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Abstract 

Bac kgr ound: The hippocampus has been widely reported to be inv olv ed in the neuropathology of major de pr essi v e disorder (MDD). All 
the previous resear c hes adopted group-level hippocampus subregions atlas to investigate abnormal functional connectivities in MDD 

in absence of capturing individual variability. In addition, the molecular basis of functional impairments of hippocampal subregions 
in MDD remains elusive. 

Objective: We aimed to reveal functional disruptions and recovery of individual hippocampal subregions in MDD patients before and 

after ECT and linked these functional connectivity differences to transcriptomic profiles to reveal molecular mechanism. 

Methods: we used group guided individual functional parcellation approach to define individual subregions of hippocampus for each 

participant. Resting-state functional connecti vity (FC) anal ysis of individual hippocampal subregions was conducted to investigate 
functional disruptions and r ecov er y in MDD patients before and after ECT. Spatial association between functional connectivity differ- 
ences and transcriptomic profiles was employed to reveal molecular mechanism. 

Results: MDD patients showed increased FCs of the left tail part of hippocampus with dorsolateral pr efr ontal cortex and middle 
temporal gyrus while decreased FC with primary visual cortex. These abnormal FCs in MDD patients were normalized after ECT. In 

addition, we found that functional disruptions of the left tail part of hippocampus in MDD wer e mainl y r elated to synaptic signaling 
and transmission, ion transport, cell-cell signaling and neurogenesis. 

Conclusion: Our findings provide initial evidence for functional connectome disruption of individual hippocampal subregions and 

their molecular basis in MDD. 

Ke yw ords: hippocampus; major de pr essi v e disorder; individual parcellation; electr oconvulsi v e therapy; gene expression 
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Introduction 

Major de pressi ve disorder (MDD), a common neuropsychiatric dis- 
order with a persistent feeling of sadness and loss of interest, is 
a leading cause of disability worldwide (Dick and Ferguson, 2015 ; 
Insel and Cuthbert, 2015 ; Stringaris, 2017 ). Medication is the first 
c hoice for MDD tr eatment while onl y one third of the patients 
r elie v e (Al-Harbi, 2012 ). Electr oconvulsiv e ther a py (ECT) is one of 
the most effective approaches for rapid relief of depression, espe- 
cially for treatment-resistant depression and depression with sui- 
cidal tendencies (Rami-Gonzalez et al., 2001 ; Hausner et al., 2011 ; 
Leaver et al., 2021 ). Although ECT could effectively alleviate clini- 
cal de pressi ve symptoms for patients with MDD, it also tempor all y 
causes cognitive impairments . T hus , elucidating the br ain mec ha- 
nism for ECT and side effects may better direct non-inv asiv e neu- 
r omodulation ther a py for MDD. 

The advent of in-vivo neur oima ging tec hniques has made it 
possible to elucidate the underlying brain structural and func- 
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© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of West China 
This is an Open Access article distributed under the terms of the Cr eati v e Commons
by-nc/4.0/ ), whic h permits non-commer cial re-use , distribution, and r e pr oduction 
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ional basis of depression (McGrath et al., 2013 ). The hippocampus
s a core region involved in cognition, memory, and emotion pro-
essing and plays a fundamental role in the neuropathology of de-
ression (Zhang et al., 2021 ; Xiao et al., 2024 ; Zhong et al., 2024 ). Pre-
ious studies with large samples r eported colla pse of hippocam-
al volume in patients with MDD, and the number of depr essiv e
pisodes was correlated with the size of the hippocampus volume 
Phillips et al., 2015 ; Schmaal, 2016 ). In MDD patients after ECT,
ormalized hippocampal structural and functional connectivities 
ere found and were associated with symptoms relief suggest- 

ng structural and functional r ecov ery of hippocampus may serve
s biomarkers for response of ECT (Abbott et al., 2014 ; Joshi et al.,
016 ). Emer ging e vidence has demonstr ated that the hippocam-
us has complex functions . T he dorsal hippocampus is mainly

