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Abstract Compelling evidence suggests that the gluta-
matergic system may contribute to the pathophysiology
of major depression (MDD). While the D-amino acid
oxidase activator (DAOA) gene can affect glutamatergic
function, its genetic associations with MDD and abnor-
mal resting-state brain activity have yet to be elucidated.
A total of 488 patients with MDD and 480 controls
were recruited to examine MDD association for the
DAOA gene in a Chinese population, of whom 53
medication-free patients and 46 well-matched controls
underwent resting-state functional magnetic resonance
imaging for regional homogeneity (ReHo) analysis.
The differences in ReHo between genotypes of interest
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were initially tested by the Student’s ¢ test, and the 2x2
(genotypes x disease status) ANOVA was then performed
to identify the main effects of genotypes, disease status,
and their interactions in MDD. Allelic association of the
DAOA gene with MDD was observed for rs2391191,
rs3918341, and rs778294 and haplotypic association for
2- and 3-SNP haplotypes. Six clusters in the cerebellum,
right middle frontal gyrus and left middle temporal
gyrus showed genotypic association between altered
ReHo and rs2391191. The main effects of rs2391191
genotypes were found in the right culmen and right
middle frontal gyrus. The left uvula and left middle
temporal gyrus showed a genotypesxdisease status in-
teraction. Our results suggest that the DAOA gene may
confer genetic risk of MDD. Genotypic effect of
rs2391191 and its interaction with disease status may
contribute to the altered ReHo in patients with MDD.
Glutamatergic modulation may play an important role in
alteration of the resting-state brain activities.

Keywords Major depression - D-amino acid oxidase
activator - Resting-state functional magnetic resonance
imaging - Regional homogeneity - Genotypic association

Introduction

Major depression (MDD) is a severe psychiatric disease
and is predicted to become the second leading cause of
disability by 2020 [1]. Previous studies to examine the
neurobiological mechanism underlying MDD have fo-
cused on the monoaminergic system [2]. However,
increasing evidence indicated that neurochemical abnor-
malities in MDD might not be attributable only to
monoaminergic system dysfunction [3, 4]. Meanwhile,
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several lines of evidence have demonstrated strong
association of the glutamatergic system with MDD,
suggesting a role of the glutamatergic system in the
pathophysiology of MDD [5-7].

The D-amino acid oxidase activator (DAOA) gene,
which was initially identified as a susceptibility locus
for schizophrenia [8], is thought to interact with the
gene coding for D-amino acid oxidase (DAQO) that is
involved in the metabolism of D-serine by acting as a
coactivator of the glycine binding site on the glutama-
tergic N-methyl D-aspartate (NMDA) receptor [9] and
subsequently influences NMDA excitatory transmission
[10]. These findings suggest that the DAOA gene may
lead to abnormal glutamatergic levels by affecting func-
tion of the NMDA receptors via modulating D-serine
metabolism [11, 12]. An epistatic relationship between
DAO and DAOA has also been reported [13]. Recent
studies implicated that the DAOA gene might be in-
volved in the dendritic arborization [14].

A number of studies have tried to identify homogenous
subgroups of a disease in order to define quantitative
intermediate phenotypes (also termed endophenotype)
[15]. Imaging genetics has been developed to examine
association of genetic variation with neuroimaging endo-
phenotypes, in which resting-state functional magnetic
resonance imaging (rs-fMRI) is an approach frequently
applied to investigate mental disorders [16]. Several
methods can be used to analyze the rs-fMRI data, such
as regional homogeneity (ReHo), functional connectivity
and amplitude of low frequency fluctuation although
they are quite different from each other [17-19].

