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Background: A single-nucleotide polymorphism (SNP) of the LHPP gene (rs35936514) has been reported
to be associated with major depressive disorder (MDD) in genome-wide association studies. However, the
systems-level neural effects of rs35936514 that mediate the association are unknown. We hypothesized that
variations in rs35936514 would be associated with structural and functional changes in gray matter (GM) at
rest in MDD patients.

Methods: A total of 50 MDD patients and 113 healthy controls (HCs) were studied. Functional
connectivity (FC) was analyzed by defining the bilateral hippocampus as the seed region. Voxel-based
morphometry (VBM) was performed to assess the patterns of GM volume. The subjects were further divided
into two groups: a CC homozygous group (CC; 24 MDD and 56 HC) and a risk T-allele carrier group (CT/
TT genotypes; 26 MDD and 57 HC). A 2x2 analysis of variance (ANOVA: diagnosis x genotype) was used
to determine the interaction effects and main effect (P<0.05).

Results: Significant diagnosis x genotype interaction effects on brain morphology and FC were noted.
Compared to other subgroups, the MDD patients with the T allele showed an increased hippocampal FC in
the bilateral calcarine cortex and cuneus and a decreased hippocampal FC in the right dorsolateral prefrontal
cortex (DLPFC), bilateral anterior cingulate cortex (ACC), and medial prefrontal cortex (MPFC), in addition
to reduced GM volume in the right DLPFC, bilateral temporal cortex, and posterior cingulate cortex (PCC).
Conclusions: LHPP gene polymorphisms may affect functional and structural changes in the GM at rest
and may play an important role in the pathophysiological mechanisms of MDD.
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Introduction

Major depressive disorder (MDD) is characterized by high
rates of recurrence, disability, and suicide (1,2), and the
diagnostic criteria rely only on clinical symptomatology,
without the clinical use of biological markers. The genetic
characteristics of depression are complex, and these genes
cannot be used to diagnose the disease or to explain the
clinical symptoms directly. However, imaging genetics has
provided new evidence in the study of mental diseases (3,4).

At present, imaging genetics has verified that risk
genes affect the normal structure and function of the
neural system in the brain (3,5-9). The rs35936514 single-
nucleotide polymorphism (SNP) of the LHPP gene has
been reported to be significantly associated with MDD at
the genome-wide level (10). LHPP encodes an enzyme
known as phospholysine phosphohistidine inorganic
pyrophosphate phosphatase (LHPP), which shows high
levels of expression in the brain (11,12). This region of
the genome has been implicated in the etiology of MDD
using a combination of linkage and association analysis (12).
However, relatively little is known about the mechanism of
LHPP involvement in depression.

In previous studies, we have reported differences in
brain activation between the variant carriers in the classic
emotion-related brain regions, in the primary cortex, and
in other brain regions of MDD patients (13) that cause
pathological and physiological changes associated with
MDD. Previous studies have shown that the expression
level of LHPP is related to thyroid function (14), and
thyroid diseases have also been widely indicated to be
related to depression (15). LHPP is more prominent
in hyperfunctional states of the thyroid, such as those
occurring in Graves’ disease and autonomously functioning
thyroid nodule (AFTN), than in other states. Since these
cell types have specific functions, it seems likely that LHPP
may be more related to thyrocyte-specific thyroid hormone
(TH) synthesis than to the various functions of endothelial
cells, fibroblasts, and adipocytes (14).

Studies have shown that any thyroid dysfunction will
seriously affect the central nervous system and cause
changes in brain morphology and function, resulting in a
variety of neurological abnormalities (16-23). TH is critical
for the overall architecture of the human brain during early
development and for normal brain function throughout
life (24,25). Severe restrictions of TH undermine these
developmental processes in the brain and lead to various
neurological dysfunctions (16-19), with the hippocampus
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being particularly sensitive to TH restriction (26), as it
exhibits morphological plasticity throughout adult life
(27,28). Therefore, we speculated that the polymorphism of
the LHPP gene may be related to the structure and function
of the hippocampal-cortical neural system in MDD patients
and may participate in the pathophysiological mechanisms
that drive MDD symptoms.

