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Abstract 

Background  Recent studies indicate that patients with first-episode drug-naïve (FEDN) and recurrent major depres-
sive disorder (R-MDD) exhibit distinct atrophy patterns in the hippocampal subregions along the proximal-distal axis. 
However, it remains unclear whether such differences occur along the long axis and how they may relate to specific 
genes.

Methods  In the present study, we analyzed T1-weighted images from 421 patients (FEDN: n = 232; R-MDD: n = 189) 
and 544 normal controls (NC) as part of the REST-meta-MDD consortium. Additionally, transcriptome maps and struc-
tural Magnetic Resonance Imaging (MRI) data of six donated brains were obtained from the Allen Human Brain Atlas 
(AHBA). We first identified changes in gray matter volume (GMV) within the hippocampus of both FEDN and R-MDD 
patients and then integrated these findings with AHBA transcriptome data to investigate the genes associated 
with hippocampal GMV changes.

Results  Compared to NC, FEDN patients displayed reduced GMV in the left hippocampal tail, whereas R-MDD 
patients exhibited decreased GMV in the bilateral hippocampal body and increased GMV in the bilateral hippocampal 
tail. Further analysis revealed that expression levels of SYTL2 positively correlated with GMV changes in the hippocam-
pus of FEDN patients, while SORCS3 and SLIT2 positively correlated with those in R-MDD.

Conclusions  Our results suggest that GMV alterations in hippocampal subfields along the long axis differ 
between FEDN and R-MDD, reflecting progressive hippocampal deterioration with prolonged depression, poten-
tially supported by the expression of specific genes. These findings offer valuable insights into the distinct neu-
ral and genetic mechanisms underlying FEDN and R-MDD, which may aid in the development of more targeted 
and effective treatment strategies for MDD subtypes.
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Introduction
The hippocampus (HP), a central component of the lim-
bic system, is extensively connected to several cortical 
areas, including the prefrontal cortex, anterior thalamic 
nuclei, amygdala, basal ganglia, and hypothalamus [1]. 
These regions form a neuroanatomical network involved 
in mood regulation [2, 3]. Therefore, the hippocampus 
plays a significant role in various cognitive and emo-
tional processes, and its dysfunction is commonly linked 
to psychiatric disorders, such as major depressive disor-
der (MDD) [4]. Structural imaging studies have revealed 
abnormalities in hippocampal volumes among MDD 
patients. However, some of them found unilateral vol-
ume reductions, while others reported bilateral reduc-
tions, and still others detected no significant differences 
in MDD patients compared to healthy controls [5, 6]. 
These inconsistencies may stem from variations in Mag-
netic Resonance Imaging (MRI) methodologies and sam-
ples, particularly the proportions of first-episode and 
recurrent MDD patients [5–7]. Early studies indicated 
that patients with multiple episodes tend to have smaller 
hippocampal volumes than those experiencing their first 
episode [8, 9], and this also was supported by a recent 
large-sample study showing lower hippocampal vol-
umes in recurrent MDD patients compared to controls, 
while no differences were noted in first-episode patients 
[10]. However, another study [7] found that first-episode 
patients had a significantly smaller left hippocampal vol-
ume, but recurrently depressed patients showed no dif-
ferences from healthy controls. These inconsistencies 
motivate further exploration of the relationship between 
depressive episodes and hippocampal volume.

Numerous studies have demonstrated that the hip-
pocampus is a heterogeneous structure, segmented into 
distinct subfields along various axes. Specifically, the 
hippocampus can be divided into three main parts—
head, body, and tail—along the long (anterior-poste-
rior) axis [11, 12], and further into subfields including 
Cornu Ammonis (CA1-4), the dentate gyrus (DG), fim-
bria, and adjacent subiculum along the proximal-distal 
axis [13]. Research focused on hippocampal subfields 
has found that MDD patients exhibit reduced vol-
umes in bilateral CA1-CA4, DG, and subiculum, with 
more pronounced changes in the left side for recurrent 
depression, whereas only CA2 to CA4 were reduced 
in first-episode depression [14]. Moreover, remitted 
patients showed larger pretreatment hippocampal body 
and tail volumes compared to those who remained non-
remitted after eight weeks [15], with increased hip-
pocampal tail volume predicting depression status and 
remission in major depression [4]. However, volumet-
ric studies often treat the hippocampus as either a sin-
gle anatomical entity or as multiple distinct subfields, 

providing only overall or mean volume measures that 
may overlook critical details. A voxel-wise analysis 
could yield more comprehensive insights related to this 
disease.