The Kendall's coefficient of concordance (KCC) has been
used as an index of ReHo, which assumes that brain activity
is likely to present in clusters rather than a single voxel and
the neighboring voxels are temporally similar [20]. By mea-
suring regional coherence of a given voxel with its nearest
neighbors, ReHo can indicate some unexpected hemody-
namic responses that model-driven methods (such as gener-
al linear model) may fail to discover by rs-fMRI [17].
Unlike other data-driven method (such as ICA and PCA),
ReHo needs no assumptions of the spatial independence
[21] while it can be used to reduce the number of voxels
and to select the ideal "seed" [22]. Extensions of this method
to group analysis are conceptually and practically straight-
forward [23]. Accordingly, ReHo may fully stand for the
nature of the resting-state data and can be used to investigate
resting-state activities in the human brains. ReHo has been
increasingly employed to investigate various psychiatric
disorders [24, 25], suggesting that it is potentially useful in
revealing the pathophysiology of psychiatric disorders dur-
ing resting state.

The present study was designed on the basis of the
hypothesis that the DAOA gene may be genetically
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associated with abnormal resting-state brain activity in
patients with MDD. This was a two-stage study that
initially focused on testing associations of the DAOA
gene with MDD in 488 patients and 480 control sub-
jects, and then examined the functional roles of a
disease-associated variant in neuroimaging changes in
patients with MDD.

Materials and Methods
Subjects

A total of 488 unrelated sporadic patients with MDD
(209 males and 279 females), aged 37.6+£10.3 years,
and 480 control subjects (214 males and 266 females),
aged 36.8+11.0 years, were recruited for genetic analy-
sis. All the patients were recruited as inpatients by First
Hospital of Shanxi Medical University and clinically
diagnosed as having MDD by at least two experienced
psychiatrists according to the DSM-IV criteria [26]. The
control subjects were recruited from local communities.
Written informed consent to attend this study was
obtained from all subjects (for patients it came from
their first-degree relatives) prior to inclusion in the
study, as approved by the Ethics Committee of Chinese
Academy of Medical Sciences and Peking Union Med-
ical College.

Fifty-three first-episode medication-free patients and
46 control subjects, who were included in genetics
analysis, underwent rs-fMRI scanning. Inclusion criteria
were as follows: aged 18-50 years, right handed, total
17-item Hamilton Depression Rating Scale (HDRS)
score of no less than 15 for patients, and ability to give
voluntary informed consent, no cardiovascular and me-
tallic implants. Individuals with the following conditions
were excluded: psychiatric disorders other than depres-
sion, history of neurological illness (e.g., epilepsy),
brain trauma with loss of consciousness, alcoholism,
drug and other substance abuse in the past 6 months,
currently taking any prescription or centrally acting
medications, pregnant or breastfeeding, other major
medical illness, and other contraindications to fMRI
scanning. Demographic information and disease severity
for the subjects are given in Table S1 in the Electronic
Supplementary Material (ESM).

Genotyping of SNPs

Ten single nucleotide polymorphisms (SNPs) present in
a 95-Kb region of the DAOA gene were selected from
the NCBI SNP database (www.ncbi.nlm.nih.gov/SNP)
and the HapMap database (www.hapmap.org), including
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rs3916965 (M12), rs3916966 (M13), rs3916967 (M14),
rs2391191 (M15), rs3918341 (M16), rs9558562,
rs947267 (M18), rs778294 (M19), 1s3918342 (M23),
and rs1421292 (M24). Of these ten SNPs, M12, M13,
M14, M23 and M24 are intergenic; M15 and rs9558562
are non-synonymous (M15 leads to a Lys30Arg change
and rs9558562 leads to a Glu62Lys change); and M16,
M18, and M19 are intronic (M19 becomes exonic in
isoform 2). All the SNPs selected have a minor allele
frequency (MAF) of 5 % (except for rs9558562) based
on the NCBI SNP database.

Genomic DNA was extracted from peripheral blood
leukocytes using a standard phenol/chloroform method.
Individual genotypes of the tested SNPs were deter-
mined by bi-directional sequencing (ABI 3700DNA se-
quencer; PerkinElmer, Applied Biosystems, Foster City,
CA, USA) following PCR amplification. Chromas soft-
ware (Technelysium Pty., Ltd., Version 2.22, Tewantin,
Australia) was used for the genotype calling (the geno-
type call rate was 96.6 % on average); 10 % duplicates
of randomly chosen samples were used for quality con-
trol, and none showed replicate error. The conditions
used for genotyping these SNPs are given in Tables
S2 and S3 in the ESM.