Functional connectivity (FC) analysis investigates the
functional integration of brain regions, including not
only the abnormal activation of brain regions but also the
abnormal functional integration between brain regions
that occur in depression. Resting-state FC (rsFC) can
explore the connection between these regional functional
networks (29) more comprehensively and specifically
reveal the pathophysiological changes of mental diseases
(30,31). Studies have reported abnormal FC within
the nervous system in MDD patients (32,33) and have
shown that changes in the hippocampus are related to
the pathophysiological mechanisms of MDD (34-38);
therefore, we aimed to study whether a specific LHPP gene
polymorphism was associated with hippocampal-cortical
neural circuitry. Voxel-based morphometry (VBM) (39)
is a technique based on 3D T1-weighted images and is
used to compare brain volume among groups. VBM does
not require any a priori assumptions or images of the
whole brain. Over the past decade, this technique has
drawn increasing attention and has been used to investigate
reduced gray matter (GM) volume in MDD (39,40).

VBM and FC analyses have revealed several GM
structural and functional abnormalities related to cognitive
impairment in MDD patients. The effects of the neural
system and their association with LHPP variation in the
context of MDD are not yet understood. Exploration of
the related physiological pathways is of great significance
for the diagnosis and treatment of depression. Therefore,
the purpose of this study was to further investigate the
relationship between allelic variation at rs35936514
and both the structural and functional changes of the
hippocampal-cortical circuitry in MDD patients. We
hypothesized that the polymorphism rs35936514 might
increase the risk of MDD by driving structural and
functional alterations.

Methods
Participants

A total of 163 Chinese subjects were studied. Fifty MDD
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patients (age: mean = SD 27.66+12.17 years, 70% female)
were recruited from the outpatients at the Department
of Psychiatry at the First Hospital of China Medical
University and the Mental Health Center of Shenyang. The
diagnosis of MDD was confirmed by 3 trained psychiatrists
using the Structured Clinical Interview for DSM-IV
disorders (SCID) (41). Scores on the 17-item Hamilton
Depression Rating Scale (HAMD) were obtained from all
participants, except for one patient who did not complete
these evaluations (42). A total of 113 age- and sex-matched
healthy controls (HCs) (age: mean = SD 33.37=14.08 years,
58% female) were recruited from the community. No
personal history of a DSM-IV Axis I Disorder (41) was
found in the healthy individuals or in their first-degree
family members, as assessed by the Family History Screen
for Epidemiologic Studies (43). HCs had no history of
psychiatric or neurological illness, psychiatric treatment,
drug or alcohol abuse, or head trauma with a loss of
consciousness >5 min, and they had no contraindications to
magnetic resonance imaging (MRI) examination. Subjects
had not used substances in the week prior to scanning, and
the urine toxicology screens on the day of scanning were
negative. All of the participants provided written informed
consent after receiving a complete description of the study.
This study was approved by the Medical Research Ethics
Committee of China Medical University.

Genotyping

Ten-milliliter blood samples were collected from all of
the participants from the neuroimaging study for DNA
extraction. The rs35936514 polymorphism was genotyped
using Sanger sequencing methods. The forward primer
of 135936514 was 5’-TTC AGG CCC CTA AAC TTG
TG-3’, and the reverse primer was 5-CCA GCA ATT
CCA TGT GTG AG-3’. We divided the subjects into
two groups according to the rs35936514 genotype: the
homozygous group for the C allele (CC genotype, n=80,
mean age =33.16£14.08 years, 61.3% female) and the
T-allele carrier group (CT/TT genotypes, n=83, mean age
=30.14+12.93 years, 61.4% female).

MRI scan acquisition

All of the participants were scanned using a GE Signa HDx
3.0T MRI scanner at the First Hospital of China Medical
University in Shenyang, China. Functional images were
obtained using an echo-planar imaging (EPI) sequence
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(TR =2,000 ms, TE =30 ms, matrix =64x64, flip angle =90°,
field of view (FOV) =240x240 mm, slice thickness =3 mm,
35 slices without gap). Finally, three-dimensional T1-
weighted structural images were obtained using a fast
spoiled gradient-echo (SPGR) sequence (TR =7.1 ms,
TE =3.2 ms, matrix =240x240, FOV =240x240 mm, slice
thickness =1.0 mm, 176 slices without gap). The subjects
were asked to keep their eyes closed but not to fall asleep or
to think systematically throughout the scan.

