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Effect of DRD4 receptor −616 C/G 
polymorphism on brain structure 
and functional connectivity density 
in pediatric primary nocturnal 
enuresis patients
Bing Yu  1, Na Chang1, Yao Lu2, Hongwei Ma3, Na Liu4 & Qiyong Guo1

The dopamine D4 receptor (DRD4) promoter (−616; rs747302) has been associated with primary 
nocturnal enuresis (PNE); however, its relationship with neuroimaging has not been investigated. 
Therefore, we assessed the effects of the DRD4 −616 C/G single nucleotide polymorphism on the 
gray matter volume (GMV) and functional connectivity density (FCD) during resting-state functional 
magnetic resonance imaging in children with PNE using voxel-based morphometry and FCD methods. 
Genomic and imaging data were obtained from 97 children with PNE and 105 healthy controls. DRD4 
−616 C/G was genotyped. Arousal from sleep (AS) was assessed on a scale of 1–8. Both the main effect 
of genotype and the group (PNE/control)-by-genotype interaction on GMV and FCD were calculated. 
Our results showed that C-allele carriers were associated with a higher AS, decreased GMV and FCD in 
the pregenual anterior cingulate cortex; children with PNE carrying the C allele exhibit decreased GMV 
and FCD in the thalamus; however, controls carrying the C allele exhibit increased FCD in the posterior 
cingulate cortex. These effects of genetic variation of the DRD4 locus may help us understand the 
genetic susceptibility of the DRD4 −616 C allele to PNE.

Although often neglected by child psychiatry until now, primary nocturnal enuresis (PNE) is common in child-
hood, affecting up to 20% of children and nearly 2% of young adults1. It is defined as continuous, involuntary and 
nocturnal enuresis associated with normal daytime urination beyond the age of five. PNE may cause significant 
psychosocial stress and impairment of self-esteem in pediatric patients and frustrate their caregivers.

Genetic factors play an important role in PNE. The molecular genetic approach has been employed to under-
stand the causes of enuresis since 1995, and markers have been found on chromosomes 12q, 13q13–q14.3 
(ENUR1) and 22q11 (ENUR3)2, 3. Our previous study suggested that the frequency of the C allele in the dopamine 
D4 receptor (DRD4) promoter (−616; rs747302) was significantly higher in PNE patients4. This single nucleotide 
polymorphism (SNP) in the DRD4 promoter may lead to a reduction of DRD4 protein in the thalamus, limbic 
system, frontal cortex, and globus pallidus5. However, to the best of our knowledge, no candidate genes for PNE 
susceptibility in these regions have been identified until now.

In the past decades, a few functional neuroimaging studies have been performed on PNE patients. These 
studies suggested that there are functional and structural differences in multiple brain regions in the patients 
compared to healthy children1, 6–10. Our initial whole brain functional connectivity study suggested that 
cerebello-thalamo-frontal circuit abnormalities are likely involved in the onset and progression of attention 
impairment in pediatric PNE patients1. However, the relationship between genetic polymorphisms and neuroim-
aging abnormalities has not been combined.
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Therefore, the purpose of the study was to assess effects of the DRD4 −616 C/G SNP on the gray matter vol-
ume (GMV) and resting state functional connectivity (rsFC) in children with PNE and healthy controls using 
voxel-based morphometry (VBM) and functional connectivity density (FCD) methods. Both the effect of geno-
type and the group-genotype interaction were evaluated in the VBM and FCD analyses.

Results
Demographic, genetic, and behavioral characteristics. Four children from the PNE group and two 
from the control group were also excluded for failing to complete MRI scans. The complete genetic and fMRI 
data of the remaining 97 children in the PNE group (M:F = 57:40; average age 10.4 ± 1.5 y; 4.8 ± 0.8 y of educa-
tion) and 105 children in the control group (M:F = 58:47; average age 10.3 ± 1.2 y; 4.7 ± 0.8 y of education) were 
included in the study. There were no significant differences between genotype (C/G) with regard to gender, age, 
years of education, full-scale intelligence quotient (FIQ) scores or framewise displacement (FD) (Tables 1 and 2).

Arousal from sleep (AS) scores of the PNE group were significantly higher than those of the healthy control 
group (Z = 4.930, ties corrected, P = 0.0015). When AS scores were compared within the PNE group by geno-
type, the AS scores of C-allele carriers were significantly higher than GG homozygotes (Z = 2.543, ties corrected, 
P = 0.0110); however, there were no significant differences in AS scores between the genotypes in the control 
group (Z = 1.564, ties corrected, P = 0.1179) (Fig. 1A).