Analysis of Genotyping Data

Linkage disequilibrium (LD) between paired SNPs was
estimated by the Haploview software (version 4.1; Broad
Institute of MIT and Harvard, Cambridge, MA, USA) and
expressed as D’ and /* [27]. The Hardy—Weinberg equilib-
rium (HWE) was tested based on the genotypic distributions
of individual SNPs by using the goodness-of-fit y* test.
Allelic and haplotypic associations with MDD were ana-
lyzed using the UNPHASED software (version 3.1; Dud-
bridge F, MRC Biostatistics Unit, Cambridge, UK). In our
study, the sliding window size for haplotype analysis were 2
and 3, and 10,000 permutations were performed to obtain a
global P value corrected for all alleles and haplotypes tested.
Power analysis with the log additive mode was performed
using the QUANTO software (http://hydra.usc.edu/gxe), in
which the prevalence of MDD was set at 16.2 %, the false
positive rate at «=0.05, and the frequency of minor allele at
0.113 (except 1s9558562) in the control groups.

MRI Data Acquisition

A SIEMENS TRIO 3-T scanner was used to collect the
fMRI data. Subjects were instructed to lie down on the
bench while putting their head in a birdcage head coil,
took a few minutes to adjust themselves to the dark
environment before scanning, then keep still and relax-
ing with their eyes closed, not to concentrate on

anything in particular. Soft pads and earplugs were used
when scanning to restrict head motion and reduce scan-
ner noise. Scanning stopped immediately if the subjects
did not feel comfortable and could not continue scan-
ning. The scanning sequences were as follows: (1) TI1-
weighted axial image: with repetition time/echo time
(TR/TE)=580/18 ms, thickness/gap=4/0 mm, matrix=
256%144, and field of view (FOV)=192x192 mm; (2)
T1-weighted whole brain images: with a 3D-FLASH
sequence, TR/TE=14/4.92 ms, thickness/gap=1.5/
0.3 mm, matrix=256%x192, FOV=230%x230 mm, flip
angle=25°, 120 slices; and (3) rs-fMRI scan: with echo
planar imaging pulse sequence, TR/TE=2000/30 ms,
thickness/gap=4/0 mm, matrix=64x64, FOV=192x
192 mm, flip angle=90°, 33 slices, 248 time points
which lasted about 8 min.

Image Data Pre-processing and ReHo Analysis

All the image data were reconstructed and inspected by two
experienced radiologists for quality controls. Image prepro-
cessing and individual ReHo analysis with the KCC method
as previously described [17], were performed using the
DPARSF software (version 2.0; Yan Chao-Gan, State Key
Laboratory of Cognitive Neuroscience and Learning, Bei-
jing Normal University, Beijing, China). The first 10 vol-
umes were discarded and the remaining were slice timing
and head motion corrected (anyone who had more than
1.0 mm of translation and 1.0° of rotation would be exclud-
ed), spatially normalized to Montreal Neurological Institute
space according to the standard EPI template, then linearly
detrended and band-pass filtered (0.01-0.08 HZ); finally, a
KCC map was calculated in a voxel-by-voxel way that was
then divided by the mean KCC of the whole brain and
smoothed by a 4*4*4 FWHM Gaussian kernel to obtain a
ReHo map. Accordingly, data corrections for six head
movement parameters, global mean signal, white matter
and cerebrospinal fluid signals were performed.

To analyze a difference in ReHo between genotypes
of interest, the Student’s ¢ test was applied to identify a
genotype that might be involved in alteration of ReHo
in either patients with MDD or the control subjects. To
avoid excessive correction, statistical threshold for this
analysis was set at P<0.001 and clusters size of >20.
After this analysis, whole clusters around the significant
peak voxel coordinate were respectively saved as region
of interest (ROI) for future analysis.