Gray matter volume (GMV) serves as a widely used 
structural measure, reflecting the sum of cell and non-
cell components, which can be accurately quantified by 
T1-weghted MRI. Studies combining neuroimaging and 
genetic data have explored associations between genetic 
candidates for MDD and hippocampal volume altera-
tions. For instance, Gonul et  al. reported hippocam-
pal volume reduction in MDD patients was observed 
only in Val allele homozygotes of the BDNF Val66Met 
polymorphism [16]. Another study indicated that the 
MDD-related reduction in hippocampal volume was 
associated with S allele homozygotes of the 5-HTTLPR 
[17]. Additionally, findings regarding hippocampal sub-
fields revealed that TESC gene-regulating genetic variant 
(rs7294919) affects volumes of the DG and CA4 in MDD 
patients [18]. The high-risk rs1360780 T-allele of FKBP5 
in the hippocampus-amygdala-transition-area subfield 
showed a significant interaction with early life stress 
in MDD patients [19]. Previous studies have reported 
a negative correlation between the number of depres-
sive episodes and hippocampal GMV, with more severe 
alterations in recurrent MDD compared to first-episode 
MDD [20]. However, so far, no studies have specifically 
examined which genes underlie the distinct alterations in 
intra-hippocampal GMV for first-episode and recurrent 
MDD.

Given that cortical gene expression patterns are highly 
conserved across individuals [21], several studies have 
linked transcriptomic data from postmortem brains 
with group-averaged neuroimaging maps from living 
subjects, revealing conserved gene expression associ-
ated with neuroimaging measures [22–24], such as GMV 
and functional connectivity. Importantly, a recent study 
has identified biological and cellular pathways consistent 
with known molecular neuroimaging markers through 
transcriptomic decoding [25], and this further confirmed 
the validity of the transcription-neuroimaging associa-
tion approach. This allows us to investigate the relation-
ship between gene expression profiles and alterations in 
intra-hippocampus GMV in MDD. Therefore, we first 
examined changes in intra-hippocampus GMV in first-
episode and recurrent MDD patients, and subsequently 
integrated transcriptomic and neuroimaging data from 
six postmortem brains obtained from the Allen Human 
Brain Atlas (AHBA). Our aim was to identify genes spe-
cifically associated with alterations in hippocampal GMV 
in first-episode and recurrent MDD patients, respec-
tively. We hypothesize that first-episode and recurrent 
MDD will show different patterns of intra-hippocampus 
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GMV changes along the long axis, potentially linked to 
distinct gene expression profiles.

Materials and methods
In‑vivo data
The Chinese REST-meta-MDD database [26] incu-
des 1300 MDDs and 1128 normal controls (NCs). Our 
exclusion criteria were as follows: (1) subjects without 
information on sex, age and education; (2) age below 18 
or above 65; (3) low quality of fMRI data (i.e., bad spa-
tial normalization and bad coverage); (4) excessive head 
motion (mean framewise displacement > 0.2 mm); (5) 
patients met the Diagnostic and Statistical Manual of 
Mental Disorders IV criteria for MDD; (6) sites with 
fewer than 10 subjects. We screened structural MRI 
data of 544 NCs and 421 MDD patients. Among the 
patients, 232 patients were first-episode drug-naïve 
(FEDN) from five sites, and 189 patients were recurrent 
MDD (R-MDD) from six sites. For the control group, 
we screened 394 NCs matched with FEDN and 427 NCs 
matched with R-MDD in age, sex, and site, respectively. 
In addition, we also screened 119 FEDN and 72 R-MDD 
patients, and 227 FEDN and 100 first-episode medicated 
(FEM) patients, with matched age, sex, education, and 
site. Samples of the REST meta-MDD project, consor-
tium sites, sample size and data acquisition parameters 
are presented in Supplementary Table S1.