Structural data preprocessing

Structural brain images were processed using the VBMS8
toolbox (http://dbm.neuro.uni-jena.de/vbm8/), which was
incorporated into the statistical parametric mapping (SPM)
software (SPM8; The Wellcome Department of Cognitive
Neurology). First, all of the subjects’ anterior commissures
(ACs) were coregistered to the central point of space. Then,
the segmentation function was performed to divide the
regions into the cerebrospinal fluid (CSF), white matter
(WM), and GM partitions using the “New Segment” tool
implemented in SPM8 (44). During spatial normalization,
intersubject registration was achieved using respective
registration based on a group assignment. A modulation
step was used to ensure that the overall amount of tissue in a
class was unaltered. The segmented images were performed
to match the corresponding Montreal Neurological Institute
(MNI) templates (http://www.mni.mcgill.ca/). Finally, all
images were smoothed using an isotropic Gaussian kernel
with an 8-mm full width at half-maximum (FWHM). These
segmented, normalized, modulated, and spatially smoothed
GM images were then used for subsequent VBM statistical
analysis.

Rs-fMRI data preprocessing

Brain functional dates were preprocessed using Data
Processing & Analysis of Brain Imaging (DPABI) (http://
rfmri.org/DPABI) (45) running on MATLAB R2010b
(MathWorks Inc., Natick, MA, USA). Resting-state fMRI
data preprocessing included discarding the first 10 volumes
of each time series, slice timing, head motion correction,
and normalization to the MNI template (resampling
voxel size =3 mm x 3 mm x 3 mm), followed by the spatial
smoothing (FWHM =6 mm). Participants with more than
2.5° of head rotation or with head motion with >2.5 mm of
maximum displacement in any dimension were excluded.
Preprocessing by REST consisted of the filtration of the
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Table 1 Demographics and clinical data of participants
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MDD (n=50) HC (n=113)
Variable Value P
CC (n=24) CT/TT (n=26) CC (n=56) CT/TT (n=57)

Gender (male/female) 7717 24/32 24/33 ¥’=3.52 0.32
Age (years), mean + SD 29.91+£12.97 25.59+11.43 34.55+14.55 32.22+13.62 F=2.39 0.07
Education (years), mean + SD 11.27+2.41 11.19+ 2.89 13.45+4.09 12.43+4.45 F=2.60 0.052
Duration of iliness (months), mean + SD 11.33+16.78 8.40+9.85 NA NA T=0.69 0.22
HAMD score, mean + SD 20.74+7.73 21.81+6.95 1.19+2.19 1.17+2.24 F=195.06 0.000

There was no significant effect of diagnosis, genotype, or interaction between diagnosis and genotype for age, sex, or education. Two-
sample t-tests showed no difference in the duration of illness between the MDD subgroups. The genotype had no significant effect on the
HAMD score. HAMD scores differed significantly between groups. MDD, major depressive disorder; HC, healthy controls; SD, standard

deviation; HAMD, Hamilton Depression Rating Scale.

time series for each voxel (bandpass filtering, 0.01-0.08 Hz)
to reduce the effects of high-frequency physiological noise
and of low-frequency drifts. A linear regression of the head
motion parameters, WM signal, CSF signal, and the global
mean signal was performed to remove the effects of the
nuisance covariates.

Definition of regions of interest (ROIs)

The bilateral hippocampus seed ROI was selected according
to the definition of the automated anatomical labeling (AAL)
template (46) contained in DPABI (resampling voxel size
=3 mm x 3 mm x 3 mm). For each participant, a reference
time series was extracted by averaging the fMRI time series
of all of the voxels within the ROIs. Correlations were
computed between the seed ROI and the rest of the brain
in a voxel-wise manner using DPABI. The correlation
coefficients were transformed to z-values using the Fisher
r-to-z transformation.

