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Modulated by the COMT and DRD2 Polymorphisms in a
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The dopamine system is known to modulate brain function in an inverted U-shaped manner. Recently, the functional networks of the
brain were categorized into two systems, a “control system” and a “processing system.” However, it remains unclear whether the inverted
U-shaped model of dopaminergic modulation could be applied to both of these functional systems. The catechol-O-methyltransferase
(COMT) and dopamine D, receptor (DRD2) were genotyped in 258 healthy young human subjects. The local and long-range functional
connectivity densities (FCDs) of each voxel were calculated and compared in a voxel-wise manner using a two-way (COMT and DRD2
genotypes) analysis of covariance. The resting-state functional connectivity analysis was performed to determine the functional networks
to which brain regions with significant FCD differences belonged. Significant COMT X DRD2 interaction effects were found in the local
FCDs of the superior portion of the right temporal pole (sTP) and left lingual gyrus (LG) and in the long-range FCDs of the right putamen
and left medial prefrontal cortex (MPFC). Post hoc tests showed nonlinear relationships between the genotypic subgroups and FCD. In the
control system, the sTP and putamen, components of the salience network, showed a U-shaped modulation by dopamine signaling. In the
processing system, however, the MPFC of the default-mode network and the LG of the visual network showed an inverted U-shaped
modulation by the dopamine system. Our findings suggest an interaction between COMT and DRD2 genotypes and show a functional

system-dependent modulation of dopamine signaling.

Introduction

Many psychiatric diseases, including schizophrenia, depression,
and autism, have been associated with dysfunction of the dopa-
mine system, the function of which is modulated by genetic vari-
ations (Robinson et al., 2001; Witte and Floel, 2012). The
dopamine system modulates structure and function of the brain
in a nonlinear manner that has been commonly described as an
inverted U-shaped relationship (Williams and Goldman-Rakic,
1995; Goldman-Rakic, 1998; Seamans and Yang, 2004; Bertolino
et al., 2009a). The functional networks of the human brain have
been categorized into two independent functional systems: the
“processing system” includes the visual, sensorimotor, and
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default-mode networks, and the “control system” consists of the
fronto-parietal, attention, and salience networks (Power et al.,
2011). However, it remains unclear whether the inverted
U-shaped model of dopaminergic modulation can be applied to
both functional systems.

Catechol-O-methyltransferase (COMT) catalyzes the degra-
dation of synaptic dopamine in the brain, especially in the pre-
frontal cortex (PFC) because of the lack of dopamine transporter
in PFC synapses (Minnistoand Kaakkola, 1999; Seamans and
Yang, 2004). The COMT gene contains a functional polymor-
phism (Vall158Met), resulting in a fourfold decrease in enzymatic
activity at body temperature in Met-allele carriers (Minnistéand
Kaakkola, 1999). This decrease in enzymatic activity leads to in-
creased synaptic dopamine concentration that further affects
structure and function of the brain. Dopamine D, receptor
(DRD2) has two alternatively spliced isoforms (Khan et al., 1998;
Usiello et al., 2000), the ratio of which is modulated by a DRD2
gene polymorphism (rs1076560, G>T) and further regulates do-
pamine signaling in both healthy subjects (Zhangetal., 2007) and
patients with schizophrenia (Bertolino et al., 2009b). Different
genotypic combinations of these two single-nucleotide polymor-
phisms (SNPs) may generate subgroups of subjects with different
levels of dopamine signaling; these subgroups can be used to
investigate the nonlinear modulatory patterns of the dopamine
system. The inverted U-shaped modulation of COMT or DRD2
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genetic variant on behavioral performance (Mattay et al., 2003;
Giakoumaki et al., 2008; Fallon et al., 2013) or brain function
(Bertolino et al., 2009a; Dang et al., 2012) has been reported
separately. Based on the interaction effects between COMT and
DRD?2 on behavioral performance (Reuter et al., 2006; Xu et al.,
2007), we hypothesize that brain functional organization may
also show interaction effects between COMT and DRD2.

