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Abstract: The polymorphism of variable number of tandem repeat (VNTR) in dopamine receptor D4 (DRD4) gene exon
III has been linked to various neuro-psychiatric conditions with disinhibition/impulsivity as one of the core features. This
study examined the modulatory effects of long-allele variant of DRD4 VNTR on the regional neural activity as well as
inter-regional neural interactions in a young female population. Blood sample and resting state eyes-closed EEG signals
were collected in 233 healthy females, stratified into two groups by polymerase chain reaction: long-allele carriers (>4repeat) and non-carriers (<=4-repeat/<=4-repeat). The values of mean power of 18 electrodes and mutual information of
38 channel pairs across theta, alpha, and beta frequencies were analyzed. Our connectivity analysis was based on
information theory, which combined Morlet wavelet transform and mutual information calculation. Between-group
differences of regional power and connectivity strength were quantified by independent t-test, while between-group
differences in global trends were examined by non-parametric analyses. We noticed that DRD4 VNTR long-allele was
associated with decreased global connectivity strength (from non-parametric analysis), especially over bi-frontal, biparietal and right fronto-parietal and right fronto-temporal connections (from independent t-tests). The between-group
differences in regional power were not robust. Our findings fit with the networks of response inhibition, providing
evidence bridging DRD4 long-allele and disinhibition/impulsivity in neuropsychiatric disorders. We suggest future DRD4
studies of imaging genetics incorporate connectivity analysis to unveil its impact on cerebral network.
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INTRODUCTION
The D4 dopamine receptor (DRD4) is a member of the
family of D2-like dopamine receptors, located on chromosome 11p15.5. D2-like receptor signaling is mediated by
several classes of G proteins, which regulate the activities of
adenylate cyclase, ion channels, phospholipases, protein
kinases, and receptor tyrosine kinases, and is also modulated
by other protein-protein interactions [1]. The messenger
ribonucleic acids (mRNAs) of D2, D3, and D4 receptors are
identifiable in the hippocampal formation and in the cortical
regions of the medial temporal lobe. Unlike DRD2, DRD4
mRNAs are abundant in the prefrontal and temporal neocortex, while DRD2 mRNAs distribute homogenously
throughout the striatal structures [2, 3]. It was thus assumed
that the DRD4 gene is likely to impact the functioning of the
brain cortex in a direct way, whereas in contrast, the DRD2
gene might influence frontal cortex indirectly through
fronto-striatal interaction. Although DRD4 has been largely
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related to prefrontal function, an animal study suggested that
the modulatory effect of DRD4 on cerebral metabolism was
not restricted to prefrontal cortex, compatible with the
observed mRNA distribution across several distinct brain
regions [4].
A functional polymorphism of variable number of
tandem repeat (VNTR) at DRD4 exon III, a 48-base-pair
sequence in the genetic code of third cytoplasmic loop, was
first discovered by Van Tol et al., who demonstrated
different properties for the longer alleles (7 repeats) and the
shorter alleles (2 or 4 repeats) with respect to clozapine and
spiperone binding [5]. The potency of dopamine to inhibit
cyclic AMP formation was about twofold reduced for 7repeat allele compared with the 2-repeat and 4-repeat
variants of DRD4 [6]. The 48-base-pair repeat number may
range from 2 to 11 and the frequency of the alleles varies
greatly between populations. Meta-analyses have suggested
a significant association between the long-repeat (7- or 7and 5- repeat) polymorphism and attention deficit hyperactivity disorder (ADHD), while the 4-repeat allele has protective effects [7, 8]. The DRD4 exon III VNTR polymorphism
has also been linked to other neuro-psychiatric conditions
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such as Tourette syndrome, migraine, substance abuse, bulimia nervosa and major depression [9-14]. In normal population, the DRD4 VNTR polymorphism also differentiates
neuro-psychological performance. It was suggested that the
long-allele was associated with risk taking, slower reaction
time, lower persistence and impulsivity [15-19]. The
presence of a 7-repeat allele was also accompanied with
inaccurate/impulsive response style in ADHD [20-22].
Concordant with the observation of the cortical distribution of mRNA and the possible roles in cortical functioning,
electroencephalography (EEG) studies demonstrated that the
DRD4 VNTR polymorphism modulated cortical electrical
activities. Strobel et al., explored DRD4 exon III genotype,
eye-blink rate (a measure of central dopaminergic neurotransmission) and novelty P300, and concluded that the
DRD4 exon III polymorphism influences the processing of
novelty, which was further modulated by tonic dopaminergic
activity [23]. In addition, it was reported that the 7-repeat
allele of the DRD4 polymorphism enhanced the auditory
evoked responses to both standard and target stimuli [24]. In
the Go/Nogo task, 7-repeat carriers were noticed to present
an increased Nogo-related theta band response and a reduced
go-related beta decrease, supporting the modulatory role of
DRD4 in prefrontal areas related to inhibitory mechanism
[25]. The approach of imaging genetics applying the tasks of
response inhibition is of particular interest given that the
decline in inhibitory control or impulsivity is a common
feature of various neuro-psychiatric disorders relevant to