nvolved in memory while the v entr al hippocampus plays a ma-
or role in emotion processing (Bannerman et al., 2004 ; Satpute et
l., 2012 ). Although a pr e vious study has explor ed ECT effects on
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unctional couplings of hippocampal subregions using a group-
e v el atlas in MDD patients (Bai et al., 2018 ), increasing studies
av e r e v ealed individual v ariability in human br ain anatomy and
onnectivity (Wang et al., 2015 ). Wang and colleagues emplo y ed
n individual functional connectivity mapping approach to pre-
ict clinical performances for MDD patients with ECT and found
hat individual functional connections could predict memory im-
airments but gr oup-le v el functional connections cannot (Wang
t al., 2020 ). In addition, a lot of studies have demonstrated that
ndividual le v el functional connectivity could better pr edict a g-
ng, cognitive, and clinical performances (Cui et al., 2020 ; Zhang
t al., 2021 ; Zhang et al., 2022 ; Sun et al., 2024 ). T hus , functional
onnectivity mapping of individual hippocampal subregions may
etter illuminate their roles in MDD and treatment response to
CT. 

In this study, we aimed to use an individual functional con-
ectivity mapping approach to reveal the role of hippocampal
ubregions in MDD patients after ECT and to r e v eal the genetic
asis using the Allen Human Brain Atlas (AHBA) micr oarr ay (Ar-
atkeviciute et al., 2018 ). First, we used our previously proposed
roup guided individual parcellation approach to define individ-
al le v el hippocampal subr egions . T hen, functional connectivity
nalyses of individual hippocampal subregions in MDD patients
nd after ECT were executed. Finally, spatial correlations between
unctional connectivity changes and transcriptomic data were an-
lyzed to reveal the molecular basis. 

aterials and Methods 

ubjects 

he dataset of this study contains a total of 92 subjects, in-
luding 46 patients with MDD (37 females/9 males, age range
rom 17 to 61, mean and standard deviation = 39.9 ± 12.1 years)
nd 46 age- and sex-matched healthy controls (35 females/11
ales, a ge r ange fr om 20 to 55, mean and standard de via-

ion = 35.5 ± 11.6 years). The local ethics committee of Anhui
edical University approved the research, and all participants

igned written informed consent. All the MDD patients are inpa-
ients with tr eatment-r esistant or acute suicidal ideation for ECT
n this study. The patients with se v er e somatic diseases, neuro-
ogical disorders, substance abuse or dependence, pregnancy, co-

orbidity, or other psychiatric conditions, or having pr e viousl y r e-
eived ECT or MRI-contraindications were excluded. The clinical
erformances including mini-mental state examination (MMSE),
7-item Hamilton Depression Scale (HAMD), and Hamilton Anxi-
ty Scale (HAMA) were recorded before and after ECT. 

CT Protocols 

 modified bi-frontal ECT protocol (Somatics, Lake Bluff, IL, USA)
as used for MDD ther a py. ECT was administr ated thr ee times
 week and was applied every other day with a break over the
eekends. During ECT, the patient was anesthetized using propo-

ol. The succin ylc holine and atr opine wer e also used to r elax the
 usculatur e and suppr ess secr etion of glands . T he seizure ac-

ivity was monitored using electroencephalography. The treat-
ent % energy was initially set based on the age of each par-

icipant (e.g. 50% for a 50-year-old patient), and the strength
as e v enl y adjusted with an increment of 5% of the maximum
 har ge (a ppr oximatel y 1000 millicoulombs) until seizure was de-
ected. For details of ECT pr ocedur es for MDD tr eatment, r efer to
ur pr e vious studies (W ei et al., 2014 ; W ang et al. , 2017 ; Li et al. ,
023 ). 
esting-State fMRI Data Acquisition and 

reprocessing 

esting-state fMRI data was acquired using a 3.0T GE MRI scan-
er (Discovery GE750w). The patients were scanned 12–24 hours
efore the first ECT session and 24–72 hours after the last ECT
ession. The resting-state fMRI data of healthy controls were also
cquired to determine functional abnormalities in MDD patients.
ll subjects were instructed to relax, to k ee p their e yes closed, to

emain a wake , and not to think of anything during fMRI scanning.
he resting-state fMRI were scanned using a standard echo planar

maging (EPI) sequence with the following par ameters: r epetition
ime/ec ho time r atio = 2400/30 ms, flip angle = 90 degrees, ma-
rix size = 64 × 64, field of view = 192 × 192 mm, 46 slices, voxel
ize = 3 × 3 × 3 mm 