Statistical analysis

Statistical Package for the Social Sciences (SPSS) version
20.0 (SPSS Inc., Chicago, IL, USA) software was used
to perform statistical analysis of the demographic data.
Between-group age, education, and HAMD scores were
compared with two-way analysis of variance (ANOVA) with
the diagnostic group (HC or MDD) and genotype group
(CC or CT/TT) used as the between-subject factors, and
pairwise comparison was performed with the Bonferroni
method. Between-group sex differences were analyzed using
chi-squared tests. A two-sample 7-test was used to compare
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the duration of illness across genotypes within the MDD
group.

A voxel-wise ANOVA (2x2 ANOVA: diagnosis x
genotypes) was used to determine the effects of the diagnosis
and genotype on the GM volumes (GMV) and FC strength,
and the age and sex were considered to be covariates. The
post hoc Bonferroni test was used to examine the details of
the main effects and interactions, which were performed with
the general linear model (GLM) in SPMS.

Results
Demographic and genetic data

There was no significant effect of diagnosis, genotype, or
interaction between diagnosis and genotype for age, sex, or
education. Two-sample 7-tests showed no difference in the
duration of illness between the two genotype subgroups in
MDD. Genotype had no significant effect on HAMD. The
groups differed significantly in the HAMD scores, with
significantly higher HAMD scores in the MDD group than
in the HC group (Table 1).

There was no significant difference in genotype
frequency or allele frequency between the MDD group
and the HC group (7able 2). Genotype frequencies
were consistent with the Hardy-Weinberg equilibrium
expectation (MDD: ¥’=1.957, P=0.161; HC: ¥’=1.693,
P=0.193).

VBM analysis

The VBM analysis revealed a significant diagnosis x
genotype interaction in the right dorsolateral prefrontal
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Table 2 Genotype and allele frequency distribution in the MDD cortex (DLPFC), bilateral telnporal cortex and posterior
and HC groups cingulate cortex (PCC) with a Gaussian random field (GRF)
Genotype Allele correction for multiple comparisons (voxel level P<0.01 and
Group Number .
ccC CT 1T c T cluster level P<0.05) (Figure 1, lable 3). A post hoc #-test
VDD 50 o4 18 5 6 34 revealed that the MDD patients with a T allele showed
reduced GM volume among these regions.
HC 13 56 51 6 163 63 Although we focused on the significant interaction
x 5.312 1.244 effect between the diagnosis and genotype, there were also
p 0.07 0.163 significant main effects of diagnosis and genotype (GRF
A - - correction at voxel level P<0.01 and at cluster level P<0.05).
There was no significant difference in genotype frequency or ) ) )
allele frequency between the MDD group and the HC group. The detailed results are provided in Supplementary results,
MDD, major depressive disorder; HC, healthy controls. and in Figure S1A,B, and Tuble 3.

+24mm

G0

+34mm

DHC CC
@HC CT/TT
MDD CC
8SMDD CT/TT

Figure 1 Brain regions with significant diagnosis x genotype interaction on GMV. (A) Clusters of significance for the interaction effect in
the right DLPFC, bilateral temporal cortex, and PCC with a GRF correction for multiple comparisons (voxel level P<0.01 and cluster level
P<0.05). The color bar represents the range of F values; (B) an interaction graph showing that the MDD patients with the T allele showed
reduced GM volume among these regions. *, P<0.05. GM, gray matter; GMV, gray matter volume; DLPFC, dorsolateral prefrontal cortex;
PCC, posterior cingulate cortex; GRE, Gaussian random field; MDD, major depressive disorder.
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Table 3 Clusters exhibiting the influence of groups and genotypes on GM volume
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Peak MNI coordinates

Brain area BA Cluster size Peak F value
X Y 4
The main effect of diagnostic groups
Right insula/right STG 13/40/41 503 51 -30 16.5 11.45
Right MTG/occipital cortex 19 635 43.5 -78 18 13.23
The main effect of genotypes
Right STG/temporal pole 38/21 337 57 10.5 -13.5 12.39
Right parahippocampal gyrus/hippocampus/ 789 27 -9 -22.5 12.30
amygdala/fusiform
Right OFC 47/11 539 18 12 -22.5 12.68
Left occipital cortex 18/19 272 =27 -97.5 6 10.62
Diagnostic group x genotype interaction
Left MTG/left STG 21 976 -46.5 -18 -18 12.86
Right MTG 21 446 46.5 -19.5 -16.5 14.52
Bilateral PCC 23 841 0 -39 16.5 14.41
Right DLPFC 8/9 933 16.5 28.5 37.5 18.05

These findings correspond to a corrected P<0.05 by GRF correction. GM, gray matter; BA, Brodmann’s area; STG, superior temporal

gyrus; MTG, middle temporal gyrus. The cluster size is in mm?.