Differences in GMV based on genotype. A main effect of genotype on GMV in the pregenual ante-
rior cingulate cortex (ACC) (peak Montreal Neurological Institute [MNI] coordinates: x = 12, y = 41, z = 6; 
cluster size = 267 voxels; peak F1,198 = 17.15, P < 0.05, false discovery rate [FDR] corrected) (Fig. 1B) and a 
group-genotype interaction in the thalamus (peak MNI coordinates: x = −8, y = −11, z = 7; cluster size = 295 
voxels; peak F1,198 = 12.36, P < 0.05, FDR corrected) were found (Fig. 1C).

We then extracted the GMV from the cluster that exhibited interaction and compared them between the two 
genotypes within the PNE and control groups. Post-hoc testing demonstrated that the C-allele carriers in the 
PNE group had significantly decreased GMV in the thalamus (t = −5.538, Padjusted < 0.001) compared with the 
GG homozygote patients (Fig. 1D).

Differences in FCD based on genotype. A main effect of genotype on the FCD was found in the pregen-
ual ACC (peak MNI coordinates: x = 10, y = 42, z = 7; cluster size = 227 voxels; peak F1,198 = 17.93, P < 0.05, FDR 
corrected). In addition, group-genotype interaction in the thalamus (peak MNI coordinates: x = −8, y = −10, 
z = 10; cluster size = 249 voxels; peak F1,198 = 14.53, P < 0.05, FDR corrected) and posterior cingulate cortex 
(PCC) (peak MNI coordinates: x = −3, y = −51, z = ; cluster size = 87 voxels; peak F1,198 = 13.55, P < 0.05, FDR 
corrected) were found (Fig. 2A–C).

We then extracted the FCD from the thalamus and PCC, and compared it between the two genotypes within 
the PNE and control groups. Post-hoc testing demonstrated that the C-allele carriers in the PNE group had a 
significantly decreased FCD (t = −5.183, Padjusted < 0.01) compared with the GG homozygote patients in the thal-
amus. However, controls carrying the C allele exhibited increased FCD in the PCC (t = 4.336, Padjusted = 0.01). The 
FCD of the thalamus also showed a significant negative correlation with the AS scores in C-allele carriers of the 
PNE group (r = −0.696, P < 0.001) (Fig. 2D–F).

Characteristic

PNE (n = 97) Control (n = 105)

C G C G

Gender (M:F) 29:20 28:20 28:22 30:25

Age (y) 10.3 ± 1.6 10.5 ± 1.4 10.5 ± 1.0 10.1 ± 1.4

Years of 
education 4.9 ± 0.5 4.7 ± 0.9 4.8 ± 1.0 4.6 ± 0.5

FIQ 104 ± 11.0 106 ± 10.9 104 ± 9.9 106 ± 13.4

Table 1. Demographic and behavioral dataa. Abbreviations: PNE, primary nocturnal enuresis; FIQ, Full-scale 
Intelligence Quotient. aData are presented as the mean ± standard deviation. bNo significant differences are 
found in any measures between GG and GC/CC individuals.

Group Control PNE F(P)*

Genotype C G C G
Main effect 
of group

Main effect 
of genotype

Genotype 
×group

n 50 55 49 48 (1,198)

FD
0.096 0.087 0.092 0.088 0.0304 0.5710 0.0845

(0.054) (0.050) (0.076) (0.062) (0.8617) (0.4508) (0.7716)

Table 2. Assessment of head motion using framewise displacement (FD). Abbreviations: PNE, primary 
nocturnal enuresis. The data are shown as the means (standard deviation). *F(P) is based on the analysis of 
variance with genotype and group as two factors.
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Discussion
A difficulty with AS is a prerequisite for PNE, and has been proven in PNE patients through questionnaires, audi-
tory signals and electroencephalographic analysis11. This study also demonstrated that the AS scores of C-allele 
carriers were significantly higher than GG homozygotes in the PNE group.

Our results demonstrated that C-allele carriers exhibit decreased GMV and FCD in the ACC. We speculate 
that the C allele may disrupt the activator protein 2 (AP-2) binding site in the promoter region of the DRD4 gene. 
Since AP-2 is a sequence-specific mammalian transcription factor that can activate gene transcriptio12, the muta-
tion may lead to down regulation of DRD4 transcription. Consequently, the decrease of dopamine D4 receptors 
may affect the modulating synaptic plasticity and result in functional and structural abnormalities and cause the 
abnormalities in the ACC13.