3 , 217 volumes. 
Resting-state fMRI data was pr epr ocessed using the following

teps . T he first se v en v olumes w er e excluded and the r emaining
10 v olumes w er e r egister ed to the first volume to correct head
otion. Then, the fMRI data was transformed to Montreal Neuro-

ogical Institute (MNI) space and resampled to 3 × 3 × 3mm 

3 . Next,
ll the data were smoothed with a 6mm full-width at half max-
mum (FWHM) Gaussian kernel. Nuisance covariates including
riston’s-24 head motion parameters, white matter, cerebrospinal
uid, and global signals were regressed out and filtered with 0.01–
.1 Hz. To further exclude head motion effects, subjects with head
otion exceeding one voxel were discarded. Under this criterion,

o subject was excluded in this study. Mor eov er, scrubbing was
onducted to eliminate frame-wise head motion (2 volumes be-
ore and 1 volume after) using a cubic spline interpolation if the

ean frame displacement (FD) > 0.5 mm. 

ndividual Hippocampal Subregions Definition 

he bilateral hippocampal masks were defined using Harvard-
xford 25% probability atlas for individual functional parcellation
f hippocampus in both healthy controls and MDD patients . T he
ippocampal masks were re-sampled into 3-mm cubic voxel res-
lution for functional parcellation. The individual hippocampus
ubr egions wer e identified using our pr oposed gr oup guided in-
ividual functional parcellation a ppr oac h whic h is a nov el semi-
upervised method for individual brain parcellation based on
unctional variability at individual level (Zhang et al., 2021 ). Briefly,
he whole-brain functional connectivity for each voxel of the hip-
ocampus was first calculated. Next, the similarity for the whole
rain functional connectivity maps of every pair of voxels within
he hippocampus was defined using eta 2 to obtain a similarity ma-
rix for each subject. Then, all the similarity matrices were aver-
 ged acr oss all the subjects to obtain a mean similarity matrix.
 his a v er a ge similarity matrix was fed into our pr oposed ada ptiv e
ffinity pr opa gation algorithm to obtain the gr oup-le v el parcella-
ion results for hippocampus. Based on the group-level parcella-
ion result, the average similarity vector of each subregion across
ll voxels within this subregion was calculated and was taken
s a new clustering center. Finally, the litekmeans method was
pplied to cluster the similarity matrix into different subregions
n each individual with the gr oup-parcellation deriv ed clustering
enters. 

esting-State Functional Connectivity Analyses 

or Individual Hippocampal Subregions 

esting-state functional connectivity (RSFC) maps of the hip-
ocampal subregions in each individual were calculated using
earson correlation coefficient between the av er a ge time series
f each hippocampus subregion and the time series of each voxel
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Table 1: Demogr a phic and clinical v ariables of the MDD patients and HCs. 

Variables MDD HC P value 

Number of subjects 46 46 
Gender (male/female) 9/37 11/35 0.61 
Age (mean ± SD) 39.91 ± 12.25 35.48 ± 11.77 0.08 
Number of treatment (mean ± SD) 8.57 ± 2.01 
HAMD scores (mean ± SD) 1.83 ± 1.97 a 1.66 × 10 −40 , 

b 1.92 × 10 −7 , 
c 2.47 × 10 −21 

Before ECT 23.85 ± 5.98 
After ECT 6.74 ± 5.57 

HAMA scores (mean ± SD) 2 ± 2.03 a 6.21 × 10 −33 , 
b 5.58 × 10 −7 , 
c 7.05 × 10 −18 

Before ECT 22.11 ± 6.96 
After ECT 6.83 ± 5.72 

MMSE scores (mean ± SD) a 0.0017, b 1.73 × 10 −4 , 
c 0.32 

Before ECT 28.38 ± 1.89 29.47 ± 1.16 
After ECT 28.08 ± 2.03 

The P v alues wer e obtained by a Chi-squar e test for gender, and two-sample t-tests for a ge. MDD, major depr essiv e disorder; HC, healthy contr ols; HAMD, Hamilton 
Rating Scale for Depression; HAMA, Hamilton Rating Scale for Anxiety; MMSE, Mini Mental State Examination; ECT: electr oconvulsiv e ther a p y. a Comparison betw een 
HC and MDD patients before ECT using two-sample t-test. b Comparison between HC and MDD patients after ECT using two-sample t-test. c Comparison between 
MDD patients before and after ECT using paired t-test. 
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of the r est br ain. The Fish r-to-z transformation was applied to 
impr ov e the normality. To identify functional connectivity differ- 
ence of each hippocampal subregion between healthy controls 
and MDD patients, two-sample t -tests with age as covariate were 
applied and significant level was determined using false discov- 
ery rate (FDR) method with p < 0.05. To explore treatment ef- 
fect of ECT, the av er a ge functional connectivities of br ain r egions 
showing RSFC differences with hippocampal subregions were cal- 
culated for different groups. Two-sample t-tests with age as co- 
variate and paired t -tests were performed to reveal RSFC differ- 
ences between healthy controls and MDD patients after ECT and 

