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Catechol-O-methyltransferase (COMT) and brain-derived neurotrophic factor (BDNF)
genes have been found to interactively influence working memory (WM) as well as
brain activation during WM tasks. However, whether the two genes have interactive
effects on resting-state activities of the brain and whether these spontaneous activations
correlate with WM are still unknown. This study included behavioral data from WM
tasks and genetic data (COMT rs4680 and BDNF Vale6Met) from 417 healthy Chinese
adults and resting-state fMRI data from 298 of them. Significant interactive effects of
BDNF and COMT were found for WM performance as well as for resting-state regional
homogeneity (ReHo) in WM-related brain areas, including the left medial frontal gyrus
(IMeFG), left superior frontal gyrus (ISFG), right superior and medial frontal gyrus (rSMFG),
right medial orbitofrontal gyrus (rMOFG), right middle frontal gyrus (rMFG), precuneus,
bilateral superior temporal gyrus, left superior occipital gyrus, right middle occipital gyrus,
and right inferior parietal lobule. Simple effects analyses showed that compared to other
genotypes, subjects with COMT-VW/BDNF-VV had higher WM and lower ReHo in all
five frontal brain areas. The results supported the hypothesis that COMT and BDNF
polymorphisms influence WM performance and spontaneous brain activity (i.e., ReHo).

Keywords: COMT, BDNF, regional homogeneity, interaction effect, working memory

INTRODUCTION

Working memory (WM) refers to a limited capacity system allowing the temporary storage and
manipulation of information (Baddeley and Hitch, 1974) and plays a crucial role in a wide range
of cognitive tasks such as reading, problem solving, and learning (Baddeley and Della Sala, 1983;
Conway et al., 2003). Researchers have recently examined the genetic underpinnings of WM
and identified two candidate genes, Catechol-O-methyltransferase (COMT) and brain-derived
neurotrophic factor (BDNF; Egan et al., 2001; Numata et al., 2007; Nagel et al., 2008; Wang et al.,
2013).

COMT has been found to be associated with dopamine concentration in the prefrontal cortex
(PFC; Lachman et al., 1996b; Akil et al., 2003; Chen et al., 2004), which is in turn associated with
WM (Egan et al., 2001). The COMT Met allele has also been found to be associated with attention
shifting, which plays an important role in the updating of WM (Nolan et al., 2004) and efficient

Frontiers in Human Neuroscience | www.frontiersin.org 1

November 2016 | Volume 10 | Article 540


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://dx.doi.org/10.3389/fnhum.2016.00540
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2016.00540&domain=pdf&date_stamp=2016-11-02
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:dongqi@bnu.edu.cn
http://dx.doi.org/10.3389/fnhum.2016.00540
http://journal.frontiersin.org/article/10.3389/fnhum.2016.00540/abstract
http://loop.frontiersin.org/people/354351/overview
http://loop.frontiersin.org/people/326270/overview
http://loop.frontiersin.org/people/112559/overview
http://loop.frontiersin.org/people/267197/overview
http://loop.frontiersin.org/people/3407/overview
http://loop.frontiersin.org/people/184645/overview
http://loop.frontiersin.org/people/3405/overview
http://loop.frontiersin.org/people/385767/overview
http://loop.frontiersin.org/people/8625/overview
http://loop.frontiersin.org/people/3406/overview

Chen et al.

Interaction Effects of BDNF and COMT

physiological responses during the two-back WM task (Egan
et al., 2001). Interestingly, studies have found ethnic differences
in the effects of COMT. Most studies that used Caucasian
samples (Bruder et al., 2005; Aguilera et al.,, 2008) found that
compared with the Val allele, the Met allele was correlated with
better cognitive abilities, especially WM. On the other hand, in
Asian samples, the Met allele was instead associated with higher
incidence of major depressive disorder (MDD; Wang et al., 2016),
lower IQ (Qian et al., 2009), lower scores on competency tests
(Yeh et al., 2009), and lower WM (Wang et al., 2013).