DRD4 and that the DRD4 VNTR polymorphism has been
recognized to exert impact on the capability of inhibiting
pre-potent reaction [18, 19, 26-28]. It is intriguing to note
that the relationship between inhibition/impulsivity and
DRD4 may also account for, at least partly, previous studies
that related DRD4 VNTR to lower persistence, risk taking
and differences in reaction time [15-17].
This study planned to investigate the effect of DRD4
VNTR polymorphism on resting EEG, which has never been
examined before. Resting EEG carries abundant information
predictive of performance on several neuro-psychological
tasks, and even the early stage of Alzheimer’s disease or the
treatment response of major depressive disorder [29-34]. We
were particularly interested in the inferior frontal gyrus and
right-lateralized network since the processing of response
inhibition has been noticed to be dominant in right hemisphere [35-44]. Since dopamine system has been known to
affect inter-regional interaction [45], we quantified both
local power and inter-regional connectivity strength. To
investigate the genotype-connectivity relationship, we
adopted an information-theory-based approach developed by
Chen et al., which may accommodate non-linear neural
interaction [46]. Given that gender effect has been noticed
for DRD4 exon III polymorphism on cognition and social
behaviors, and the long-allele is relatively rare in HanChinese, we restricted this research sample to females to
eschew potential gender interaction [47-50].
MATERIALS AND METHODOLOGY
Subjects
We enrolled 233 right-handed healthy young females,
with their ages ranging from 19 to 21 years. The neurolo-
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gical and physical examinations were performed by licensed
medical doctors. A semi-structural interview process was
performed to evaluate their psychiatric condition by licensed
psychiatrists. Those who had a history of major medical or
neurological disorder, substance abuse or psychiatric disease
were excluded. Only those who had been medication-free,
including birth control pills, for at least two weeks were
recruited. This project was approved by the local ethical
committee, complying with the Helsinki Declaration. The
informed consents were obtained from all participants prior
to the commencement of the investigation.
EEG Recordings and Analyses
All participants received a 3-minute conventional, eyesclosed, awake, digital EEG after a 5-minute habituation to
the experimental environment (Brain Atlas III computer,
Biologic System Company, Chicago). Recordings followed
the standard of international 10–20 system with ear-linked
reference, at a 128 Hz sampling rate and impedance below 3
kΩ, high pass filter 0.05 Hz, low pass filter 70 Hz, notch
filter 60 Hz [51]. The frequency bands were defined as
follows: theta 4 to 8 Hz, alpha 8 to 12 Hz, beta 12 to 24 Hz,
beta1 12 to 18 Hz and beta2 18 to 24 Hz. The artifact of vertical eyeball movement was detected from electrodes placed
above and below the right eye, with the horizontal analog
derived from electrodes placed at the left outer canthus. EEG
artifacts were handled by semi-automated module provided
by software EEGLAB (http://sccn.ucsd.edu/eeglab). Various
sources of artifact, such as external artifact, movements,
oculogenic potentials and myogenic potentials, were detected
and deleted via visual inspection by experienced EEG technician and then the signal quality was examined by channel
statistics and QQ-plot. Twenty electrodes were used to
acquire EEG data and all the EEG signals were re-referenced
to the average activity of all the electrodes. The electrodes
F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6,
O1, Oz and O2 were included in the analyses. We made a
systemic approach to examine the functional connectivity of
38 electrode pairs: (1) 7 symmetrical connections of F7-F8,
F3-F4, C3-C4, T3-T4, T5-T6, P3-P4 and O1-O2; (2) 15
ipsilateral channel pairs of the left hemisphere from all the
possible combinations of F3, F7, C3, P3, T3 and T5; (3) 15
ipsilateral channel pairs of the right hemisphere from all the
possible combinations of F4, F8, C4, P4, T4 and T6; (4) 1
midline anterior-posterior connection of Fz-Pz.
Fast Fourier Transform (FFT) was used to derive the
mean EEG power (unit: µV2), and a mutual-informationbased approach was adopted to investigate the functional
connectivity strengths between coupled EEG channels,
namely time-frequency cross mutual information (TFCMI)
method [46], which has been applied in our previous EEGgenetic study [52]. As to the regional power analyses, FFT
was applied to consecutively non-overlapped and artifactfree segments of 20 sec to derive the mean EEG power for
each electrode at a specified frequency band [53]. As to the
connectivity analyses, TFCMI method first transformed the
EEG time series into power series over pre-specified frequency bands by Morlet wavelet method. The dependency,
i.e. functional connectivity, between the spectral dynamics at
two different EEG channels was then calculated by mutual
information (MI).
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To examine whether there was a global trend difference
in the regional mean power and connectivity strength across
different frequency bands between the 2 genotyped groups,
we performed non-parametric analyses. Our null hypothesis
assumed that the probability of a certain index (i.e., regional
mean power or connectivity strength of coupled electrodes)
at a specific frequency band, group one is greater than group
two equals the probability that group two is greater than
group one (i.e., the probability was 0.5). The probability to
obtain j or more “group one > group two” indices by chance
can be calculated using the following formula:
s