between MDD patients before and after ECT, respectively. The 
significant differences were corrected using FDR method with 

p < 0.05. To determine whether the functional connectivity dif- 
fer ences wer e associated with clinical performances, corr ela- 
tions anal yses wer e performed between functional connectivity 
or changes of functional connectivity and clinical scores. 

Associa tions betw een Changes of Functional 
Connectivity and Gene Expression 

The micr oarr ay data of human gene expression provided by AHBA 

( http://human.br ain-ma p.or g ), including 6 donated adult brains 
(35 females/11 males, age from 24 to 57), w ere do wnloaded. All 
the data were preprocessed by Arnatkeviciute et al. ( 2019 ). A to- 
tal of 58 692 probes collected 20 737 unique gene expression data 
from 3702 spatially distinct samples in the brain, and 45 821 genes 
pr ovided corr esponding Entr ez IDs and GeneSymbol annotations.
In addition, MNI coordinates of 3702 spatial samples were pro- 
vided for linkage with neuroimaging data. Using the 1000 whole- 
brain parcellation map proposed by Schaefer et al., ( 2018 ), the gene 
expression was evenly mapped to each subregion of the cortex.
Given that only two right hemisphere gene expression datasets 
wer e acquir ed, we anal yzed the gene expr ession data of the 500 
subregions in the left hemisphere . T he statistical t -value maps be- 
tween MDD and healthy groups of the hippocampal subregions 
wer e ma pped to 500 parcels in left hemispher e . T he a v er a ge t -
value for each par cel w as calculated and a 1 × 500 vector was 
obtained. Then, the spatial Pearson correlation coefficients be- 
ween each gene’s expression level and statistical t -value of the
00 par cels w ere calculated. The spin test was used to eliminate
he spatial autocorrelation. The significantly associated genes for 
hanges of functional connectivity were identified using the Bon- 
err oni corr ected method with p < 0.01. 

ene Enrichment Analysis 

oppGene ( https://toppgene.cc hmc.or g/) pr o vides a con venient
ool for Gene ontology (Go) enric hment anal ysis for significantly
ssociated genes with changes of RSFC. Enrichment analysis was 
xecuted to identify biological function including molecular func- 
ions , biological processes , and cellular components (Carbon et al.,
021 ). The Ky oto Enc yclopedia of Genes and Genomes (KEGG) was
sed to identify biological pathwa ys . T he significance for gene en-
ic hment anal ysis was determined using Fisher’s exact tests and
orrected using the FDR method with p < 0.05. 

esults 

emographic and Clinical Characteristics 

able 1 summarizes the demogr a phic and clinical c har acteristics
f all participants . T her e wer e no significant differences in sex
nd age between MDD patients and HC. Patients with MDD had
ignificantl y higher depr essiv e load befor e and after ECT com-
ared to HCs, and ECT led to a significant reduction in depres-
ive symptoms in MDD. Patients with MDD also had significantly
igher anxiety load before and after ECT compared to HCs, and
CT led to a significant reduction in anxiety symptoms in MDD.
MSE scor es wer e significantl y lo w er in MDD patients before and

fter ECT compared to HCs while there was no significant differ-
nce in MDD patients before and after ECT. 

ndividual Parcellation of the Bilateral 
ippocampus 

r oup-le v el and individual-le v el functional parcellation of the bi-
ateral hippocampus in the healthy controls and de pressi ve pa-
ients were obtained by our pr e viousl y pr oposed individual par-

http://human.brain-map.org
https://toppgene.cchmc.org/
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Figur e 1: T he gr oup-le v el and individual-le v el parcellation of hippocampus . T he gr oup-le v el and six r andoml y selected individual le v el parcellation of 
bilateral hippocampus were shown. The hippocampus was parcellated into head, body, and tail parts from anterior to posterior axis. 
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ellation methods. Similar to our pr e vious r esults, the bilater al
ippocampus were parcellated into three subregions including
ead, body, and tail parts of hippocampus at group level (Fig. 1 A).
sing the gr oup-le v el parcellation results as new clustering cen-

r oid, thr ee-way individual-le v el parcellation r esults of hippocam-
us were defined. Six randomly selected individual parcellation
aps of hippocampus w ere display ed and significant individual

natomical variations of hippocampus subregions were observed
Fig. 1 B). 

