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N E U R O S C I E N C E

Astrocyte dysfunction drives abnormal resting-state 
functional connectivity in depression
Jiaming Liu1†, Jia-Wen Mo4†, Xunda Wang5,6, Ziqi An1, Shuangyang Zhang1, Can-Yuan Zhang4, 
Peiwei Yi1, Alex T. L. Leong5,6, Jing Ren4, Liang-Yu Chen4, Ran Mo4, Yuanyao Xie1, Qianjin Feng1, 
Wufan Chen1, Tian-Ming Gao4, Ed X. Wu5,6*, Yanqiu Feng1,2,3,4,7*, Xiong Cao4,8*

Major depressive disorder (MDD) is a devastating mental disorder that affects up to 17% of the population worldwide. 
Although brain-wide network-level abnormalities in MDD patients via resting-state functional magnetic resonance 
imaging (rsfMRI) exist, the mechanisms underlying these network changes are unknown, despite their immense 
potential for depression diagnosis and management. Here, we show that the astrocytic calcium-deficient mice, 
inositol 1,4,5-trisphosphate-type-2 receptor knockout mice (Itpr2−/− mice), display abnormal rsfMRI functional 
connectivity (rsFC) in depression-related networks, especially decreased rsFC in medial prefrontal cortex (mPFC)–
related pathways. We further uncover rsFC decreases in MDD patients highly consistent with those of Itpr2−/− 
mice, especially in mPFC-related pathways. Optogenetic activation of mPFC astrocytes partially enhances rsFC in 
depression-related networks in both Itpr2−/− and wild-type mice. Optogenetic activation of the mPFC neurons or 
mPFC-striatum pathway rescues disrupted rsFC and depressive-like behaviors in Itpr2−/− mice. Our results identify 
the previously unknown role of astrocyte dysfunction in driving rsFC abnormalities in depression.

INTRODUCTION
The high lifetime prevalence (~17%) and the leading cause of dis-
ability and suicide make major depressive disorder (MDD) a devas-
tating psychiatric disease (1). Efforts to identify pathophysiological 
mechanisms of depression implicate neuronal communication within 
specific brain circuits and networks (2, 3). Resting-state functional 
magnetic resonance imaging (rsfMRI) is a powerful noninvasive 
tool to investigate neuronal communication on a whole-brain scale 
by quantifying resting-state functional connectivity (rsFC), the 
correlation of infraslow (~0.1 Hz) spontaneous blood oxygen level–
dependent (BOLD) MRI signal fluctuations, among spatially segre-
gated but functionally related regions (4–8). Mounting evidence has 
established that depressed patients display abnormal rsFC in key 
functional hubs involved in emotional processing, such as the ven-
tromedial prefrontal cortex (vmPFC), dorsolateral PFC (dlPFC), ante-
rior cingulate (ACC), amygdala (AMY), thalamus (TH), striatum (Str), 
and hippocampus (HP) (2, 9, 10). Moreover, based on the distinct 
patterns of dysfunctional rsFC, reclassification of depression has 
improved the prediction of treatment response (11). Furthermore, 
rsFC-guided neuromodulation therapy is associated with remission 
for treatment-resistant depression (12). Despite the immense potential 

of rsfMRI for diagnosing depression and guiding depression treat-
ment, the mechanisms underlying rsfMRI connectivity abnormali-
ties in depression remain poorly understood.

Astrocytes, the most abundant glial cell type in the mammalian 
brain, are strongly implicated in depression (13–17). Evidence from 
postmortem analyses of depressed patients and animal studies found 
changes in astrocytic density, markers, and gliotransmitters in emotion- 
related brain regions (13, 15–18), including vmPFC, dlPFC, ACC, 
AMY, TH, Str, and HP. Moreover, astrocytes regulate synaptic trans-
mission and plasticity (19), mediate myelinated axon excitability and 
conduction speed (20), synchronize the activity of their neighboring 
neurons (21), and modulate neuronal communication across brain 
regions (22). Furthermore, astrocytic intrinsic Ca2+ events are cor-
related with brain-wide infraslow spontaneous BOLD fluctuations 
(23). These studies suggest that astrocytes can present a key candi-
date for mechanisms underpinning rsfMRI connectivity. However, 
the role of astrocytes in rsfMRI connectivity remains understudied 
for both normal and depressed brains.

Astrocytic activation is manifested by elevated intracellular Ca2+ 
signals mainly mediated by the inositol 1,4,5-trisphosphate (IP3) 
pathway, and IP3 receptor type 2 (IP3R2) is the predominant func-
tional IP3R isoform in astrocytes (24). IP3R2 knockout (Itpr2−/−) 
mice exhibit strongly attenuated Ca2+ signals in astrocytes, but not 
in neurons (13, 24–27). We previously established that Itpr2−/− mice 
displayed depressive-like behaviors in the forced swimming test (FST) 
and sucrose preference test (SPT) (13). Astrocytic Ca2+ signals can be 
effectively increased by astrocyte-specific optogenetic stimulation (24). 
Thus, we integrated whole-brain rsfMRI with cell type–specific op-
togenetic tools in Itpr2−/− mice, in conjunction with rsfMRI analysis 
in human patients with depression. We hypothesized that astrocyte 
dysfunction is a contributor to rsfMRI connectivity abnormalities in 
depression. To elucidate whether astrocyte dysfunction drives ab-
normal rsfMRI connectivity in depression, we examined the effects 
of astrocyte-specific functional loss and gain on brain-wide rsFC, as 
well as the association between abnormal rsFC and depressive-like 
behaviors in Itpr2−/− mice.
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RESULTS
Astrocyte dysfunction disrupts brain-wide rsFC
Astrocyte calcium-deficient mice, the Itpr2−/− mice, displayed ex-
pected depressive-like behaviors in the tail-suspension test (TST) 
and FST (fig. S1, A and B), as we demonstrated previously (13). 
To investigate whether astrocyte dysfunction contributes to rsfMRI 
connectivity abnormalities in depression, we first examined how a 
decrease of astrocytic Ca2+ activity affects rsFC, by comparing the 
brain-wide rsFC between Itpr2−/− and wild-type (WT) mice. We 
performed independent component analysis (ICA) on all the rsfMRI 
data and identified 53 robust rsFC components (fig. S2A). On the 
basis of these ICA-detected rsFC components and atlas, 94 spatially 
separated and left-right symmetrical brain units (i.e., 47 brain regions) 
were defined as the regions of interest (ROIs) to calculate the pair-
wise correlation matrices (fig. S2B and table S1).

Intergroup comparison of the whole-brain pairwise correla-
tion matrices revealed significant changes in the brain-wide rsFC of 
Itpr2−/− mice, compared with WT mice (Fig. 1, A and B). We ranked 
the ROIs in the order of the overall connectivity changes that link to 
each ROI, which were quantified as the “node modulation index” 
(NMI) from the mean effect size (Cohen’s D) of rsFC change 
(28, 29). Eighteen ROIs exhibited strong effect with NMI > 0.7 (fig. 
S3, E and F) (28, 29). These 18 ROIs corresponded to subregions 
within the medial PFC (mPFC), TH, Str, somatosensory cortex (SsCx), 
habenula (Hb), AMY, dorsal raphe nucleus (DRN), visual cortex 
(VCx), superior colliculus (SC), and anterior lobe cerebellum (Ant; 
Fig. 1C and fig. S3F), which were previously shown to be associated 
with depression (hereafter referred to as depression-related networks) 
(13, 14, 30, 31). The HP and ventral tegmental area (VTA), two other 
key hubs of depression (2), showed no obvious changes in their rsFC 
with other brain regions (Fig. 1, A and B, and fig. S3F).

To quantify the changed rsFC among the mostly affected brain 
regions in Itpr2−/− mice, we calculated the effect sizes (Itpr2−/− mice 
versus WT mice) within the depression-related networks (Fig. 1D). 
Effect size analysis showed that the rsFC was markedly decreased in 
mPFC-Str, mPFC-AMY, mPFC-SsCx, mPFC-VCx, TH-Str, TH-
AMY, TH-SsCx, TH-VCx, Str-SC, Str-Ant, SsCx-SC, Ant-SsCx, 
AMY-SC, Ant-VCx, Hb-Str, Hb-AMY, Hb-SsCx, Hb-VCx, DRN-
Str, DRN-AMY, and DRN-VCx pathways in Itpr2−/− mice relative 
to WT mice (Fig. 1, D and E). Whereas IP3R2 knockout increased 
the rsFC in DRN-Ant, mPFC-DRN, DRN-TH, Hb-SC, and SsCx- 
VCx pathways (Fig.  1,  D  and  E). Because the TST and rsfMRI 
experiments were performed on the same animals, we further ex-
amined the correlation between rsFC and behavioral performances 
in the TST. Notably, six pathways exhibited negative correlation 
between rsFC and immobility time in TST, including the mPFC-Str 
[r = −0.5790, false discovery rate (FDR)–corrected P = 0.0171], mPFC- 
AMY (r = −0.5892, FDR-corrected P = 0.0171), mPFC-SsCx (r = 
−0.5912, FDR-corrected P = 0.0171), TH-Str (r = −0.5698, FDR-corrected 
P  =  0.0171), TH-AMY (r  =  −0.5765, FDR-corrected P  =  0.0171), 
and TH-SsCx (r = −0.5861, FDR-corrected P = 0.0171) pathways 
(fig. S1D). These results show that astrocyte dysfunction can lead to 
brain-wide rsfMRI connectivity abnormalities that predicted depressive- 
like behavior, particularly in depression-related networks.