BDNF plays an important role in neuronal survival and
differentiation and synaptic plasticity. Even though not all studies
are consistent (for exceptions, see Egan et al., 2003; Hansell et al.,
2007), there is a growing number of studies showing associations
between BDNF (and its product BDNF) and cognitive ability.
On the biological level, several animal studies have shown that
performance on WM tasks can be affected by both BDNF
overexpression (Papaleo et al,, 2011) and under-expression in
mice (Li et al., 2010). Higher BDNF levels in the frontal cortex
have been linked to fewer WM errors in aged rats (Bimonte
et al.,, 2003) and Ts65D mice (Bimonte-Nelson et al., 2003). In
human studies, BDNF rs6265 Val/Met polymorphisms have been
correlated with WM. A study of healthy Han Chinese found
that BDNF rs6265 Val homozygotes performed better in digital
WM tasks than did Met homozygotes (Gong et al., 2009). In
studies of bipolar patients, the Met variant of BDNF (rs6265) has
been associated with altered hippocampus and PFC formation,
which are in turn linked to poorer WM performance. Egan et al.
(2003) found that a common BDNF (val66met) polymorphism
was associated with episodic memory, although not with WM as
mentioned earlier.

It should be mentioned that due to genetic pleiotropy, both
COMT and BDNF have been found to be associated with several
other aspects of cognition beyond WM, including reaction time
(Das et al., 2014), cognitive flexibility (Kang et al., 2013), aging-
related cognitive degradation (Ghisletta et al., 2014; Voelcker-
Rehage et al., 2015), executive function (Leckie et al., 2014;
Sapkota et al., 2015), and neurocognitive deficits in people with
schizophrenia (Ahmed et al., 2015) or Parkinson’s disease (Khalil
et al., 2016). Nevertheless, WM has been the main focus of the
previous literature in this field.

In terms of specific interaction effects of the two genes on
WM, however, there was only one study that found that the effect
of COMT on WM was modulated by BDNF in a sample of aging
Germans (Nagel et al., 2008). Other studies suggested such an
effect indirectly by demonstrating similar interaction effects on
the anatomy of the hippocampus (Hajek et al., 2012) and PFC
(Gothelf et al., 2005; Ho et al., 2007; Takahashi et al., 2008), brain
cortical plasticity and frontostriatal circuit brain activities (Wang
et al, 2015), all of which could affect memory performance.
Interactions between COMT and BDNF polymorphisms exist for
WM likely because both genes are widely expressed in the cortex
and white matter (in humans and mice, see The Human Protein
Atlas, http://www.proteinatlas.org/, and Allen Brain Atlas, http://
www.brainatlas.org) (Su et al., 2004). They both have been found
to influence dopamine levels in the midbrain (Meyer-Lindenberg
et al., 2005; Berton et al., 2006) and the PFC (Lachman et al.,

1996a; Gogos et al.,, 1998; Malhotra et al., 2002; Chen et al.,
2004).

The current study aimed to explore the potential interactions
between BDNF Val66Met and COMT Val158Met on resting brain
regional homogeneity (ReHo) as well as WM in a sample of
Chinese subjects. Resting-state fMRI has increasingly been used
to investigate neural basis of cognitive ability including WM
(Christoft and Gabrieli, 2000; Stark and Squire, 2001) both in
patients and in healthy people. For example, a previous study
found that resting-state functional connectivity was positively
correlated with WM performance (Hampson et al., 2006). Zou
et al. (2013) further found that the amplitude of low-frequency
fluctuation (ALFF) of certain brain areas such as the precuneus
was correlated with WM performance (Zou et al., 2013). ReHo,
calculated by using Kendall’s coeflicient concordance (KCC)
to measure the degree of synchronization between the time-
series of a voxel and its nearest voxels, is believed to reflect
the regional spontaneous blood oxygenation level dependent
(BOLD) fluctuations of the whole brain during rest (Zang et al.,
2004). Many studies have found abnormal ReHo associated with
various brain diseases, such as depression (Guo et al, 2011;
Peng et al., 2011), Parkinson’s disease (Wu et al., 2009), autism
spectrum disorder (Paakki et al., 2010), and Alzheimer’s disease
and mild cognitive impairment (Zhang et al., 2012). Compared
to resting-state functional connectivity (RSFC), which focuses on
the long-distance interregional temporal correlations of BOLD
signals, ReHo focuses on the functions within each region, in
the case of this study, the frontal lobe. Although, no study has
examined the effects of COMT and BDNF on ReHo of resting-
state brain activity, the aforementioned literature review led us
to hypothesize that COMT and BDNF would have main and
interactive effects on both WM and ReHo.