The functional connectivity density (FCD) mapping is a newly
developed data-driven method to identify the distribution of
energy-efficient hubs in the human brain (Tomasi and Volkow,
2010, 2011a,b). In this study, we used the FCD approach in
healthy young subjects to explore the impact of COMT
Val158Met and DRD2 rs1076560 functional polymorphisms on
the FCDs throughout the whole brain. We hypothesize that the
dopamine system may exhibit different nonlinear modulation on
the FCDs of the control and processing functional systems be-
cause of their independent or anticorrelated functionalities.

Materials and Methods

Subjects. A total of 306 right-handed healthy young adults were recruited
for this study. Participants were carefully screened to ensure that they had
no history of psychiatric or neurological illness, psychiatric treatment, or
drug or alcohol abuse and that they had no contraindications to MRI
examination. Only Chinese Han populations were included to purify the
sample. All subjects were strongly right-handed according to the Chinese
edition of the Edinburgh Handedness Inventory (Oldfield, 1971). The
study was approved by the Medical Research Ethics Committee of Tian-
jin Medical University, and all participants provided written informed
consent. Memory function was assessed using the Chinese Revised
Wechsler Memory Scale (Gong, 1989), and executive function was as-
sessed using the Wisconsin Card Sorting Test (Heaton, 1999). Individual
working memory capacity was evaluated with the n-back task (Owen et
al., 2005). Depression levels were evaluated with the Beck Depression
Inventory (Beck and Steer, 1993), and anxiety levels were examined using
the Self-Rating Anxiety Scale (Zung, 1971). Temperamental characteris-
tics were tested using the Tridimensional Personality Questionnaire
(Cloninger et al., 1993). Forty-eight subjects were excluded from further
analysis because of poor imaging quality (22 subjects) or genotyping
failure (26 subjects). The remaining 258 healthy young adults (141 fe-
males and 117 males; mean age, 22.8 = 2.4 years; range, 18—29 years)
were ultimately included in the imaging analysis.

Genotyping. We extracted genomic DNA from 3000 ul of whole blood
using the EZgeneTM Blood gDNA Miniprep kit (Biomiga). We then
determined each subject’s genotypes for COMT rs4680 and DRD2
rs1076560 using the PCR and ligation detection reaction (LDR) method
(Thomas et al., 2004; Yi et al., 2009) with technical support from the
Shanghai Biowing Applied Biotechnology Company. The PCR primer
sequences for COMT were as follows: forward, 5° GGGCCTACTGTG-
GCTACTCA 3';reverse, 5' CCCTTTTTCCAGGTCTGACA 3'. The PCR
primer sequences for DRD2 were as follows: forward, 5* AGCATCTC-
CATCTCCAGCTC 3'; reverse, 5 GAAAAAGGACAGGGGCAATC 3.
PCR was performed with a 20 ul reaction volume containing 1 ul of
genomic DNA, 0.4 ul of primer mixture, 2 ul of dNTPs, 0.6 ul of Mg”,
2 ul of buffer, 4 ul of Q-Solution, and 0.3 ul of TagDNA polymerase. The
amplification protocol consisted of an initial denaturation and enzyme
activation phase at 95°C for 15 min, followed by 35 cycles of denaturation
at 94°C for 30 s, annealing for 1 min and 30 s at 59°C for COMT rs4680
and 56°C for DRD2 rs1076560, extension at 72°C for 1 min, and a final
extension at 72°C for 7 min. PCR products were verified in 3% agarose
gels that had been stained with ethidium bromide to regulate the amount
of DNA added to the LDR.