Characteristically consistent rsFC changes in MDD patients 
and Itpr2−/− mice
The Itpr2−/− mice showed changed rsFC mainly in depression-related 
networks, including mPFC, Str, AMY, TH, SsCx, VCx, Ant, SC, 

DRN, and Hb (Fig. 1, C to E). Guided by these results, we next as-
sessed whether similar changes within depression-related networks 
also existed in MDD patients by analyzing the rsfMRI dataset from 
the REST-meta-MDD consortium (32). The human rsfMRI dataset 
provided us with time series extracted from human atlas–defined 
ROIs, which include most of the brain regions within the above-
mentioned depression-related networks except SC, DRN, and Hb. 
After preprocessing and data exclusion to ensure data quality (see 
Materials and Methods for details), a total of 1080 MDD patients 
(MDD) and 931 normal controls (NC), recruited from 21 study 
sites across China, were used for subsequent statistical analysis 
(Fig. 2A and table S2). The vmPFC rsFC was analyzed as human 
vmPFC is homologous to rodent mPFC (33, 34). We found that the 
rsFC of vmPFC-Str, vmPFC-AMY, TH-Str, TH-AMY, vmPFC-SsCx, 
TH-SsCx, TH-VCx, Ant-Str, Ant-AMY, Ant-SsCx, and Ant-VCx 
pathways was significantly decreased in the MDD compared with the 
NC group, consistent with the altered rsFC in Itpr2−/− mice (Fig. 
2, C and D, and fig. S4). The rsFC of the mPFC-VCx pathway, which 
displayed a significant decrease in Itpr2−/− mice, was not changed in 
depressed patients (Fig. 2, C and D, and fig. S4). The rsFC of the 
Str-SsCx and AMY-SsCx pathways was significantly increased in 
Itpr2−/− mice but significantly decreased in MDD patients (fig. S4). 
The rsFC of the Str-AMY, vmPFC-TH, vmPFC-Ant, and TH-Ant 
pathways was significantly decreased in MDD patients but not changed 
in Itpr2−/− mice (fig. S4).

Although the head motion was regressed out at the individual 
level and then used as a covariate in linear mixed model (LMM) 
analysis, we additionally performed analyses after excluding sub-
jects with large motion to validate our findings. We found that most 
of the rsFC decreases, except that of TH-VCx, in MDD patients re-
mained significant regardless of using moderate [excluding the sub-
jects with mean framewise displacement (FD) > 0.2 mm] or strict 
(excluding the subjects with mean FD > 0.1 mm) head motion control 
(fig. S5, E and F). In addition, we reran the analysis with a different 
parcellation scheme using the Craddock’s functional clustering 
atlas (35). We again found that the rsFC of most pathways, includ-
ing vmPFC-Str, vmPFC-AMY, vmPFC-SsCx, Ant-AMY, Ant-Str, 
Ant-SsCx, and Ant-VCx, remained significantly decreased in the 
MDD group, albeit the rsFC changes in TH-Str, TH-AMY, TH-SsCx, 
TH-VCx, and vmPFC-VCx became nonsignificant (fig. S6B). Togeth-
er, these results show that the altered rsFC in depressed patients and 
Itpr2−/− mice is highly consistent, and the changes in mPFC-related 
rsFC are the most robust and consistent when compared to those in 
other brain regions.

Optogenetic activation of mPFC astrocytes enhances rsFC 
in depression-related networks
Cell type–specific optogenetic stimulation is an effective approach 
to selectively increase astrocytic Ca2+ signals (24). To further deter-
mine the role of astrocytes in rsFC in depression, we directly exam-
ined the effects of optogenetic stimulation of mPFC astrocytes on 
depression-related networks. We selectively stimulated astrocytes 
by injecting adeno-associated viruses (AAV) expressing the ChR2 
under the glial fibrillary acidic protein (GFAP) promoter (gfaABC1D) 
into mPFC of WT or Itpr2−/− mice (Fig. 3, A and B). Confocal im-
ages showed that most of the mCherry-positive cells coexpressed 
GFAP (94.51%), an astrocytic marker (Fig. 3, C and D).

We then performed rsfMRI experiments before and during 
10-Hz blue light (473 nm) optogenetic activation of mPFC astrocytes 
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Fig. 1. Brain-wide functional connectivity mapping of Itpr2−/− and WT mice by rsfMRI. (A and B) Intergroup statistical comparison of rsFC of Itpr2−/− and WT mice 
(n = 11 and 13 mice for Itpr2−/− and WT mice, respectively), shown as matrix (A) and network graph (B). The nodes correspond to 47 brain regions detected from ICA (listed 
in table S1). Independent sample t test, P < 0.05, false discovery rate (FDR) correction for multiple comparisons; only the significantly changed pathways (FDR-corrected 
P < 0.05) are shown. (C) The 47 brain regions are ranked in the order of the overall rsFC changes, and the top 18 ROIs (mean effect size > 0.7) are shown in (C) to (E). The 
effect size matrix (D) and schematic diagram (E) showing the changed rsFC between top 18 ROIs. MCx, motor cortex; ACx, auditory cortex; ICx, insular cortex; Cg/Rs, 
cingulate/retrosplenial cortex; OCx, orbital cortex; Acb, accumbens nucleus; LS, lateral septal nucleus; Hb, habenular nucleus; IC, inferior colliculus; IL, infralimbic cortex; 
PrL, prelimbic cortex; CM, central medial thalamus nucleus. For the abbreviation details, see table S1.
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(Fig. 3E). The fMRI activation maps displayed an increase of BOLD 
activity in the mPFC (Fig. 3F). Effect size analysis revealed that op-
togenetic stimulation of astrocytes increased the rsFC of mPFC-Str, 
mPFC-AMY, DRN-VCx, Str-SsCx, Str-VCx, AMY-SsCx, and AMY- 
VCx pathways in both Itpr2−/− and WT mice, albeit with moderate 
effect (effect size > 0.5; Fig. 3, G and H). Comparing the trend of 
rsFC changes due to Itpr2 knockout and optogenetic activation of 
mPFC astrocytes in Itpr2−/− mice, we found that 51% (78 of 153) 
of pathways showed rsFC changes in opposite directions (fig. S7A). 
In these 78 pathways, the rsFC differences between Itpr2−/− and WT 
mice were negatively correlated with the rsFC differences in Itpr2−/− 
mice before and during optogenetic activation of mPFC astrocytes 
(fig. S7B; r = −0.6546, P < 0.0001). Among them, 67 of 78 pathways 
showed rsFC decreases with Itpr2 knockout but increases with astro-
cyte activation (the second quadrant in fig. S7B), whereas the re-
maining pathways showed rsFC increases with Itpr2 knockout but 
decreases with astrocyte activation (the fourth quadrant in fig. S7B). 
These results suggested that optogenetic activation of mPFC astro-
cytes could alleviate rsFC alterations induced by Itpr2 knockout.

We next performed seed-based analysis (SBA) with seed defined 
in the ipsilateral mPFC. The correlation coefficient (CC) maps and 
quantitative analysis also showed that ipsilateral mPFC-Str rsFC was 
significantly increased during optogenetic activation of the mPFC 
astrocytes in both Itpr2−/− and WT mice (Fig. 3, I to L). These re-
sults demonstrate that increased Ca2+ signals in mPFC astrocytes by 
optogenetic stimulation can mitigate rsFC alterations in depression- 
related networks, especially partially enhance the decreased rsFC 
because of astrocyte dysfunction.

Deletion of the Itpr2 attenuates the mPFC-to-Str neuronal 
communication
Functional connectivity is related to neural communication (36), which 
can be regulated by astrocytes (22). To understand how astrocytes 
modulate rsFC and whether it is by regulating neuronal communi-
cation (22), we used manganese-enhanced MRI (MEMRI) to determine 
whether astrocyte dysfunction affected neuronal communication 
and, if so, which of the mPFC-related pathways were affected the 
most. MEMRI is an effective method for evaluating neuronal 

Fig. 2. Attenuated rsFC in MDD patients consistent with that in Itpr2−/− mice. (A) Sample size for MDD patients (1080 MDD) and normal controls (931 NC). The hori-
zontal axis represents 21 study sites from China. See also table S2. (B) Locations of ROIs and data analysis schematic. For each subject, rsFC was generated by calculating 
the Pearson’s correlation coefficient (r) of the BOLD signals and then transformed to Fisher’s z score, as in this representative subject. (C) Violin figures showing the distri-
bution of rsFC for MDD and NC subjects. Linear mixed models. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; FDR for multiple comparison correction, n.s., no sig-
nificance. (D) Similar rsFC changes in MDD patients and Itpr2−/− mice. See table S3 for MNI coordinates for ROIs in (B).
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Fig. 3. Optogenetic stimulation of mPFC astrocytes increases rsFC within depression-related networks. (A) Schematic showing the virus injection and optical fiber 
implantation. (B) Confocal images demonstrate ChR2 expression in mPFC astrocytes. Red, ChR2-mCherry; green, GFAP; blue, 4′,6-diamidino-2-phenylindole (DAPI). Scale 
bars, 500 m (left) and 25 m (right). (C) Representative histology of ChR2-mCherry colocalized with GFAP (left) or NeuN (right). Scale bars, 10 m. (D) Quantitative analy-
sis of the percentage of ChR2-positive cells that colocalized with GFAP (n = 290 mCherry-positive cells; 12 fields of view; four mice) and NeuN (n = 409 mCherry-positive 
cells; 17 fields of view; four mice). (E) Schematics of fMRI scanning timeline and corresponding paradigms. (F) Representative activation maps at 10-Hz stimulation. 
(G) Effect size matrix (Cohen’s D > 0.5) showing effect of optogenetic stimulation on ipsilateral rsFC within depression-related networks in WT (n = 14; bottom-left part) 
and Itpr2−/− mice (n = 8; top-right part). The blue matrix box indicates the effect size of mPFC-Str rsFC. (H) Effect size schematic diagram shows co-increased ipsilateral rsFC 
in WT and Itpr2−/− mice. (I and J) Resting-state correlation maps of ipsilateral mPFC of WT and Itpr2−/− mice before and during optogenetic stimulation. (K) Str ROI used to 
extract the CC value in the rsFC maps of mPFC (I and J). (L) Quantification of ipsilateral mPFC-Str rsFC in WT and Itpr2−/− mice. Two-way analysis of variance (ANOVA) 
followed by Sidak’s multiple comparison test, data are expressed as means ± SEM, **P < 0.01.
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communication across the whole brain (37). Mn2+, a calcium ion 
analog, can be absorbed by excitable neurons through voltage-gated 
calcium channels and then transported along the axons in an activity- 
dependent manner (37).