P = " ( sk ) ! 0.5s
k= j

where s is the total number of comparisons. The nonparametric analyses were executed for regional power and
inter-regional interaction respectively: [1] one comparison
for each electrode-frequency couple e.g., F3 alpha; s=18×5
when taking all the electrode(18)-frequency(5) pairs into
account, and [2] one comparison for each connection-frequency couple e.g., F7-F8 alpha; s=37×5 when considering
all the connection(37)-frequency(5) pairs.
Genotyping of DRD4 Exon III VNTR Polymorphism
Genomic DNA was extracted from peripheral blood leukocytes and was amplified by polymerase chain reaction
(PCR) using the primers designed by Shaikh et al. [54]. The
PCR ingredient and procedure were described as follows.
The PCR reagent contained 50 mM KCl, 10 mM tris-HCl at
pH 8.3, 0.5 mM MgCl2, 10% dimethylsulfoxide (DMSO),
200 mM of dATP, dTTP, and dCTP, 50 mM of dGTP, and
150 mM of 7-deaza-guanosine, 0.5 mM of each primer, 100
ng template DNA, and 0.6 units of Dynazyme. The mixture
was denatured at 95°C for 5 min, followed by 30 cycles of
amplification (94°C, 1 min; 52°C, 1 min; 72°C, 2 min) and 5
min of elongation at 72°C. Amplified DRD4 fragments were
detected by 2% ethidium bromide-stained agarose gel electrophoresis, with the genotype determined by size fractionation under ultraviolet illumination [55].
Table 1.