Additionally, duration of illness was available for 220 
FEDN and 170 R-MDD patients; 17-item Hamilton 
Depression Rating Scale (HAMD) total score was avail-
able for 209 FEDN and 146 R-MDD patients; HAMD 
item scores were available for 111 FEDN and 102 R-MDD 
patients, and Hamilton Anxiety Rating Scale (HAMA) 
score was available for 148 FEDN and 143 R-MDD 
patients. All study sites obtained approval from their 
local institutional review boards and ethics committees, 
and all participants provided written informed consent at 
their local institutions.

Ex‑vivo data
The ex-vivo data comprise six donated brains, which 
include both transcriptomic and structural MRI data 
from the AHBA (http://​human.​brain-​map.​org). A total 
of 3,702 tissue samples were extracted from these brains 
using scalpel-based manual macro-dissection and laser 
microdissection. Microarray data for each tissue sam-
ple was obtained using a custom Agilent 8 × 60 K cDNA 
array chip, featuring approximately 58,692 probes to cap-
ture the expression of 20,786 genes. To minimize non-
biological systematic biases while preserving biological 
variation, normalization was performed both within and 
between brains by the Allen Institute for Brain Science. 
Three-dimensional T1-weighted structural MRI was also 

collected from the six donors shortly after death and 
prior to tissue dissection.

MRI data processing
MRI images were processed using Data Processing Assis-
tant for Resting-State fMRI (DPARSF) software follow-
ing a standardized protocol [26] for all sites. Individual 
T1-weighted images were segmented into gray matter 
(GM), white matter (WM), and cerebrospinal fluid (CSF). 
Then, transformations from individual native space to 
Montreal Neurological Institute (MNI) space were com-
puted using the Diffeomorphic Anatomical Registra-
tion Through Exponentiated Lie algebra (DARTEL) tool 
and applied to the GM concentration maps. Finally, the 
normalized GMV map was obtained by multiplying the 
normalized GM concentration maps by the nonlinear 
determinants generated during the normalization proce-
dure. The GMV maps were resliced to a cubic voxel size 
of 1.5 mm and smoothed with a full width at half maxi-
mum (FWHM) Gaussian kernel of 4 mm.

AHBA transcriptomic data preprocessing
We used the Abagen toolbox (https://​www.​github.​com/​
netne​urolab/​abagen) to preprocess the transcriptomic 
data, which included the following steps [27, 28]: (1) 
updating probe-to-gene annotations; (2) applying an 
intensity-based filter; (3) selecting probes; (4) handling 
missing data; (5) normalizing samples; (6) normaliz-
ing genes; and (7) selecting stable genes. This resulted 
in a gene expression matrix of 188 hippocampal tissues 
× 10,028 genes for further analysis. The AHBA provides 
anatomically precise genome-wide transcription maps 
of the human brain, including the neocortex, basal gan-
glia, hippocampus, cerebellum, and brainstem. To inves-
tigate the genetic underpinnings of hippocampal GMV, 
we focused on 188 hippocampal tissue samples from the 
AHBA dataset.

Mapping tissue samples to the human brain Atlas
The MNI coordinates for tissue samples were used to 
map them to the brain atlas [22, 23]. First, samples were 
selected by mapping each MNI coordinate provided by 
the AHBA to a hippocampal mask created by the Human 
Brainnetome Atlas [29]. Then, the Euclidean distance was 
calculated between each sample and every voxel within 
the mask, and samples with the largest distance within 1 
mm were included in the study. Finally, 133 out of the 188 
hippocampal samples from the AHBA were mapped to 
the hippocampal atlas and were included in subsequent 
transcription-neuroimaging analysis.