EXPERIMENTAL PROCEDURES

Participants

Participants were Chinese college students recruited from Beijing
Normal University. Genetic data (BDNF and COMT) and WM
data were available for 428 participants, but 11 participants
were excluded from further analysis because they were outliers
in their WM performance (outside of 3 standard deviations of
the group mean). Of the remaining 417 subjects (57% female,
mean age = 21.31 years), resting state fMRI data were available
for 298 participants (Table 1). All subjects were Han Chinese
and reported no history of psychiatric diseases, head injuries,
or stroke/seizure. Moreover, scores on the Beck Depression
Inventory (Beck et al., 1996) and Beck Anxiety Inventory (Beck
and Steer, 1990) showed that none of the participants met
the criteria for either major depression or anxiety disorder.
No participants met the criterion for nicotine dependence
according to the Fagerstrom Test for Nicotine Dependence
(Heatherton et al, 1991), but four participants in the larger
sample reported using a large amount of alcohol based on the
Alcohol Use Disorders Identification Test (Saunders et al., 1993).
This experiment was approved by the Institutional Review Board
(IRB) of the State Key Laboratory of Cognitive Neuroscience and
Learning at Beijing Normal University, China. A written consent
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of 8 ul. The digested products were electrophoresed on a 2%
agarose gel and visualized with ethidium bromide staining.

Ambiguous or unidentifiable results were re-amplified and
rescored. A subset of the samples (10%) were randomly selected
and tested twice for confirmation. The detection rates of COMT
and BDNF were 97.9 and 99.5%, respectively, in the original
larger sample, but only subjects with good genotype data were
later enrolled in the WM and brain imaging study.

Brain Imaging Data Collection and

Preprocessing

fMRI Data Acquisition

MR images were collected using a SIEMENS TRIO 3-Tesla
scanner in the Brain Imaging Center of Beijing Normal
University. Participants lay supine with their heads snugly fixed
by a belt and foam pads to minimize head motion. Each
participant underwent an 8 min resting state fMRI (RS-fMRI)
scanning session and a 3D anatomic session. During the RS-
fMRI session, the participants were instructed to keep their eyes
closed, be as still as possible, and not to think about anything in
particular. Images were obtained with the following parameters:
33 axial slices, thickness/gap = 3/0.6 mm, matrix = 64%64,
repetition time (TR) = 2000 ms, echo time (TE) = 30 ms,
flip angle = 90°, field of view (FOV) = 200%200 mm?.
The 3D T1-weighted magnetization-prepared rapid gradient
echo (MPRAGE) image was acquired with the following
parameters: 128 sagittal slices, slice thickness/gap = 1.33/0 mm,
matrix = 256*256, TR = 2530 ms, TE = 3.39 ms, inversion time
(Ti) = 1100 ms, flip angle = 7°, FOV = 256*256 mm?.

Image Preprocessing

Data Processing Assistant for Resting-State fMRI (DPARSE
http://rfmri.org/DPARSF; Yan and Zang, 2010) was used to
preprocess the RS-fMRI data. Steps included: (1) discarding the
first 10 volumes; (2) correcting for within-scan acquisition time
differences between slices and head motions; (3) coregistering
the T1 image to the mean functional image using a linear
transformation; (4) segmenting the coregistered T1 images
into gray matter, white matter and cerebrospinal fluid; (5)
normalizing the head motion corrected functional images to
standard template using the transformation matrix estimated
from T1 segmentation and reslicing them to 3 mm isotropic

resolution; (6) linear detrending and temporal band-pass filtering
(0.01~0.08 Hz) to reduce the effects of low-frequency drift
and high-frequency physiological noise; and (7) regressing out
the nuisance signals including the six head motion profiles,
global mean signal, cerebrospinal fluid signal, and white matter
signal. ReHo was calculated from these preprocessed images
using Kendall coefficient of concordance (KCC; Kendall and
Gibbons, 1990) based on 27 nearest neighboring voxels. Then
the ReHo maps were spatially smoothed (FWHM = 6 mm) and
standardized by dividing the maps by the mean ReHo of the
entire brain (Zang et al., 2004).

Data Analysis

ANCOVA was used to examine the effects of COMT and BDNF
on WM performance with gender, age, and IQ as covariates. With
the larger (N = 417) sample with genetic and WM data, we ran a
COMT (3 groups) * BDNF(3 groups) ANCOVA.

