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ABSTRACT—Gene-environment

interactions involving exogenous environmental factors are known to shape
behavior and personality development. Although geneenvironment interactions involving endogenous environmental factors are hypothesized to play an equally
important role, this conceptual approach has not been
empirically applied in the study of early-developing temperament in humans. Here we report evidence for a
gene-endoenvironment (i.e., resting frontal brain electroencephalogram, EEG, asymmetry) interaction in predicting child temperament. The dopamine D4 receptor
(DRD4) gene (long allele vs. short allele) moderated the
relation between resting frontal EEG asymmetry (left vs.
right) at 9 months and temperament at 48 months. Children who exhibited left frontal EEG asymmetry at 9
months and who possessed the DRD4 long allele were significantly more soothable at 48 months than other children. Among children with right frontal EEG asymmetry
at 9 months, those with the DRD4 long allele had significantly more difficulties focusing and sustaining attention
at 48 months than those with the DRD4 short allele.
Resting frontal EEG asymmetry did not influence temperament in the absence of the DRD4 long allele. We discuss how the interaction of genetic and endoenvironmental
factors may confer risk and protection for different behavioral styles in children.
Although recent studies have reported gene-environment interactions that shape behavior and personality development (for
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reviews, see Caspi et al., 2002, 2003; Fox et al., 2005; Rutter,
Moffitt, & Caspi, 2006), these studies have exclusively conceptualized the environment as outside of the individual and accordingly have measured exogenous environmental factors (e.g.,
parenting, exposure to maltreatment, stress, poverty). The endogenous environment (i.e., the environment inside the organism)
is hypothesized to play an equally important role in gene
expression and behavior in human and nonhuman animals
(Gottlieb, 1998; see also Jasny, Kelner, & Pennisi, 2008, for a
recent review) and has long been described in other biological
disciplines (e.g., plant physiology) as critical to gene expression
and resulting phenotypes (Meyer et al., 1992). However, the geneenvironment model in which the environment is conceptualized
as comprising endogenous factors has not been empirically investigated in studies of early-developing temperament in humans.
In the study reported here, we examined a gene-endoenvironment
interaction (i.e., an interaction between the dopamine D4 receptor, or DRD4, gene and resting frontal electroencephalogram,
EEG, asymmetry) in predicting child temperament.
DRD4 LONG ALLELE: MULTIPLE ROLES

The long allele of the DRD4 gene appears to play multiple roles
in behavior. This allele has been linked to approach-related
behaviors (e.g., novelty seeking), positive affect (e.g., feelings of
euphoria and reward dependence), and stimulus responsivity in
human and nonhuman animals. Two initial studies noted that
human adults with longer versions (6–8 repeats) of the codingsequence polymorphism self-reported higher novelty seeking
than adults with shorter versions (2–5 repeats; Benjamin et al.,
1996; Ebstein et al., 1996). The association between the DRD4
long allele and novelty seeking has been independently replicated in some studies (see Schinka, Letsch, & Crawford, 2002,
for results of a meta-analysis), but associations in the opposite
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direction also have been noted (Malhotra et al., 1996). Most
recently, the DRD4 long allele has been connected to noveltyseeking behaviors in nonhuman primates (Bailey, Breidenthal,
Jorgensen, McCracken, & Fairbanks, 2007).
The DRD4 long allele has also been reliably implicated in
attention-related problems in children. For example, researchers
have reported associations of this allele with attention-related
problems in typically developing human infants (Auerbach,
Benjamin, Faroy, Geller, & Ebstein, 2001) and preschool and
early-school-age children (Schmidt, Fox, Perez-Edgar, Hu, &
Hamer, 2001), as well as in clinical samples of children with
attention-deficit/hyperactivity disorder (see Faraone et al.,
2005). The DRD4 long allele has also been linked to preschoolers’ aggression (Schmidt, Fox, Rubin, Hu, & Hamer,
2002), to externalizing behaviors in children with low IQ
(DeYoung et al., 2006), and to disorganized attachment in
healthy 12-month-old infants (Lakatos et al., 2000). Other researchers have found no association of the DRD4 gene with
attachment status (Bakermans-Kranenburg & van IJzendoorn,
2004) or the opposite pattern of association between the DRD4
alleles and cognitive and behavioral problems in children
(Birkas et al., 2005).
Given the equivocal findings from research examining main
effects of the DRD4 gene, some researchers have investigated
whether child behavior and temperament can be predicted by
interactions of this gene with exogenous environmental factors.
Sheese, Voelker, Rothbart, and Posner (2007) recently reported
that among children who possessed the DRD4 long allele, lower
quality of parenting was associated with higher levels of sensation seeking. Parenting quality did not affect temperament
in children without the long allele. Similarly, BakermansKranenburg and van IJzendoorn (2006) reported that children
with the long DRD4 genotype and insensitive caregivers exhibited more externalizing behaviors than children with other
combinations of DRD4 genotype and caregiving. More recently,
Bakermans-Kranenburg, van IJzendoorn, Pijlman, Mesman,
and Femmie (2008) noted that the DRD4 gene moderated effects
of intervention programs on toddlers’ externalizing behaviors.
The effects of parenting were largest in toddlers who possessed
the long allele of the DRD4 gene and whose parents used positive discipline.
FRONTAL BRAIN ASYMMETRY:
AN ENDOENVIRONMENTAL FACTOR