http://human.brain-map.org
https://www.github.com/netneurolab/abagen
https://www.github.com/netneurolab/abagen
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GMV extraction for each hippocampal sample
To establish the spatial correspondence between GMV 
and gene expression for each tissue sample, we created a 
sphere centered on the MNI coordinates of the sample, 
with a radius of 1.5 mm (equivalent to one voxel size) on 
the GMV map. Since gene-GMV correlations were per-
formed across the regions of interest (ROIs), we aimed to 
minimize spatial overlap between ROIs for reliable corre-
lation analysis. As shown in Fig S1, using a radius greater 
than a single voxel (e.g., 2 voxels = 3 mm) led to substan-
tial spatial overlap between ROIs. Therefore, we opted to 
use one single voxel as the radius. The GMV of all voxels 
within each sphere was averaged as the GMV for the tis-
sue sample. If a sphere extended outside the hippocam-
pal mask, only the voxels overlapping with the mask were 
included in the GMV calculation. Finally, a total of 133 
spherical ROIs were defined from the six donated AHBA 
brains, and their GMV values were extracted.

Identifying target genes correlated with hippocampal 
volume or MDD
A recent genome-wide association study (GWAS) of 
MDD conducted by the Psychiatric Genomics Con-
sortium identified 44 MDD-related risk loci associated 
with 69 genes [30]. We first overlapped these 69 genes 
with the 10,028 candidate genes from the preprocessed 
AHBA dataset, obtaining 34 MDD-related genes. Next, 
we employed both prior-knowledge and data-driven 
methods to identify genes associated with the hippocam-
pus: (1) Three previous GWAS studies [31–33] identified 
a total of 22 genes related to the hippocampal volumes. 
We overlapped these genes with the 10,028 candidate 
genes from AHBA, resulting in 13 genes; (2) We per-
formed a Pearson correlation analysis between GMV 
and the expression of each gene across all 133 samples 
from all donors in the ex-vivo data. We found that 113 
of the 10,028 genes showed significant correlations with 
intra-hippocampus GMV (Bonferroni correction for 
the number of genes). Subsequently, we validated these 
relationships in 794 normal in-vivo subjects. Individual 
GMV values for the NC group were extracted across the 
133 hippocampal ROIs, and we calculated the Pearson 
correlation between the expression of the 113 identified 
genes and the GMV of each individual across all ROIs. 
Genes that were consistently significantly correlated (BH-
FDR correction for the number of genes and subjects) in 
more than 90% [24] of individuals in the NC dataset were 
selected. To further assess whether the number of iden-
tified genes was significantly greater than the random 
level, we performed a spatially constrained permutation 
test using a null model [34], which is implemented in an 
open-access, Python-based software package, BrainS-
MASH: Brain Surrogate Maps with Autocorrelated 

Spatial Heterogeneity (https://​github.​com/​murra​ylab/​
brain​smash). The process was repeated 5,000 times to 
generate a null distribution, and we compared the num-
ber of genes identified in the real data against this null 
distribution to assess statistical significance. Finally, we 
combined the genes associated with hippocampal volume 
identified in steps (1) and (2) with the 34 MDD-related 
genes as targeted genes for subsequent analysis.