Previous tract-tracing studies have identified the pregenual ACC as the central node of the cortical and sub-
cortical systems within the medial prefrontal cortex (mPFC), and the majority of the sleep ‘active’ and sleep 
‘inactive’ neurons are located in the pregenual ACC, suggesting that the pregenual ACC is the central hub in the 
functional architecture of the mPFC with regard to the sleep cycle. Therefore, the morphometry and functional 
defects in the pregenual ACC may inhibit children carrying the DRD4 −616 C allele to wake from sleep, making 
then more susceptible to nocturnal enuresis.

Disorder in the GMV and FCD within the thalamus were shown in C-allele carrying PNE children in the 
present study. We speculate that the C allele-related decrease in the DRD4 receptor may weaken the inhibition of 
depolarization evoked by Ca2+-dependent γ-aminobutyric acid (GABA) release, causing increased GABA con-
centrations in the thalamus14, 15. This abnormal accumulation of GABA may affect the structure and function of 
the thalamus.

The thalamus plays an important role in the switch between sleep and waking, relaying sensory afferent signals 
from the bladder and transmitting them through the periaqueductal gray, to the ACC, the insula, and the lateral 
prefrontal cortex16. Some previous imaging studies have also shown that the strength of thalamo-cortical connec-
tivity was closely related to vigilance and external conscious perception17, 18. Thus, the altered GMV and FCD in 
the thalamus may result in an inability to wake during sleep in response to the need to void, and this is consistent 
with abnormally large urine volume in the bladders of children with PNE19.

However, regarding these genotypic differences in the thalamus in PNE subjects, this group-dependent mech-
anism may be because the structure and function of the thalamus were affected by multiple neurotransmitters 
and because of the complex afferent connections of the thalamus. Therefore, the presumed changes in GABA 

Figure 1. Association between DRD4 −616 C/G and AS and GMV. (A) Comparisons of AS scores in different 
genotypes and groups. (B) Whole-brain thalamic VBM analysis demonstrates a significant main effect of 
genotype in the pregenual ACC. (C) Whole-brain thalamic VBM analysis demonstrates a significant interaction 
between genotype and group in the thalamus. (D) PNE C-allele carriers exhibited a significantly decreased 
GMV in the pregenual ACC compared to the PNE G-allele homozygotes.
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concentrations may be compensated by other neurotransmitters in C-allele control children and only result in 
obvious abnormalities in PNE patients.

C allele-carrying controls in our study were found to have increased FCD in the PCC. This may be a com-
pensatory mechanism within the default mode network (DMN). The DMN is indispensable for integrating 
whole-brain regions in a fully conscious awake state. An increasing number of studies have suggested that the 
DMN plays a key role in generating conscious awareness20, 21. Thus, it is essential for consciousness, both for inte-
grating brain activity and for efficient communication between regions in the DMN and the rest of the brain22.

Since the pregenual ACC is the key node of the anterior DMN (aDMN), the structural and FCD abnormalities 
may affect the function of the aDMN, and consequently affect the functional connectivity to other brain areas. 
However, as the key node of the posterior DMN (pDMN), the increase of FCD in the PCC may relieve the com-
munication disorders due to functional disorders related to the pregenual ACC and maintain the normal arousal 
threshold in C allele-carrying controls.

The GMV and FCD abnormalities described here provide the initial evidence to support these variations in 
children with PNE; however, this study had some limitations that necessitate further research to validate these 
findings and the proposed mechanism. The sample size and subject variety were insufficient to concretely prove 
that this hypothesis is correct, and require future testing on larger, more varied cohorts. Furthermore, we com-
bined subjects with CC and CG genotypes as a group of C-carriers rather than combining subjects with GG and 
GC genotypes into a group of G-carriers. Thus, the difference in GMV and FCD between PNE patients with CC 
and CG genotypes needs to be further investigated. Third, we cannot completely simulate the circumstance and 
process of natural nocturnal enuresis and record the fMRI signal changes simultaneously, so the relationship 
between sleep disorder and abnormalities found in our study needs more evidence. Fourth, the resting state 
cannot be considered a static condition. It is associated with spontaneous thoughts and random uncontrolled 
cognitive processing, which must affect functional measures to some degree. Finally, in an effort to avoid possible 
confounding effects of abnormal brain structure and function caused by attention-deficit/hyperactivity disorder 
(ADHD) on experimental results, subjects exhibiting PNE comorbid with ADHD were excluded from this study. 
Such exclusion may incur certain selection bias that must be considered in reviewing these results and in the 
design of future studies.