Inference on Main Effects and Interactions of Genotypes
and Disease Status

A general linear model 2%2 (genotypesxdisease status)
ANOVA was performed in the SPM8 (Welcome Department
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of Cognitive Neurology, London, UK) to investigate the
main effects of genotypes of interest, disease status, and
their interactions within ROIs. Post hoc analysis was then
conducted to investigate the signal source of these effects in
paired subgroups. Because the ¢ test has reduced sensitivity
in small search regions, false discovery rate (FDR) correc-
tion was used within these ROIs. Finally, the ReHo values
within ROIs were extracted by using the REST software
(introduced by Song et al., http://www.restfmri.net) for each
subject, allowing these measures to be used for Figures in
the Prism software (GraphPad Software.inc).

Results
Association Analysis

Genotypic distributions of these ten SNPs were all in HWE,
and three LD blocks spanning between M 12 and rs9558562,
between M18 and M19, and between M23 and M24 were
observed, which was similar to those in previous studies.

Power calculation showed that our sample had 84.28 %
power to detect allelic association of OR=1.5 at a false rate
of 0.05 (except rs9558562 for its MAF<5 %).

An association signal was detected at rs2391191 (M15,
unadjusted P=0.01), rs3918341 (M16, unadjusted P=0.04),
and rs778294 (M19, unadjusted P=0.02), but such associa-
tions did not survive the correction with 10,000 permuta-
tions (adjusted P=0.08). All haplotypes used for analysis
had a frequency of >1 % in either patients or the control
subjects. The 2-SNP haplotype analysis showed strong asso-
ciations for M12-M13 (x°=37.63; df=3; unadjusted P<
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0.001), M13-M14 (x’=12.36; df=3; unadjusted P=0.006),
and M18-M19 (x°=19.17; df=3; unadjusted P<0.001).
The 3-SNP haplotype analysis also showed disease as-
sociation for M12-M13-M14 (x°=37.63; df=3; unadjust-
ed P<0.001), M13-M14-M15 (x’=14.63; df=3;
unadjusted P=0.002), and M14-M15-M16 (x°=16.68;
df=6; unadjusted P=0.01). Results are given in Fig. 1
and Tables 1, 2, and 3.

Differences in ReHo between rs2391191 Genotypes

Because 1s2391191 produced the strongest association
signal in the above association analysis and its non-
synonymous base change leads to Lys30Arg substitu-
tion, this SNP was considered as a putative functional
variant to test the differences in ReHo between its
genotypes [28]. To increase power, four genetic sub-
groups were defined as AA carriers (23 patients and
23 controls) and G+ carriers (AG+GG; 30 patients and
23 controls) as only five GG carriers were found in the
patient group and three GG carriers in the control
group. Comparison of the differences in ReHo between
the AA and G+ carriers in MDD identified four clusters
with significantly decreased ReHo in the left uvula
(T=-4.27; df=51), the right pyramis (7=—4.14; df=51)
and the bilateral culmen (7=—4.04; df=51 and
T=-4.13; df=51, respectively) in the G+ carriers, while
two clusters with significantly increased ReHo were
found in the right middle frontal gyrus (7=3.94; df=
51) and the left middle temporal gyrus (7=4.56; df=51).
No significant result was observed in controls at this
SPM threshold. Results are given in Fig. 2 and Table 4.
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Fig. 1 LD structures of the ten SNPs genotyped in the DAOA gene. The LD strengths between paired SNPs are shown in color
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Table 1 Allelic associations of
the SNPs tested in the D404 SNP MDD (%) CON (%) MAF (%) Allelic OR
gene with MDD
MM M/m  m/m MM Mm  m/m MDD  CON  P*(df=1)

MI12 2981 52.85 1734 3532 4748 1720 4376  40.94 0.22 1.12

MI3 3031 5155  18.14  36.05 4694 17.01  43.92  40.48 0.14 1.15

MI14 2983 5279 1738 3550 4895 1555 4378  40.02 0.09 1.16
SNP single nucleotide polymor- MI15 29.10 51.84 19.06 3699 47.66 1535 4498  39.18 0.01 1.27
phism, CON the control group, MI6  31.63 5053 17.83 3478 4848  18.74  43.10  40.98 0.04 1.09
MDD the patient group, OR odds 91.06 851 044 9383 617 000 468  3.09 0.07 1.54
ratio, MAF minor allele fre-
quency, X rs9558562, M the MI8 3487 5126 13.87 3636 49.05 1459  39.50  39.11 0.86 1.02
major allele, m the minor allele M19 71.93 26.40 1.67 78.48 20.46 1.06 14.86 11.29 0.02 1.37
*Uncorrected P value, while ad-  M23  30.70  45.63  23.67 2698 5032 2270 4648  47.86 0.55 0.94
justed P value from 10,000 per-  nN24 3727 4886  13.87  35.52 4926 1522 3830  39.85 0.49 0.94