We first infused MnCl2 into the mPFC of Itpr2−/− and WT mice 
and tracked the accumulation of Mn2+ during the first 24.5 hours 

after injection (Fig. 4, A and B). We observed Mn2+-induced signal 
enhancement in the Str [ventral Str (vStr), dorsal Str (dStr), and 
lateral globus pallidus (LGP)], TH, AMY, and VTA (Fig. 4C). We 
then performed quantitative analysis of the signal intensities extracted 
from defined ROIs covering these brain regions (Fig. 4D). Compared 
with the WT mice, we found a reduced Mn2+ accumulation along the 

Fig. 4. Deletion of Itpr2 impairs the mPFC-to-Str neuronal communication. (A) Schematic and a representative T1-weighted image illustrate the infusion site of MnCl2. 
(B) Experimental paradigm for dynamic manganese-enhanced MRI (MEMRI). (C) Representative three-dimensional maximum density projection images of a WT mouse showing 
the spread of Mn2+ enhancement 8.5 hours after infusion. (D) Definitions of ROIs. (E) Average color-coded MEMRI images. (F) Quantitative analysis of Mn2+ dynamic accumulation 
in the defined ROIs. Two-way repeated-measures ANOVA followed by Sidak’s multiple comparison test; *P < 0.5, n = 9 mice in each group. Data are expressed as means ± SEM.
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fiber tracts from mPFC to the vStr, dStr, and LGP 4.5 hours after 
Mn2+ administration, and a continuous reduction in both vStr and 
LGP at 8.5 hours in Itpr2−/− mice. By contrast, no apparent differ-
ence was observed in the Mn2+ accumulation at TH, AMY, and VTA 
(Fig. 4, E and F). These results demonstrate that astrocyte dysfunc-
tion decreases neuronal communication, and that the mPFC-Str 
pathway is the only significantly affected neural circuit among the 
mPFC-related pathways displaying altered rsFC in Itpr2−/− mice and 
depressed patients.

Optogenetic activation of mPFC neurons rescues rsFC 
and depressive-like behaviors
Using optogenetic stimulation to directly modulate neuronal com-
munication of mPFC-related pathways, we sought to further deter-
mine the relationship between abnormal rsFC caused by astrocyte 
dysfunction and depressive-like behaviors in Itpr2−/− mice. We 
injected AAV-CamkII-hChR2-mCherry or AAV-CamkII-mCherry 
in the mPFC of Itpr2−/− mice and inserted an optical fiber above the 
infected cells (Fig. 5, A and B). In vitro whole-cell recording showed 
that 10-Hz optogenetic stimulation evoked robust action potential 
in the ChR2-expressing neurons from brain slices (Fig.  5C). We 
performed fMRI scans before and after 10-Hz optogenetic stimula-
tion. Before each post-stimulation session, a 20-s optogenetic stim-
ulation was delivered to activate ChR2-expressing neurons (Fig. 5D). 
Unilateral optogenetic stimulation of the mPFC evoked ipsilateral 
increases of BOLD activity mainly in the mPFC and Str, and also in 
other brain regions including the cingulate cortex, Hb, and VTA 
(fig. S8A). No activation was observed in mCherry-control mice 
(fig. S8B). The evoked BOLD signal in mPFC started to rise at ~3 s 
after stimulus onset and returned to baseline in ~40 s after the stim-
ulus offset (fig. S8C).

Next, we analyzed the effect sizes (post-stimulation versus pre- 
stimulation) among the 18 ROIs identified in mouse rsfMRI results 
(Fig. 1, C to E). We found that rsFC in mPFC-Str, mPFC-AMY, 
AMY-SsCx, DRN-TH, and SsCx-SC pathways was increased in ChR2- 
expressing mice after optogenetic stimulation (Fig. 5, E and H). No 
obvious changes were found in other pathways, including TH-Str, 
TH-AMY, and Hb-Str (Fig. 5, E and H). Compared to the mCherry- 
control group, the ChR2-expressing group exhibited significantly 
larger increases of rsFC in mPFC-Str and mPFC-AMY pathways 
[Fig.  5,  F  and  G; mPFC-Str: main effect of time: F1,17 = 16.99, 
P = 0.0007; time × group interaction: F1,17 = 7.877, P = 0.0121; 
mPFC-AMY: main effect of time: F1,17 = 5.841, P = 0.0272; time × 
group interaction: F1,17 = 7.183, P  =  0.0158; two-way analysis of 
variance (ANOVA) followed by Sidak’s multiple comparison test]. 
The rsFC in ChR2-expressing mice but not mCherry-control mice 
was significantly increased in AMY-SsCx, DRN-TH, and SsCx-SC 
pathways, albeit the differences in rsFC alterations were not signifi-
cant between groups (fig. S8, D to F; AMY-SsCx: main effect of time: 
F1,17 = 11.25, P = 0.0038; time × group interaction: F1,17 = 1.583, 
P = 0.2254; DRN-TH: main effect of time: F1,17 = 10.81, P = 0.0043; 
time × group interaction: F1,17 = 3.999, P = 0.0618; SsCx-SC: main 
effect of time: F1,17 = 7.099, P = 0.0163; time × group interaction: 
F1,17 = 2.234, P  =  0.1533; two-way ANOVA followed by Sidak’s 
multiple comparison test). Further quantitative analysis of rsFC in 
two most important pathways, namely, the mPFC-Str and mPFC- 
AMY pathways, showed that the increased rsFC was close to the level 
of WT mice (fig. S8, G and H). The SBA also showed optogenetic 
stimulation–induced increases of mPFC-Str rsFC in the ChR2-expressing 

mice, but not in the mCherry-control mice (Fig. 5, I and K). Fur-
thermore, comparing the trend of rsFC changes due to Itpr2 knockout 
and optogenetic activation of mPFC neurons, we also found that 
51% (78 of 153) of pathways showed rsFC changes in opposite di-
rections (fig. S9A). In these 78 pathways, optogenetic activation of 
mPFC neurons caused the same direction of rsFC changes as opto-
genetic activation of mPFC astrocytes in 71.79% (56 of 78) of path-
ways (fig. S9A). Similarly, the rsFC differences between Itpr2−/− and 
WT mice were negatively correlated with the rsFC differences in 
Itpr2−/− mice before and after optogenetic activation of mPFC neu-
rons (fig. S9B; r = −0.7507, P < 0.0001). Among them, 60 of 78 path-
ways showed rsFC decreases with Itpr2 knockout but increases with 
mPFC neuron activation (the second quadrant in fig. S9B), whereas 
the remaining pathways showed rsFC increases with Itpr2 knockout 
but decreases with mPFC neuron activation (the fourth quadrant in 
fig. S9B).

We then investigated behavioral performances of Itpr2−/− and 
WT mice 1 min after optogenetic activation of mPFC neurons in 
parallel behavioral experiments (Fig. 5J). Compared to mCherry- 
control Itpr2−/− mice, the ChR2-expressing Itpr2−/− mice exhibited 
a significant decrease in immobility time in TST (P = 0.0095) and 
FST (P = 0.0197) and a significant increase in sucrose preference 
(P < 0.0001) after optogenetic activation of mPFC neurons such 
that their depressive-like behavioral performances were rescued to 
the levels similar to those of WT mice (Fig. 5, L and M, and fig. S8I). 
Optogenetic stimulation had no significant effect on the behavioral 
performances of WT mice in TST (P = 0.9597) and SPT (P = 0.4394; 
Fig. 5, L and M). No significant difference was observed in general 
locomotion in different groups (Fig. 5N; main effect of group: F3,123 = 
0.9709, P = 0.4088). Together, these results show that optogenetic 
activation of mPFC neurons partially rescued rsFC, especially the 
mPFC-Str and mPFC-AMY rsFC, and rescued depressive-like be-
haviors in Itpr2−/− mice.