Statistical analysis
We conducted a voxel-wise t-test within a hippocampal 
mask (the number of voxels = 5336) using a linear mixed 
model, controlling for age, sex, education, whole-brain 
volume as covariates, and site as a random effect, to com-
pare the intra-hippocampus GMV differences between 
FEDN and NC, between R-MDD and NC, between FEDN 
and FEM, and between R-MDD and FEDN, respectively. 
We also used the Combat harmonization method to con-
trol the batch effect inherent for between-group com-
parisons again. And, we performed Leave-One-Site-Out 
Cross Validation (LOSOCV) for each paired group com-
parison to evaluate the reproducibility of GMV differ-
ences between groups. Specifically, one site was excluded 
from the sample, and group comparisons were based on 
the remaining, permuted samples. This process resulted 
in five tests for FEDN vs. NC and six tests for R-MDD 
vs. NC, respectively. For each voxel, we calculated the 
proportion of tests in which the voxel exhibited signifi-
cant group differences and expressed this as the repro-
ducibility ratio. Then, we performed a voxel-wise partial 
correlation analysis between hippocampal GMV and 
various clinical measures, including duration of illness, 
HAMA, HAMD total score and its each item in each 
patient subgroup, controlling for age, sex, education and 
head motion as the covariates. BH-FDR multiple com-
parison correction (p < 0.05) was applied to control the 
false positive rate. Subsequently, patient-control differ-
ences were computed as the ratio of change in hippocam-
pal GMV between the patients and control populations 
(i.e., ∆GMV = [patients – controls]/[controls], namely 
difference between groups in averaged GMV) [23] per 
hippocampal ROI across two independent sites for each 
paired groups (i.e., FEDN vs. NC, R-MDD vs. NC and 
FEDN vs. R-MDD). Finally, we assessed the associations 
between the expression of target genes and ∆GMV using 
Pearson’s correlation analysis across all 133 hippocampal 
ROIs. The whole pipeline of data analysis in this study is 
presented in Fig. 1.

Results
Demographic and imaging information of participants
This study included three independent datasets: (1) 
six postmortem brains from the AHBA with both 

https://github.com/murraylab/brainsmash
https://github.com/murraylab/brainsmash
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transcriptomic and structural MRI data and (2) 794 
healthy subjects and 421 MDDs from the REST-meta-
MDD consortium. Structural MRI data were available for 
all datasets. Demographic information for in-vivo data-
sets are presented in Table S2. Both FEDN and R-MDD 
showed no significant differences in age and sex (p > 0.05), 
but lower educations (p < 0.05) compared to NCs. Two 
patient subgroups were matched in age, sex, education 
and HAMD total score (p > 0.05), with a longer duration 
of illness (p < 0.05) in R-MDD than FEDN groups.

MDD‑related alterations in hippocampal GMV and their 
correlations with clinical assessments
According to the subfield segmentations (Fig. S2) 
reported in our previous studies [35, 36], which used 
a group-level independent component analysis in an 
fMRI dataset including a total of 63 healthy subjects 
(age = 23.33 ± 7.82 years; male/female = 22:41; educa-
tion = 12.60 ± 3.54 years), we found that compared with 
NC group, the FEDN group exhibited decreased GMV in 
the hippocampal tail (Fig.  2A). In contrast, the R-MDD 
group showed decreased GMV in the hippocampal body 
and increased GMV in the hippocampal tail (Fig.  2B). 
These differences showed a high reproducibility in the 
Leave-One-Site-Out Cross Validation (LOSOCV) tests 
(Fig. 3). Also, they were also validated by using the Com-
bat harmonization method to control the site effect. No 
significant differences in hippocampal GMV were found 
between FEDN and FEM groups and between FEDN 
and R-MDD groups (adjusted p > 0.05). Partial correla-
tion analysis revealed that GMV in the head and body 
of the hippocampus was positively correlated with item 
8 (which assesses retardation in movement and speech 
observed during the interview of the HAMD) (Fig. 4A) in 
the FEDN group. In the R-MDD group, GMV in the body 
and tail of the hippocampus was positively correlated 
with the total score of the HAMA (Fig. 4B).

The genes showing specific to GMV alteration in MDD 
subtypes
As mentioned in Method section, we first identified a 
total of 52 target genes associated with either the hip-
pocampus or MDD. Then, we further found that the 
expression value of SYTL2 positively correlated with 
the intra-hippocampus ∆GMV in the FEDN, while 

the expression values of SORCS3 and SLIT2 positively 
correlated with the intra-hippocampus ∆GMV in the 
R-MDD. Furthermore, the expression levels of five 
genes—SORCS3, SCG2, SLIT2, SYTL2, and FAM110B—
demonstrated significant correlations with the intra-hip-
pocampus ∆GMV of R-MDD versus FEDN (Bonferroni 
correction, p < 0.05) (Fig. 5). These genes were primarily 
involved in neuronal signaling, synaptic transmission 
and cell migration (Table 1). Notably, these findings have 
been validated by two independent datasets.