RsFC analysis

We found a significant diagnosis x genotype interaction of
the bilateral hippocampus-rsFC in the bilateral calcarine
cortex, cuneus, right DLPFC, bilateral anterior cingulate
cortex (ACC), and medial prefrontal cortex (MPFC) with
a GRF correction for multiple comparisons (voxel level
P<0.01 and cluster level P<0.05) (Figure 2, Table 4). MDD
patients with the T allele showed increased hippocampal-
FC in the bilateral calcarine cortex and cuneus and
decreased hippocampal-FC in the right DLPFC, bilateral
ACC, and MPFC. We did not find any significant main
effect of diagnosis or genotype on the rsFC of the bilateral
hippocampus (GRF correction at voxel level P<0.01 and at
cluster level P<0.05).

Discussion

Variation in LHPP rs35936514 is associated with structural
and functional changes in the GM within the hippocampal-
cortical neural system and is implicated in MDD, suggesting
that the effects of LHPP variation may contribute to the
disorder of the neural system. In a previous study, we
demonstrated for the first time that LHPP variation might
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affect regional brain activity in MDD patients (13). To
our knowledge, this is the first study that combined rsFC
and VBM to investigate the relationship of LHPP genetic
variation with the hippocampal-cortical neural system.

A linkage and sequencing analysis on families with a
strong history of MDD identified disease-segregating SNPs
in LHPP that interacted with the HTR1A-1019G allele (12).
LHPP was then evaluated in a neuroimaging paradigm, and
this analysis provided support for the biological function
of the risk variant (47). Molecular data can provide a basis
for developing important preventive treatments, especially
for high-risk categories such as people with substance
abuse disorders. Indeed, the LHPP protein product should
be a promising target to develop drug therapies, since its
enzymatic function could be modulated by inhibitors or
stimulators.

Convergent evidence from MRI studies supports the
involvement of structural and functional abnormalities
in the corticolimbic neural system, including the
hippocampus, amygdala, DLPFC, MPFC, ventral
prefrontal cortex (VPFC), and cingulate cortex in MDD
patients (48-60). Recent research that used structural or
functional neuroimaging approaches suggested that the
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Figure 2 Brain regions with significant diagnosis x genotype interaction on FC. (A) The FC analysis revealed a significant diagnosis x

genotype interaction of the bilateral hippocampus-rsFC in the bilateral calcarine cortex, cuneus, right DLPFC, bilateral ACC, and MPFC
with a GRF correction for multiple comparisons (voxel level P<0.01 and cluster level P<0.05); (B) an interaction graph showing that MDD
patients with the T allele showed an increased hippocampal-FC in the bilateral calcarine cortex and cuneus and a decreased hippocampal-
FC in the right DLPFC, bilateral ACC, and MPFC. The color bar represents the range of F values. *, P<0.05. FC, functional connectivity;
DLPFC, dorsolateral prefrontal cortex; ACC, anterior cingulate cortex; MPFC, medial prefrontal cortex; GRE, Gaussian random field;

MDD, major depressive disorder.

Table 4 Clusters exhibiting the group x genotype interaction effect on FC values

Peak MNI coordinates

Brain area BA Cluster size Peak F value
X Y Z

Bilateral MPFC 10/32 416 6 54 15 24.52

Bilateral calcarine cortex/cuneus 18/19 736 0 -87 21 26.50

Right DLPFC 8/9 363 33 30 54 17.67

These findings correspond to a corrected P<0.05 by GRF correction. BA, Brodmann’s area. The cluster size is in mm®. FC, functional

connectivity; MPFC, medial prefrontal cortex; DLPFC, dorsolateral prefrontal cortex.
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dysregulation of both structural and functional changes in
the corticolimbic neural system occurs in MDD (61).