Optogenetic activation of mPFC-Str projection rescues rsFC 
and depressive-like behaviors
Combining the results of MEMRI and optogenetic activation of 
mPFC neurons (Figs. 4 and 5), we show that the mPFC-Str pathway 
is likely the most important neural circuit in mediating depressive- 
like behaviors in Itpr2−/− mice, as Mn2+ accumulation in mPFC- 
AMY pathway is unchanged (Fig. 4, E and F). We next selectively 
modulated mPFC-Str projection in Itpr2−/− mice using optogenetic 
stimulation. AAV-CamkII-hChR2-mCherry or AAV-CamkII- 
mCherry was unilaterally injected in the mPFC of Itpr2−/− mice, and 
the optical fiber was implanted above the ipsilateral Str to allow for 
delivery of blue light to the axons of mPFC (Fig. 6, A and C). Con-
focal images confirmed ChR2 expression on mPFC axon terminals 
in the Str (Fig. 6B). The fMRI activation maps displayed an increase 
of BOLD activity at the bilateral Str and ipsilateral mPFC during opto-
genetic stimulation in ChR2-expressing mice, but not in mCherry- 
control mice (fig. S10, A and B).

Next, we analyzed the effect sizes among the 18 ROIs, and data 
showed that rsFC in the mPFC-Str, mPFC-AMY, Hb-SsCx, Ant-AMY, 
AMY-SC, Hb-AMY, TH-AMY, and DRN-AMY pathways was 
increased in ChR2-expressing mice after optogenetic stimulation 
(Fig. 6, D and E). No obvious changes were found in other pathways, 
including TH-Str and Hb-Str (Fig. 6, D and E). The ChR2-expressing 
group displayed significantly larger increases in rsFC in the mPFC- 
Str, mPFC-AMY, Hb-SsCx, and Ant-AMY pathways relative to the 
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Fig. 5. Optogenetic activation of mPFC neurons rescues partial rsFC and depressive-like behaviors in Itpr2−/− mice. (A) Schematic showing the virus injection and 
optical fiber implantation. (B) Confocal images displaying ChR2 expression in neurons within mPFC. Red, ChR2-mCherry; blue, DAPI. Scale bars, 500 m (left) and 50 m 
(right). (C) In vitro slice recording (n = 4 neurons from three mice). (D) Optogenetic fMRI scanning paradigm. Pre, pre-stimulation; Post, post-stimulation. (E) Effect size 
matrix showing effect of optogenetic stimulation on ipsilateral rsFC within depression-related networks of ChR2-expressing (n = 10; bottom-left part) and control mice 
(n = 9; top-right part). (F and G) Quantitative analyses of ipsilateral mPFC-Str and mPFC-AMY rsFC before and after optogenetic stimulation. Two-way ANOVA with group 
(control versus ChR2) and time (Pre versus Post) as factors followed by Sidak’s multiple comparison test. (H) Effect size schematic diagram of ipsilateral rsFC of ChR2- 
expressing mice. (I and K) Average resting-state correlation maps of ipsilateral mPFC. (J) Schematic (top) and timeline (bottom) of behavioral tests. (L to N) Behavior 
performances of Itpr2−/− and WT mice in the TST, sucrose preference (SPT), and open-field test (OFT) after optogenetic stimulation (TST and SPT: n = 10, 10, 15, and 12, OFT: 
n = 10, 10, 13, and 12 for WT control, WT ChR2, Itpr2−/− control, and Itpr2−/− ChR2 mice, respectively). Two-way ANOVA followed by Sidak’s multiple comparison test. All 
data are expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 6. Optogenetic activation of mPFC terminals in the Str partially rescues rsFC and depressive-like behaviors. (A) Schematic showing the virus injection and 
optical fiber implantation. (B) Confocal images demonstrate ChR2 expression in mPFC projection to Str. Red, ChR2-mCherry; blue, DAPI. Scale bars, 500 m (left) and 50 m 
(right). (C) Schematic of optogenetic fMRI scan paradigm. Pre, pre-stimulation; Post, post-stimulation. (D) Effect size matrix showing effect of optogenetic stimulation 
on ipsilateral rsFC within depression-related networks of ChR2-expressing mice (n = 12; bottom-left part) and control mice (n = 10; top-right part). (E) Effect size schemat-
ic diagram of ipsilateral rsFC of ChR2-expressing mice. (F to I) Quantitative analyses of ipsilateral mPFC-Str, mPFC-AMY, Hb-SsCx, and Ant-AMY rsFC before and after op-
togenetic stimulation. Two-way ANOVA with Sidak’s multiple comparison test. (J) Experimental timeline for behavioral tests. (K to M) Behavioral performances of 
Itpr2−/− and WT mice in TST (n = 11, 11, 11, and 12 for WT control, WT ChR2, Itpr2−/− control, and Itpr2−/− ChR2 mice, respectively), SPT (n = 11 mice in each group), and OFT 
(n = 11, 11, 11, and 12 for WT control, WT ChR2, Itpr2−/− control, and Itpr2−/− ChR2 mice, respectively) after optogenetic activation of mPFC-Str projection. Two-way ANOVA 
followed by Sidak’s multiple comparison test. All data are expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (N and O) Average resting-state 
correlation maps of ipsilateral mPFC before and after optogenetic activation of mPFC-Str projection.
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mCherry-control group (Fig. 6, F to I; mPFC-Str: main effect of 
time: F1,20 = 23.29, P = 0.0001; time × group interaction: F1,20 = 
7.809, P = 0.0112; mPFC-AMY: main effect of time: F1,20 = 9.161, 
P  =  0.0067; time × group interaction: F1,20 = 7.025, P  =  0.0153; 
Hb-SsCx: main effect of time: F1,20 = 4.529, P = 0.0459; time × group 
interaction: F1,20 = 5.309, P = 0.0321; Ant-AMY: main effect of time: 
F1,20 = 11.20, P = 0.0032; time × group interaction: F1,20 = 6.235, 
P = 0.0214; two-way ANOVA followed by Sidak’s multiple compar-
ison test). The rsFC in ChR2-expressing mice, but not in mCherry- 
control mice, was significantly increased in the AMY-SC, Hb-AMY, 
TH-AMY, and DRN-AMY pathways, albeit the differences in rsFC 
alterations were not significant between groups (fig. S10, C to F; 
AMY-SC: main effect of time: F1,20 = 13.66, P = 0.0014; time × group 
interaction: F1,20 = 3.600, P = 0.0723; Hb-AMY: main effect of time: 
F1,20 = 14.24, P = 0.0012; time × group interaction: F1,20 = 3.319, 
P = 0.0835; TH-AMY: main effect of time: F1,20 = 9.733, P = 0.0054; 
time × group interaction: F1,20 = 2.964, P = 0.1006; DRN-AMY: main 
effect of time: F1,20 = 10.37, P = 0.0043; time × group interaction: 
F1,20 = 1.124, P = 0.3016; two-way ANOVA followed by Sidak’s mul-
tiple comparison test). Quantitative analysis of rsFC in the mPFC- 
Str and mPFC-AMY pathways showed that the increased rsFC was 
close to the level of WT mice (fig. S10, G and H). Compared with 
the results of optogenetic stimulation of mPFC neurons (Fig.  5, 
E and H), more rsFC was increased by the activation of mPFC-Str 
projection, and these increased rsFC was mainly concentrated in 
AMY-, Ant-, and Hb-related neural circuits (Fig. 6, D and E). These 
results suggest that changes in rsFC of AMY-, Ant-, and Hb-related 
neural circuits in Itpr2−/− mice are related to Str activity. We next 
performed SBA with seed defined in the ipsilateral mPFC. The CC 
maps also revealed increase in mPFC-Str rsFC after the selective acti-
vation of the mPFC-Str projection in ChR2-expressing mice com-
pared with the mCherry-control group (Fig. 6, J and K). Notably, 
we found that 56% (86 of 153) of pathways showed rsFC changes in 
opposite directions when comparing the trend of rsFC changes due 
to Itpr2 knockout and optogenetic activation of mPFC-Str projection 
(fig. S11A). In these 86 pathways, optogenetic activation of mPFC- 
Str projection led to the same direction of rsFC changes as optoge-
netic activation of mPFC astrocytes in 79.09% (68 of 86) of pathways 
(fig. S11A). Similarly, the rsFC differences between Itpr2−/− and WT 
mice were negatively correlated with the rsFC differences in Itpr2−/− 
mice before and after optogenetic activation of mPFC-Str projec-
tion (fig. S11B; r = −0.6764, P < 0.0001). Among them, 72 of 86 
pathways showed rsFC decreases with Itpr2 knockout but increases 
with activation of the mPFC-Str projection (the second quadrant in 
fig. S11B), whereas the remaining pathways showed rsFC increases 
with Itpr2 knockout but decreases with activation of the mPFC-Str 
projection (the fourth quadrant in fig. S11B).

We then investigated behavioral performances of Itpr2−/− and 
WT mice 1 min after selective optogenetic activation of the mPFC- 
Str pathway in parallel behavioral experiments (Fig. 6J). We found 
that relative to mCherry-control Itpr2−/− mice, the ChR2-expressing 
Itpr2−/− mice exhibited a significant decrease in immobility time in 
TST (P = 0.0012) and a significant increase in sucrose preference 
(P  =  0.039) after optogenetic activation of mPFC-Str projection 
such that their behavioral performances were rescued to the levels 
comparable to those of WT mice (Fig. 6, K and L). No significant 
differences between the behavioral performances of two WT mice 
groups were observed in TST (P = 0.9996) and SPT (P = 0.9914; 
Fig. 6, K and L). Note that no significant difference was observed in 

general locomotion in different groups (Fig.  6M; main effect of 
group: F3,123 = 1.433, P = 0.2364). Together, these results suggest 
that the optogenetic activation of mPFC-Str projection rescued most 
of the abnormal rsFC, especially the mPFC-Str and mPFC-AMY 
rsFC, and produced an antidepressant effect in Itpr2−/− mice.