One endogenous factor that can be measured relatively noninvasively in pediatric populations and that has not been examined in relation to molecular genetics and temperament in
children is brain electrical activity. A number of studies have
reported that the pattern of the resting frontal EEG reflects
predisposition to experience positive or negative affect and is
associated with individual differences in affective style in
healthy infants, children, and adults, as well as in some clinical
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populations when their symptoms are in remission (for substantive reviews, see Coan & Allen, 2004; Davidson, 2000).
Individual differences in the pattern of resting frontal EEG
asymmetry appear during the 1st year of postnatal life, remain
modestly stable across development, and in association with
other endogenous factors (e.g., temperament) predict developmental outcome (Henderson, Fox, & Rubin, 2001).
Left frontal EEG asymmetry at rest is presumed to reflect
individual dispositions in the experience of positive affect and
the ability to regulate affect and behavior (Davidson, 2000).
Infants who display greater left frontal EEG asymmetry at rest
are characterized as having ‘‘easy’’ temperaments (Fox, Henderson, Rubin, Calkins, & Schmidt, 2001). These infants are
easily soothed and calmed. In contrast, right frontal EEG
asymmetry at rest is presumed to be a disposition to experience
negative affect and the inability to regulate affect and behavior
(Davidson & Fox, 1989). Infants who exhibit right frontal EEG
asymmetry at rest are characterized as having ‘‘negative reactive’’ temperaments (Fox et al., 2001). These infants are easily
distressed, are difficult to soothe, and have problems switching
and focusing attention.
THE PRESENT STUDY

In the present study, we examined the interaction of the DRD4
gene and resting frontal EEG asymmetry in predicting temperament in typically developing children. When infants were 9
months old, continuous measures of frontal EEG activity were
collected during a baseline condition and groups with relative
left and right frontal asymmetry were formed. When the children
were 48 months old, mothers completed ratings of their children’s temperament, and the children donated buccal cells.
DNA was extracted from these cells and genotyped for the short
(2–5 repeats) and long (6–8 repeats) allele of the DRD4 gene.
We predicted that the DRD4 gene would moderate the relation
between resting frontal EEG asymmetry at 9 months and measures of regulation and attentional components of temperament
at 48 months. We hypothesized that the DRD4 long allele in the
presence of resting left frontal asymmetry (a marker of behavioral regulation) may confer a temperament characterized by the
ability to regulate affect and behavior (i.e., soothability), given
the predisposition to experience positive affect associated with
left frontal EEG asymmetry and the stimulus responsivity associated with the DRD4 long allele. Specifically, we predicted
that children who exhibited greater relative left frontal EEG
activity at 9 months and who possessed the long allele of the
DRD4 gene would score higher on soothability (reported by their
parent) than children who possessed other combinations of the
DRD4 gene and frontal EEG asymmetry. In contrast, we hypothesized that the DRD4 long allele in the presence of resting
right frontal asymmetry (a marker of behavioral dysregulation)
may confer a temperament characterized by difficulties focusing
and switching attention and by problems regulating behavior.

Volume 20—Number 7

L.A. Schmidt et al.