For each SNP, three probes were designed for the LDRs: one common
probe (rs4680, P-GCCAGCGAAATCCACCATCCGCTGGTTTTTTTT
TTTTTTTTTTTT-FA; 151076560, P-GAAAGGGAGGGGCCAGT-
GAGATGGGTTTTTTTTTTTTTTTTTT-FAM) and two discriminating
probes for the two alleles of each SNP (rs4680_A, TTTTTTTTTTT
TTTTTTTTTCAGGCATGCACACCTTGTCCTTCAT; rs4680_G, TTTTT
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TTTTTTTTTTTTTTTTTCAGGCATGCACACCTTGTCCTTCAC;
rs1076560_T, TTTTTTTTTTTTTTTTTTGTGTTTGCAGGAGTCT
TCAGAGGGT; rs1076560_G, TTTTTTTTTTTTTTTTTTTTGT-
GTTTGCAGGAGTCTTCAGAGGGG). These reactions were con-
ducted in a 10 ul mixture containing 1 ul of buffer, 1 ul of probe mix,
0.05 nl of TagDNA ligase, 1 ul of PCR product, and 6.95 ul of deion-
ized water. The reaction program consisted of an initial heating at
95°C for 2 min, followed by 35 cycles of 30 s at 94°C and 2 min at 50°C.
Reactions were stopped by chilling the tubes in an ethanol-dry ice
bath and adding 0.5 ml of 0.5 mMm EDTA. Aliquots of the reaction
products (1 ul) were mixed with 1 ul of loading buffer (83% forma-
mide, 8.3 mm EDTA, and 0.17% blue dextran) and 1 ul of ABI GS-500
Rox-Fluorescent molecular weight marker and denatured at 95°C for
2 min. The samples were then chilled rapidly on ice before being
loaded on a 5 M urea—5% polyacrylamide gel and electrophoresed on
an ABI 3100 DNA Sequencer at 3000 V. Finally, the fluorescent liga-
tion products were analyzed and quantified using the ABI GeneMap-
per software.

Image acquisition. MR images were acquired using a Signa HDx 3.0
tesla MR scanner (General Electric). Tight but comfortable foam pad-
ding was used to minimize head motion, and ear plugs were used to
reduce scanner noise. Resting-state fMRI data were obtained using
single-shot echoplanar imaging with the following parameters: repeti-
tion time (TR)/echo time (TE), 2000/30 ms; field of view (FOV), 240 X
240 mm; matrix, 64 X 64; flip angle (FA), 90° slice thickness, 4 mm; no
gap; 40 interleaved transverse slices; 180 volumes. During the fMRI
scans, all subjects were instructed to keep their eyes closed, to relax and
move as little as possible, to think of nothing in particular, and to not fall
asleep. To better coregister the fMRI data, sagittal 3D T1-weighted im-
ages were acquired using a brain volume (BRAVO) sequence (TR/TE,
8.1/3.1 ms; inversion time, 450 ms; FA, 13°; FOV, 256 X 256 mm; matrix,
256 X 256; slice thickness, 1 mm; no gap; 176 sagittal slices).

Data preprocessing. The resting-state fMRI data were preprocessed us-
ing SPM8 (http://www. fil.ion.ucl.ac.uk/spm). The first 10 volumes for
each subject were discarded to allow the signal to reach equilibrium and
the participants to adapt to the scanning noise. The remaining 170 vol-
umes were then corrected for the acquisition time delay between slices.
All subjects’ fMRI data were within the defined motion thresholds (trans-
lational or rotational motion parameters lower than 2 mm or 2°). We also
calculated framewise displacement (FD), which indexes volume-to-
volume changes in head position. These changes were obtained from the
derivatives of the rigid-body realignment estimates that are used to re-
align blood oxygen level-dependent (BOLD) data during fMRI prepro-
cessing (Power et al., 2012,2013). There was no main effect of each SNP
and interaction on the FD (p > 0.05). The approach used to normalize
these functional images included the following steps: (1) individual
structural images were linear coregistered to the mean functional image
after motion correction; (2) the transformed structural images were seg-
mented into gray matter, white matter, and CSF, and gray matter was
nonlinear coregistered to the Montreal Neurological Institute (MNI)
space; and (3) the motion-corrected functional volumes were spatially
normalized to the MNI space using the parameters estimated during
nonlinear coregistration. The functional images were then resampled
into a voxel size of 3 X 3 X 3 mm °. After normalization, the datasets were
bandpass filtered with frequency from 0.01 to 0.1 Hz, and several nui-
sance covariates (six motion parameters and average BOLD signals of the
ventricular and white matter) were regressed out from the data.

Most of the data preprocessing steps for the region of interest (ROI)-
based resting-state functional connectivity (rsFC) analysis were the same
as the preprocessing steps for the FCD calculation. The differences in-
cluded following steps: (1) after normalization, images were smoothed
using a Gaussian kernel of 8 X 8 X 8 mm 3 full-width at half-maximum;
and (2) the average BOLD signals of the whole brain were regressed out
from the data for displaying anticorrelated networks (Fox et al., 2005).