In summary, we found decreased GMV and FCD in the pregenual ACC; decreased GMV and FCD in the 
thalamus in C allele-carrying PNE children and increased FCD in the PCC in C allele-carrying controls. These 
effects of genetic variation of the DRD4 locus may help us understand the genetic susceptibility of the DRD4 
−616 C allele to PNE.

Figure 2. Association between DRD4 −616 C/G, AS and FCD. (A) A main effect of genotype on the FCD was 
found in the pregenual ACC. (B) FCD analysis demonstrates a group-genotype interaction in the thalamus. (C) 
FCD analysis demonstrates a group-genotype interaction in the PCC. (D) Post-hoc testing demonstrated that 
the C-allele carriers in the PNE group had a significantly decreased FCD in the thalamus. (E) Post-hoc testing 
revealed that controls carrying the C allele exhibited increased FCD in the PCC. (F) The FCD of the thalamus 
also showed a significant negative correlation with the AS scores in C-allele carriers of the PNE group.
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Methods
Participants. One hundred and four pediatric PNE patients (9.1–11.9 years, with a median age of 10.4 years) 
and 107 healthy controls (9.0–11.8 years, with a median age of 10.1 years) were enrolled in this study. The present 
sample was pre-stratified according to DRD4 −616 C/G SNP (see below for genotyping and Table 1 for demo-
graphic and psychometric characteristics).

The protocol used for this study was approved by the Ethics Committee of Shengjing Hospital of China 
Medical University, and all the parents or legal guardians of all participants provided written informed con-
sent according to institutional guidelines. The study methods were conducted in accordance with the approved 
guidelines.

All children in the PNE group met the inclusion criteria according to the International Children’s Continence 
Society: urination under control during the daytime, involuntary urination during sleep at least twice a week for 
more than 6 months, normal blood and urine biochemistry, and normal urine culture and flowmetry. In addition, 
ultrasound examination of the urinary tract revealed no abnormal kidney or urinary tract defects, residual urine, 
or other urological or neurological disorders or abnormalities23. All included subjects underwent routine MRI 
examination and had normal results.

Prior to inclusion, all children regularly attended the enuresis outpatient clinic, and no children were included 
who had previously been treated with any typical or atypical psychoactive drug.

Each subject completed the Childhood Behavior Checklist as a screening tool and then underwent a struc-
tured diagnostic interview by a child psychiatrist. Children with a current or historic diagnosis of any neurologi-
cal or psychiatric disease according to the Diagnostic and Statistical Manual of Mental Disorders published by the 
American Psychiatric Association (DSM-IV), especially ADHD, were excluded from the study. The FIQ was also 
measured for each study participant. A questionnaire was used to AS on a scale of 1–8 according to the method-
ology of Chandra et al.24 (see Supplementary Information for details of the AS SCORING SYSTEM).

Genotyping. Standard protocols were used to extract DNA directly from blood lymphocytes using the 
EZgene TM Blood gDNA Miniprep Kit (Biomiga Inc., San Diego, CA, USA). The DRD4 −616 C/G SNP was 
genotyped by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP)25 on an ABI 
9700 Gene Amp PCR System (Perkin-Elmer, Norwalk, CT, USA). The PCR analysis used a native Pfu polymerase 
(Stratagene, La Jolla, CA, USA), and the forward primer (5′-TCTTCTGCACGTTTGGAACCTACCC-3′) and 
the reverse primer (5′-CTCAACCGCCGACGCCTAGCTCACTC-3′). Amplification consisted of incubation at 
98 °C for 1 min followed by 35 cycles at 98 °C for 20 s, 68 °C for 30 s, and 74 °C for 2 min. Quality control of the 
data was performed by duplicating one subset of DNA samples randomly; the reproducibility was 100%. Subjects 
that we failed to genotype were excluded from further experiments. Given the low frequency of subjects who were 
homozygous for the C allele of the −616 SNP, participants were classified as having zero, one, or two copies of the 
G allele for statistical analyses.