Specifically, we predicted that children who exhibited greater
relative right frontal EEG activity at 9 months and who possessed the long allele of the DRD4 gene would score higher on
attention-span difficulties and lower on soothability (reported by
their parent) than children who possessed other combinations of
the DRD4 gene and frontal EEG asymmetry.
METHOD

The participants in this study were 88 typically developing
children for whom we had complete gene, frontal-EEG-asymmetry, and temperament data. These children had been followed
since infancy as part of a larger longitudinal study examining
psychophysiology and socioemotional development (see Fox
et al., 2001, 2005). The children were primarily Caucasian and
middle-class. All of the parents had completed high school, and
the majority were college graduates. The children were living
with their families in or near College Park, Maryland. Original
exclusion criteria were that the child had no peri- or postnatal
complications and no known neurological problems. All procedures were approved by the University of Maryland Research
Ethics Board, and written consent was obtained for all procedures. The analyses we report focused on the EEG data collected
at 9 months and gene and temperament measures collected at 48
months. The participants in this study did not differ on any
behavioral or demographic measures from the originally recruited infants who did not return to the laboratory at 9 and 48
months of age.
EEG Procedures
EEG Recording
At 9 months of age, each infant was seated on his or her mother’s
lap, and a Lycra stretch cap (Electro-Cap, Inc., Eaton, OH) was
positioned on the infant’s head. The cap electrodes were positioned according to the international 10–20 system of electrode
placement. The experimenter used the blunt end of a cotton
swab in combination with an abrasive gel and gently abraded
each electrode surface. Each electrode site was then filled with a
small amount of electrolyte gel, which served as a conductor.
Electrode impedances below 10 kO at a given site and variation
within 500 O between homologous sites were considered
acceptable.
Resting EEG was recorded for 3 min while the infant attended
to a spinning bingo wheel containing brightly colored balls; the
wheel was positioned on a table directly in front of the infant.
EEG was recorded from eight scalp locations: left and right
midfrontal (F3, F4), central (C3, C4), parietal (P3, P4), and
occipital (O1, O2) regions. These sites represent the left and
right hemispheres and anterior and posterior regions of the
brain. EEG data were collected in posterior regions to ensure
that the interactions between asymmetry pattern and genotype
were specific to the frontal region. All electrodes were refer-
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enced to the central vertex (Cz). The EEG channels were amplified by separate Grass AC bioamplifiers (7p511; West
Warwick, RI), with filter settings for each channel set at 1 Hz
(high pass) and 100 Hz (low pass). The data from all channels
were digitized on-line at a sampling rate of 512 Hz.
EEG Data Reduction and Analysis
We used software to rereference the EEG data to an average
reference configuration. The data were then visually scored for
artifacts due to eyeblinks, eye movements, and other motor
movements, using software developed by James Long Company
(EEG Analysis Program, Caroga Lake, NY). All artifact-free
EEG data were analyzed using a discrete Fourier transform
(DFT), with a Hanning window of 1-s width and 50% overlap.
Power (microvolts squared) was then derived from the DFT
output in single-hertz bins from 1 Hz to 12 Hz and was naturallog-transformed in order to reduce skewness. EEG power in the
4- to 6-Hz band was used in the analyses for two reasons: First, a
majority of the EEG power was represented within this frequency band. Second, previous studies have related this frequency band to individual differences in temperament at the age
of 9 months (e.g., Fox et al., 2001). A separate EEG asymmetry
score was computed for each region (i.e., right EEG power minus
left EEG power). Because EEG power is inversely related to
activity, negative scores on this metric reflect greater relative
right activity (Davidson, 2000). The children were divided into
two groups on the basis of their frontal-EEG-asymmetry score:
left frontal (positive scores; n 5 51) and right frontal (negative
scores; n 5 37). Similar asymmetry scores were computed for all
regions, but analyses involving interactions between the DRD4
gene and regional EEG asymmetry at other regions were not
significant and are not discussed further.