Genetic effects on resting brain state were analyzed using
SPM8  (http://www.fil.ion.ucl.ac.uk/spm) implemented in
Matlab 7.8 (The Mathworks, Massachusetts, US) for Windows.
Considering the smaller sample size with imaging data, we
followed previous research (Li et al’s, 2016) and combined
M/V with M/M to form the Met-carrier group. Subjects were
divided into four groups, ordered from high to low in presumed
dopamine signaling (see Li et al.’s, 2016): COMT-M+/BDNF-VYV,
COMT-M+/BDNF-M+, COMT-VV/BDNF-VV, and COMT-
VV/BDNF-M+. The design matrix was specified with four
regressors defined as “1” (subject in the group) or “0” (subject
not in the group). A random effects general linear model was
fitted onto ReHo maps with age, gender, and IQ as covariates.
Genetic main and interaction effects maps were obtained by
setting up contrasts, and Region of Interest (ROI) analysis
was further conducted to explore interactions by defining the
significant clusters located in the frontal lobe as ROIs and
averaging the ReHo in each ROI for each subject. We focused
on the frontal lobe for two main reasons. First, the frontal lobe
has been consistently found to be a vital brain area correlated
with WM in lesion patients and healthy populations (Owen
et al.,, 1990; Curtis and D’Esposito, 2003; Barbey et al., 2013).
Most neuroimaging studies have targeted the frontal cortex
to investigate the neural basis of N-back WM (Brunoni and
Vanderhasselt, 2014). Second, despite the widely distributed

BONF_W BDNF_VM BDNF_MM

A Interaction effect of COMT and BDNF B Main effect of COMT (o] Main effect of BDNF
094 - mCOMT. W 094 094 -
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wm 0ss | T I = I COMTME w084 * I WM 084 - =
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FIGURE 1 | COMT and BDNF gene effect on WM performance in the 417 sample. (A) The interaction effect of COMT and BDNF (post-hoc LSD test showed
that COMT-VV was higher than COMT-MM for both BDNF-VV and BDNF-MM groups, p < 0.05); (B) The main effect of COMT (post-hoc LSD test showed that
COMT-VWV was higher than COMT-VM, p < 0.05); (C) The main effect of BONF (post-hoc LSD test showed no significant contrasts).
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showed lower ReHo than the Met carriers.

FIGURE 2 | Main effects of COMT (A,C) and BDNF (B,D) on ReHo (N = 298). The coordinates of the cross in (A) and (B) are [-36, 45, —3] and [-12, —66, —3],
respectively. Positive t-values mean that the Val homozygotes showed higher ReHo than the Met carriers and negative t values mean that the Val homozygotes

100 104

expression of COMT and BDNF gene in the brain, studies have
found that WM was associated with dopamine concentration
in the PFC (Lachman et al., 1996b; AKkil et al., 2003; Chen et al.,
2004) and was affected by COMT and BDNF levels in the frontal
cortex (Bimonte et al., 2003).Then WM was correlated with
the averaged ReHo in each ROI. We also regressed WM to
whole-brain ReHo to confirm the relationship between ReHo
and WM. Furthermore, as the global brain signal regression
(GSReg) may lead to artificial results (Gotts et al., 2013; Saad
et al., 2013), we reanalyzed our data without GSReg to confirm
the stability of the findings.

For this study, the significance threshold was set at 0.05
for the omnibus F-test in ANCOVA. When the omnibus F-
value was significant, it was followed by LDS post-hoc test,
p < 0.05. The statistical results of the whole-brain analysis
of fMRI data were corrected for multiple comparisons using
the “AlphaSim” implemented in REST (http://www.restfmri.
net; Song et al,, 2011). This function is based on the Monte
Carlo simulation in AFNI (https://afni.nimh.nih.gov/pub/dist/
doc/manual/AlphaSim.pdf). Voxels with p < 0.01 and cluster
Size > 459 mm? (17 voxels) were considered significant, which
corresponds to corrected p < 0.05.

RESULTS

The mean IQ of the sample was 125.92 for the 417 sample and
125.94 for the 298 sample.

Genotype Distribution

For the COMT gene, 237 subjects were V/V, 157 were
V/M, and 23 were M/M. The sample was in Hardy-
Weinberg Equilibrium (HWE, x2 = 0.11, p > 0.05). The
Met minor allele frequency in our sample was 0.24, which is
comparable to the HapMap data for Han Chinese (0.29 for
Han Chinese in Beijing and 0.26 for Chinese in Metropolitan,
Denver, Colorado, according to the HapMap Genome Browser
release #28).

For the BDNF gene, the genotype frequencies (113 V/V, 201
V/M, and 103 M/M) were also in HWE (x2 = 0.31, p > 0.05).
The frequency of the BDNF Met allele (0.49) in our sample is
similar to other Asian data, 0.41 in a Japanese sample (Shimizu
et al., 2004), 0.47 in a Chinese Han population (Yi et al., 2011),
and 0.47 in a Korean sample (Kim et al., 2007).

The distribution of genotypes did not vary significantly by
gender, age, and IQ for either the total 417 sample or the 298
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TABLE 2 | Brain areas showing significant COMT and BDNF gene interaction effects on ReHo with age, gender, and 1Q as covariates, with AlphaSim
correction (p < 0.01; N = 298).