Statistical analyses of demographic and genetic data. SPSS 17.0 software (SPSS Inc., Chicago, IL, 
USA) was used to analyze the demographic and genetic data. Assumptions for normality were tested for contin-
uous variables (age, educational years and FIQ) using the Kolmogorov–Smirnov test. All variables were normally 
distributed. An analysis of variance (ANOVA) with genotype and group as fixed factors was used to examine dif-
ferences in continuous variables (age, educational years and FIQ). All statistical analyses had a two-tailed α level 
of less than 0.05 for statistical significance.

We performed three sets of AS score comparisons using the Mann–Whitney U test method: (1) between all 
PNE patients and controls; (2) between the C-allele carriers and GG homozygotes in the PNE group; (3) between 
C-allele carriers and GG homozygotes in the control group. A P-value of less than 0.016 was considered statisti-
cally significant after using Bonferroni corrections for multiple comparisons.

Imaging data acquisition. All imaging studies were performed using a 3.0 Tesla MR scanner (Intera 
Achieva; Philips Medical Systems, Best, Netherlands) with an eight-channel Sensitivity Encoding (SENSE) 
head coil. High-resolution 3D Turbo Field Echoing T1WI structural image scanning was applied. The following 
parameters were used: TR/TE: 9.6 ms/4.6 ms; FOV: 230 mm; matrix: 256 × 256; layers: 128; and section thickness: 
1.2 mm. fMRI data were acquired with a three-dimensional principle of echo shifting with a train of observa-
tions (3D-PRESTO) pulse sequence (TR/TE: 16/28 ms; FOV: 230 mm; matrix: 64 × 64; layers: 29; slice thickness: 
4 mm; acquisition time per volume was 1 s). The scanning plane was parallel to the anterior/posterior commissure 
(AC-PC) line. The duration of the dummy scan was 8 s and was added at the start of each fMRI scan in order to 
eliminate artifacts induced by chemical shifts and to stabilize the magnetic field. Thus, each fMRI scan was per-
formed over 488 s. While scanning, a thick ear cushion was added to fix the placement of the head, to minimize 
the effects of constructed defects in the test data caused by head movements.

Structural data post-processing. The high-resolution T1-weighted structural images were subjected to 
VBM analysis. This was completed using the VBM8 tools (http://dbm.neuro.uni-jena.de/vbm/). Preprocessing of 
VBM data was performed using the SPM8 software package (Wellcome Trust Centre for Neuroimaging at UCL, 
London, UK), a package based on the MATLAB (MathWorks, Natick, MA, USA) platform. Initially, T1-weighted 
structural images were Diffeomorphic Anatomical Registration Through Exponentiated Lie (DARTEL) 
algebra-normalized to the standard stereotaxic space of the MNI (http://www.mni.mcgill.ca/) including modula-
tion to preserve regional signal intensities, and re-sliced to 1.5 mm × 1.5 mm × 1.5 mm. The normalized data were 
then segmented into gray matter, white matter and cerebrospinal fluid. Subsequently, images were smoothed with 
a 6 mm full-width at half maximum Gaussian kernel.

http://dbm.neuro.uni-jena.de/vbm/
http://www.mni.mcgill.ca/
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Statistical analyses of structural data. To determine the effects of group and genotype on GMV, a 
two-way analysis of covariance (ANCOVA) on a voxel-by-voxel basis was performed with groups (PNE patients 
and healthy controls) and genotypes (non-GG or GG) on GMV, age, educational years and FIQ were included in 
the model as additional covariates. The FDR approach was applied to identify the restriction threshold capable of 
reducing the proportion of type I errors to <0.05. The voxel-wise statistical threshold was at a P-value of <0.05 
(FDR corrected) and a minimal cluster size of 50 voxels. We were interested in both the main effect of genotype 
and the group-by-genotype interaction. If the interaction was significant, post-hoc comparison of the GMV in 
the clusters showed interaction were performed to determine the genotypic differences in the PNE and control 
groups respectively. Correction for multiple comparisons was performed using Bonferroni correction methods.