Maternal Report of Temperament
When the children were 48 months old, their mothers completed
the Colorado Childhood Temperament Inventory (CCTI; Rowe &
Plomin, 1977). The CCTI is a 30-item measure that is widely
used to index childhood temperament. It comprises six subscales that index different aspects of temperament: activity level
(e.g., ‘‘Child goes from toy to toy quickly’’), attention-span
difficulties (e.g., ‘‘Child gives up easily when difficulties are
encountered’’), emotionality (e.g., ‘‘Child gets easily upset’’),
shyness (e.g., ‘‘Child tends to be shy’’), sociability (e.g., ‘‘Child
makes friends easily’’), and soothability (e.g., ‘‘When upset by
an unexpected situation, child quickly calms down’’). The items
are rated on a 5-point Likert scale from 1 (not at all, strongly
disagree) to 5 (a lot, strongly agree). Scores for the 5 items from
each subscale were summed and averaged. The Cronbach alphas for this sample were .77 for activity level, .75 for attentionspan difficulties, .76 for emotionality, .82 for shyness, .63 for
sociability, and .73 for soothability. These values are similar to
those originally reported by Rowe and Plomin (1977).
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Although the CCTI indexes six individual temperamental
characteristics, we were particularly interested in the subscales
indexing attention-span difficulties and soothability for several
reasons. First, these two subscales are conceptually related to
the hypothesized executive-control processes of attention and
regulation, respectively, thought to underlie individual differences in temperament (Rothbart & Posner, 2005). Second, the
most reliable empirical evidence to date has related the DRD4
gene to attention-related processes (see Faraone et al., 2005).
Third, there has been relatively little theoretical and empirical
evidence linking the DRD4 gene or dopamine to constructs
assessed by the other CCTI subscales, which reflect the socioaffective components of temperament. Much of the work on
these other subscales has involved the serotonin transporter
gene, and in particular has related it to emotionality and shyness
in children (Fox et al., 2005) and adults (Lesch et al., 1996).
Fourth, it is plausible that attention and regulation are endogenous aspects of temperament, which are likely more influenced
by endogenous factors than by exogenous factors (although see
Kopp, 1982, for discussion of exogenous factors influencing
the development of self-regulation). In contrast, emotionality,
shyness, and sociability are more complex social aspects of
temperament, and are later developing and possibly more susceptible to exogenous factors (e.g., socialization, parenting, and
early peer relationships; Fox et al., 2005) than attention and
regulation.
DNA Preparation and Genotyping
Buccal-Cell Collection
Genomic DNA was prepared from buccal swabs (Epicentre
Technologies, Madison, WI). Children were instructed by an
investigator or parent to roll a buccal brush firmly on the inside
of the cheek, approximately 20 times on each side. The brushes
were air-dried for 10 to 20 min and then sent within 3 days to the
laboratory at the National Institutes of Health for extraction.
DNA was prepared by absorption to a bead matrix and heat elution according to the manufacturer’s instructions.
DRD4 Genotype
The DRD4 gene exon III polymorphism was assayed by polymerase chain reaction (PCR), using the primers and reaction
conditions, combined with a ‘‘hot start,’’ described by Lichter
et al. (1993). The number of repeats was determined by electrophoresis through a 3.5% agarose gel and ethidium bromide
staining. Allele frequencies were 6.2% for allele 2, 1.9% for
allele 3, 68.3% for allele 4, 1.6% for allele 5, 0.3% for allele 6,
21.4% for allele 7, and 0.3% for allele 8. On the basis of previous results (Benjamin et al., 1996), we classified genotypes
into two groups (s 5 2–5 repeats; l 5 6–8 repeats): Infants in the
short group had the s/s genotype (n 5 52), and those in the long
group had the s/l or l/l genotype (n 5 36). Indistinguishable
results were obtained when genotypes were coded according to
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the presence or absence of the seven-repeat alleles (Ebstein
et al., 1996) or as the sum of allele lengths.
RESULTS

