240 stimuli were distracters (12 letters not including O or
X). Thus, the O-X combination represented a Go trial, whereas any O-not-X combination
such as O-Z, O-K, etc. represented a No-Go trial, and there were a total of 40 O-X (Go) and
40 O-non-X (No-Go) trials in the task presented in a pseudo-random order. The letter O
served as a warning cue informing the subject that the next stimulus is likely to be a Go
signal and thus triggered a motor preparation and response prepotency. A No-Go stimulus
(any letter other than X) presented after O required withholding of the pre-activated
response. It is important to note that equal probability of Go and No-Go stimuli ensured that
Go versus No-Go differences are not confounded with oddball effects that are typically
observed when stimuli differ in their frequency.

2.3. EEG recording and ERP analysis

The EEG was recorded from 30 scalp locations according to the extended 10-20 system
using an elastic cap with Ag/AgCl electrodes and a ground electrode on the forehead, with
high- and low-pass filters set at 0.05 and 100 Hz, respectively. The left mastoid served as
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reference, and an averaged mastoid reference was digitally computed off-line using the right
mastoid recording as a separate channel. Vertical electro-oculogram recording was used for
eyeblink artifact correction using a regression-based procedure (Semlitsch et al., 1986).
After screening for artifacts, EEG signals were subjected to 30 Hz low-pass filtering, and
1000 ms epochs time-locked to the response were extracted (from -200 to 900 ms relative to
the stimulus onset), baseline-corrected using a 200 ms baseline, and averaged separately for
correct Go and No-Go trials, i.e. correct button presses and withholding of the response,
respectively (trials with missed responses to Go stimuli and false alarm responses to No-Go
stimuli were excluded). The P3 peak was detected as the most positive voltage value within
300-500 ms window, and scored as absolute amplitude relative to baseline. The NoGo N2
peak was detected as the most negative voltage value within 190-360 ms window following
the stimulus. N2 amplitude was scored as peak-to-peak difference between N2 and the
amplitude of the immediately preceding positive trough as in previous studies (Nieuwenhuis
et al., 2003). The use of different scoring methods for P3 and N2 was driven by the
following considerations: P3 in the present task is a high-amplitude late component that can
be reliably evaluated relative to the pre-stimulus baseline. In contrast, N2 is a smaller
component overlapping with the ascending limb of the larger P3 component. Therefore,
absolute N2 amplitude is strongly influenced by the rate of increase in P3 positivity, such
that earlier onset and/or steeper increase in P3 lead to greater reduction of absolute N2
amplitude. Measuring N2 relative to the preceding positive trough mitigates this
confounding as indicated by lower correlation between peak-to-peak N2 and No-Go P3
amplitudes (r=0.11) relative to the correlation between absolute N2 amplitude and No-Go
P3 amplitude (r= 0.43), i.e. a reduction from 18% to 1% of shared variance.

analysis and assessment of heritability

Genetic analyses of twin data were conducted by fitting linear structural equation models
(SEM) using the Mx package (Neale et al., 2002), which is a standard approach in twin
genetic research (Neale and Cardon, 1992; Rijsdijk and Sham, 2002). Since our data
included longitudinal observations, we fit a trivariate Cholesky model (see Neale and
Cardon, 1992) with measurements taken at ages 12, 14, and 16 entered as separate variables
(Fig. 5A). This multivariate approach allows one to estimate heritability of ERP phenotypes
at each age, to estimate the extent of genetic overlap across ages (i.e. to what extent the same
genetic factors influence these phenotypes at different ages) and whether there are novel
genetic influences at later ages, and to test for age differences in heritability.

Structural equation models of twin data assume that phenotypic variance arises from the
following factors: additive genetic influences (A), non-additive genetic influences (D)
including within-locus allelic interaction (dominance) and between-locus interaction
(epistasis), environmental influences shared by family members (C), and individually unique
(unshared) environmental influences (E). It is important to note that A, D, and C increase
similarity within twin pairs, whereas E decreases it. When using only data from twin pairs
reared together, it is only possible to test three of these four components simultaneously, and
a decision regarding whether to test an ADE or an ACE model is made based upon the
observed twin correlations (see Rijsdijk and Sham, 2002). Heritability, which can be
estimated using these models, is the percentage of the total variance of the trait attributable
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to genetic factors. For a more detailed introduction into the genetic methods that can be
applied to psychophysiological traits, we refer the reader to methodological and review
papers (Anokhin, 2014; Boomsma et al., 2002; Posthuma et al., 2003; Rijsdijk and Sham,
2002; van Dongen et al., 2012).