Brain areas Cluster size Brodmann Peak coordinates in MNI T-value p-value (uncorrected) ROI
(Voxels) areas
(BA)
X y z
Left medial frontal gyrus(rMeFG) 85 9/10 -9 54 12 3.84 0.000 1
left superior frontal gyrus(ISFG) 46 47 -30 42 6 3.61 0.000 2
-39 45 -9 3.40 0.000
-30 42 -3 3.28 0.001
Right superior and medial frontal gyrus(rSMFG) 40 9/10 6 51 21 3.53 0.000 3
12 45 27 3.01 0.001
Right medial orbitofrontal gyrus(rMOFG) 25 10/11 6 51 -6 3.30 0.001 4
12 42 -6 2.63 0.004
Right middle frontal gyrus(rMFG) 24 6 48 0 48 3.25 0.001 5
36 6 48 3.03 0.001
Right paracentral lobule 64 4/5/6 -3 —24 63 3.02 0.001
6 —36 69 2.79 0.003
-30 57 2.66 0.004
Right middle frontal gyrus(rMFG) 54 24 27 9 3.64 0.000
27 33 0 3.33 0.000
45 39 0 2.66 0.004
Left insula 47 -27 -27 24 3.90 0.000
-30 —36 33 3.24 0.001
Right middle occipital gyrus(rMOG) 39 19/39 33 —75 24 3.82 0.000
Left superior occipital gyrus(SOG) 38 18/19 —-12 -84 21 3.25 0.001
-18 —87 27 2.78 0.003
Right corpus callosum 38 30 15 27 3.58 0.000
12 15 24 2.92 0.002
21 12 27 2.72 0.003
Lingual gyrus 36 18/19 —-33 —72 —6 4.12 0.000
-18 —72 -6 2.95 0.002
Right paraHippocampal gyrus 34 28/35 18 —24 —24 3.97 0.000
Right superior motor areas 30 6/8/32 15 9 57 3.38 0.000
9 18 45 3.13 0.001
Left superior temporal gyrus(STG) 28 —42 -33 3 3.59 0.000
—36 -39 9 2.68 0.004
Right precentral gyrus 27 21 —6 51 3.60 0.000
36 0 33 3.24 0.001
Left lentiform nucleus 26 10 —6 -3 -3 4.58 0.000
Undefined 24 3 —27 —57 3.08 0.001
Right superior temporal gyrus(ISTG) 22 39 45 —54 18 3.76 0.000
Right inferior parietal lobule 21 40 45 —36 51 2.77 0.003
45 -33 36 2.70 0.004
Right parahippocampal gyrus 20 28 12 18 —-30 2.99 0.002
15 3 -33 2.45 0.007
Right precuneus 20 7 3 —78 42 3.71 0.000
Left postcentral gyrus 20 4/6 —54 —6 48 3.29 0.001
Cerebellum anterior lobe 18 30 —48 —24 3.80 0.000
Left corpus callosum 18 -3 21 3 3.98 0.000
Undefined 17 —48 —12 —45 3.42 0.000
—42 —6 51 3.08 0.001
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TABLE 3 | Main and interactive effects of COMT and BDNF on mean ReHo in five significant ROIs located in frontal lobe (N = 298).

ROI Brain areas F P
coMT BDNF COMT*BDNF coMT BDNF COMT*BDNF
1 IMeFG 7.266 2.231 28.011 0.007 0.136 0.000
2 ISFG 12.568 0.608 25.899 0.000 0.436 0.000
3 rSMFG 5.011 0.055 16.907 0.026 0.814 0.000
4 rMOFG 5917 0.350 13.697 0.016 0.554 0.000
5 rMFG 1.464 0.007 17.118 0.227 0.934 0.000

IMeFG, left medial frontal gyrus; ISFG, left superior frontal gyrus; rSMFG, right superior and medial frontal gyrus; rMOFG, right medial orbitofrontal gyrus; rMFG, right middle frontal

gyrus. Significant p-values (<0.05) are shown in bold.

t value

412

-2.34

-4.58

FIGURE 3 | Interaction effects of COMT and BDNF on ReHo of the
whole brain (N = 298). The coordinates of the cross are [6, 48, —7]. Circles
indicate the five regions of interest (ROIs) located in the frontal cortex: ROI-1,
right medial frontal gyrus (rMeFG); ROI-2, left superior frontal gyrus (ISFG);
ROI-3, right superior and medial frontal gyrus (rSMFG); ROI-4, right medial
orbitofrontal gyrus (rMOFG); and ROI-5, right middle frontal gyrus (tMFG).

subsample (Table 1). They were nevertheless used as covariates
in the main analyses.