Correlations Among Measures
The Pearson correlation between the attention-span-difficulties
and soothability subscales of the CCTI was .03, confirming that
the two subscales were largely independent, as in prior research
(Rowe & Plomin, 1977). We also computed Pearson correlations
between resting frontal EEG asymmetry at 9 months and CCTI
soothability and attention-span difficulties. These relations were
not significant.
Between-Group Analyses
Table 1 presents the mean scores (and standard errors) on the
attention-span-difficulties and soothability CCTI subscales, for
each combination of DRD4 genotype (short, long) and frontal
EEG asymmetry (left, right). An analysis of variance with DRD4
group and frontal-EEG-asymmetry group as the between-subjects factors was performed separately on each of the two CCTI
subscales.
As illustrated in Figure 1a, the DRD4  Frontal EEG
Asymmetry interaction was significant for the CCTI soothability
subscale, F(1, 87) 5 6.19, p 5 .015. As predicted, children who
exhibited greater relative left frontal EEG activity at 9 months
and who possessed the DRD4 long allele were reported by their
mothers to be significantly more soothable at 48 months than
children who exhibited greater relative left frontal EEG activity
at 9 months and who possessed the DRD4 short allele, t(49) 5
2.30, p 5 .026, d 5 0.66; they were also reported to be significantly more soothable than children who exhibited right
frontal EEG activity at 9 months and who possessed the DRD4
long allele, t(34) 5 3.51, p 5 .001, d 5 1.20, or the DRD4 short
allele, t(27) 5 2.13, p 5 .043, d 5 0.82. As expected, the

TABLE 1
Mean Soothability and Attention-Span Difficulties at Age 48
Months in the Four Participant Groups
Long DRD4 allele
Left frontal
asymmetry
(n 5 14)
CCTI measure Mean

SE

Short DRD4 allele

Right
frontal
asymmetry
(n 5 22)

Left frontal
asymmetry
(n 5 37)

Right
frontal
asymmetry
(n 5 15)

Mean

Mean

Mean

SE

SE

SE

Soothability
3.74a 0.10 3.12b 0.13 3.30b 0.11 3.36b 0.15
Attention-span
difficulties 3.31 0.20 3.69a 0.13 3.48 0.09 3.17b 0.20
Note. CCTI 5 Colorado Childhood Temperament Inventory (Rowe & Plomin,
1977); DRD4 5 dopamine D4 receptor. Frontal asymmetry was assessed at age
9 months. Within a row, means with different subscripts are significantly
different from one another, p < .05.
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a

DRD4 Allele
Long
Short

CCTI Soothability

4.0
3.5
3.0
2.5
2.0

Left

Right

Frontal Brain Asymmetry

CCTI Attention Difficulties

b

DRD4 Allele
Long
Short

4.0
3.5
3.0
2.5
2.0

Left

Right

Frontal Brain Asymmetry
Fig. 1. Mean (a) soothability and (b) attention difficulties among 48-monthold children as a function of dopamine D4 receptor (DRD4) gene (long vs.
short allele) and resting frontal electroencephalogram asymmetry (left vs.
right) at 9 months. Soothability and attention difficulties were assessed by
maternal report on the Colorado Childhood Temperament Inventory
(CCTI; Rowe & Plomin, 1977). Error bars represent standard errors.

children with the DRD4 long allele and right frontal asymmetry
had the lowest soothability score.
As illustrated in Figure 1b, the DRD4  Frontal EEG
Asymmetry interaction was also significant for the CCTI attention-span-difficulties subscale, F(1, 87) 5 5.12, p 5 .026. As
predicted, infants who exhibited greater relative right frontal
EEG activity at 9 months and who possessed the DRD4 long
allele were reported by their mothers to have significantly
greater difficulty focusing and sustaining attention at 48 months
than children who exhibited greater relative right frontal EEG
activity at 9 months and who possessed the DRD4 short allele,
t(35) 5 2.22, p 5 .033, d 5 0.75.