Path coefficients were estimated using the method of maximum likelihood, and the goodness
of model fit was indicated by -2 times the log likelihood (—2LL). As described elsewhere
(Neale and Cardon, 1992; Sham, 1998), the fit of nested submodels was tested by dropping
individual paths from the full model (e.g., genetic overlap across assessments, or novel
genetic influences at later ages), with the significance of individual paths tested by
comparing the fit of the restricted submodel with the fit of the more general model using a
XZ test with degrees of freedom corresponding to the difference in the degrees of freedom
between two models (e.g., df=1 if only one parameter is dropped in the restricted model). If
dropping a path significantly reduced the goodness of fit (the change in XZ was significant),
the path was retained in the model, otherwise the more parsimonious model was chosen (i.e.
the one that accounted for the variance equally well, but with a fewer number of
parameters). The fit of the nested submodels was also assessed through Akaike’s
Information Criterion (AIC), where AIC= y? — 2af(see Neale and Cardon, 1992). Lower
AIC values indicate better fit.

In the case of longitudinal data, structural equation modeling permits not only the
assessment of heritability at each age, but also the estimation of the extent of the overlap
between genetic factors influencing the trait at different ages. For example, genetic factors
influencing an ERP variable at age 12 may also influence it at ages 14 and 16, which results
in a significant genetic correlation across ages. Such genetic correlations, along with
environmental correlations, give rise to cross-age phenotypic correlations, i.e. longitudinal
stability. However, in addition to these age-invariant influences, there may be novel genetic
influences emerging at later ages due to e.g. developmental changes in gene expression.
These genetic factors contribute to the overall heritability of a trait but not to genetic
correlation across ages. Such novel genetic (and environmental) influences may explain the
fact that cross-age phenotypic correlation is far from perfect. The Cholesky models utilized
in the present analyses assessed the significance of both genetic continuity and novel genetic
influence across adolescence.

To test for significant differences in heritability across age, we compared the goodness of fit
of alternative Cholesky models in which heritability was constrained to be equal or allowed
to vary across ages. To examine genetic and environmental influences on the extent of
developmental changes, we computed individual age difference scores for ERP variables by
subtracting values at age 12 from the corresponding values at age 16 and used them as new
phenotypes in genetic analysis. The main advantage of this approach is that it does not make
any assumptions about the shape of the developmental trajectory (an alternative approach
would be using a biometric growth modeling, however, with only three time points modeling
the developmental trajectory could be inaccurate).

A detailed description of genetic model fitting and comparison of alternative models is
presented in the Supplementary Material.
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3. Results

3.1. Go versus No-Go differences

Averaged ERP waveforms elicited in Go and No-Go trials are shown in Fig. 2 for selected
midline electrodes and in Supplementary Fig. 1 for all 30 scalp locations. Consistent with
previous studies, we observed a striking difference between ERP responses to Go and No-
Go stimuli. It is important to note that because Go and No-Go stimuli were equiprobable, the
No-Go versus Go ERP differences in the present study are not confounded with the
frequency (oddball) effect, as may be the case in Go/No-Go tasks using frequent Go and
infrequent No-Go stimuli. No-Go trials produced a prominent frontal N2 and P3 components
that were virtually absent in Go trials. The scalp distribution of ERP components (Fig. 2, 3,
Supplementary Fig. 1) shows a distinctive “anteriorization” of the P3 component in the No-
Go condition, consistent with previous studies (Fallgatter and Strik, 1999; Roberts et al.,
1994). In contrast, Go stimuli elicited a P3 component peaking at the mid-parietal (Pz)
location, with its morphology and scalp topography being very similar to a classical oddball
P3.

3.2. Developmental changes

Different ERP components showed distinct and highly significant patterns of age-related
changes (Fig 4). The frontal No-Go N2 component decreased with age (F[1,363]=507.2, p<.
001), whereas No-Go P3 increased with age (F[1,363]=31.1, p<.001). The parietal Go-P3
decreased with age (F[1,363]=115.3, p<.001).