FCD calculation. We calculated the FCD of each voxel using the in-
house script that was written in the Linux platform according to the
method described by Tomasi and Volkow (2010). The Pearson’s linear
correlation was used to calculate the functional connections, and two
voxels with a correlation coefficient of R > 0.6 were considered function-



http://www.fil.ion.ucl.ac.uk/spm

Tian, Qin et al. @ Nonlinear Modulation of Dopamine System

A

J. Neurosci., October 30, 2013 - 33(44):17519-17526 * 17521

calculation was repeated for all voxels that were
adjacent to voxels that are included in the list of
voxel functionally connected to x, in an itera-
tive manner until no new voxels could be
added to the list. The local FCD at x,, was com-
puted as the number of elements in the local
functional connectivity cluster, k(x,). Then,
the calculation was initiated for a different x,
and was finally applied to all qualified voxels of
the brain (Tomasi and Volkow, 2010). The
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global FCD (gFCD) at a given voxel x, was
computed as the global number of functional
connections, k(x,), between x, and all other
voxels. This calculation was repeated for all x,
voxels in the brain. The strength of the long-
range FCD was equated to gfFCD — IFCD to
remove all connected voxels that belonged to
the local cluster (Tomasi and Volkow, 2010).
The Kolmogorov—Smirnov test was applied to
determine whether the local and long-range
FCD data satisfy normal distributions. We

R-OFC L-OFC

Figure 1.

cortex.

Table 1. Demographic data of subjects in fMRI analysis (n = 258)

Years of Gender

Genotypic groups n Age (years) education (males/females)
OMT

Val/Val 126 229(2.5) 159 (2.1) 55:71

Met carriers 132 22.7(23) 15.5(2.2) 62:70

F(P) 258 0.34(0.56) 1.37(0.24) 0.76 (0.38)
DRD2

il 42 22.7(2.8) 15.7(2.1) 16:26

GT 18 22.9(23) 15.8(2.2) 54:64

GG 98 22.7(23) 15.6 (2.0) 47:51

F(P) 258 0.15 (0.87) 0.04(0.97) 0.46 (0.63)
COMT X DRD2

Val/Val-TT 23 227 .7) 15.7(1.9) 7:16

Val/Val-GT 59 226(2.5) 15.8(2.2) 28:31

Val/Val-GG 44 23.3(23) 16.1(2.0) 20:24

Met carriers-TT 19 22.7 (3.0 15.7 (2.4) 9:10

Met carriers-GT 59 23.1(2.1) 15.7(2.3) 26:33

Met carriers-GG 54 222 15.3(2.0) 27:27

F(P) 258 3.26 (0.04) 0.96 (0.39) 0.65(0.52)

ally connected. The calculation of the FCD was restricted to voxels in the
gray matter regions with a signal-to-noise ratio of >50% to minimize
unwanted effects from susceptibility-related signal-loss artifacts (Tomasi
and Volkow, 2010). The local FCD (IFCD) at a given voxel x,, was com-
puted as the local k(x,) between x, and its neighbor voxels using a “grow-
ing” algorithm developed in the Linux platform. Specifically, a voxel (x;)
was added to the list of voxels functionally connected with x, only if it was
adjacent to a voxel that was linked to x, by a continuous path of func-
tionally connected voxels and Ry; > 0.6 (Tomasi and Volkow, 2010). This

Relative MRI signal intensities (A) of brain regions (B) with significant main effects of genotypes or interactions
between genotypes on local or long-range FCDs. The horizontal axis represents six brain regions with significant main effects of
genotypes or interactions between genotypes. The solid line represents the mean signal intensity of the whole-brain gray matter.
The dashed line represents the lower limit of twice the SD of the signal intensity of the whole-brain gray matter. Bars show the F
values. The two orbitofrontal clusters were excluded from additional analyses because the mean signal intensities of the two
clusters were lower than the lower limit. L, Left; L-OFC, left orbitofrontal cortex; Put, putamen; R, right; R-OFC, right orbitofrontal

found that both the local (z = 3.45, p < 0.001)
and long-range (z = 1.66, p = 0.008) FCD val-
ues did not conform to normal probability dis-
tribution. To increase the normality of the
distribution, grand mean scaling of local and
long-range FCDs was performed by dividing
by the mean value of the qualified voxels of the
whole brain. After grand mean scaling, both
the local (z = 1.20, p = 0.113) and long-range
(z=10.92,p = 0.368) FCD values conformed to
normal probability distribution and were suit-
able for the parametric statistical inference. Fi-
nally, the normalized FCDs were spatially
smoothed with an 8 X 8 X 8 mm? Gaussian
kernel.