Genetic Polymorphisms and WM

For the whole sample (N = 417), the mean accuracy on the WM
task was 0.86 (SD = 0.06). Males and females had comparable
mean accuracy, 0.85 (SD = 0.06) and 0.86 (SD = 0.06),
respectively, F(y 415 = 1.27, p = 0.26.

A 3x3 genotypes ANCOVA demonstrated that both genes
had significant main effects on WM [COMT: F(5, 495y = 5.92,
p =0.003; BDNF: F(5 495) = 3.09, p = 0.046], and the interaction
effect also was significant [Fy, 495) = 2.62, p = 0.034] in the whole
sample, N = 417 (see Figure 1A). Post-hoc analysis of the COMT
main effect showed that Val homozygotes had higher WM (M
= 0.867) than the heterozygotes (M = 0.851), p = 0.033, but
neither group differed from the Met homozygotes (M = 0.845)

(see Figure 1B), partly due to the latter group’s small sample
size. Post-hoc analyses of the BDNF main effect did not reveal
significant contrasts (see Figure 1C). Finally, the interaction
effect of the two genes was due to significant simple effects of
COMT for the two groups of individuals who were homozygous
for BDNF (i.e., V/V and M/M, p = 0.029 and 0.016, respectively),
but not for the BDNF-VM individuals. After combining the VM
and MM, the COMT-VV was still higher than COMT-M+ for
BDNF-VV [F(y, 410) = 8.42, p = 0.004; see Figure S1].

Genetic Polymorphisms and ReHo

The main effects of the COMT gene on ReHo were significant in
several regions. COMT Val homozygotes had significant higher
ReHo than the COMT Met carriers in the bilateral cerebellum
anterior lobe, left cerebellum posterior lobe, left putamen, right
hippocampus, fusiform gyrus, and middle occipital gyrus, but
lower ReHo in right superior and inferior frontal gyrus, left
middle frontal gyrus, bilateral superior temporal gyrus, right
postcentral gyrus, bilateral precentral gyrus (Figures 2A,C and
Table S1). In terms of the main effects of the BDNF gene,
Val homozygotes had significant higher ReHo than the BDNF
Met carriers in the bilateral lingual gyrus, left limbic lobe, right
precentral and postcentral gyrus, right precuneus, right superior
frontal gyrus, but lower ReHo in left middle and inferior temporal
gyrus, right superior and medial frontal gyrus and left inferior
frontal gyrus, bilateral parahippocampal gyrus, left paracentral
lobule, and bilateral cerebellum posterior lobe (Figures 2B,D and
Table S2).

Significant interactions between COMT and BDNF were
found in left medial frontal gyrus (IMeFG), left superior frontal
gyrus (ISFG), right superior and medial frontal gyrus (rfSMFG),
right medial orbitofrontal gyrus (rMOFG), right middle frontal
gyrus (rMFG), precuneus, bilateral superior temporal gyrus, left
superior occipital gyrus, right middle occipital gyrus, and right
inferior parietal lobule (Tables 2, 3 and Figure 3).

To plot the interaction effects, we focused on the five clusters
located in the frontal lobe. The mean ReHo for each ROI was
extracted for each subject. Simple effects analyses showed that
all five ROIs consistently showed a U-shaped pattern across the
four groups arranged along the presumed strength of dopamine
signaling. COMT-M+/BDNF-VV and COMT-VV/BDNF-M+
had significantly higher ReHo than COMT-M+/BDNF-M+ and
COMT-VV/BDNF-VV; Figure 4).
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FIGURE 4 | Effects of COMT and BDNF on mean ReHo of each ROI (N = 298). (A) right medial frontal gyrus (rMeFG); (B) left superior frontal gyrus (ISFG); (C)
right superior and medial frontal gyrus (rfSMFG); (D) right medial orbitofrontal gyrus (tMOFG); (E) right middle frontal gyrus (rMFG). For all five regions of interest (ROls),
each of the middle two groups (i.e., with presumed medium level of dopamine signaling) showed significantly lower ReHo than each of the other two groups (i.e., low
or high level of dopamine signaling; p < 0.05). Details on additional significant contrasts are available from the authors.