ically developing children. The DRD4 long allele moderated the
relation between the pattern of resting frontal EEG asymmetry at
9 months and regulation and attention at 48 months. Children
who possessed the DRD4 long allele and who exhibited left
frontal EEG asymmetry were significantly more soothable than
children who possessed the DRD4 long allele and who exhibited
right frontal EEG asymmetry or those who possessed the short
allele and exhibited either left or right frontal EEG asymmetry.
Children who had the DRD4 long allele and who exhibited right
frontal EEG asymmetry had significantly more difficulty focusing and sustaining attention than children who had the DRD4
short allele and who exhibited right frontal EEG asymmetry;
they also had the lowest soothability scores. Resting frontal EEG
asymmetry did not influence temperament in the absence of the
DRD4 long allele.
What role does the DRD4 long allele play in children’s temperament? Our results indicate that this allele acts as a moderator or susceptibility factor: Carriers of the long allele are more
sensitive to both the positive influence of left frontal EEG
asymmetry on soothability and the negative influence of right
frontal EEG asymmetry on attention difficulties. These results
are consistent with the recent findings of Bakermans-Kranenburg and her colleagues, pointing to the DRD4 long allele as a
‘‘susceptibility’’ allele (see Bakermans-Kranenburg & van
IJzendoorn, 2006, 2007; Bakermans-Kranenburg et al., 2008).
The current findings are also in line with, and extend, the idea
of genetic susceptibility for certain behaviors that are expressed
in different environments (e.g., Belsky, Bakermans-Kranenburg, & van IJzendoorn, 2007). Belsky et al. argued that a gene
may be expressed for better or for worse depending on environmental conditions. Our results suggest that it is possible that
the DRD4 long allele plays different roles (for better and for
worse) in child temperament as a function of endoenvironmental
conditions: The DRD4 long allele may be expressed for better
and serve as a protective factor if the endoenvironmental condition is left frontal asymmetry, but this genotype may be expressed for worse or be an additional risk factor if the
endoenvironmental condition is right frontal asymmetry.
It is also important to point out that the DRD4 gene was not
related to resting frontal EEG asymmetry. The main effect of
genotype group (long vs. short DRD4 allele) on the continuous
measure of frontal EEG asymmetry at 9 months was not significant. Rutter et al. (2006) argued that gene-environment
interactions should not be discussed in the presence of a geneenvironment correlation. Our results raise the possibility of
decoupled biological processes (i.e., genetics and physiology)
that may interact on some level to confer a particular behavioral
phenotype.

DISCUSSION

We found evidence of a gene-endoenvironment interaction in
predicting two components of temperament in a sample of typ-
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Limitations
The present study has several limitations. First, although the
sample size was relatively large compared with the samples in
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other recent studies examining associations between molecular
genetics and complex traits in children, and although the effect
sizes were medium to large, the results need to be replicated to
ensure their reliability. Second, temperament was assessed using a single maternal report when the children were 48 months
old. Maternal-report measures may be inherently biased. Third,
causation cannot be inferred, and the findings should be interpreted with caution. For example, we do not know the direction
of the influence between children’s temperament and the pattern
of frontal EEG activity or between gene expression and frontal
EEG activity. Future research using repeated objective measures of temperament and psychophysiology over an extended
time period would be informative.
One last caveat also warrants discussion. It is important to
point out that many EEG parameters appear to have a genetic
basis (for a review, see van Beijsterveldt & Boomsma, 1994).
Accordingly, our findings might reflect complex gene-gene interactions involving the DRD4 gene and a gene linked to midfrontal EEG asymmetry. In two recent twin studies, genetic
factors have accounted for a small but significant amount of
variance in midfrontal (F4–F3) EEG asymmetry in adults (Anokhin, Heath, & Myers, 2006) and children (Gao, Tuvblad,
Raine, Lozano, & Baker, in press).

Conclusions and Implications
Individual differences in human temperament are undoubtedly
multiply and complexly determined by processes involving
multiple genes, biological systems, and experiences. To fully
understand the brain mechanisms underlying individual
differences in temperament, researchers need to consider the
many variables that may moderate brain-behavior relations. One
logical source of individual variability that moderates these
relations is genes involved in modulating neurochemicals presumed to underlie cognitive and affective processes (see Rothbart & Posner, 2005). Studies of humans and nonhuman animals
have shown that within the frontal cortex, dopamine plays key
roles in cognitive and affective processes involved in individual
differences in behavior and temperament (for reviews, see
Berridge, 2003; Depue & Collins, 1999). We found evidence
that a gene involved in the regulation of dopamine moderates the
relation between frontal brain activity and two basic components
of early temperament, one cognitive (i.e., attention) and one
affective (i.e., regulation). We conceptualized resting frontal
brain asymmetry as an endogenous environmental condition and
used a relatively noninvasive psychophysiological measure to
index brain activity. Our data serve as a starting point for considering the impact of endogenous factors and other exogenous
environmental factors on gene expression to fully understand
the complexities of temperament and other complex human
traits.
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