As expected, task performance (accuracy and speed, Mean+SD) showed substantial
improvement with age: the rate of missed responses decreased from 12.1+13.9 to 2.5+4.9%,
the rate of false alarms (responses in No-Go trials) dropped from 9.1+10.4 to 5.3+6.0%, and
the mean reaction time in Go trials decreased from 362+78 to 32454 ms (all effects of age
were highly significant, p<.001).

3.3. Gender differences

Analysis of gender differences showed that girls had slightly larger N2 components
(F[1,362]=4.39, p=.04. Follow-up analyses by age showed that gender differences were non-
significant at age 12 but reached significance at ages 14 and 16 (p<.05), however, the effect
size was small (Cohen’s ¢=.21 and .25, respectively). There was no significant main effect
of gender on No-Go or Go P3.

3.4. Longitudinal stability of individual differences

All ERP components showed highly significant correlations between the same measures at
different ages ranging from .53 to .71, indicating temporal stability of individual differences
(Table 2). In other words, rank ordering of individuals remained relatively stable despite the
systematic age-related trends in absolute values described above.

3.5. Twin correlations and heritability

Twin-pair correlations for frontal No-Go N2 and P3 and parietal Go P3 amplitudes are
shown in Table 3. The pattern of MZ and DZ correlations suggests 1) significant familiality
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for all ERP measures (ryz was statistically significant in all cases), 2) significant genetic
influences for all measures at all ages (rpmz>rpz), and 3) the possibility of non-additive
genetic influences, particularly at age 16 (r\z>2 rpz). Below we describe the results of
fitting and comparing different models for each of the ERP variables. Path diagrams for
different types of models are illustrated in Fig. 5 using No-Go P3 as an example (a full set of
models and the corresponding estimated path coefficients is presented in Supplementary Fig.
2).

A detailed description of genetic model fitting and comparison of alternative models is
presented in the Supplementary Material, including longitudinal Cholesky models
(Supplementary Table 1) and analysis of changes from age 12 to age 16 (Supplementary
Table 2). In summary, for each of the three variables non-additive genetic influences were
non-significant, and AE model including additive genetic and non-shared environmental
factors was the best fitting one.

Maximum-likelihood estimation of model parameters showed that all three ERP components
indicated significant heritability at each assessment, indicating that 50-60% of inter-
individual variability can be attributed to genetic factors (Table 3 and Fig. 6).

3.6. Testing for age-related changes in heritability and genetic architecture

To test for significance of the relatively minor differences in heritability estimates across
age, we compared the goodness of fit of alternative models in which heritability was
constrained to be equal or allowed to vary across age. These analyses showed that
heritability can be equated across age without a significant decrement of model fit,
indicating the lack of significant changes in the magnitude of heritability with age for any of
the ERP components (Supplementary Table 1).

Analysis of genetic covariance showed a substantial overlap among genetic influences at
different ages (Table 4). Cross-age genetic correlations ranged from .79 to .99, indicating a
63 to 98% overlap among genetic factors influencing ERP amplitudes at different ages (i.e.
the largely same set of genes influences the ERP parameters at ages 12, 14, and 16).
However, this overlap was not complete, and significant age-specific genetic influences were
also detected for No-Go N2 and P3. For N2, novel (i.e. not shared with age 12) genetic
influences emerged at age 14 and were transmitted to age 16 (the genetic path from age 14
to 16 could not be dropped without a significant decrement in model fit) but no new genetic
influences were detected at age 16. For No-Go P3, novel genetic influences also emerged at
age 14 but were not transmitted to age 16, and there were no new genetic influences at age
16. This pattern of results suggests age-limited genetic factors that operated at age 14 but not
12 or 16. In contrast to No-Go N2 and P3, the parietal Go P3 amplitude did not show
evidence for age-specific genetic effects: a model with one common genetic factor for all
three assessments fit the data well, whereas one with independent genetic factors for each
occasion did not. Thus, a model with significant heritability but no new genetic influences
was the most parsimonious one for Go P3 amplitude (see Supplementary Table 1).
Correspondingly, genetic correlations among assessments were >.90 (Table 4).
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3.7. Genetic influences on the rate of development (heritability of change)

The univariate genetic analysis of age difference scores indicating the amount of age-related
change (Table 5) showed modest but significant heritability of all three ERP phenotypes,
suggesting that individual differences in the rate of age-related changes of No-Go ERP
components (Fig. 4) are influenced by genetic factors.