Statistical analysis. Statistical analyses for de-
mographic, cognitive, and psychological data were performed using the
Statistical Package for the Social Sciences version 18.0 (SPSS) for Win-
dows. A two-way (COMT genotype and DRD2 genotype) ANOVA was
used to evaluate the main effects of each SNP and their interactions for
demographic, cognitive, and psychological data. We were interested in
both the main effects of each SNP and their interactions.

The voxel-wise comparisons of FCD mapping were performed using a
two-way (COMT genotype and DRD2 genotype) ANOVA with the age as
anuisance variable. Several clusters showed significant COMT X DRD2
interaction effects (uncorrected p < 0.001; cluster size, >30 voxels across
the whole brain) on FCDs. However, these clusters could not survive
after a whole-brain family-wise error (FWE) correction (p < 0.05) for
multiple comparisons. Since a whole-brain FWE correction is a rather
conservative method, we then applied a small-volume correction to re-
duce the number of comparisons. For each of these significant clusters on
the basis of the whole-brain findings, a 20-mm-radius sphere centered at
the peak location of the cluster was placed around each cluster, and the
FWE small-volume correction (p < 0.05) was used to correct for multi-
ple comparisons within the sphere. To exclude the influence of signal loss
on the results, we extracted the signal intensities of these regions and
computed the ratio between the mean signal of each region and that of
the whole-brain gray matter (Fig. 1). Two orbitofrontal regions were
excluded from additional analysis because of a much lower signal inten-
sity compared with the whole-brain gray matter.

To determine the functional networks to which brain regions with
significant differences in FCDs belonged, we defined these regions as
ROIs for the whole-brain rsFC analysis. On the basis of the rsFC patterns
of these ROIs, we inferred the possible network to which each ROI
belonged. Then we reconstructed each presumed network using an inde-
pendent ROI-based rsFC analysis. Each seed ROI was defined as 6-mm-
diameter spheres around a previously identified peak coordinate of the
cluster, i.e., the primary visual cortex (peak MNI coordinates: x = —18,
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Figure 2.

Brain regions with significant COMT X DRD2 interaction effects on F(Ds (top row), the rsFC maps of these significant clusters (middle row), and the modulation effect of the presumed

dopamine signaling on the FCD of each cluster (bottom row) are shown. A-D represent the four significant clusters. Colored bars show the F or t values. The horizontal axes of the bar plots (bottom
row) represent six genotypic subgroups with presumed dopamine availability from low to high. The dashed lines represent the hypothesized dopamine modulation patterns (U shape or inverted U

shape). DA, Dopamine; L, left; Put, putamen; R, right.

y = —96, z = 1) for the visual network (Biichel and Friston, 1997), the
posterior cingulate cortex (x = —3, y = —48, z = 30) for the default-
mode network (DMN) (Liu et al., 2010), and the right anterior insula
(x =36,y = 16,z = 4) for the salience network (Dosenbach et al., 2007).
After reconstructing these functional networks, we projected each signif-
icant cluster onto the mask of the presumed functional network to de-
termine whether the cluster was located in the network. The ROI-based
whole-brain rsFC analyses were performed as follows: (1) for each sub-
ject, the correlation coefficient between the mean time series of each ROI
and that of each voxel in the whole brain was computed and converted
into a z value to improve normality using the Fisher’s r-to-z transforma-
tion; and (2) individuals’ z values were entered into a random-effect
one-sample ¢t test to identify the brain regions that were significantly
correlated with the ROL The significant rsFC maps were corrected for
multiple comparisons using the FWE (p < 0.05) method.