DISCUSSION
Here, we showed that Itpr2−/− mice exhibit a decreased rsFC signa-
ture in depression-related networks. MDD patients exhibited highly 
consistent rsFC changes with Itpr2−/− mice. We could partially rescue 
this signature by astrocytic activation. Moreover, enhancing mPFC- 
related rsFC using optogenetic stimulation, especially the mPFC-Str 
rsFC, was paralleled by the improvement of depressive-like behaviors 
in Itpr2−/− mice. These results indicate that astrocyte dysfunction 
drives aberrant rsfMRI connectivity in depression. Our work pro-
vides a previously unidentified and mechanistic insight into the 
plausible causal relationship between astrocytic mechanisms and rsfMRI- 
measured network aberration in depression.

Many studies have examined rsfMRI networks in both depressed 
patients and animal models, yielding highly quantitative and objective 
measurements that are of theranostic utility (2, 32, 38, 39). However, 
the relationship between astrocyte dysfunction and these rsfMRI 
measurements in depression remained unknown. Here, our results 
showed that aberrant rsfMRI connectivity in Itpr2−/− mice can be 
partially rescued by astrocyte-specific activation using optogenetic 
stimulation. We conclude that astrocyte dysfunction represents a con-
tributing factor for developing rsfMRI connectivity abnormalities in 
depression. This conclusion aligns with work showing that astrocyte- 
specific genes exhibited strong spatial association to rsfMRI con-
nectivity variability in depression (17).

In the present study, modulating rsfMRI connectivity in depression- 
related pathways (e.g., the mPFC-Str pathways) affect depressive- 
like behaviors in Itpr2−/− mice, which is supported by prior human 
neuroimaging studies (2, 39, 40). For example, the rsFC between 
vmPFC and ventral Str was reduced in depressed patients (40–43) 
and increased after effective treatment for depression (44). Note that 
although increases in mPFC-Str rsFC in MDD were also reported 
(11, 45), this discrepancy may emerge from small sample sizes (2) or 
different ROI selections (39). Our study identified a reduction of 
mPFC-Str rsFC in MDD patients with a large sample size (n = 1080 
patients; n  =  931 controls) and two different ROI parcellation 
schemes, corroborating our results in astrocyte dysfunction animal 
models. We revealed that enhancing mPFC-Str rsFC through opto-
genetic activation of mPFC neurons or the mPFC-Str pathway res-
cued depressive-like behaviors in Itpr2−/− mice but did not affect 
behavioral performances in WT mice. Another optogenetic study 
on normal rats showed reduced sucrose preference and social inter-
action after asynchronously enhancing mPFC excitability using step 
function opsins (SSFOs) (31). The contradictory findings here may 
be due to the different frequencies of the modulated neuronal activ-
ities in mPFC and its downstream regions (46), i.e., enhanced 70- to 
80-Hz gamma activity after SSFO activation (31) versus directly 
activated 10-Hz neural activity in our study. Nevertheless, our ob-
served antidepressant effect of 10-Hz mPFC stimulation is consis-
tent with previous studies in both depressed patients and animal 
models (47–49). Together, our findings uncovered the astrocytic 
mechanism underlying mPFC-Str rsFC reduction in depression. We 
propose that astrocyte function may serve as a target for normalizing 
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aberrant brain-wide functional connectivity networks to improve 
behavioral deficits in depression. Our integrative approach, com-
bining human neuroimaging observations, gene knockout animal 
model, rsfMRI, optogenetic stimulation, and behavioral tests, al-
lows us to uncover the mechanisms underlying human neuroimaging 
observations in depression and possibly other psychiatric diseases.

The brain regions with notably altered rsfMRI connectivity in 
MDD patients and Itpr2−/− mice can be associated with depression 
(2, 13, 14, 38, 42), such as mPFC, TH, Str, AMY, SsCx, VCx, SC, Hb, 
DRN, and Ant (Figs. 1 and 2). These regions are critically involved 
in positive affect and motivational processes (mPFC and Str), nega-
tive sensory and emotional experiences (AMY, SsCx, VCx, Hb, and 
DRN), and aversion processes (SC and TH), all of which may affect 
behaviors under depressive conditions (50). Our findings and previ-
ous studies showed that the mPFC/vmPFC is one of the most con-
sistently impaired regions in depression (2, 39). In addition to the 
reduced mPFC-Str rsFC discussed above, decreased mPFC-AMY 
rsFC has also been consistently reported in MDD patients in previous 
studies (39, 51), supporting our findings. We found that the rsFC 
between vmPFC and TH was decreased in MDD patients as in a 
previous study (10), but not altered in Itpr2−/− mice. One possibility is 
that the rsFC of this circuit may be altered in only a subset of de-
pression subgroups (10). Moreover, we found that the rsFC of TH-
AMY and TH-Str pathways was decreased in both MDD patients 
and Itpr2−/− mice, in line with previous findings that depression is re-
lated to the hypoconnectivity of TH, AMY, and Str (10, 39). It is 
noteworthy that we found the altered rsFC in somatosensory and 
visual cortices in both MDD patients and Itpr2−/− mice, which may be 
linked to exteroceptive alterations in depression, such as increased 
pain tolerance for exteroceptive stimulation (52) and reduced visual 
contrast sensitivity (53). Our results of Itpr2−/− mice and previous 
studies suggested that the dysfunction of many small subcortical re-
gions, such as Hb and DRN, plays an important role in depression 
(14, 54, 55). Because of the limited spatial resolution, it is difficult to 
examine human rsfMRI data to study the roles of these regions in 
depression, highlighting the importance of animal studies (2).

In this study, we used optogenetic stimulation to selectively ma-
nipulate the activity of the mPFC, rather than other brain regions in 
depression-related networks, because previous studies and our re-
sults (Figs. 1 and 2) suggested that the mPFC exhibits the most con-
sistent and notable rsFC alterations due to astrocyte dysfunction 
in depression. On the one hand, previous postmortem analyses of 
MDD patients and animal studies have consistently found astrocyt-
ic abnormalities, such as morphological and numerical changes, in 
the PFC (13, 16, 18). Meanwhile, the PFC is one of the regions that 
exhibited highly consistent notable rsFC alterations in depression 
(2, 39) and also an effective target region for treating depression 
through neuromodulation therapy (12). On the other hand, our 
rsfMRI results of Itpr2−/− mice showed that the mPFC has the 
largest rsFC changes (IL rank 1 and PrL rank 3), which correlated 
to depressive-like behavior (Fig. 1C and fig. S1D). Combining the 
rsfMRI results of Itpr2−/− mice and MDD patients, we revealed that 
mPFC-related rsFC pathways are the most consistently altered 
pathways. Our results showed that optogenetic activation of mPFC 
activity can rescue the rsFC in mPFC-related pathways and alleviate 
depressive-like behaviors in Itpr2−/− mice. However, we do not pre-
clude that optogenetic manipulation of other regions could generate 
rescuing effects due to the potential similar contribution of astrocytes 
in regulating network homeostasis in depression-related networks. 

The human PFC consists of multiple subdivisions and is much more 
complex than the rodent mPFC. So far, only the vmPFC subdivision 
of the human PFC has been shown to have the homologous struc-
ture in the rodent mPFC (33, 34). Guided by the well-controlled 
rodent mPFC rsFC findings, our study focused on analyzing rsFC 
in vmPFC-related pathways in MDD patients. However, we do not 
preclude the possibility that rsFC of other subdivisions of the human 
PFC (i.e., beyond vmPFC) may also be altered. Previous studies 
have shown that some other subdivisions of the human PFC (e.g., 
the dlPFC: Brodmann cytoarchitectonic areas 9, 46) also show as-
trocytic abnormalities and rsFC changes in MDD patients (2, 16). 
While those subdivisions do not have homologous structures with-
in the mouse brain (33, 34), our study provides a valuable approach 
for the future optogenetic rsfMRI studies in other animal models 
that have these subdivisions, such as nonhuman primates.

Evidence from postmortem analyses of MDD patients showed that 
astrocytic abnormalities were mainly located in the PFC (vmPFC, 
dlPFC, and ACC), TH, AMY, and Str (15, 16, 18). Studies of astro-
cytic function in rodents support this notion, showing that astrocyte 
dysfunctions in mPFC (13, 55), AMY (56, 57), Hb (14, 54), Str (58), 
and DRN (55) drive depressive-like behaviors in animals. The high 
consistency between brain regions reported by our rsFC study and 
those with astrocytic abnormalities reported in postmortem analy-
ses of depressed patients (15, 18) indicates that depressive sympto-
mology and decreased rsfMRI connectivity in MDD patients are at 
least partially driven by astrocyte dysfunction. This evidence advances 
human neuroimaging observations toward identifying its underly-
ing mechanisms. However, our finding likely shares a limitation 
common to all neuroimaging studies, in that well-characterized neu-
roimaging signature underlying depression could not be paired 
with postmortem analysis of the same patients (18). Longitudinal 
investigations on MDD patients integrating repeated neuroimaging 
observations with postmortem analysis of the same subjects in the 
end would be required in future studies.