4. Discussion

The present study provides the first evidence for heritability of brain activity related to
response inhibition in adolescence. To our knowledge, it is also the first longitudinal study
of developmental changes in inhibition-related ERPs during adolescence. In summary, the
present analyses lead to the following conclusions: 1) neural correlates of response
inhibition undergo significant developmental changes during adolescence, with distinct
subprocesses indicated by N2 and P3 (conflict processing and motor inhibition) showing
different developmental trajectories; 2) despite these changes, individual differences remain
relatively stable over age; 3) neural correlates of response inhibition are strongly influenced
by genetic factors throughout adolescence, with little change in heritability over age; 4)
these genetic influences include both common genetic factors active at different ages and
novel genetic influences emerging during development, and 5) individual differences in
developmental trajectory (the rate of change) in inhibition-related brain activity are
significantly influenced by genetic factors. Taken together, these results significantly extend
our previous finding of heritability of response-inhibition-related ERPs (Anokhin et al.,
2004) and provide novel insights into the interplay of genetic and developmental influences
on the neural underpinnings of inhibitory control during a sensitive developmental period
when deficits in inhibitory control may increase the risk for a range of maladaptive
behaviors and psychopathology. Thus, response inhibition-related ERPs represent
developmentally stable and highly heritable traits that can potentially serve as intermediate
neurobiological phenotypes for genetic studies of developmental neuropsychiatric disorders.

4.2. Neural correlates of response inhibition undergo significant developmental changes
over adolescence

Reduction in N2 and increase in P3 with age is consistent with a previous cross-sectional
study (Johnstone et al., 2005; Jonkman, 2006). The divergence of developmental trajectories
of No-Go N2 and P3 is consistent with the notion that these components reflect distinct
cognitive processes. Accumulating evidence suggests that N2 reflects the detection of
conflict associated with the need to suppress a pre-activated response by the anterior
cingulate (Garavan et al., 2002; Mathalon et al., 2003; Swainson et al., 2003; van Veen and
Carter, 2002a, b), whereas No-Go P3 reflects inhibition-related activity in a broader network
of regions involving the ACC, supplementary motor area, dorsolateral prefrontal cortex, and
the fronto-parietal network (Dias et al., 2003; Fallgatter et al., 2002; Kiefer et al., 1998). A
study using EEG and fMRI (Garavan et al., 2002) revealed 2 systems related to RI: the ACC
and a network including right prefrontal and parietal areas. Furthermore, it was shown that
absent-minded subjects tended to rely more on the ACC system, whereas subjects low on the
absentmindedness score showed a stronger and more selective use of the frontoparietal
system. In light of these findings, it is reasonable to suggest that opposite developmental
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changes of N2 and P3 reflect a changing balance in the relative role of ACC and more
extended inhibition network in the processing of No-Go stimuli, such that decreasing
activation of the ACC is paralleled by increasing engagement of the dorsolateral prefrontal
areas and the frontoparietal network. From the conflict monitoring perspective, the decrease
in N2 amplitude may reflect a decrease in the level of experienced conflict (Jonkman, 2006),
perhaps due to more efficient processing in the ACC.

Given the broader scalp distribution of No-Go P3 compared with N2, it is reasonable to
suggest that this component reflects the activation of a network of regions involved in
response inhibition with a “hub” in the ACC. A rapid integration of multiple distributed
brain regions into a unified functional network would require mature long-range structural
connectivity. However, developmental studies indicate a prolonged myelination of human
association cortices, particularly the frontal cortex (Yakovlev and Lecours, 1967).

4.3. Individual differences show significant developmental stability

Despite the developmental changes described above, individual differences in ERPs remain
relatively stable across ages, indicating that No-Go N2 and P3 are reliable indicators of
neural processes related to response inhibition in adolescence. It is important to note that
there is no contradiction between developmental changes and developmental stability of
individual differences because the latter refers to the preservation of relative rank-ordering
of individuals over age despite age-related changes in absolute values. However, this
stability is not perfect and test-retest coefficients are lower than those obtained in adults
using a 30-min retest (Fallgatter et al., 2001). Although this difference can be partially
attributed to the difference in retest interval, there is another potential source of variability,
namely, individual differences in the rate of developmental changes (see 4.6 below).