Results

Demographic and genetic characteristics

Detailed demographic data are summarized in Table 1. The
distributions of COMT rs4680 genotypes (126 Val/Val, 106
Met/Val, and 26 Met/ Met) and DRD2 rs1076560 genotypes
(42 TT, 118 GT, and 98 GG) were both in Hardy—Weinberg
equilibrium (p > 0.05). Subjects who were either homozygous
or heterozygous for the Met-allele of COMT were merged into
a group of Met-allele carriers because of the relatively low
frequency of Met homozygotes (four to five times lower than
Val homozygotes); this method has been used previously to
address skewed genotypic distributions (Taylor et al., 2007;

Aguilera et al., 2008; Ettinger et al., 2008; Li et al., 2009). A
significant interaction between SNPs was found for age (p <
0.05) but not for years of education or gender. No significant
main effects were found for any demographic variables (p >
0.05). Neither significant main effects of any SNPs nor signif-
icant interactions between the two SNPs (p > 0.05) were
found for any of these cognitive (memory and execution) and
psychological (depression, anxiety, and personality) variables,
suggesting that these genotypic subgroups are matched in
these neuropsychological variables.

FCD analysis

Although neither of the two SNPs showed a significant main
effect, significant interaction effects (uncorrected p < 0.001; clus-
ter size, >30 voxels across the whole brain) were found between
the COMT and DRD2 genotypes in the local FCDs of the left
lingual gyrus (LG) (Fig. 2A, top row) and the superior portion of
the right temporal pole (sTP) (Fig. 2B, top row) (Table 2). After
applying an FWE small-volume correction for multiple compar-
isons (p < 0.05), thelocal FCDs of both the left LG (z = 3.72;p =
0.019) and the sTP (z = 4.20; p = 0.003) were still significant
(Table 2). The mean local FCD values of these two clusters were
extracted from each subject. For each genotypic subgroup
(Val/Val-GG, Val/Val-GT, Val/Val-TT, Met carriers-GG, Met
carriers-GT, and Met carriers-TT), the means and SEs of the local
FCDs of the two clusters are shown in the bottom rows of Figure
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FWE small-volume correction

Brain Brodmann Cluster MNI coordinates Peak F
FCD regions areas size (voxels) xy,2) values zvalues p values
Local FCD Left LG 17,18 35 —9,—93,—6 9.57 372 0.019
Local FCD Right sTP 38 40 39,9, —18 11.76 4.20 0.003
Long-range FCD Right putamen 31 21,12,—9 9.35 3.67 0.037
Long-range FCD Left MPFC 9,32 31 —15,30,33 9.46 3.70 0.034

The peak F values represent the statistical results of the voxel-based FCD analyses. Statistical results after FWE small-volume correction are shown in the last two columns.

Figure 3.
DMN (D). L, Left; R, right.

2, A and B. The distribution of the local FCD of these genotypic
subgroups (which reflect different levels of presumed dopamine
signaling) was more likely an inverted U shape in the LG (Fig. 24,
bottom row) and a U shape in the right sTP (Fig. 2B, bottom
row).

Significant interaction effects were also found between the
COMT and DRD2 in the long-range FCDs of the right putamen
(z=3.67; p = 0.037 FWE small-volume correction) (Fig. 2C, top
row) and left medial prefrontal cortex (MPFC) (z = 3.70; p =
0.034 FWE small-volume correction) (Fig. 2D, top row). Addi-
tional analysis showed that the distribution of the long-range
FCD of these genotypic subgroups was more likely a U shape in
the right putamen (Fig. 2C, bottom row) and an inverted U shape
in the MPFC (Fig. 2D, bottom row).

It has been reported that the FCD showed gender differences
(Tomasi and Volkow, 2012). To test potential gender effects on
the FCD analysis, we extracted the FCDs of these four significant
clusters and performed a full factorial ANOVA with gender,
COMT genotype, and DRD2 genotype as factors. We did not find
either any significant main effects of gender or any significant
interactions of gender X COMT, gender X DRD2, and gender X
COMT X DRD2 (p > 0.05), suggesting that the gender did not
significantly influence our findings.

The rsFC pattern of each significant cluster is shown in Figure
2 (middle row), and the overlap between each significant cluster
and its corresponding functional network is shown in Figure 3.
We found that the sTP and putamen were both components of
the salience network, that the MPFC was a part of the DMN, and
that the LG was a part of the visual network.