unctional Connectivity Differences of 
ippocampal Subregions in MDD and ECT Effects

o identify functional connectivity abnormalities of each hip-
ocampal subregion in MDD patients, two-sample t -tests for
hole brain functional connectivity maps of hippocampal sub-
 egions wer e performed between MDD patients and healthy con-
r ols. Compar ed to healthy controls, MDD patients sho w ed sig-
ificantl y incr eased functional connectivities of the left tail part
f hippocampal subregion with left dorsolateral prefrontal cortex
dlPFC, peak MNI: (-33, -18, 54)] and left middle temporal gyrus
MTG, peak MNI: (-66, -30, -27)] while significantl y r educed func-
ional connectivity of the left tail part of hippocampal subregion
ith primary visual cortex [V1, peak MNI: (15, -81, -9)] (Fig. 2 A).
her e wer e no other significant functional connectivity differ-
nces with other hippocampal subregions between MDD patients
nd healthy controls. 

To explore ECT effects on functional connectivities of hip-
ocampal subregions, the av er a ge functional connectivities of
r ain r egions showing functional connectivity differences with
ippocampal subregions found above were calculated in healthy
ontrols and MDD patients before and after ECT. Compared with
DD patients befor e tr eatment, ECT could effectiv el y decr ease
unctional connectivities of the left tail part of the hippocampal
ubregion with left dlPFC and left MTG and increase functional
onnectivity of the left tail part of the hippocampal subregion
ith V1 (Fig. 2 B). After ECT, MDD patients sho w ed similar connec-

ivity patterns as HCs, suggesting ECT could normalize the abnor-
al functional connectivity in MDD patients. 
To determine whether functional connectivity differ ences ar e

ssociated with clinical performances, corr elation anal yses wer e
erformed and found that functional connectivities between the

eft tail part of the hippocampal subregion and V1 were negatively
orrelated with HAMD and HAMA scores in MDD patients after
CT (Fig. 2 C). 

olecular Basis Underlying Changes of 
unctional Connectivity of Hippocampal 
ubregion 

sing spatial association analysis between statistical map and
ene expression data, 880 significantly associated genes with
hanges of functional connectivities of the left tail part of
ippocampal subr egion wer e identified. Enric hment anal ysis
 e v ealed that these genes are closely associated with MDD,
c hizophr enia, cognitiv e disorders, and e pile psy (left panel in
ig. 3 ). Mor eov er, the biological processes of these genes were also
ound to be mainl y involv ed in neur ogenesis, cell-cell signaling,
on transport and its regulation, and synaptic and trans-synaptic
ignaling (right panel in Fig. 3 ). 

iscussion 

sing our proposed individual functional parcellation approach,
ndividual functional subregions of the hippocampus and individ-
al functional connectivity are mapped for both HCs and MDD
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Figure 2: Altered functional connectivity (FC) of the tail part of the hippocampus in MDD patients. (A) Compared with healthy controls, MDD patients 
before ECT (Pre_ECT) sho w ed increased FCs of the left tail part of hippocampus with left dorsolateral prefrontal cortex (dlPFC) and left middle 
temporal gyrus (MTG), while decreased FC of the left tail part of hippocampus with right primary visual cortex (V1). (B) In MDD patients after ECT 

(Post_ECT), we found that ECT could normalize the abnormal FCs in MDD patients. (C) The decreased FCs between left tail part of hippocampus and 
right V1 were negatively correlated with depression and anxiety loads in MDD patients after ECT (Post_ECT). 