mutations was 0.08

Effects of rs2391191Genotypes, Disease Status, and their
Interactions

The 2x2 (genotypesxdisease status) ANOVA within six
ROIs showed a significant main effect of rs2391191 geno-
types in the right culmen (F;_os=12.14; P"°®=0.02) and the
right middle frontal gyrus (F. os=17.67; P"P*=0.02). Post
hoc analysis revealed that this main effect resulted from
decreased ReHo in the right culmen (7=—4.08; df=51;
P"™PR=0.002) and increased ReHo in the right middle frontal
gyrus (7=3.95; df=51; P"P*=0.002) in the G+ carriers
compared with the AA carriers in MDD. However, at this
SPM threshold (P<0.05; FDR corrected and cluster size,
>10); there was no main effect of rs2391191 genotypes in
other four regions and no main effect of disease status

within six ROIs in a comparison between controls and
patients.

The 2x2 ANOVA also revealed significant interactions
between 1s2391191genotypes and disease status in the left
uvula (F), 95=9.46; P*°*=0.01) and the left middle tempo-
ral gyrus (F, ¢5=13.31; P'PR=0.03). Post hoc analysis
suggested that a disease status effect might occur in the left
middle temporal gyrus based on the ReHo differences be-
tween the AA carriers of controls and patients (7=4.46; df=
44; P'PR=0.03). Meanwhile, decreased ReHo in the left
uvula (7=—4.34; df=51; P"°®=0.001) and increased ReHo
in the left middle temporal gyrus (7=4.58; df=51; P*PR=
0.002) were also observed in the G+ carriers compared with
the AA carriers in MDD. In addition, the control G+ carriers
showed higher ReHo in the left middle temporal gyrus than

Table 2 Association of 2-SNP

haplotypes with MDD Combination ~ Haplotype® MDD CON OR Individual P Global P value
N N values df=3)
M12-M13 1-1 487.90 446.60  1.00 0.95 <0.001
1-2 11.09 3240  0.16 <0.001
2-1 7.09 35.4 3540  0.08 <0.001
2-2 375.90 297.60  0.95 0.01
MI13-M14 1-1 487.00 510.80  1.00 0.38 0.006
1-2 5.02 10.18  0.52 0.20
2-1 3.02 15.18 0.21 0.005
2-2 371.00 33980 1.15 0.09
MI18-M19 1-1 550.70 569.00  1.00 0.42 <0.001
1-2 17.27 0.00  7.40e+008 <0.001
2-1 249.30 260.00  0.99 0.12
2-2 122.70 105.00 1.21 0.37
CON the control group, MDD M19-M23 1-1 411.80 43170 1.00 0.54 0.04
the patient group, OR odds ratio 1-2 377.20 388.30 0.83 0.33
1" represents the major allele 2-1 84.22 4826  1.16 0.005
and “2” represents the minor ) 52.78 5574 0.63 0.57

allele
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Table 3 Association of 3-SNP
haplotypes with MDD

CON the control group, MDD the
patient group, OR odds ratio

%17 represents the major allele and

“2” represents the minor allele

Fig. 2 Differences in ReHo
between 152391191 genotypes
in the cerebellum, right middle
frontal gyrus, and left middle
temporal gyrus in patients with
MDD. Color bar represents the
peak T values