F7-F8

C3-C4

F4-T4

F4-C4

T6-C4

21

Statistical Analyses
The participants were categorized into 2 groups
according to the allele length of DRD4 VNTR. We lumped
the participants with both alleles no longer than 4-repeat
(<=4/<=4) as group 1 and those with at least one allele
longer than 4-repeat as group 2. Independent t-test with
assumed unequal variance was performed to elucidate the
electrodes and channel-frequency pairs with values of mean
power and mutual information showing significant betweengroup differences, respectively. For each test set in this
study, the criterion for significance was set at P < 0.05, twotailed. We assumed the independency of each frequency
band and performed the Bonferroni correction based on P =
1 − (1 − 0.05)1/n, where n equals the number of comparisons,
with n=18 for mean power analyses (corrected P=0.0028)
and n=38 for connectivity analyses (corrected P=0.0013).
For each comparison, we reported both the P value < 0.01
and the P value adjusted for multiple comparisons, in case
the Bonferroni correction is too stringent since the cortical
electrical activities are interactive, not totally independent.
RESULTS
The DRD4 exon III VNTR genotypes of the participants
included 4-repeat/4-repeat (N=129), 2-repeat/4-repeat
(N=70), 2-repeat/2-repeat (N=16), other <=4/<=4 (N=5) and
<=4/>4 (N=13). In accordance with previous reports of HanChinese population, allele 4-repeat was predominant and the
frequency of allele length>4 is low [49, 50], with the
genotypes 4-repeat/5-repeat (N=6), 4-repeat/6-repeat (N=6),
4-repeat/7-repeat (N=1). No significant difference was
noticed in the regional analyses of mean power. The connectivity analyses substantiated by TFCMI which combined
Morlet wavelet transformation and mutual information
analysis, revealed a relatively right-lateralized network with
significant between-group differences. The significant connections comprised of homologous (inferior prefrontal F7-F8
and parietal C3-C4), fronto-temporal (F4-T4), fronto-parietal
(F4-C4) and temporo-parietal (C4-T6) connections. Without

Comparison of the Values of Mutual Information in DRD4 <=4-Repeat/<=4-Repeat Carriers (Upper Row) and Long
Allele Carriers (>4-Repeat, Lower Row) for each EEG Connection-Frequency Pair
theta

alpha

beta

beta1

beta2

22.1 (4.0)

30.2 (12.4)

14.1 (6.5)

15.4 (7.6)

10.6 (2.2)

22.2 (4.2)

29.6 (14.5)

13.3 (5.5)

14.7 (7.5)

9.6 (1.0)

21.4 (4.2)

26.2 (11.4)

13.2 (4.8)*

13.7 (5.1)

10.4 (2.2)

21.6 (4.2)

20.8 (5.7)

11.8 (0.9)

12.9 (1.1)

9.9 (1.1)

22.8 (4.9)

25.5 (10.6)

14.1 (5.4)

15.0 (5.6)

11.2 (2.9)*

21.8 (2.9)

22.4 (9.4)

12.5 (1.9)

13.4 (2.5)

10.0 (0.8)

27.3 (9.4)

41.6 (19.0)

21.8 (9.5)*

23.2 (10.5)*

16.0 (5.8)

26.6 (9.4)

30.2 (12.8)

16.3 (4.0)

17.9 (4.0)

13.1 (3.2)

22.0 (4.5)

25.8 (9.9)

13.5 (4.5)

13.9 (4.7)

10.6 (2.0)

21.9 (4.1)

22.7 (7.5)

11.6 (1.7)

12.8 (2.3)

10.2 (1.3)

The value of mutual information (x100) was expressed as “mean (STD)”.
The between group differences with P < 0.01 were marked in bold (two-sided)
The threshold of P value after Bonferroni correction is 0.0013; *P < 0.0013
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exception, the group 1 had higher connectivity strengths than
group 2 at all the connections showing statistical significance, with a summarized topography illustrated in Fig. (1).
The significant differences were aggregated at alpha and beta
frequency bands. The detailed values and statistics of regional mean power over 18 electrodes and of mutual information over 38 channel-pairs across 5 frequency bands were
respectively summarized in Supplementary Material Table
S1 and Table S2 (http://www.websdj.idv.tw/kiki/rEEG_
DRD4.pdf); this article only reported the significant results,
see Table 1.
We performed non-parametric analyses to examine the
genetic effect on the global trend of brain dynamics. The
long-allele DRD4 carriers had smaller regional mean power
in 55 out of 90 electrode-frequency couples (P=0.0132), and
had reduced connectivity strength in 142 out of 190 connection-frequency pairs (P=2.757×10-12).
We made further comparison of the subgroups of 4repeat/4-repeat and 2-repeat/4-repeat that have largest subject numbers. No regional power and no inter-regional connectivity strength revealed significant between group differences (P < 0.01; data not shown). The negative findings
justified our stratification strategy of lumping 2-repeat and 4repeat alleles together.

Fig. (1). Summarized topography of independent t-test comparing
DRD4 VNTR polymorphism <=4-repeat/<=4-repeat carriers and
>4-repeat carriers; cortical connections where the P value less than
0.01 were shown in thin lines, while the P value less than 0.0013
were shown in thick lines.