fMRI data preprocessing. All fMRI data preprocessing was performed using the SPM8 software package 
(Wellcome Trust Centre for Neuroimaging at UCL) on the MATLAB (MathWorks) platform. The data were 
first corrected for acquisition time delays between slices. Head motion parameters were estimated and the cor-
responding corrections were performed using a six-parameter rigid-body transformation. Participants were 
excluded from further analysis if their maximum displacement in any direction (x, y, z) was more than 2 mm, 
or their maximum rotation (x, y, z) was greater than 2.0°. Framewise displacement (FD) was also calculated 
to assess the changes in head position obtained from derivatives of the rigid body realignment estimates that 
are used to realign fMRI data26, 27. Images were then resampled to 3 mm × 3 mm × 3 mm voxels in MNI-labeled 
space (Bounding Box: [−90 −126 −72; 90 90 108]) and smoothed with an isotropic Gaussian kernel (full width 
at half maximum: 8 mm). The resultant data were further filtered using a bandpass temporal filter (0.01–0.1 Hz) 
to reduce the effects of low frequency drift and high frequency physiological noise using the Resting-State fMRI 
Data Analysis Toolkit (REST) software package (http://restfmri.net/forum/REST_V1.8); nuisance signals such as 
head motion parameters and average blood-oxygen-level dependent (BOLD) signals of the ventricular and white 
matter were regressed out. ANOVA with genotype and group as fixed factors was used to examine differences in 
FD28.

FCD analysis. The FCD value of each voxel was calculated using the REST software package according to 
the method described by Tomasi et al.29. Pearson’s linear correlation was used to calculate the functional con-
nections between voxels restricted within regions of gray matter. The two voxels with a correlation coefficient 
of more than 0.5 were considered functionally connected. The global FCD of a given voxel was computed as the 
number of functional connections between it and all other voxels within the GM regions. The FCD value of each 
voxel was then divided by the mean FCD value of the whole brain (grand mean scaling) for each participant in 
order to increase the normality of the FCD distribution. The resultant images were spatially smoothed with a 
6 mm × 6 mm × 6 mm Gaussian kernel.

A two-way ANCOVA on a voxel-by-voxel analysis was also performed with groups (PNE patients and healthy 
controls) and genotypes (non-GG or GG) on FCD. Age, educational years, and FIQ were included in the model as 
additional covariates. Data from the brain regions demonstrating the SNP main effects and gene-grouping inter-
actions were reported. The FDR approach was applied to identify the restriction threshold capable of reducing 
the proportion of type I errors to <0.05. The voxel-wise statistical threshold was also at a P-value of <0.05 (FDR 
corrected) and a minimal cluster size of 50 voxels.

To further explore the details within the clusters that showed significant effects of interactions, post-hoc com-
parisons of the FCD were performed to determine the genotypic differences in the PNE and control groups. 
Correction for multiple comparisons was performed using Bonferroni correction methods.

References
 1. Yu, B. et al. Aberrant whole-brain functional connectivity and intelligence structure in children with primary nocturnal enuresis. 

PLoS One 8, e51924, doi:10.1371/journal.pone.0051924 (2013).
 2. Eiberg, H., Berendt, I. & Mohr, J. Assignment of dominant inherited nocturnal enuresis (ENUR1) to chromosome 13q. Nature 

Genetics 10, 354–356, doi:10.1038/ng0795-354 (1995).
 3. Fatouh, A. A. et al. Anti-diuretic hormone and genetic study in primary nocturnal enuresis. Journal of Pediatric Urology 9, 831–837, 

doi:10.1016/j.jpurol.2012.11.009 (2013).
 4. Dai, X. M., Ma, H. W., Lu, Y. & Pan, X. X. [Relationship between dopamine D4 receptor gene polymorphisms and primary nocturnal 

enuresis]. Zhongguo dang dai er ke za zhi = Chinese Journal of Contemporary Pediatrics 10, 607–610 (2008).
 5. Arcos-Burgos, M. et al. Pedigree disequilibrium test (PDT) replicates association and linkage between DRD4 and ADHD in 

multigenerational and extended pedigrees from a genetic isolate. Molecular Psychiatry 9, 252–259, doi:10.1038/sj.mp.4001396 
(2004).

 6. Lei, D. et al. Changes in the brain microstructure of children with primary monosymptomatic nocturnal enuresis: a diffusion tensor 
imaging study. PLoS One 7, e31023, doi:10.1371/journal.pone.0031023 (2012).

 7. Yu, B. et al. Assessment of memory/attention impairment in children with primary nocturnal enuresis: a voxel-based morphometry 
study. European Journal of Radiology 81, 4119–4122, doi:10.1016/j.ejrad.2012.01.006 (2012).

 8. Lei, D. et al. Altered brain activation during response inhibition in children with primary nocturnal enuresis: an fMRI study. Human 
Brain Mapping 33, 2913–2919, doi:10.1002/hbm.21411 (2012).

 9. Yu, B. et al. Evaluation of working memory impairment in children with primary nocturnal enuresis: evidence from event-related 
functional magnetic resonance imaging. Journal of Paediatrics and Child Health 47, 429–435, doi:10.1111/j.1440-1754.2010.02000.x 
(2011).