@ Springer

Haplotype® MDD CON OR Individual P values Global P values
N N
MI12-M13-M14 1-1-1 469.90  437.30 1.00 0.86 <0.001 (df=3)
1-1-2 2.99 536  0.52 1.00
1-2-1 2.02 4.83 0.39 1.00
1-2-2 8.07 2750  0.27 <0.001
2-1-1 5.07 3258  0.14 <0.001
2-1-2 2.02 275 0.68 1.00
2-2-1 0.99 628  0.15 1.00
2-2-2 35290  289.40 1.14 0.03
M13-M14-M15 1-1-1 466.60  503.80 1.00 0.03 0.002 (df=3)
1-1-2 20.42 4.02 5.48 0.001
1-2-1 4.00 6.03 0.72 1.00
1-2-2 1.02 418  0.26 1.00
2-1-1 2.09 8.02  0.28 1.00
2-1-2 0.93 7.19  0.14 1.00
2-2-1 13.36 13.18 1.09 0.96
2-2-2 357.60  325.60 1.19 0.17
M14-M15-M16 1-1-1 489.50  514.60 1.00 0.20 0.01 (df=6)
1-1-2 3.98 12.09 035 0.04
1-2-1 17.41 388 472 0.004
1-2-2 5.14 1042  0.52 0.19
2-1-1 4.05 597 071 1.00
2-1-2 15.50 16.33 1.00 0.83
2-2-1 9.07 8.54 1.12 0.82
2-2-2 361.40  332.20 1.14 0.18
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Table 4 Six clusters revealing

genotypic association between Brain area L/R
ReHo alteration and
rs2391191 in patients with MDD

Uvula L
Voxel coordinates represent the Pyramis R
peak voxel in local maxima. P< Culmen R
0.001; cluster size, >20 Culmen L
L left, R right, BA Brodmann area middle frontal gyrus R
dComparison between G+ and middle temporal gyrus L

AA carriers in MDD

BA Talairach coordinate Number of voxels Peak T value®
X y z
-9 —65 =27 31 -4.27
12 —68 27 43 —4.14
15 —42 -18 22 —4.04
0 -55 -2 72 —4.13
BA46 48 42 17 21 3.94
BA21 =50 5 -20 20 4.56

(T=3.28; df=44; P"P*=0.03) the AA carriers with MDD.
Results are given in Tables 5 and 6, and Figs. 3, 4, 5, and 6.

Discussion
The DAOA Association with MDD

The DAOA gene was first reported to be associated with
schizophrenia in Canadian and Russian samples by Chu-
makov and co-workers [8]. However, a genetic overlap
may exist across the major psychiatric diseases such as
bipolar disorder, MDD and schizophrenia [29, 30]. It
has been previously reported that a haplotype containing
rs2391191 was associated with depression [31]; a pos-
sible association of the DAOA gene with major mood
episodes was also reported [32]. Our study showed a
similar result by detection of association signals at three
SNPs, four 2-SNP haplotypes and three 3-SNP haplo-
types but indicated that the G allele of rs2391191 might
contribute to the risk of MDD, which is consistent with
the results from studies conducted by Chumakov in
schizophrenia. However, inconsistency could not be
neglected [33]. There may be many reasons for the
inconsistency, including the type I errors, different

genetic backgrounds (due to different ethnicities), study
designs (e.g., sample size, sampling bias, and family
based vs. population based), polygenic inheritance, as
well as phenotypic and genomic heterogeneity [34]. The
strong LD as shown in Fig. | raises the possibility that
the regions from M12 to M15 and from MI18 to M19
may contain variants generating the association signal,
and their combined effects should also be taken into
account.

The DAOA Association with Altered ReHo in MDD

Recent studies found that rs2391191 was associated
with impaired verbal memory and reduced cortical
thickness in schizophrenia [28, 35]. Furthermore, this SNP
was also found to be associated with low visuospatial ability
in bipolar disorder [36]. Our analysis showed genotypic asso-
ciation of rs2391191 with altered ReHo by identifying the
differences in ReHo between the rs2391191 genotypes in six
clusters in patients with MDD; subsequent analysis within
these ROIs confirmed that this alternation resulted from the
main effect of genotype and its interaction with disease status.