4.4. Neural correlates of response inhibition are heritable

Analysis of heritability yielded two major findings. First, both Go and No-Go ERP
components showed significant heritability at all three ages, indicating that 49 to 63% of
observed inter-individual variation can be attributed to genetic differences among individuals
(Table 3). Second, there was no significant change in the magnitude of heritability over the
ages studied. Interestingly, these heritability estimates are in the same range as those
obtained in our previous study of young adult twins (age: 18-28, heritability estimates: 41 to
60%). Taken together, these studies suggest that neuroelectric indicators of response
inhibition are strongly influenced by genetic factors in both adolescents and adults, and the
overall strength of genetic influences does not change with age.

These results, as any finding of strong heritability, raise the issue of pre-determination versus
changeability of a trait. It is important to underscore that high heritability does not
necessarily imply that inhibitory control capacity is genetically pre-determined for each
particular individual. First, the notion of heritability pertains to the population, not a single
individual, and refers to genetic determination of inter-individual variance but not individual
value of a trait. Second, heritability does not imply that individual values of the trait and the
population mean value are unchangeable. In particular, individual values and, accordingly,
the population mean value of a certain trait can be elevated in a given population due to e.g.
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enriched environment or training, but individual differences may still be highly heritable. In
fact, there is evidence that response inhibition-related ERP can be modified by directed
training. Children aged 8-12 with externalizing problems showed larger N2 and smaller P3
amplitudes relative to controls, but a 3-month cognitive behavioral therapy program resulted
in modification of these ERP responses, moreover, greater clinical improvement after
treatment was associated with a decrease of N2 amplitude (Woltering et al., 2011). Given the
normative developmental decrease in N2 and increase in P3 amplitude, these results suggest
a possibility of a developmental lag in the neural correlates of RI, which can be corrected by
a therapy program but only in treatment-responsive individuals. In an fMRI study, neural
activity related to response inhibition changes as a function of repeated task practice (Kelly
et al., 2006). Taken together, these ERP and fMRI studies suggest that the neural circuitry
subserving inhibitory control is amenable to training, despite high heritability at the
population level.

4.5. Continuity and change in genetic influences

4.6. Genetic

Multivariate genetic analyses showed a substantial overlap among genetic factors operating
at different ages (Table 4), indicating that 63 to 98% of genetic influences on ERP
amplitudes are common across age, i.e. the largely same set of genes influences the ERP
parameters at ages 12, 14, and 16.

Although no significant age-related differences in overall heritability were observed,
multivariate genetic analyses revealed significant changes in genetic architecture, and these
changes differed among ERP variables. Despite a strong overlap of genetic influences on
ERP components at different ages, significant age-specific genetic influences were identified
for No-Go ERP components. For both N2 and P3, novel genetic influences emerged at age
14 and, in the case of N2, these new genetic factors remained active at age 16, whereas for
No-Go P3 they were restricted to age 14 only. This pattern of results suggests the possibility
of age-limited genetic influences, such that new genes become active between age 12 and 14
and are inactivated between 14 and 16. However, it cannot be ruled out that the overlap
between novel genetic influences emerging at age 14 and genetic influences at age 16 were
not detected due to smaller number of pairs at age 16 and thus lower statistical power.

It is important to note that novel genetic influences were detected for responses to No-Go
but not Go stimuli, suggesting that the set of genes influencing the mechanisms of response
inhibition changes in the course of prefrontal development, probably due to changes in gene
expression. One can speculate that increasing environmental demands during a sensitive
developmental period trigger the expression of new genes affecting prefrontally-mediated
cognitive control functions. In contrast, genetic influences on the mostly parietal cortical
activity related to the processing of Go stimuli (resembling classical oddball stimuli) may
already be stabilized by age 12 and undergo little change during adolescent development.