 10. Lei, D. et al. Connectome-Scale Assessments of Functional Connectivity in Children with Primary Monosymptomatic Nocturnal 
Enuresis. BioMed Research International 2015, 463708, doi:10.1155/2015/463708 (2015).

 11. Umlauf, M. G. & Chasens, E. R. Bedwetting–not always what it seems: a sign of sleep-disordered breathing in children. Journal for 
Specialists in Pediatric Nursing: JSPN 8, 22–30, doi:10.1111/jspn.2003.8.issue-1 (2003).

 12. Williams, T. & Tjian, R. Characterization of a dimerization motif in AP-2 and its function in heterologous DNA-binding proteins. 
Science 251, 1067–1071, doi:10.1126/science.1998122 (1991).

 13. Wang, X., Zhong, P., Gu, Z. & Yan, Z. Regulation of NMDA receptors by dopamine D4 signaling in prefrontal cortex. The Journal of 
Neuroscience: the Official Journal of the Society for Neuroscience 23, 9852–9861 (2003).

http://restfmri.net/forum/REST_V1.8
http://dx.doi.org/10.1371/journal.pone.0051924
http://dx.doi.org/10.1038/ng0795-354
http://dx.doi.org/10.1016/j.jpurol.2012.11.009
http://dx.doi.org/10.1038/sj.mp.4001396
http://dx.doi.org/10.1371/journal.pone.0031023
http://dx.doi.org/10.1016/j.ejrad.2012.01.006
http://dx.doi.org/10.1002/hbm.21411
http://dx.doi.org/10.1111/j.1440-1754.2010.02000.x
http://dx.doi.org/10.1155/2015/463708
http://dx.doi.org/10.1111/jspn.2003.8.issue-1
http://dx.doi.org/10.1126/science.1998122


www.nature.com/scientificreports/

7Scientific RepoRts | 7: 1226  | DOI:10.1038/s41598-017-01403-1

 14. Floran, B., Floran, L., Erlij, D. & Aceves, J. Activation of dopamine D4 receptors modulates [3H]GABA release in slices of the rat 
thalamic reticular nucleus. Neuropharmacology 46, 497–503, doi:10.1016/j.neuropharm.2003.10.004 (2004).

 15. Govindaiah, G., Wang, T., Gillette, M. U., Crandall, S. R. & Cox, C. L. Regulation of inhibitory synapses by presynaptic D(4) 
dopamine receptors in thalamus. Journal of Neurophysiology 104, 2757–2765, doi:10.1152/jn.00361.2010 (2010).

 16. Jan, J. E., Reiter, R. J., Wasdell, M. B. & Bax, M. The role of the thalamus in sleep, pineal melatonin production, and circadian rhythm 
sleep disorders. Journal of Pineal Research 46, 1–7, doi:10.1111/j.1600-079X.2008.00628.x (2009).

 17. Boveroux, P. et al. Breakdown of within- and between-network resting state functional magnetic resonance imaging connectivity 
during propofol-induced loss of consciousness. Anesthesiology 113, 1038–1053, doi:10.1097/ALN.0b013e3181f697f5 (2010).

 18. Guldenmund, P. et al. Thalamus, brainstem and salience network connectivity changes during propofol-induced sedation and 
unconsciousness. Brain Connectivity 3, 273–285, doi:10.1089/brain.2012.0117 (2013).

 19. Beckel, J. M. & Holstege, G. Neurophysiology of the lower urinary tract. Handbook of Experimental Pharmacology 149–169, 
10.1007/978-3-642-16499-6_8 (2011).

 20. Buckner, R. L. et al. Cortical hubs revealed by intrinsic functional connectivity: mapping, assessment of stability, and relation to 
Alzheimer’s disease. The Journal of Neuroscience: the Official Journal of the Society for Neuroscience 29, 1860–1873, doi:10.1523/
JNEUROSCI.5062-08.2009 (2009).

 21. Cole, M. W., Pathak, S. & Schneider, W. Identifying the brain’s most globally connected regions. NeuroImage 49, 3132–3148, 
doi:10.1016/j.neuroimage.2009.11.001 (2010).

 22. Tsai, P. J. et al. Local awakening: regional reorganizations of brain oscillations after sleep. NeuroImage 102(Pt 2), 894–903, 
doi:10.1016/j.neuroimage.2014.07.032 (2014).