It has been thought that the glutamate cycling con-
sumes 60-80 % of overall brain energy [37]. A brain
default mode network (DMN; a group of specific brain

Table 5 Four clusters revealing main effect of genotypes or interaction effect within ROIs

Brain area L/R BA Talairach coordinates Number of voxels Peak F value
X y z

Uvula L - -9 —68 -24 27 9.46*

Culmen R - 15 —42 -18 19 12.14°

Middle frontal gyrus R BA46 50 42 15 16 17.67°

Middle temporal gyrus L BA21 =50 5 -20 11 13.31%

Voxel coordinates represent the peak voxel in local maxima. P<0.05, false discovery rate corrected; cluster size, >10

L left, R right, BA Brodmann area
? Interaction effect between genotypes and disease status
°Main effect of genotypes
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Table 6 Clusters exhibiting differences in ReHo between subgroups classified by rs2391191 genotypes

Brain area L/R BA Talairach coordinates Number of voxels Peak T value
X % z
Uvula L - -6 —68 =27 26 —4.34*
Culmen R - 15 -39 -21 19 —4.08*
Middle frontal gyrus R BA46 48 42 17 15 3.95%
Middle temporal gyrus L BA21 =50 5 —20 11 4.58*
Middle temporal gyrus L BA21 -50 —4 -25 11 4.46°
Middle temporal gyrus L BA21 =51 0 =27 10 3.28°

Voxel coordinates represent the peak voxel in local maxima. P<0.05, false discovery rate corrected; cluster size, >10

L left, R right, BA Brodmann area
# Comparison between G+ and AA carriers in MDD

° Comparison between AA carriers in controls and AA carriers with MDD

¢ Comparison between G+ carriers in controls and AA carriers with MDD

areas activated mainly in the resting state, cognitively
demanding and externally cued tasks can attenuate its
activity in the resting state), including the middle front-
al/temporal gyrus [38], may be controlled by the gluta-
matergic system [39, 40]. A possible link between the
DAOA gene, abnormal glutamate level and cognitive
performance has been observed in both patients with
MDD and rat models [41-43]. Accordingly, we hypoth-
esize that combination of specific genotype(s) of the
DAOA gene and other unknown factors may lead to
abnormal glutamatergic levels that may be involved in
the aberrant brain energy metabolism, cognitive deficit
and abnormal DMN, leading to the altered ReHo in
MDD.
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Fig. 3 Main effect of 152391191 G+ genotype in the right clumen. a

Clusters of significance for the main effect of G+ genotype in the right
clumen (P<0.05, FDR corrected, and ten voxels minimum). Color bar
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MDD-Related Alteration of ReHo in the Cerebellum
and Middle Frontal Gyrus

Recent studies have demonstrated that glutamate and
NMDA receptor activation may cause cerebellar dysfunc-
tion and the cerebellum may play a potential role in cogni-
tion [44, 45]. A significantly decreased ReHo has been
found in this area in patients with MDD compared with
their first-degree relatives [46]. Our study confirmed that
the right culmen and left uvula had decreased ReHo in the
G+ carriers compared with the AA carriers in MDD. The
DAOA gene can be expressed in granular cells of the cere-
bellum and is related to mitochondrial fragmentation [14,
47], suggesting that abnormal expression of DAOA and
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represents the peak F' values; b scatter plot for the comparison of G+
and AA carriers in patients with MDD. The y-axis displays the ReHo
values within this ROL Lines represent the mean ReHo values
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Fig. 4 Main effect of rs2391191 G+ genotype in the right middle
frontal gyrus. a Clusters of significance for the main effect of G+
genotype in the right middle frontal gyrus (P<0.05, FDR corrected,
and ten voxels minimum). Color bar represents the peak F values; b

altered energy-production may be the reason for a change of
ReHo in MDD. Nevertheless, there was no significant dif-
ference in ReHo observed between the G+ carriers and the
AA carriers in the control group, a compensatory mecha-
nism such as protective role of the A allele may be involved.
Meanwhile, no significant difference in ReHo was observed
between the G+ carriers with MDD and those in controls,
which may be due to small sample size of the GG carriers in

9.46
B8.94
8.41

7.89

=3

.37

L

-85

32
.00

o (=1 ]

00

o

0o

o

00

L
o

o

.00

.00

0.00

Fig. 5 The interaction between rs2391191 genotypes and disease
status in the left uvula. a Clusters of significance for the interaction
effect in the left uvula (P<0.05, FDR corrected, and ten voxels min-
imum). Color bar represents the peak F' values; b interaction graph
showing a ReHo difference between the genotypes, in which the G+
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scatter plot for the comparison of G+ and AA carriers in patients with
MDD. The y-axis displays the ReHo values within this ROI. Lines
represent the mean ReHo values

both groups, and may in some extent confirm the risk of
MDD resulted from the G allele.