Figure 3: Enrichment analysis for the associated genes. Using spatial correlation analysis, the genes associated with changes of functional connectivity 
of the left tail part of hippocampus in MDD patients, compared to HCs, were identified. Enrichment analysis of these genes found that they are mainly 
related to the brain disorders of impaired cognition, e pile psy, autism disorder, sc hizophr enia, and MDD (left panel). These genes were mainly involved 
in biological processes including neurogenesis, cell-cell signaling, synaptic signaling, regulation of ion transportation, and so on (right panel). 

v  

h
l  

a
p  
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patients. Individual functional connectivity analyses reveal sig- 
nificantl y c hanged functional connectivity of hippocampal subr e- 
gions in MDD patients and that ECT could normalize these abnor- 
mal functional connections. Importantly, by combining transcrip- 
tomic data, we establish the molecular basis for these changes of 
functional connectivity in MDD patients. Taken together, we pro- 
ide initial evidence for the functional abnormality of individual
ippocampal subregions in MDD patients and how ECT modu- 

ates these functional disruptions at individual le v el. The associ-
ted genes with changes of functional connectivity of hippocam- 
al subregions may improve understanding of the role of the hip-
ocampus in the neuropathology of MDD. 
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ndividual Hippocampal Subregions Mapping for 
CT 

he hippocampus has been demonstrated to be a heterogeneous
egion composed of different subregions which play distinct roles
n human behavior, emotion, and cognition (Robinson et al., 2015 ;
hang et al., 2021 ). A recent ECT study using a hippocampus atlas
o define three functional subregions including emotion, cogni-
ion, and perceptual function found that ECT increased functional
onnectivity of the emotional hippocampal subregion with left
iddle occipital gyrus and the right medial temporal gyrus while

ecreasing functional connectivity of the cognitive hippocampal
ubr egion with bilater al angular gyrus in MDD patients (Bai et
l., 2018 ). In another study, Hao and colleagues also segmented
he hippocampus into three subregions—cornu ammonis, den-
ate gyrus, and subiculum—and found different subregions show-
ng differ ent c hanges of whole br ain r esting-state functional con-
ectivity pattern in MDD patients (Hao et al., 2020 ). Similar find-

ngs were found by Cole et al. ( 2010 ) which reported that the col-
apse of hippocampal subregions in patients with MDD and atro-
hy mainly concentrates in subiculum and cornu ammonis sub-
egions. Ho w ever, all the aforementioned studies are based on
r oup-le v el hippocampus parcellation results leading to inaccu-
ate functional connectivity mapping (William et al., 2015 ). Given
he large individual variations in the functional neuroanatomy of
igh-order cognition-r elated br ain ar eas, gr oup-le v el functional
ubr egion anal ysis cannot well c har acterize individual behavior al
ifferences (Wang and Liu, 2014 ). T hus , mapping personalized
unctional connectivity of hippocampal subregions at the individ-
al le v el could better c har acterize functional abnormalities of the
ippocampus in depression and guide precision therapy. In this
tudy, we applied our proposed individual hippocampus parcel-
ation algorithm to define hippocampal functional subregions at
he individual le v el, whic h will be beneficial to future studies to
dentify important roles of the hippocampus in neuropsychiatric
isorders from an individual perspective. 

ippocampus in Depression 

he k e y role of the hippocampus in MDD has been well docu-
ented. A lot of pr e vious studies hav e r eported hippocampal at-

ophy in patients with MDD (Vakili et al., 2000 ; Sheline et al., 2002 ;
olla et al., 2007 ), and hippocampal v olume w as closel y corr e-