Discussion

In the present study, we investigated the modulation of two dopa-
mine SNPs (COMT rs4680 and DRD2 rs1076560) on the FCDs in

Overlaps of the significant clusters (green) of the TP (A), the putamen (B), the LG (C), and the MPFC (D) with their
corresponding functional network masks (red). The red mask represents the salience network (4, B), the visual network (), and the

healthy young adults. We found completely
different nonlinear modulation patterns of
the dopamine system on the FCDs of the
different functional systems. In the control
system, the sTP and putamen, components
of the salience network, showed a U-shaped
modulation. In the processing system, how-
ever, the MPFC of the DMN and the LG of
the visual network showed an inverted
U-shaped modulation.

The exact neural mechanisms by which
dopamine SNPs affect brain functional con-
nectivity are still unclear. A candidate for
this neural mechanism may be the dopa-
mine level-dependent neurotrophic and
neurotoxic effects (Honea etal., 2009). Con-
sistent with the nonlinear relationship be-
tween the dopamine levels and neuronal
activity (Williams and Goldman-Rakic, 1995;
Seamans and Yang, 2004; Bertolino et al.,
2009b; Qin et al., 2012), the effect of do-
pamine levels on neuronal survival and growth has been de-
scribed as an inverted U-shaped curve. In this model, an optimal
extracellular dopamine level may induce the generation of brain
derived neurotrophic factor (BDNF) (Kuppers and Beyer, 2001)
and facilitate neuronal growth; however, both lower and higher
extracellular dopamine levels may impair neuronal integrity and
survival (Santiago et al., 2000). For example, excessive extracel-
lular dopamine level in dopamine transporter knockout mice can
reduce BDNF gene expression in frontal cortex (Fumagalli et al.,
2003). In contrast, reduced dopamine signaling in D1 receptor
mutant mice can impair the expression of dopamine-mediated
behavioral responses by affecting the neurochemical architecture
of the striatum (Xu et al., 1994). Pharmacological studies in both
animals (Granon et al., 2000) and humans (Kimberg et al., 1997;
Mattay et al., 2000; Mehta et al., 2000; Mattay et al., 2003; Apud et
al., 2007) reported that poor cognitive performance of individu-
als with low dopamine levels tended to be improved by dopami-
nergic stimulants, whereas the performance of individuals who
have dopamine levels near or at the top of inverted U-shaped
curve showed no improvement or even deterioration. These
studies suggest that the effect of dopamimetic agents on the PFC
functioning depends on the baseline dopamine levels and the
relative location on the inverted U-shaped curve.

Although the inverted U-shaped relationship between dopa-
mine signaling and neuronal activity has been repeatedly shown,
it is still unclear whether this inverted U-shaped model of dopa-
minergic modulation could be applied to different functional
systems. The human brain has been categorized into two inde-
pendent functional systems: the processing system includes the
DMN and visual and sensorimotor networks; and the control
system consists of the salience, attention, and fronto-parietal net-
works (Power et al., 2011). This framework makes it possible to
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explore if the effects of the dopamine system on the brain arein a
functional-system-dependent manner.

In the processing system, we found an inverted U-shaped
modulation of dopamine signaling on the FCDs of the MPFC
within the DMN and the LG of the visual network. As a critical
node within the DMN, the MPFC is confirmed to be modulated
by COMT or DRD2 in human imaging genetic studies (Liu et al.,
2010; Sambataro et al., 2011). Consistent with our findings, an
earlier study has revealed an inverted U-shaped relationship be-
tween the dopamine level and the prefrontal rsFCs of the DMN
(Dang et al.,, 2012). However, the LG, as a node of the visual
network, has rarely been associated with the dopamine system.
Thus, the functional significance of the inverted U-shaped mod-
ulation of dopamine signaling on the FCDs of the LG needs to be
clarified in future studies.