We also showed that optogenetic manipulations of neuronal com-
munication affect rsfMRI connectivity with accompanying changes 
in behaviors in Itpr2−/− mice (Figs. 5 and 6). These observations 
suggest that the deletion of IP3R2 in astrocytes leads to disruption of 
the functional network and its depressive-like behavioral output, 
probably via alterations in neural connectivity (59). Prior research 
supports this notion (60), showing that attenuated IP3-mediated as-
trocytic signaling reduces astrocytic coverage of synapses (61). IP3R2 
knockout mice failed to modulate synaptic transmission and plasticity 
(26, 27, 62–64). Ultimately, these knockout mice failed to bridge the 
disconnected neuronal circuits within its territory (60). These ob-
servations support a view in which astrocyte dysfunction induced 
by IP3R2 knockout results in maladaptive astrocyte-neuron interac-
tions, which may contribute to etiologically relevant abruption of 
rsfMRI connectivity and depression-related behaviors in Itpr2−/− 
mice. Previous study revealed that neuronal Ca2+ fluctuations cor-
relate with infraslow BOLD fluctuations (65). However, we know of 
no evidence to directly examine the relationship between astrocytic 
activities and rsfMRI connectivity as in the present study. Note 
that our results do not exclude the possibility that the deletion of 
IP3R2 in astrocytes may lead to maladaptive metabolic activity (66) 
or altered vascular activity (67), both of which may affect rsfMRI BOLD 
fluctuations. Although the Itpr2−/− mice is a whole-brain IP3R2 
knockout model, the altered rsFC in Itpr2−/− mice is mainly located 
in the brain regions associated with depression. It might involve 
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regional heterogeneity of astrocyte functions, neuronal subtypes, and 
astrocyte-neuron interactions (68). Nevertheless, our results present 
the first evidence that astrocytic Ca2+ contributes to rsfMRI connec-
tivity in both normal and depressed brains.

In summary, our results reveal the astrocytic mechanisms un-
derlying functional MRI connectivity aberrations in depression, 
unifying two distinct and important concepts in the pathophysiol-
ogy of depression, namely, microscopic astrocyte dysfunction and 
macroscopic functional network abruptions, using cell type–specific 
neuromodulation approaches alongside whole-brain imaging. These 
results will help advance a more specific and mechanistic interpre-
tation of the rsfMRI-measured functional networks as a highly quan-
titative and reproducible imaging biomarker and theranostic tool 
for depression.

MATERIALS AND METHODS
Mice
All experiments were approved by the Southern Medical University 
Animal Ethics Committee and conformed to the Regulations for the 
Administration of Affairs Concerning Experimental Animals 
(China). The mice were bred in-house and grew in a temperature- 
and humidity-controlled room on a 12-hour light/dark cycle (lights 
on from 7:00 to 19:00) with ad libitum access to food and water. All 
mice were handled for 5 min/day for 3 days before behavioral tests. 
All behavioral tests were performed by observers blinded to group 
allocations between 1:00 p.m. and 5:00 p.m.

IP3R2 knockout mice were generated by crossing germline- 
heterozygous-null mutant Itpr2+/− mice as a gift from J. Chen (69). 
The mouse line was maintained on a C57BL/6J background. The 
offspring were genotyped by polymerase chain reaction (PCR) 
using mouse tail DNA and the allele-specific primers of the WT 
(5′-GCTGTGCCCAAAATCCTAGCACTG-3′; 3′-CATGCAGAG-
GTCGTGTCAGTCATT-5′) and mutant (5′-AGTGATACAGGG-
CAAGTTCATAC-3′; 3′-AATGGGCTGACCGCTTCCTCGT-5′).

Viruses and chemical reagent
The viruses AAV2/9-mCaMKII-hChR2(H134R)-mCherry-WPRE-pA 
(4.06 × 1012 particles ml−1), AAV2/9-mCaMKII-mCherry-
WPRE-pA (1.60 × 1013 particles ml−1), and AAV2/5-gfaABC1D- 
hChR2(H134R)-mCherry-WPRE-pA (3.96 × 1012 particles ml−1) 
were purchased from Taitool Bioscience (China). Manganese chlo-
ride tetrahydrate (M109464) was purchased from Aladdin (China).

Stereotactic injection and optic fiber implantation
The mice (male, ~8 weeks) were anesthetized with 1.5% isoflurane 
and fixed in a stereotactic frame (RWD Life Science, China) before 
surgery. The viruses were stereotactically injected into the mPFC 
(AP: +1.70, ML: +0.35, DV: −2.70 mm relative to bregma; AP, ML, 
and DV denote the anteroposterior, mediolateral, and dorsoventral 
distance from the bregma, respectively). A volume of 300 nl of virus 
was injected into each location at a rate of 100 nl/min using a 5-l 
microsyringe (Hamilton, USA) fitted with a 33-gauge needle and a 
microsyringe pump (Stoelting, USA). The needle was left in place for 
5 min to allow diffusion of the viruses and then slowly withdrawn. Then, 
the scalp was concreted by tissue glue (No.03-396, DentKist, Korea).

For optogenetic fMRI scanning, custom-made right-angle banded 
fibers (diameter = 220 m, numerical aperture = 0.5) were implanted 
above the infected cells of mPFC (AP: +1.70; ML: +0.35; DV: −2.60) 

or axon terminals of mPFC neurons in Str (AP: +0.16; ML: +1.70; 
DV: −3.50) 3 or 8 weeks after virus injection, respectively. The banded 
fiber was wrapped in a black opaque heat-shrinkable sleeve to pre-
vent light leakage during optogenetic stimulation to elicit undesired 
visual stimulation. To minimize damage to brain tissue, the fiber tip 
was clipped to create an inclined plane to facilitate insertion. Before 
optogenetic experiments, the laser power of each fiber was measured 
by a power meter (PM100D and S142C, Thorlabs, USA).

Data acquisition of resting-state fMRI and optogenetic  
fMRI experiments
The mice were anesthetized with 3.5% isoflurane for induction. A 
bolus of dexmedetomidine (0.02 mg/kg) was intraperitoneally in-
jected. One drop of 2.5% lidocaine was then applied to the chords to 
provide local anesthesia. The animals were endotracheally intubated 
and positioned on an MRI-compatible cradle. Isoflurane was then 
reduced to 2% and remained at this level until their heads were fixed 
by ear bars and their teeth were secured with a bite bar. A bolus of 
pancuronium bromide (0.2 mg/kg; TargetMol, USA), a neuro-
muscular blocking agent, was intraperitoneally injected to reduce the 
motion of mice. Note that the head motion of animals was smaller 
than previous study under light anesthesia (70): Session-averaged 
FD before and after regressing out the head motion parameters was 
1.24 ± 0.02 and 0.07 ± 0.002 m, respectively, equivalent to 0.5 and 
0.03% of the voxel size (fig. S3A). No significant difference in mean 
FD was found between Itpr2−/− and WT mice before (P = 0.16) 
and after regression (P = 0.76; fig. S3, B and C). Ophthalmic oint-
ment was applied to protect the eyes. Throughout the course of the 
experiment, the animals were mechanically ventilated using a small 
animal ventilator (TOPO, Kent Scientific, USA) at a rate of 80 breaths 
per minute, with a respiration cycle of 25% inhalation and 75% ex-
halation. Note that compared to free-breathing, ventilation did not 
lead to higher mean heart rates in mice, suggesting no increase in 
stress level due to our ventilation preparation (fig. S2D; P = 0.98). 
After the setup, isoflurane was reduced and maintained at 0.4%, and 
continuous subcutaneous infusion of dexmedetomidine (0.04 mg/kg 
per hour) was started to maintain the sedation level. Note that our 
study was designed to combine optogenetic fMRI under light sedation 
and behavioral assessment in awake condition, and our anesthetic 
regimen (0.04 mg kg−1 hour−1 dexmedetomidine + 0.4% isoflurane) 
has been shown to remain stable and robust evoked BOLD response 
and rsFC (71), approaching the awake state (72). Animal rectal tem-
perature was maintained at 37 ± 0.1°C with an MR-compatible heater 
system (Heater system, Small Animal Instruments, USA). Continuous 
physiological monitoring (rectal temperature, breathing rate, heart 
rate, and oxygen saturation) was performed throughout the duration 
of the experiments using an MR-compatible system (Small Animal 
Instruments, USA). The above setup of mice took approximately 
15 min. The following localization and anatomical MRI scans took 
approximately 15 min. During this period, the physiological states 
of mice gradually stabilized to normal ranges (rectal temperature: 
37 ± 0.1°C, breathing: 80 breaths per minute, heart rate: 350 to 
420 beats per minute, oxygen saturation: >95%) before the start of 
the functional MRI acquisition.

All functional MRI experiments were performed on a Bruker 7T 
MRI scanner (Bruker BioSpin, Germany) using a mouse head cryo-
coil (MRI CryoProbe, Bruker, Germany). The anatomical images 
were acquired using a spin echo (Turbo-RARE) sequence [field of 
view (FOV) = 16 × 16 mm2, matrix = 256 × 256, RARE factor = 8, 
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repetition time (TR)/echo time (TE) = 2500/35 ms, slice thickness = 
0.4 mm]. Local field homogeneity was optimized in the ROI using 
field maps scanned in advance. Functional data were then obtained 
using a single-shot gradient echo planar imaging (GE-EPI) sequence 
with FOV = 16 × 16 mm2, matrix = 64 × 64, flip angle = 54.7°, slice 
thickness = 0.4 mm, dummy scans = 10, TE = 15 ms, TR = 750 ms 
(rsfMRI) or 1000 ms (optogenetic fMRI).