Discussion
The present study employed a transcriptomic-neuroim-
aging approach to investigate the molecular basis of alter-
ations related to MDD subtypes in intra-hippocampus 
GMV. We found that:1) compared to controls, the FEDN 
group exhibited decreased GMV in the hippocampal tail, 
while the R-MDD group showed increased GMV in the 
same region; conversely, the hippocampal body displayed 
decreased GMV in R-MDD but no significant changes 
in FEDN; 2) the GMV of the medial hippocampal head 
in FEDN positively correlated with HAMD (item 8), 
whereas the GMV of the hippocampal body in R-MDD 
positively correlated with the HAMA; and 3) alterations 
in intra-hippocampus GMV in MDD subtypes were asso-
ciated with specific genes, particularly SYTL2 for FEDN 
and SORCS3/SLIT2 for R-MDD.

The observed abnormalities in GMV within specific 
hippocampal subregions align with previous studies [49] 
and provide insights into potential mechanisms related 
to depression episodes. The hippocampal tail is recog-
nized as a critical region related to perception function 
in the pathobiology of MDD, as indicated by numer-
ous studies [50, 51]. The hippocampal body, primarily 
linked to cognitive functions [36], demonstrates GMV 
reductions correlated with poor executive functioning 
in MDD. Therefore, decreased GMV in the hippocampal 
tail of FEDN and the hippocampal body of R-MDD may 
be associated with impairments of patients’ sensorimo-
tor and cognitive functions. Interestingly, the increased 
GMV in the hippocampal tail of R-MDD, but not FEDN, 
may be related to depressive severity rather than medi-
cation effects, as supported by the correlation analysis 
indicating larger GMV is associated with more severe 
depression and anxiety. However, this increase was not 

(See figure on next page.)
Fig. 1  The overview of data analysis in this study. We first integrated GMV data from the T1-weighted images and GE data from the AHBA ex-vivo 
dataset, identifying the genes related to hippocampal GMV. Then we validated these genes using an in-vivo dataset from healthy controls 
and explored GMV differences between patients and controls. Finally, we investigated gene profiles associated with GMV differences between FEDN 
and R-MDD by combining both prior-knowledge and data-driven MDD- and HP-related genes. MDD: major depressive disorder; GMV: gray matter 
volume; GE: gene expression; HP: hippocampus
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Fig. 1  (See legend on previous page.)
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Fig. 2  The group comparisons in hippocampal GMV. A and B show voxel-wise GMV alterations within hippocampus in FEDN and R-MDD groups 
compared to NC group, respectively. The positive and negative t values represent a larger and smaller GMV in disease group than NC group, 
respectively (*** represents p < 0.001). FEDN: first-episode drug-naive; R-MDD: recurrent major depressive disorder; NC: normal control; HP: 
hippocampus; GMV: gray matter volume

Fig. 3  The results of reproducibility analysis for group comparisons. We performed Leave-One-Site-Out Cross Validation (LOSOCV) for each paired 
group comparison to assess the reproducibility of GMV differences between groups, conducting five tests for FEDN vs. NC and six tests for R-MDD 
vs. NC, respectively. Reproducible ratio represents the proportion of the number of tests with significant differences in the total number of tests. The 
red and blue colors represent increased and decreased GMV in disease group than NC group, respectively.



Page 8 of 12Sun et al. BMC Psychiatry          (2025) 25:134 

found in the FEM group compared to FEDN, suggest-
ing that depressive episodes may be a contributing fac-
tor. Prior studies reported reduced hippocampal volume 
in patients with multiple episodes of depression, but 

not in first-episode patients, and a negative correlation 
between hippocampal volume and current episode dura-
tion has been noted [4, 15]. In addition, consistent with a 
prior study [52], the current study did not find significant 

Fig. 4  Voxel-wise correlations between the hippocampal GMV and the clinical assessments. A and B represent correlations between hippocampal 
GMV and score of item 8 of HAMD-17 and total score of HAMA, respectively

Fig. 5  Correlations between ΔGMV and gene expression. The ΔGMV, for SYTL2, SORCS3/SLIT2, and SCG2/FAM110B, represents the differences 
between FEDN and NC, between R-MDD and NC, and between R-MDD and FEDN, respectively
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correlations between intra-hippocampus GMV and ill-
ness duration.