In the control system, we found a U-shaped modulation of
dopamine signaling on the FCDs of brain regions (the sTP and
putamen) of the salience network. The salience network serves to
identify salient stimuli and to initiate transient control signals to
modulate higher-order cognitive processes (Sridharan et al.,
2008; Menon and Uddin, 2010). The dopamine system plays a
crucial role in the physiology of the salience network (Palaniyap-
pan and Liddle, 2012), with an inverted U-shaped modulation on
both memory task-evoked activation and grey matter volumes of
brain regions belonging to the salience network (Bertolino et al.,
2009b; Qin et al., 2012). The putamen is a critical component of
the striatum, whose function and structure are both modulated
by dopamine signaling in an inverted U-shaped manner (Berto-
lino etal., 2009b; Wallace et al., 2011). Although less attention has
been paid to the sTP of the salience network, both reduced tem-
poral lobe volumes and elevated DRD2 densities are shown in
patients with chronic schizophrenia (Tune et al., 1996). More-
over, the amphetamine-induced striatal dopamine release may
induce hyperactivity in temporal lobe and putamen (O’Daly et
al., 2011). It seems that a U-shaped modulation of dopamine
signaling on the salience network is inconsistent with the inverted
U-shaped theory of cognitive control of the dopamine system
(Williams and Goldman-Rakic, 1995; Vijayraghavan et al., 2007;
Bertolino et al., 2009b; Cools and D’Esposito, 2011). A possible
reason may be the modulation of dopamine system on brain
function being dependent on functional measures. For example,
in a reversal learning task, the activation of the salience network
regions followed an inverted U-shaped pattern; in contrast, the
fronto-striatal connectivity followed a U-shaped pattern (Cohen
et al., 2007). Moreover, both the inverted and upright U-shaped
dopamine modulations on structural profiles of the salience net-
work and DMN have been shown in previous studies (Bertolino
et al., 2009b; Honea et al., 2009).

One of the most important findings of this study is the inverse
modulation patterns of dopamine system on the FCDs of the
processing system and the control system (Fig. 2). This finding is
consistent with the modulation pattern of catecholaminergic sig-
naling on stress-induced activation during the working memory
task. In that study, the DMN of the processing system exhibited a
U-shaped modulation, whereas the dorsal fronto-parietal net-
work of the control system demonstrated an inverted U-shaped
modulation (Qin et al., 2012). This inversed modulation of the
dopamine system on brain function may be associated with anti-
correlated relationship between the processing and control sys-
tems in the human brain (Power et al., 2011). Although the
mechanisms of the functional network-dependent modulation of
the dopamine system are not clear, a balance mechanism may
possibly explain the phenomenon. The processing system is
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thought to be relatively stationary, whereas behavioral control
mechanisms in the control system have more dynamic task sets
and must flexibly adapt processing to a wide range of tasks (Pos-
ner and Petersen, 1990; Power et al., 2011). Individuals with Val/
Val-TT or Met-GG genotype have optimal dopamine levels and
show higher FCDs in brain regions of the processing system; the
highly connected processing system may need less modulation
from the control system. The lack of demands for cognitive con-
trol may be related to the sparse connections in the control sys-
tem in these subjects. In contrast, individuals with Val/Val-GG
and Met-TT genotype have dopamine levels that are either too
low or too high and show lower FCDs in brain regions of the
processing system. The sparsely connected processing system
needs more modulation from the control system to complete
behaviors in a normal manner, compared with the modulation
system utilized by the other genotypic subjects. The enhanced
demands for cognitive control may result in dense connections in
the control system. This hypothesis may explain why different
genotypic subgroups did not show significant differences in any
of the cognitive, emotional, or personality scores. However, it
should be noted that the DRD2 is much more important in the
striatal dopamine modulation (Sambataro et al., 2011), whereas
the COMT is specifically related to the PFC dopamine modula-
tion (Akil et al., 2003). Moreover, the reciprocal relationship be-
tween these regions is rather complex. Future studies should be
done to validate our interpretation.

In summary, with a relatively large sample of healthy young
adults and a voxel-wise whole-brain analysis, we found com-
pletely different nonlinear modulation patterns of the dopamine
system on the FCDs of the different functional systems, suggest-
ing a functional system-dependent modulation of dopamine sig-
naling. Our findings suggest that the modulation of the
dopamine system on brain functions is rather complex and is
influenced by many factors, such as functional networks, func-
tional measures, and populations.
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