Finally, we correlated the average ReHo of each of the five
ROIs with WM performance. Results showed that ReHo of
rSMFG had a modest negative correlation with WM performance
(r = —0.122, p = 0.036). Moreover, the regression analysis with
whole-brain images showed that the ReHo of rSMFG showed a
negative correlation with WM performance (see Figure 5 and
Table 4). The results of the reanalysis without GSReg showed
that, although the number of clusters showing significant COMT
and BDNF gene effect on ReHo decreased from 26 to 19, the
rSMFG was still included (Table S3) and showed the same
pattern of results as with GSReg (Figure S2). Furthermore, we
regressed WM to whole-brain ReHo and confirmed the negative
relationship between ReHo and WM (Table S4).

DISCUSSION

The present study was designed to examine COMT and BDNF
gene interactions on WM and resting state fMRI (i.e., ReHo). As
hypothesized, the COMT and BDNF had main and interaction
effects on WM. The positive effect of the COMT Val allele
on cognitive abilities is consistent with previous research with
Asian samples (Qian et al., 2009; Yeh et al., 2009; Wang et al.,
2016), but opposite of previous findings from Western samples
that COMT-Met carriers showed better cognitive performance
in both patients (Bilder et al,, 2002; Joober et al., 2002) and
healthy individuals (Caldu et al., 2007; Sheldrick et al., 2008).
The main effect of BDNF on WM was modest, yielding no
significant post hoc contrasts. Indeed, previous research has
reported mixed findings, with some studies linking the Val allele
to better performance on learning (Soliman et al., 2010), episodic
memory (Egan et al,, 2003), and WM tasks (Echeverria et al.,
2005; Rybakowski et al., 2006), whereas others showed conflicting
findings (Hansell et al., 2007; Schofield et al., 2009). Some of
these conflicting results may well have been due to potential
interactions between BDNF and COMT as found in our study

4.88

tvalue

-2.34

-4.28

FIGURE 5 | Brain areas showing positive (red) or negative (blue)
correlations with WM, based on whole brain ReHo analysis, with
AlphaSim correction (p < 0.01; N = 298). The coordinates of the cross are
[22, 50, 7].

on WM and ReHo, as well as in previous studies on paired-
associates learning, stimulation-induced cortical plasticity (Witte
et al., 2012), gray matter volumes (Mortby et al, 2014), and
functional connectivity (Wang et al., 2015; Li et al.’s, 2016).

Most relevant to our work, Li et al.’s (2016) found that COMT-
M+/BDNF-M+ and COMT-VV/BDNF-VV groups showed
higher global functional connectivity density than the other
two groups (COMT-VV/BDNF-M+ and COMT-M+/BDNF-
VV). These results have been explained by interactive effects
of BDNF and COMT on dopamine levels. Both COMT and
BDNF influence the cytoarchitecture and connectivity among
the subregions. Specifically, BDNF can affect the axonal and
dendritic plasticity of neurons and their natural death (Ghosh
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TABLE 4 | Brain areas showing significant correlations between WM and ReHo throughout the whole brain, with AlphaSim correction (p < 0.01; N = 298).

Brain areas Cluster size (Voxels) Brodmann areas (BA) Peak coordinates in MNI T-value p-value (uncorrected)

X y z

BRAIN AREAS SHOWING POSITIVE RELATIONSHIP BETWEEN WM AND ReHo

Left superior occipital gyrus 23 7/18/19 —-12 -84 24 4.28 0.000
Left precuneus and posterior cingulate gyrus 101 29 —-15 —51 21 417 0.000
-18 —36 27 3.28 0.001
-6 —42 9 2.76 0.003
Right anterior cerebellum lobe 122 3 —54 0 4.08 0.000
-9 -30 -15 3.35 0.000
0 —66 -12 3.2 0.001
Left supramarginal gyrus 22 40 —48 —45 36 3.78 0.000
Right cingulate gyrus 97 3 9 15 3.73 0.000
9 -3 21 3.32 0.001
-15 3 24 2.92 0.002
Right precuneus 151 18 —45 21 3.63 0.000
12 —42 12 3.29 0.001
24 -39 24 3.08 0.001
Right middle cingulum 17 24/32 12 6 33 3.5 0.000
0 9 42 2.61 0.005
Left cingulate gyrus 19 24/31 —6 0 60 3.37 0.000
Left postcentral gyrus 22 3/4 —54 —24 39 3.28 0.001
Left hippocampus 36 31 —36 —30 -3 3.25 0.001
-27 —36 0 2.96 0.002
Right putamen 30 33 0 —-15 3.17 0.001
33 -3 -6 3.01 0.001
36 3 —24 2.6 0.005
Right inferior frontal gyrus 26 10/46/47 48 39 0 3.15 0.001
undefined 24 9 12 -33 3.13 0.001
0 15 -33 2.87 0.002
Right anterior cerebellum lobe 62 3 —36 27 3.05 0.001
3 —57 -30 2.73 0.003
3 —48 -30 2.65 0.004
Left medial frontal gyrus 19 6 —-15 —27 39 2.87 0.002
-3 —21 39 2.69 0.004