For optogenetic experiments, an Arduino programming board was 
used to synchronize the scanner trigger and the optogenetic stimu-
lation laser. Blue light was delivered using a 473-nm laser transmitter 
via an optical patch cable (5 to 10 m). The optogenetic stimulation 
(10 Hz; light power: 3.5 mW at the fiber tip; 15% duty cycle) was 
delivered with a duration of 20 s.

rsfMRI and optogenetic fMRI data preprocessing
For each animal, the anatomical and fMRI images were skull-
stripped using an in-house automatic brain-extracted algorithm, 
and the effect was checked in ITK-SNAP (www.itksnap.org/). Pre-
processing was performed using SPM12 (Wellcome Department of 
Imaging Neuroscience, University College, London, UK). Functional 
images were slice timing–corrected, realigned with six rigid body 
parameters, registered, and smoothed (0.2-mm isotropic Gaussian 
kernel). During the registration, the functional images were first 
registered to the anatomical images of each mouse and then to a mouse 
brain template (www.imaging.org.au/AMBMC/Model) using trans-
formation matrix obtained by registering the anatomical images 
and the template. Therefore, the fMRI images were resliced into a 
common group space with the same resolution and physical voxel 
size (final resolution: 156 × 100 × 47 voxels at 0.1 × 0.1 × 0.5 mm3). 
A total of 248 sessions were scanned. Among them, 15 sessions 
(6.05%) were excluded because of motion artifacts (>0.5 voxel shifts 
detected by realignment), 4 sessions (1.61%) were excluded because of 
sudden changes in respiration pattern, and 4 sessions (1.61%) were 
excluded because of sudden changes in oxygen saturation level.

rsfMRI data analysis
The 12 head motion parameters (roll, pitch, yaw, translation in three 
dimensions, and the first derivative of each of those six parameters) 
(73) were regressed out from the time series of each voxel. This was 
followed by a temporal band-pass filtering (0.001 to 0.1 Hz). The 
preprocessed rsfMRI images were decomposed using spatial ICA 
with GIFT toolbox (Group ICA/IVA of fMRI Toolbox, v3.0a, www.
nitrc.org/projects/gift/). The estimated number of components for 
all rsfMRI data was found to be 67 using the minimum description 
length criterion as implemented in the GIFT. After discarding 
14 components related to cerebrospinal fluid, motion-evoked, or 
vascular-evoked pseudo-activations, the remaining 53 ICA maps 
were then visually inspected and labeled on the basis of the spatial 
patterns in reference to known anatomical and functional locations 
(74), resulting in 94 labels of spatially separated and left-right sym-
metrical brain units corresponding to 47 brain regions (fig. S2 and 
table S1).

Pearson’s CCs between each pair of brain units were calculated 
to generate pairwise correlation matrices for each mouse. CCs for 
left and right ROIs were averaged to form 47 × 47 correlation matrices. 
Correlation matrices were transformed using Fisher’s z transfor-
mation for ease of comparison. Group comparisons of correlation 
matrices were performed using two-tailed independent sample 
t tests with FDR multiple comparisons correction. Changed rsFC was 

visualized in BrainNet Viewer (www.nitrc.org/projects/bnv/). The 
effect size was calculated as the standardized difference between the 
group means (Cohen’s D). The overall connectivity change in each 
brain region was quantified by NMI, which was calculated as the 
average effect size.

For SBA, an atlas-defined 4 × 4 region in the right mPFC was 
chosen as seed. The individual CC map was generated by calculating 
the Pearson’s CCs between the time series of the seed and the BOLD 
signal of every other voxel using MATLAB 2017b (MathWorks, USA). 
The CC maps of all repeated sessions of each mouse were averaged. 
Each group averaged CC maps were generated by averaging CC maps 
across all mice in the group.

Optogenetic fMRI data analysis
For each session after optogenetic stimulation, the six head motion 
parameters and their first derivative were regressed out from the 
time course of each voxel. Then, a standard general linear model 
was applied to calculate the response maps, and the Student’s t test 
was performed to identify activated voxels using a threshold of P < 
0.01 (FDR-corrected) in SPM12. For ChR2-expressing mice, only 
those sessions with obvious BOLD activations at the fiber tip were 
used in the subsequent SBA. The t maps of all mice in each group 
were averaged to detect the BOLD activations at the group level. For 
the fMRI data with optogenetic stimulation of mPFC astrocytes, the 
second-level one-sample t test analysis was performed to generate 
the group activation maps with FDR-corrected P < 0.05 and cluster 
size > 30 voxels.

SBA was performed to generate CC maps of right mPFC in ChR2- 
expressing and mCherry-control mice. The CC maps of sessions 
after stimulation were calculated using only the data acquired 40 s 
after the stimulus offset, when the evoked BOLD signals have 
already returned to baseline. The rsFC within depression-related 
networks was generated using the ROIs in ipsilateral cortex from 
ICA maps in fig. S2. As fiber implantation causes slight artifacts, the 
ROIs of the mPFC were replaced by 6 × 6 voxels at the tip of the 
fiber in experiments with optogenetically activated mPFC neurons 
or astrocytes. The CC values were then transformed using Fisher’s z 
transformation for group comparison.

RsfMRI data analysis of MDD patients
A resting-state fMRI dataset consisting of 1276 patients with MDD 
and 1104 normal controls was obtained from the REST-meta-MDD 
consortium (32). Dataset was preprocessed using DPARSF software 
with a standardized pipeline at local sites (32). Briefly, after discarding 
the initial 10 volumes, all fMRI images were slice timing–corrected, 
realigned with six rigid body parameters, and temporal-filtered 
(0.01 to 0.1 Hz). Furthermore, the Friston-24 head motion parameters, 
white matter and cerebrospinal fluid signals, and linear trend were 
regressed out from the images to minimize head motion confounds, 
physiological noises, and BOLD signal drifts. Last, the images were 
registered to the Montreal Neurological Institute (MNI) space.

This dataset consisted of 1276 patients with MDD and 1104 nor-
mal controls from 25 study sites in China. All data were deidentified 
and anonymized, and related studies were approved by local Insti-
tutional Review Boards. All subjects signed the informed consent at 
each local institution. The criteria used to control data quality be-
fore group statistical analyses included the following (please also see 
table S2): (i) The data of site 3, site 18, and site 24 were excluded be-
cause of low image quality after preprocessing (by visual inspection), 

http://www.itksnap.org/
http://www.imaging.org.au/AMBMC/Model
http://www.nitrc.org/projects/gift/
http://www.nitrc.org/projects/gift/
http://www.nitrc.org/projects/bnv/
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resulting in 1196 MDD and 1016 NC; (ii) 97 MDD and 75 NC were 
excluded because of their age less than 18 or more than 65, resulting 
in 1099 MDD and 941 NC; (iii) 10 MDD and 6 NC were excluded 
because their PFC or parietal cortex was not imaged during scanning 
(by visual inspection), resulting in 1089 MDD and 935 NC; (iv) 8 MDD 
and 4 NC were excluded because their images were not registered to 
the MNI space (by visual inspection), resulting in 1081 MDD and 
931 NC; and (v) 1 MDD was excluded because of the images showing 
structural abnormalities in the occipital lobe. Last, a total of 1080 MDD 
and 931 NC recruited from 21 study sites across China met the 
above criteria. To control the effect of head motion on our findings, 
we reran the analysis after excluding subjects with mean FD more 
than 0.2 or 0.1 mm: i.e., excluding the subjects with mean FD > 0.2 mm, 
resulting in 1059 MDD and 917 NC; excluding the subjects with mean 
FD > 0.1 mm, resulting in 879 MDD and 733 NC.

The dataset provided us with time series extracted from human 
atlas–defined ROIs instead of the raw images, and these ROIs did 
not include DRN, SC, and Hb regions. To assess whether the rsFC 
alterations within depression-related networks found in Itpr2−/− mice 
(i.e., the top 18 ROIs, corresponding to subregions within mPFC, 
Str, AMY, TH, SsCx, VCx, Ant, SC, DRN, and Hb; Fig. 1, C to E) 
also existed in MDD patients, the mean time courses of these brain 
regions (some regions consisted of multiple human atlas–defined ROIs) 
were used to calculate the rsFC of the corresponding pathways 
except the DRN-, SC-, and Hb-related pathways. The mean time 
course of mPFC, Str, TH, SsCx, VCx, and Ant was generated using 
the Dosenbach functional atlas (75). The mean time series of AMY 
was generated using the Automated Anatomical Labeling atlas (76). 
See table S3 for the coordinates in MNI space of these human atlas–
defined ROIs. The rsFC was quantified by the average Pearson’s CCs 
between the time series of two brain regions and then transformed 
to z score.

We used LMM to assess the association of depression (here, di-
agnosis) with rsFC. Demographic information (i.e., age, sex, education, 
and head motion) was added into LMM as covariates to control their 
confounding effects. The head motion here referred to mean FD de-
rived from Jenkinson’s relative root mean square algorithm (32). The 
LMM analysis was performed using the MATLAB function “fitlme” 
(www.mathworks.com/help/stats/fitlme.html), with the formula as 
follows (32):

y  ~  1  +  Diagnosis + Age  +  Sex + Education + Motion + 
(1|Site) + (Diagnosis|Site), which yields t and P values for the fixed 
effect of Diagnosis. It is noteworthy that the LMM contained random 
effects specific to site and fixed effects independent of site, which helps 
with controlling the potential systematic site-related confounding 
factors (32). FDR correction was applied for multiple comparisons. 
The effect size was calculated as the Cohen’s D.

In validation analysis, the mean time series of each brain region 
was generated using the Craddock’s functional clustering atlas (35). 
See table S4 for the coordinates in MNI space of these ROIs.