At the microstructural level, vesicle trafficking, crucial 
for synaptic transmission and plasticity, is implicated in 
depression [53]. Chronic stress is known to impair long-
term potentiation (LTP) in the hippocampus, thereby 
affecting memory function [54]. Within this context, the 
synaptotagmin-like (SYTL) protein family plays a pivotal 
role in membrane trafficking [55]. Specifically, SYTL2, a 
member of this family, facilitates vesicle trafficking essen-
tial for LTP formation, enabling effective neuronal com-
munication through synapses [45]. Deficiency in SYTL2 
leads to severe disruptions in synaptic transmission [56]. 
Furthermore, during high-frequency activity, while short-
term depression may initially decrease synaptic release, 
recovery can result in short-term enhancement [57]. The 
correlation between SYTL2 expression and GMV sug-
gests that macroscale hippocampal atrophy in familial 
early-onset MDD (FEDN) could be linked to microscale 
synaptic damage.

The SORCS3 gene, exclusively expressed in the nerv-
ous system and localized to the postsynaptic density, is 
induced by neuronal activity in the hippocampus [38, 
58]. Recent GWAS analyses have associated SORCS3 
with MDD risk, identifying it as a significant gene in 
excitatory synaptic pathways [59, 30]. Mice deficient 
in SORCS3 exhibit impaired long-term depression and 
altered hippocampus-dependent memory and learning 
[60]. Additionally, SORCS3 is a crucial regulator of synap-
tic transmission and plasticity, particularly in controlling 
the proper positioning and mobility of glutamate recep-
tors in the postsynaptic density. Post-mortem studies of 
the hippocampus in MDD patients have demonstrated 
disruptions in synaptic and glutamatergic signaling path-
ways, implicating these abnormalities in MDD pathology 
[61]. A study involving young adults with depression also 

indicated a significant increase in hippocampal glutamate 
levels [62]. Collectively, these findings hint at a potential 
association between SORCS3 and hippocampal GMV 
alterations in R-MDD, particularly in relation to synaptic 
and glutamate signaling abnormalities.

The SLIT2 gene encodes a member of the slit family 
of secreted glycoproteins, which act as ligands for the 
roundabout (Robo) family of immunoglobulin receptors. 
SLIT2 regulates axonal guidance, branching, and neural 
migration through its interactions with Robo [63]. Stud-
ies on SLIT2-deficient mice have shown that its absence 
leads to axonal defasciculation [39, 42]. As a repellent 
guidance molecule, SLIT2 exerts effects on hippocam-
pal axons, which are associated with recurrent mossy 
fiber sprouting in the human hippocampus. Increasing 
evidence suggests that SLIT2 overexpression displays 
hallmarks of Alzheimer’s disease, including hippocam-
pal neuron apoptosis and Aβ protein deposition [43], and 
produces depression-like behaviors linked to neuronal 
impairment and molecular alterations in the hippocam-
pus [64]. Thus, the correlation between SLIT2 expression 
and hippocampal GMV may indicate axonal microstruc-
tural impairments underlying these volume changes in 
R-MDD.

Secretogranin II (SCG2), predominantly expressed 
in the central nervous system [39], is involved in sort-
ing and packaging peptide hormones and neuropeptides 
into secretory vesicles [65]. It is mainly localized at mossy 
fiber terminals in the hippocampus and climbing fib-
ers in the cerebellum, with expression accumulating in 
parvalbumin-positive interneurons [66]. This gene has 
been proposed as a cerebrospinal fluid (CSF) biomarker 
for mild cognitive impairment, bipolar disorder, and 
developmental delay [67]. Overexpression or knockdown 
of SCG2 in hippocampal neurons significantly affects 
dendritic arborization and synaptic formation [41]. A 

Table 1  Genes associated with GMV differences between MDD subtypes and NC

Gene Name Full name Chr Biological Function References

SORCS3 sortilin related VPS10 
domain containing 
receptor 3

10 This gene may be involved in the calcium-dependent regulation of rhodopsin phosphoryla-
tion and may be of relevance for neuronal signaling in the central nervous system.