 23. Neveus, T. et al. The standardization of terminology of lower urinary tract function in children and adolescents: report from the 
Standardisation Committee of the International Children’s Continence Society. The Journal of Urology 176, 314–324, doi:10.1016/
S0022-5347(06)00305-3 (2006).

 24. Chandra, M., Saharia, R., Hill, V. & Shi, Q. Prevalence of diurnal voiding symptoms and difficult arousal from sleep in children with 
nocturnal enuresis. The Journal of Urology 172, 311–316, doi:10.1097/01.ju.0000132363.36007.49 (2004).

 25. Okuyama, Y. et al. Identification of a polymorphism in the promoter region of DRD4 associated with the human novelty seeking 
personality trait. Molecular Psychiatry 5, 64–69, doi:10.1038/sj.mp.4000563 (2000).

 26. Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L. & Petersen, S. E. Spurious but systematic correlations in functional 
connectivity MRI networks arise from subject motion. NeuroImage 59, 2142–2154, doi:10.1016/j.neuroimage.2011.10.018 (2012).

 27. Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L. & Petersen, S. E. Steps toward optimizing motion artifact removal in 
functional connectivity MRI; a reply to Carp. NeuroImage 76, 439–441, doi:10.1016/j.neuroimage.2012.03.017 (2013).

 28. Wang, J. et al. Variant in OXTR gene and functional connectivity of the hypothalamus in normal subjects. Neuroimage 81, 199–204, 
doi:10.1016/j.neuroimage.2013.05.029 (2013).

 29. Tomasi, D. & Volkow, N. D. Functional connectivity density mapping. Proceedings of the National Academy of Sciences of the United 
States of America 107, 9885–9890, doi:10.1073/pnas.1001414107 (2010).

Acknowledgements
This work was supported by the Natural Science Foundation of China (Grant Nos 81301204 and 81541058) and 
the National Program on Key R&D Project (Grant No 2016YFC0107106).

Author Contributions
B.Y., H.M. and Q.G. designed the study; N.C., N.L. and Y.L. collected the data; B.Y., N.L. and Y.L. analyzed the 
data; Y.L. did the statistical analyses; B.Y. and Q.G. interpreted the data and wrote the manuscript; B.Y. and N.L. 
discussed the results and critically revised the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01403-1
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1016/j.neuropharm.2003.10.004
http://dx.doi.org/10.1152/jn.00361.2010
http://dx.doi.org/10.1111/j.1600-079X.2008.00628.x
http://dx.doi.org/10.1097/ALN.0b013e3181f697f5
http://dx.doi.org/10.1089/brain.2012.0117
http://dx.doi.org/10.1007/978-3-642-16499-6_8
http://dx.doi.org/10.1523/JNEUROSCI.5062-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.5062-08.2009
http://dx.doi.org/10.1016/j.neuroimage.2009.11.001
http://dx.doi.org/10.1016/j.neuroimage.2014.07.032
http://dx.doi.org/10.1016/S0022-5347(06)00305-3
http://dx.doi.org/10.1016/S0022-5347(06)00305-3
http://dx.doi.org/10.1097/01.ju.0000132363.36007.49
http://dx.doi.org/10.1038/sj.mp.4000563
http://dx.doi.org/10.1016/j.neuroimage.2011.10.018
http://dx.doi.org/10.1016/j.neuroimage.2012.03.017
http://dx.doi.org/10.1016/j.neuroimage.2013.05.029
http://dx.doi.org/10.1073/pnas.1001414107
http://dx.doi.org/10.1038/s41598-017-01403-1
http://creativecommons.org/licenses/by/4.0/

	Effect of DRD4 receptor −616 C/G polymorphism on brain structure and functional connectivity density in pediatric primary n ...
	Results
	Demographic, genetic, and behavioral characteristics. 
	Differences in GMV based on genotype. 
	Differences in FCD based on genotype. 

	Discussion
	Methods
	Participants. 
	Genotyping. 
	Statistical analyses of demographic and genetic data. 
	Imaging data acquisition. 
	Structural data post-processing. 
	Statistical analyses of structural data. 
	fMRI data preprocessing. 
	FCD analysis. 

	Acknowledgements
	Figure 1 Association between DRD4 −616 C/G and AS and GMV.
	Figure 2 Association between DRD4 −616 C/G, AS and FCD.
	Table 1 Demographic and behavioral dataa.
	Table 2 Assessment of head motion using framewise displacement (FD).