BRAIN AREAS SHOWING NEGATIVE RELATIONSHIP BETWEEN WM AND ReHo
Bilateral posterior cerebellum lobe 1121 24 —60 —42 4.88 0.000
-3 —78 —51 4.56 0.000
-9 -78 -39 4.42 0.000
Right superior and middle frontal gyrus 30 21 54 9 4.03 0.000
Left superior and middle temporal gyrus 58 21/22/37/39 —60 -57 9 4 0.000
-57 —63 0 3.28 0.001
Right precuneus 55 7 6 —60 57 3.85 0.000
12 —72 60 2.76 0.003
Right parahippocampal gyrus 25 28/34 18 3 —24 3.44 0.000
18 3 -15 2.89 0.002
Right medial frontal gyrus 36 11 6 39 —-15 3.05 0.001

et al., 1994), whereas COMT modulates the level of dopamine  1999; Winterer and Weinberger, 2004; Savitz et al., 2006; Pecifia
in the PFC (Okazawa et al., 1992; Nishio et al., 1998; Venero et al., 2014) showed that the COMT Met allele and the BDNF Val
et al., 2000). In terms of their interaction, BDNF can stimulate  allele were linked to higher dopamine levels than their respective
dopamine activity (Blochl and Sirrenberg, 1996; Murer et al.,  counterparts. Consequently the combination of COMT-M+ and
2001). Previous biochemical research (Mannisto and Kaakkola, =~ BDNF-VV is expected to lead to a high level of dopamine,
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and the combination of COMT-VV and BDNF-M+ a low
level of dopamine. In contrast, the other two combinations
(COMT-VV and BDNF-VV; COMT-M+ and BDNF-M+) are
expected to show moderate levels of dopamine. Li et al. (2016)
finding that the latter two groups (with presumed medium
levels of dopamine signaling) showed higher global functional
connectivity density than the other two groups (either low or
high levels of dopamine signaling) fits the commonly accepted
inverted U-shaped association between dopamine level and
outcomes (see Wang et al., 2015; Li et al.’s, 2016 for detailed
discussions).

Mapping onto Li et al. (2016) findings, we found consistent
U-shaped associations between presumed dopamine level and
ReHo of five regions in the frontal lobe. These associations were
statistically significant in terms of both interactions and post-
hoc contrasts. As an index of a specific voxel’s synchronization
with its neighbors, ReHo reflects functional specificity of a
brain region (Zang et al., 2004). Altered ReHo has been widely
considered as an early indicator of brain dysfunction in patients
(Wu et al., 2009, 2011; Chen et al., 2012; Cui et al., 2016). For
example, a few studies have documented increased ReHo in the
right dorsolateral PFC of patients with schizophrenia (Cui et al.,
2016) and in the right medial frontal gyrus of patients with
Parkinson’s disease (Wu et al., 2009). Wu et al. (2009) further
showed that when patients with Parkinson’s disease were treated
with levodopa, their right frontal gyrus showed decreased ReHo.
Moreover, lower ReHo in a given region may indicate that it is
more likely to be modulated by other regions (Yu et al., 2014),
which may enhance the updating function in the WM process
(Cools and Robbins, 2004).

Moreover, for the first time, the current study found the
COMT and BDNF had interaction effect on ReHo. Moreover,
ReHo in one of the regions (rSMFG) had a modest negative
correlation with WM, which was confirmed by whole-brain
analysis. The rSMFG has been consistently related to WM in
previous lesion studies (Jacobsen and Nissen, 1937; Milner,
1963), electrophysiological studies (Fuster and Alexander, 1971;
Funahashi et al, 1989, 1993), rTMS studies (Mottaghy et al.,
2002), and fMRI studies (D’Esposito et al., 2000; Burgess and
Braver, 2010; Marklund and Persson, 2012).

Consistent with the imaging data showing the importance of a
moderate level of dopamine, individuals with the combination of
COMT-VV and BDNF-VV (a combination expected to produce
a medium amount of dopamine) showed top performance on
the WM task. Surprisingly, however, the other combination
(COMT-MM and BDNF-MM) that is also expected to produce
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