influences on developmental changes in response inhibition

As described above, there are highly significant developmental changes in the neural
markers of response inhibition at the group (population) level. However, the extent of these
changes varies across individuals, suggesting individual differences in the rate of brain
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maturation. A genetic analysis of longitudinal difference scores indicated that the rate of
developmental changes in the neural processes underlying response inhibition is
significantly influenced by genetic factors, although the amount of this influence is modest
relative to non-shared environmental influences (Table 5). This finding has important
implications for the understanding of developmental psychopathology and substance abuse.
In particular, a delayed maturation of the functional neural system subserving response
inhibition may result in a mismatch between individual’s self-control capacity and
challenges presented by changing social environment and roles such as increased stress and
peer pressure, leading to elevated risk for maladaptive behaviors and psychopathology.
Another mismatch may occur between the underdeveloped inhibitory control system and
already developed reward/motivation system, leading to impulsive reward seeking such as
increased risk-taking and delay discounting behaviors (Casey, 2015). It is reasonable to
suggest that this behavioral pattern characteristic of adolescence is at least partially mediated
by heritable differences in the rate of brain maturation, particularly prefrontal brain regions
that are critical for inhibitory self-regulation of behavior.

4.8. Limitations and future directions

Although the present study provided important novel information about the development and
genetics of brain activity related to response inhibition in adolescents, a number of important
questions still remain unanswered, warranting future studies. First, estimates of heritability,
while important, provide little information about specific genes involved. The present
analysis suggests that there may be at least two distinct sets of genes: the first set may affect
the overall level of inhibitory capacity, while the second set may influence developmental
changes during mid-adolescence. An important aim for future genetic investigation of the
ERP markers of response inhibition will be identification of genes influencing overall
inhibitory control capacity and its developmental changes.

Next, the present analysis was limited to an age range of 12 to 16 only. It is important to
determine whether developmental changes continue past the age of 16, and whether No-Go
ERPs in young adults are influenced by the same genetic factors as in adolescents. The
ongoing work in our laboratory will extend the present analyses to older ages including the
important period of transition from adolescence to adulthood. Furthermore, our longitudinal
analysis included three time points only, which limited our ability to evaluate the shape of
developmental trajectories and fit advanced developmental models such as the growth curves
model.

The present analyses focused on traditional peak amplitude measures of major ERP
components that have been used in the majority of previous studies using Go/No-Go
paradigms. However, these ERP components may represent relatively distinct temporally
and spatially overlapping processes, and quantification of ERP components can be further
improved by the application of methods permitting the isolation of these constituent
processes such as the principal component analysis (PCA) and the independent component
analysis (ICA). In particular, recent studies have demonstrated that PCA provides a more
fine-grained characterization of separable neural processes involved in response inhibition
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compared to traditional peak measures (Barry and De Blasio, 2015), however, little is known
about common and specific genetic influences on these characteristics.

Furthermore, averaged ERPs used in the present study provide a relatively limited insight
into event-related neuronal dynamics. Analysis of brain oscillations suggests that ERPs
related to response inhibition emerge largely due to phase-locking of neuronal oscillations in
delta and theta frequency bands (Muller and Anokhin, 2012). It is reasonable to suggest that
distinct developmental trajectories of N2 and P3 components described above can
potentially be explained by differences in the underlying oscillatory processes, including
their frequency, topographical distribution, and time course. Thus, the present analyses
should be expanded by focusing on event-related brain oscillations and connectivity in order
to better characterize the underlying neural dynamics and to refine phenotypes for genetic
association studies.

Another important issue is further neuroanatomical validation of No-Go ERP and oscillatory
EEG measures, which can provide cost-effective neural markers of response inhibition that
can be used in large-scale genetic studies of psychopathology where fMRI assessments may
be cost-prohibitive.

Finally, another interesting direction for future studies is the examination of relationships
between brain correlates of response inhibition and behavior. It is important to establish
whether genetically transmitted differences in the neural mechanisms of response inhibition
predict individual differences in behavior using both cross-sectional and prospective
analyses.

4.9. Conclusions

The present study provides the first evidence for genetic influences on neural correlates of
response inhibition during adolescence and suggests that ERPs elicited in the Go/No-Go
task can serve as intermediate neurophysiological phenotypes (endophenotypes) for the
study of disinhibition and impulse control disorders.

Analysis of a unique longitudinal twin dataset led us to the following specific conclusions:
1) neural correlates of response inhibition show significant developmental changes from age
12 to age 16 that are paralleled by significant improvement of performance; 2) despite
systematic group-level changes, individual differences show relative developmental stability;
3) neural correlates of response inhibition are highly heritable, with 50 to 60% of inter-
individual variability being attributable to genetic factors; 4) the contribution of shared
environmental factors is non-significant; 5) overall heritability remains relatively stable with
age; 6) genetic influences included both common genetic factors shared across ages as well
as novel genetic influences emerging during development (at age 14 and age 16); 7) the rate
of developmental changes in the neural correlates of response inhibition is significantly
influenced by genetic factors, although heritability is modest.