A parametric Go/No-go task analysis revealed that
patients with MDD had increased activations in the
middle frontal gyrus in rejection trials [48]; the middle
frontal gyrus that is responsible for verbal working
memory critically could mediate character recognition
in Chinese individuals [49]. The present study showed

b i
0.07- N
—e—MDD

0.05+
0.034
0.014

-0.01

ReHo values

-0.031

-0.054

-0.074

Genotypes

carriers have lower ReHo than the AA carriers with MDD. No signif-
icant disease status effect was observed at the same threshold. Error
bars represent the standard error against the means. The y-axis displays
the ReHo values within this ROI
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Fig. 6 The interaction between 1s2391191 genotypes and disease
status in the left middle temporal gyrus. a Clusters of significance for
the interaction effect in the left middle temporal gyrus (P<0.05, FDR
corrected, and ten voxels minimum). Color bar represents the peak F'
values; b interaction graph showing ReHo differences, in which the

increased ReHo in the middle frontal gyrus in the G+ carriers
compared with the AA carriers in MDD, suggesting a positive
main effect of the G+ genotype, although the G+ genotype is
responsible for decreased ReHo in the cerebellum in MDD.
This may be attributable to different roles and expression levels
of the DAOA gene in disparate brain regions, different struc-
tural or functional bases (activities) of brain regions, and com-
bined effects of the G+ genotype and other unknown factors.

Genotypes x Disease Status Interaction in the Middle
Temporal Gyrus

The correlation between the polymorphisms of the
DAOA gene and brain activation in the right middle
temporal gyrus has been reported in a verbal fluency
task in healthy individuals [50]. A recent rs-fMRI study
described decreased ReHo in the left middle temporal
gyrus in MDD patients [51]. The present study showed
that the left middle temporal gyrus had a significant
interaction between the disease status (decreased ReHo
in the AA carriers with MDD compared with those in
the controls) and the genotypes (increased ReHo in the
G+ carriers compared with the AA carriers in MDD).
However, it remains unknown how and when this inter-
action could alter ReHo in the middle temporal gyrus
although many factors such as corticosteroids could
influence the status of MDD [52]. Furthermore, expres-
sion of multiple genes involved in axonal growth/syn-
aptic function was reduced in the middle temporal
cortex in patients with MDD [53], and their interaction

@ Springer
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AA carriers have lower ReHo than the G+ carriers with MDD and
controls of either the AA carriers or the G+ carriers. Error bars
represent the standard error against the means. The y-axis displays
the ReHo values within this ROI

with the DAOA genotypes could make an alteration of
ReHo in the middle temporal gyrus of MDD patients.

Altered Resting-State Brain Activity and Glutamatergic
Modulation

Recent studies of MDD have demonstrated altered glutamate
levels in resting state and a correlation between glutamate
concentrations and resting-state hyperactivity in some regions
(e.g., pgACC) [7, 54, 55]. Dysfunction of glutamatergic
receptors has also been observed in antidepressant-treated
animals [56, 57]. There is convergence for our assumption
of the link between abnormal glutamatergic metabolism and
alteration of brain resting-state activities in MDD. However,
Northoff and co-workers found that resting-state activity may
be indirectly regulated by glutamate [58]. Anyhow, glutama-
tergic modulation may play an important role in the alteration
of resting-state brain activities.

There are a couple of potential limitations of our study.
First, the sample size for imaging analysis is rather small so
that the type Il errors cannot be overcome. Second, the
relationship between the brain regions tested and cognitive
levels of patients was not investigated. A further study of
combination of the DAOA gene and neuroimaging informa-
tion is required to confirm our initial findings reported in
this study.
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