DISCUSSION
Dopamine receptor D4, DRD4, has been of interest in
attention-deficit hyperactivity disorder [7, 8], and has been
implicated in other neuropsychiatric conditions, such as drug
abuse, Tourette syndrome and eating disorder and so on [10,
12, 13, 26-28, 56]. This study investigated the effects of
DRD4 VNTR polymorphism at exon III on the local and the
inter-regional neural profiles of resting EEG in healthy
young females. We adopted an approach based on information theory, i.e. time-frequency cross mutual information
(TFCMI) [46], to host non-linear relationship of neural
interaction. The statistical comparisons were performed
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between two groups - with and without carriage of longrepeat allele, and the stratification strategy was conformed to
previous literature of DRD4 VNTR polymorphism [7, 8, 1519]. Our regional power analysis did not show any significant differences, however, our connectivity analysis demonstrated that the long-allele carriers possessed decreased
connection strengths compared with the short-allele (<=4repeat/<=4-repeat) counterparts, aggregated at alpha and beta
spectrum. The reduction in connectivity manifested itself as
a global trend, most prominent at bi-frontal(inferior)/biparietal interactions and at a right-lateralized network,
including fronto-temporal, fronto-parietal and parietotemporal connections.
The bio-psychological correlates bridging DRD4 VNTR
polymorphism and the pathological state are still not clear.
Although still debated, it was suggested that the long-allele
was associated with risk taking, slower reaction time and
lower persistence [15-17]. Notably, Congdon et al. adopted
stop signal task as a proxy for impulsivity to investigate the
influence of DRD4 VNTR on the capability of inhibitory
control, and discovered that the long-allele carriers had
longer stop signal reaction time, indicating greater difficulty
in inhibiting a behavioral response to a stop signal [18]. In
accord, Colzato et al. reported that the DRD4 7-repeat
carriers had significantly higher scores on self-reported
dysfunctional impulsivity [19]. The presence of a 7-repeat
allele was associated with more errors of commission or
omission in ADHD [20, 21]. Langley et al., reported that the
ADHD children with 7-repeat allele had significantly more
incorrect responses on the Matching Familiar Figures Test
and shorter reaction time for incorrect responses on some
neuropsychological tasks, indicating an inaccurate/impulsive
response style [22]. The association of DRD4 long-allele and
impulsivity is very intriguing given that impulsivity or
disinhibition is a characteristic shared by many neuropsychiatric diseases relevant to DRD4, including ADHD, drug
abuse, eating disorder and even Tourette syndrome (reviews)
[26-28]. In addition, the relationship between inhibition/
impulsivity and DRD4 may partly explain the findings of
previous studies that related DRD4 VNTR to lower persistence, risk taking and differences in reaction time [15-17].
The evidence linking dopamine system and impulsivity has
also been endorsed by an acute administration of d-amphetamine [57]. In total, impulsivity or impairment in inhibitory
control may be a common neuro-psychological mediator
between DRD4 and various neuropsychiatric conditions.
This interpretation is particularly interesting when coupled
with our findings that the long-allele carriers have significant
lower connectivity strengths, especially at inferior frontal
gyri and over right hemisphere.
Right inferior frontal gyrus has been supposed to be a
common hub for various neuropsychological tasks involving
inhibitory operation across several response modalities [3744]. However, recent studies have suggested that left inferior
frontal gyrus is also critical in performing response inhibition [35, 36]. The impairment of response inhibition, a function linked to the inferior frontal gyri, was implicated in the
manifestation of impulsive behaviors [40]. For long-allele
carriers, our finding of reduced connectivity at bilateral inferior frontal gyrus might partly explain the noticed enhanced
risk of disinhibition/impulsivity. The neural network relevant
to response inhibition is not confined to right inferior frontal
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region but also comprises superior temporal gyrus and inferior parietal lobule, again with right-hemisphere dominance
[58-60]. McNab et al., demonstrated that at a looser
statistical threshold of analysis, response inhibition also
engaged the right middle frontal gyrus and right parietal
regions [39]. Together, the topography of our connectivity
results at fronto-temporal and fronto-parietal connections is
also compatible with the reported neural network of response
inhibition beyond inferior frontal region. In addition, our
main findings at the frontal and temporal areas are the
cortical regions abundant in DRD4 mRNA expression [2, 3].
The reduction in connectivity at bi-parietal interaction is out