MnCl2 administration, MEMRI data acquisition, and analysis
For MnCl2 administration, 5 nl of MnCl2 solution (600 mM) was in-
jected into mPFC of WT and Itpr2−/− mice, and the scalp was healed 
with tissue glue. All mice were scanned on a 7T Bruker scanner, 
with a 72-mm-diameter volume coil for radiofrequency pulse trans-
mission and a 10-mm loop coil for signal detection. It took approx-
imately 30 min to prepare for the scan, so the dynamic MEMRI data 
of each mouse were acquired at 0.5, 4.5, 8.5, and 24.5 hours from 

MnCl2 infusion. For consistent coil positioning among multiple 
scans, we marked the precise position of the coil on the scalp at the 
first scan of each mouse, which was shaved during the MnCl2 
administration. During imaging, the mouse head was secured in a 
plastic cradle with a bite bar and ear bars. Mice breathed freely with 
a nosecone. Anesthesia was maintained at 1% isoflurane, and body 
temperature was maintained at 36.5 ± 0.5°C via a warm-water circuit 
integrated into the plastic cradle. We used a T1-weighted three- 
dimensional fast low angle shot (FLASH) sequence with flip angle = 
35°, 9 averages, TR/TE = 35/4 ms, FOV = 16 mm × 16 mm × 10 mm, 
matrix size = 160 × 160 × 50, yielding 100 m × 100 m × 200 m 
voxels within 47 min.

The MEMRI data from four mice were discarded because of ab-
normal brain morphology (WT: n = 1) and deviated injection posi-
tion from mPFC (WT: n = 1; Itpr2−/−: n = 2). The MR images were 
skull-stripped manually within ITK-SNAP and registered to a mouse 
brain template. At the individual level, image intensities in each scan 
were normalized using those in surrounding muscles, which should 
not be affected by Mn2+ transport. We used the maximum density 
projection in ImageJ (http://rsb.info.nih.gov/ij/) to trace the spread 
of Mn2+ at 8.5 hours after infusion. Six ROI masks (vStr, dStr, LGP, TH, 
AMY, and VTA), each of which spans three contiguous slices, were 
drawn on the basis of the spread of Mn2+ in the template space using 
ITK-SNAP. The ROI masks were then applied to the normalized 
images of each scan to extract the mean MEMRI signal intensities.

Immunofluorescence
Animals that had undergone behavioral analysis were deeply anes-
thetized and perfused transcardially with saline followed by 4% 
paraformaldehyde (PFA). Brains were removed, postfixed overnight 
at 4% PFA at 4°C, and transferred to 30% sucrose in phosphate-buffered 
saline (PBS; pH 7.4). Three days later, brains were cut into 40-m-thick 
sections using freezing microtome (Leica CM1950, Germany). Sec-
tions were washed with 0.1 M PBS three times and then incubated 
in blocking buffer containing 5% normal goat serum in 0.5% Triton 
X-100/PBS for 1.5 hours at room temperature. After blocking, sec-
tions were incubated with primary antibodies in PBS overnight at 
4°C. The primary antibodies used were GFAP (an astrocytic mark-
er, 1:300; Cell Signaling Technology, 3670S) and NeuN (a neuronal 
marker, 1:500; Millipore, MABN140). After three washes with PBS, 
sections were incubated with either Alexa Fluor 488 goat anti-mouse 
(1:500; Invitrogen, R37120) or Alexa Fluor 488 donkey anti-rabbit 
(1:500; Invitrogen, A21206) secondary antibodies at room temperature 
for 1 hour. Sections were washed for another three times. 4′,6- 
Diamidino-2-phenylindole (DAPI) was used for fluorescent nuclear 
counterstain. The coverslips were mounted onto glass slides and 
visualized using a Nikon C2 confocal microscope (Japan).

Behavioral assays
For behavioral tests, mice were implanted unilaterally with optical 
fibers (200 m diameter, numerical aperture = 0.37; Inper, China) 
over the infected cells of mPFC or vStr. The optical fiber was con-
nected to a laser source (Inper B1465, China) using an optical fiber 
sleeve. During the optogenetic stimulation, 20-s blue light (473 nm, 
10 Hz, 15% duty cycle) was delivered as 3.5 mW at the fiber tip. 
Behavioral tests were performed after habituation. The fiber posi-
tions of all mice were checked with confocal images, ensuring that 
data used for further analysis were from mice with the correct fiber 
positioning.

http://www.mathworks.com/help/stats/fitlme.html
http://rsb.info.nih.gov/ij/
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Tail-suspension test
After optogenetic stimulation, the mice were transferred to home 
cages for a minute of break. Then, the mice were taped 1 cm from 
the tip of their tails and then suspended on a horizontal bar, with 
their heads about 15 cm above the surface during suspension. The 
immobility within a 5-min period was recorded using Mouse Tail 
Suspension (MED-TSS-MS, USA).

Forced swimming test
The FST was performed in a 45 cm × 19 cm clear glass cylinder filled 
with water to a height of 23 cm (23° to 25°C). The mice underwent 
4 min of preswimming 48 hours before the test. The immobility within 
a 4-min period was recorded by a video tracking system (EthoVision 
XT 11.5, Noldus, The Netherlands). In the optogenetic test, the mice 
were transferred to home cages for a minute of break after optoge-
netic stimulation, and then the immobility time within a 4-min pe-
riod was recorded.

Sucrose preference test
Mice were habituated to 60-ml tubes with stoppers (a two-bottle 
choice) filled with drinking water for 2 days. After habituation, the 
mice underwent optogenetic stimulation and were then given ac-
cess to one bottle of water and one bottle of 1% sucrose solution for 
24 hours. Bottles containing water and sucrose were weighed at 12:00 
and 18:00 on the first day and weighed at 12:00 on the second day. 
After each fluid weight measurement, bottle positions were switched 
to ensure that the mice did not develop a position preference. The 
sucrose preference for each mouse was calculated as follows: sucrose 
preference (%) = 100 × (total consumption of sucrose/total consumption 
of both water and sucrose). In the behavioral test of optogenetic acti-
vation of mPFC-Str projection, data of one ChR2-expressing Itpr2−/− 
mouse were excluded because this mouse has a place preference.

Open-field test
The open-field apparatus consisted of a rectangular chamber (40 cm × 
40 cm × 30 cm), which was made of gray polyvinyl chloride. The 
mice were gently placed in the center and permitted to explore freely 
for 5 min. In the optogenetic experiments, the free exploration time 
was 9 min, with 3 min each for stimulation off, stimulation on, and 
stimulation off conditions. The digitized images of the path taken 
by each mouse were stored, and the locomotion activity was analyzed 
using EthoVision 7.0 software.

Ex vivo electrophysiology
Mice were anesthetized with isoflurane and decapitated, and brains 
were rapidly removed. The brains were quickly placed into ice-cold 
modified artificial cerebrospinal fluid (ACSF) containing 250 mM 
sucrose, 26 mM NaHCO3, 10 mM glucose, 10 mM MgSO4, 2 mM 
KCl, 1.3 mM NaH2PO4, and 0.2 mM CaCl2. Slices containing the 
mPFC (300 m) were prepared in ice-cold modified ACSF using a 
VT-1200S vibratome (Leica, Germany), transferred to the storage 
chamber containing regular ACSF containing 126 mM NaCl, 26 mM 
NaHCO3, 10 mM glucose, 3 mM KCl, 2 mM CaCl2, 1.25 mM NaH2PO4, 
and 1 mM MgSO4, and allowed to recover at 34°C for 30 min and 
then at room temperature (25 ± 1°C) for 1 hour before recording. 
During the slice preparation, all solutions were saturated with 95% 
O2/5% CO2 (v/v).

The brain slices were placed in the recording chamber, with con-
tinuous perfusion of ACSF at a flow rate of 2 ml/min. Whole-cell 

patch-clamp recording from mCherry+ cells was visualized under a 
Nikon Eclipse FN1 microscope (Nikon) equipped with a 40× water- 
immersion lens and illuminated with a mercury lamp. For optoge-
netic experiments, ChR2-expressing soma was activated with 15-ms 
pulses of 473-nm blue light generated by a Smart Light Source (Inper, 
China) under the control of the digital output of the amplifier. Pipette 
resistance ranged from 3 to 5 megohms. The intracellular solution 
contained 140 mM K-gluconate, 9 mM Hepes, 4.4 mM phosphocre-
atine disodium, 4 mM adenosine triphosphate–Mg, 4.5 mM MgCl2, 
0.3 mM guanosine triphosphate, and 5 mM EGTA, at 290 to 
300 mOsm (pH 7.2 to 7.3), adjusted with KOH. Data were acquired 
with an EPC 10 amplifier (HEKA Elektronik, Germany), filtered at 
2.9 kHz with a Bessel filter, digitized at 10 kHz, and analyzed using 
pClamp10.2 software (Molecular Devices, USA).

Statistical analysis
All statistical analyses were carried out using SPSS 22.0. Data were 
confirmed to be normally distributed using the Shapiro-Wilk test 
except where noted. Normally distributed data were tested by one-
way ANOVA, two-way ANOVA, and two-way repeated-measures 
ANOVA, followed by Sidak’s multiple comparisons. We used the inde-
pendent sample t test to compare the rsFC between Itpr2−/− and WT 
mice. We used the LMM to compare the rsFC between MDD pa-
tients and normal controls, with demographic information (i.e., age, 
sex, education, and head motion) added into LMM as covariates to 
control their confounding effects. Statistical significance was set at 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abo2098

View/request a protocol for this paper from Bio-protocol.
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