 [30, 37, 38]

SCG2 secretogranin II 2 This gene is involved in the packaging or sorting of peptide hormones and neuropeptides 
into secretory vesicles.

 [39–41]

SLIT2 slit guidance ligand 2 4 This gene plays a highly conserved role in axon guidance and neuronal migration, 
and also has functions during other cell migration processes including leukocyte migration.

 [39, 42, 43]

SYTL2 synaptotagmin like 2 11 This gene facilitates vesicle trafficking necessary for long-term potentiation, allowing neurons 
to communicate effectively through synapses, and its deficiency may lead to severe impair-
ments in synaptic transmission.

 [44, 45]

FAM110B family with sequence 
similarity 110 mem-
ber B

8 Functional and expression analyses suggest that the FAM110 family might be associated 
with the cell cycle.

 [46–48]
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recent study has demonstrated that SCG2 plays a role in 
the plasticity mechanisms of inhibitory synapses, and its 
reorganization of inhibitory synaptic input may influence 
network function in  vivo [68]. Additionally, functional 
and expression analyses suggest that the FAM110 fam-
ily, of which FAM110B is a member, might be linked to 
the cell cycle [46], with expression observed in tissues 
such as the spleen and brain. FAM110B has been asso-
ciated with schizophrenia and bipolar disorder [47, 69], 
although research on this gene within the brain remains 
limited.

Taken together, the observed GMV abnormalities in 
MDD subtypes may be driven by complex interactions 
at the synaptic and axonal levels, involving genes such as 
SYTL2, SORCS3, SLIT2, and SCG2. Future longitudinal 
studies are needed to explore how these intra-hippocam-
pal GMV changes evolve over the course of depressive 
episodes, providing deeper insights into the underlying 
mechanisms and clinical implications of MDD.

Limitation
Several limitations should be noted in this study. First, 
the gene expression and MRI data of MDD used for the 
transcriptomic-neuroimaging association analysis were 
not derived from the same individuals. While previous 
studies have shown that gene expression profiles exhibit 
relatively conserved spatial patterns across brain struc-
tures among individuals, caution is warranted when 
interpreting results from cross-individual association 
analyses. Second, the GMV-related genes were identified 
indirectly through transcription-neuroimaging spatial 
correlation analysis rather than through experimental 
validation. Future animal studies are recommended to 
confirm our preliminary findings. Third, the unavailabil-
ity of medication history for the R-MDD group raises the 
possibility that their HAMD assessment scores could be 
influenced by prior drug treatment. It is imperative that 
this factor be taken into account and controlled for in 
future studies on MDD. Finally, GMV does not encom-
pass all aspects of intra-hippocampal structure. Genetic 
mechanisms underlying other measures of hippocampal 
morphology, such as thickness and surface area [70, 71], 
are also important and warrant further investigation.

Conclusion
This study utilized a combined transcriptomic-neuroim-
aging approach to explore abnormal changes in intra-hip-
pocampus GMV in MDD subtypes, and their associations 
with specific genes. Results revealed distinct GMV pat-
terns between different subtypes, with FEDN showing 
decreased GMV in the left hippocampal tail and R-MDD 
exhibiting decreased GMV in the bilateral hippocampal 
body but increased GMV in the bilateral hippocampal 

tail. Furthermore, GMV alterations in FEDN were poten-
tially associated with the SYTL2 gene, while those in 
R-MDD were related to the SORCS3/SLIT2 genes. These 
findings not only highlight the unique neurobiological 
signatures of FEDN and R-MDD but also suggest poten-
tial clinical implications for targeted gene-based thera-
pies in MDD subtypes.
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