These findings provide a foundation for studies aimed at the identification of specific genes
influencing the neurophysiological mechanisms of response inhibition, investigation of
behavioral correlates of genetically transmitted differences in inhibitory control and,
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ultimately, elucidation of gene-brain-behavior relationships in normal personality variation
and psychopathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Neural correlates of response inhibition undergo significant developmental
changes during adolescence, but Individual differences remain relatively
stable
. Inhibition-related brain activity is heritable, with evidence for both continued

and age-limited genetic influences

. Individual differences in developmental trajectories are strongly influenced by
genetic factors
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Fig. 1.
The Go/No-Go Continuous Performance Task (CPT). An X following O is a target stimulus

requiring a speeded response, while any other letter following O is a No-Go stimulus. Since
O is relatively rare (20%), it serves as a warning stimulus triggering motor preparation and
thus creating a response prepotency.
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Fig. 2.
E\?ent-related brain potentials (ERPSs) elicited at midline frontal (Fz), central (Cz), and
parietal (Pz) scalp locations at ages 12, 14, and 16. No-Go stimuli produced a prominent
frontal N2 potential and “anteriorized” P3 potential (P3n), whereas Go stimuli elicited a P3
wave peaking in the mid-parietal area (P3g), similar to a classical oddball P3.
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Fig. 3.
Scalp potential maps of ERPs in No-Go and Go conditions at ages 12, 14, and 16.
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Age-related changes in the amplitudes of ERP components (all trends are significant, p<.

001).
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P3n FCZ
Age 12

P3n FCZ
Age 14

P3n FCZ
Age 16

Path diagrams for structural equation models, No-Go P3 amplitude. A. Cholesky (triangular
decomposition) model. Rectangles are observed (measured) ERP phenotypes, circles are
latent factors (A, additive genetic; E, non-shared environmental). Arrows show causal paths
from latent factors to phenotypes. Note that the paths from genetic factors at age 12 lead to
the phenotype at all three ages, allowing for the possibility of genetic overlap across ages

(i.e. continuity of genetic influences). Additional paths at ages 14 and 16 allow for the

possibility of age-specific genetic influences (i.e. new genetic influences emerging in the
course of development). Paths from the environmental factors have similar interpretation. B.
Standardized solution showing proportions of variance attributable to genetic and
environmental factors at each age, and the genetic and environmental correlations. Same
models for other ERP phenotypes (N2 and Go P3) are presented in Supplementary Material.
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Fig. 6.
Heritability of ERP components at different ages. The proportions of variance attributable to

genetic factors (heritability) is shown in red, the residual environmental variance including
measurement error is shown in blue.
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Table 2

Longitudinal test-retest correlations for ERP amplitudes.

Retest interval n No-GoN2 No-GoP3 GoP3

12-14 606 .58 .58 .64
14-16 281 .61 .64 74
12-16 292 51 .54 .61

Note: all correlations are significant at p<.001 level.
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Table 5

Genetic and environmental contributions to the rate of developmental changes in the amplitudes of No-Go and
Go ERP components (difference scores, age 16 — age 12).

ERP phenotype  ryz I'pz Additive Genetic (Heritability) Non-shared Environmental
N2, FCZ 030%(0.09-049) 010(-0.11-030)  029%(0.10-0.46) 0.71(0.54 - 0.90)
P3N, FCZ 0.22%(0.001-042) 009(-0.12-0.29)  (21%(0.01-0.39) 0.797(0.61 - 0.99)
P3G, PZ 0.407(0.19-056) ~0.05(-0.26-0.16) (2% (0.09 - 0.45) 0.727(0.55-0.91)

rMz and rpz are intrapair correlations for MZ and DZ twin pairs, respectively (95% confidence intervals are shown in brackets);

*
p<.05;

a2 is the proportion of total phenotypic variance explained by genetic factors (heritability) and e2 is the proportion of variance due to non-shared
environmental factors. Variance component estimates are based on the best-fitting model.
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