ated with se v erity, number of episodes, and duration of depres-
ion (Sheline et al., 2019 ). In MDD patients after treatment such
s taking antidepressants and ECT, the volume of the hippocam-
us incr eases significantl y (Mal ykhin et al. , 2010 ; Leif et al. , 2018 ),
nd hippocampal subregion volume could predict ECT outcomes
n MDD (Cao et al., 2018 ; Gbyl et al., 2021 ; Xu et al., 2023 ). In addi-
ion to structural changes of the hippocampus, MDD patients also
ho w ed altered hippocampal functional connectivity with pre-
rontal and parietal cortices and the changed functional connec-
ivity was correlated with the duration of MDD (Cao et al., 2012 ).
n addition, Barch and colleagues reported that preschool poverty
hanged hippocampal connectivity patterns leading to sc hool-a ge
epr ession (Barc h et al., 2016 ). Recentl y, a study used the connec-
ions of the hippocampus to left inferior frontal gyrus and pre-
uneus to predict the therapeutic effect of antidepressants for pa-
ients with MDD (Xiao et al., 2021 ). All these studies indicate that
he hippocampus has a close relationship with the onset, dura-
ion, and se v erity of depr ession. In our study, we found that MDD
atients sho w ed increased functional connectivity between the
ail part of the hippocampus and dorsolateral prefrontal cortex,
s well as the middle temporal cortex, while exhibiting decreased
unctional connectivity with the primary visual cortex. Interest-
ngly, we found that the functional connectivities of the tail part
f hippocampus with primary visual cortex were negatively corre-
ated with depression and anxiety severity. For these MDD patients
fter ECT, the abnormal functional connectivities of hippocampal
ubr egions wer e normalized. This r esult is supported by a pr e vi-
us study which found that the tail of the hippocampus volume
s a prognostic biomarker for antidepr essant tr eatment outcomes
n patients with MDD and concluded that volume decline of the
ail part of the hippocampus may relate to a cum ulativ e imprint
f pr e viousl y long-lasting untr eated depr essiv e episodes (Nogov-
tsyn et al., 2020 ). Our findings provide new supporting evidence
or the important role of the hippocampus, especially the left tail
art of the hippocampus, in disease onset and se v erity in MDD
atients and the functional connectivity of the tail part of the hip-
ocampus may serve as a biomarker for response or remission of
epression. 

olecular Basis of Hippocampus in MDD 

he Allen Human Brain Atlas micr oarr ay dataset pr ovides a
nique opportunity to r e v eal molecular basis of macroscopic neu-
 oima ging phenotypes (Yang et al., 2023 ; Chen et al., 2024 ; Yu et
l., 2024 ). Recently, we analyzed static and dynamic functional
onnectivity changes of default mode network and identified the
enes associated with these functional alterations to r e v eal the
olecular basis of ECT for depression (Li et al., 2023 ). In this study,

sing functional connectivity analysis for individual hippocampal
ubr egions, we r e v ealed c hanged functional connectivity of the
ail part of the hippocampal subregion in MDD patients compared
o healthy controls. We linked these functional changes to the hu-

an transcriptomic data and identified the associated genes for
lterations of functional connectivity. The following enrich anal-
sis r e v ealed that these genes wer e mainl y involv ed in syna ptic
ignaling and transmission, ion transport, cell-cell signaling, and
eurogenesis. Our findings provide the initial evidence for the in-
ividual functional connectivity changes of hippocampal subre-
ions and identified the molecular basis for these individual func-
ional connectivity abnormalities in MDD patients , which ma y fa-
ilitate better understanding of the role of the hippocampus in
europathology of depression. 

Ther e ar e some limitations of our study. First, the
eur oima ging-tr anscriptome association analysis only used
he left hemispheric genes’ expression profiles to avoid sampling
ias, since only two donors had samples in the right hemisphere,
hich may affect our findings about the molecular basis un-
erl ying functional differ ences of the hippocampal subregion in
DD. Our findings should ther efor e be further validated in future

tudies. Second, since the transcriptomic data are not from our
nrolled subjects, the interpretation of the molecular basis for
unctional changes needs to be approached with caution. Third,
he sample size of this study is not large, and the findings need to
e further validated. Fourth, we did not separate the patients with
DD into tr eatment-r esistant and suicidal attempt subgr oups,
hich may bring confounds of our findings. Fifth, we parcellated

he hippocampus using functional MRI at the resolution of 3 mm
ubic vo xel. Gi ven that the hippocampus is small, the obtained
unctional subregions of the hippocampus may not be ideal. 

onclusion 

n this study, group level guided individual functional hippocam-
al subregions were mapped and individual functional connec-
ivity changes of the left tail part of the hippocampal subregion
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with dorsolateral prefrontal cortex, middle temporal gyrus, and 

primary visual cortex were found in MDD patients. In addition,
we found that ECT could normalize these abnormal functional 
connectivities in MDD. Importantly, we linked changes of func- 
tional connectivity of hippocampal subregions to transcriptomic 
pr ofiles to r e v eal the molecular mec hanism for the functional ab- 
normalities in MDD patients . T he associated genes were mainly 
related to synaptic signaling and transmission, ion transport, cell- 
cell signaling, and neurogenesis . T his study revealed functional 
connectome disruption of individual hippocampal subregions in 

MDD patients and their molecular basis. Our findings will facili- 
tate uncovering the molecular basis of depression and guide pre- 
cious ther a py for MDD. 
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