of our expectation. Nevertheless, a recent report by Heflin
et al., demonstrated that bilateral parietal lobe atrophy best
predicted poorer Stroop performance in 114 patients with
cognitive impairment [61]. We thus regard that the reduced
inter-regional interactions observed at the networks relevant
to successful response inhibition may constitute neural
mediators linking DRD4 VNTR long-allele and the diverse
neuropsychiatric conditions with impulsivity/disinhibition as
one of the characteristic attributes, such as ADHD, substance
abuse, eating disorder and Tourette syndrome.
Another explanation for our finding of right-lateralized
network could be relevant to the attention functioning associated with right hemisphere. The neuro-cognitive aberrations of ADHD were not restricted in motor response but
also presented in perceptual/attentional domains [62-65]. A
pattern of greater right-sided interference effects in ADHD
children, in opposition to normal developing children, suggested a disruption in right hemisphere attentional networks
in ADHD [62]. Correspondently, ADHD showed a significant bias in attention away from left space [64, 65]. It was
reported that left-sided inattention (rightward bias) of ADHD
predicted the treatment response to stimulants, which was
further modulated by the dopamine system [66].
Although this study focused on frontal and temporal neocortices, it is noteworthy that the DRD4 also appeared in
medial temporal structure [2, 3]. In the basal nucleus of
amygdala, the amounts of DRD4 mRNAs were significantly
higher in the subjects with major depression [14]. The DRD4
VNTR polymorphism differentiated functional neural
changes in mesocortico-limbic structures after exposure to
alcohol cues, and in regions endorsing executive and somatosensory processes after exposure to smoking cues [67, 68].
It was reported that the DRD4 VNTR genotype also affected
dopamine release in the ventral striatum following nicotine
administration [69]. An animal study found that the modulatory effect of DRD4 on cerebral metabolism can be indirect,
even on the structure that DRD4 was minimally expressed,
such as the cerebellum [4]. Our results indicated that DRD4
VNTR polymorphism may have greater impact on interregional interaction than on regional neural activities. We
thus encourage future studies to investigate the DRD4 influence on the neural interaction between cortical, subcortical
and limbic structures to elucidate its modulatory effect at
neural network level, which might correspond to the behavioral or symptomatic phenotypes of associated neuropsychiatric diseases.
We acknowledge that the above interpretation of impulsivity and attention is somewhat speculative. Nevertheless,
the association of DRD4 VNTR polymorphism and inhibi-
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tion/impulsivity/risk-taking has been reported by several
independent research groups [15, 16, 18]. In addition, DRD4
polymorphism affects wide repertoire of behavioral manifestation, including reward processing, response to novelty,
cognitive control, attention, cortisol stress response, decision
making, performance monitoring, parental responsivity, personality and temperament [17, 48, 70-80]. Each psychological entity may have its own correspondent gene-brain
interaction. The attempt to bridge brain, gene and behavioral
phenotypes is actually a very complicated issue and requires
advanced multivariate models. We suggest future studies to
incorporate comprehensive psychological, personality assessment and brain models to elucidate the complexity. Longitudinal studies are warranted to investigate whether the
reduced connectivity strengths associated with DRD4 VNTR
long allele enhance the risk of developing relevant psychiatric disorders. Since gonadal hormone may affect brain
function and plasticity [81-83], as well as the integrity of
dopamine system [84, 85], it is also desirable to explore the
influence of different phases in menstrual cycle on genebrain interaction. Further studies are required to examine
whether our results can be generalized to the male
population.
CONCLUSION
The DRD4 gene has been linked to a variety of neurological and psychiatric conditions. There are few reports
exploring the influence of DRD4 VNTR polymorphism at
exon III on the regional neural activity and functional
integration in the brain. Our analyses of resting EEG signals
demonstrated that DRD4 VNTR long-allele was associated
with reduced connectivity strengths at neural networks
relevant to response inhibition. We suggest future DRD4
studies of imaging genetics incorporate connectivity analysis
to unveil the genetic impact on cerebral network. Although
the low frequency of long-repeat allele in DRD4 exon III
VNTR in our sample (Han Chinese population) has been
observed in other independent research samples [49, 50],
replication of our results in a larger sample size or in other
races with more balanced allele distribution is encouraged.
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