In the current study, the major finding was the presence
of hippocampal-FC alteration and reduced GM volume
in the prefrontal cortex (PFC) of MDD patients with the
T allele. The PFC has an extensive neural junction with
other brain regions, such as the other cortical regions, the
subcortex, and the brain stem (62). The PFC has advanced
executive functions that ensure the overall coordination
of the central nervous system (63). The DLPFC is one
of the key brain regions that is frequently involved in the
pathophysiological mechanisms of MDD; it is involved
in emotional regulation, emotional cognition, and other
functions (64). The DLPFC is involved in decision-
making and the cognitive processing of emotions in
depression (65). Changes to the cortical-limbic system
FC that involve the classical effective brain regions can
provide a theoretical basis for the involvement of the
LHPP gene polymorphism in emotional processing and in
the pathogenesis of MDD.

We also found functional or structural changes in the
GM of the MPFC, temporal cortex, and PCC within
T-allele carriers in the MDD group. All the brain regions
listed above belong to the default mode network (DMN),
which suggests that the default mode network is related to
the LHPP gene polymorphism and is involved in emotion
regulation. When the DMN (66) is without a task, it is
in a normal conscious resting state; the brain maintains
emotional and cognitive interactions, remains alert to the
monitoring of the inside and the outside environment,
and shows the highly reactive state of the brain regions.
The DMN is the most popular brain resting-state network
target; areas including the MPFC, temporal cortex, PCC,
precuneus and posterior parietal, and the DMN are believed
to be involved in higher cognitive function (67). The PCC
is the core area of structure and function in the DMN and
plays an important role in episodic memory. Reduced GM
volume in the PCC may affect episodic memory function.
The MPFC can receive sensory information from the body
and external environment and has close nerve connections
with structures such as the hypothalamus, amygdala and
ventral striatum. In conclusion, abnormalities in these
regions may be involved in emotional and cognitive
dysfunction in MDD patients.

Brain regions such as the cuneus and calcarine cortex are
involved in the most basic functions, in higher-order visual
processing, and in the generation of visual images. In this
study, it was found that a change in the hippocampal-visual
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cortex functional connection was related to polymorphism
of the LHPP gene, indicating that the LHPP genotype
was important for the functioning of the visual cortex.
Recent studies have found that if the maternal TH level
is insufficient or too high during the development of the
fetus, it will cause synaptic instability of the axon loop in the
thalamus cortex, thus affecting the early development of the
fetus’ visual cortex; this finding provides further evidence
for the importance of LHPP in the visual cortex (68).
Therefore, more studies are needed to elucidate the
effects of the LHPP rs35936514 polymorphism on the
neural system in MDD patients and to prove the genetic
susceptibility of these neural systems further. Previous
reports have shown that there is a correlation between
hippocampal-visual cortex abnormality and affective
abnormality, revealing that MDD patients show changes in
hippocampal-visual cortex pathways (32,69).

Although we focused on the significant interaction effect
between diagnosis and genotype, the VBM analysis also
revealed significant main effects of diagnosis and genotype.
It is possible that variation in disease and genotype may
separately contribute to the GM abnormalities in different
brain regions in individuals. Both diagnosis and genotype
have exhibited effects on brain structure.

Some limitations need to be considered. First, because
multiple genes or SNPs are involved in the pathological
mechanisms of MDD, the interactions of these genes with
the LHPP genotype may also lead to changes in the neural
system of MDD patients (70); this needs to be proven
through genetic marker imaging in future studies. Many
factors may affect the neural system of MDD patients, and it
is difficult to explain when and how these interactions occur
(71-73). In addition, our study was a cross-sectional study,
and a longitudinal study was not performed. Longitudinal
studies can provide a deeper understanding of the neural
structure, behavior, and clinical manifestations involved in
the entire pathogenesis of the disease. Longitudinal studies
were not included in this study, which may also limit the
interpretation of its results.

Conclusions

"This study suggests that the LHPP rs35936514 polymorphism
may play a role in the pathophysiology of neural system
abnormalities in patients with MDD. We concluded that
the functional and structural changes in the GM that were
associated with cognitive impairment in MDD patients were

likely to be affected by the LHPP gene polymorphism.
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Supplementary

Figure S1 Brain regions with: (A) significant diagnosis main effects on GMV; (B) significant genotype main effects on GMV. GMV, gray

matter volume.



