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Abstract 

Background  Microglia are known to regulate stress and anxiety in both humans and animal models. Psychosocial 
stress is the most common risk factor for the development of schizophrenia. However, how microglia/brain mac-
rophages contribute to schizophrenia is not well established. We hypothesized that effector molecules expressed 
in microglia/macrophages were involved in schizophrenia via regulating stress susceptibility.

Methods  We recruited a cohort of first episode schizophrenia (FES) patients (n = 51) and age- and sex-paired healthy 
controls (HCs) (n = 46) with evaluated stress perception. We performed blood RNA-sequencing (RNA-seq) and brain 
magnetic resonance imaging, and measured plasma level of colony stimulating factor 1 receptor (CSF1R). Further-
more, we studied a mouse model of chronic unpredictable stress (CUS) combined with a CSF1R inhibitor (CSF1Ri) 
(n = 9 ~ 10/group) on anxiety behaviours and microglial biology.

Results  FES patients showed higher scores of perceived stress scale (PSS, p < 0.05), lower blood CSF1R mRNA 
(FDR = 0.003) and protein (p < 0.05) levels, and smaller volumes of the superior frontal gyrus and parahippocampal 
gyrus (both FDR < 0.05) than HCs. In blood RNA-seq, CSF1R-associated differentially expressed blood genes were 
related to brain development. Importantly, CSF1R facilitated a negative association of the superior frontal gyrus 
with PSS (p < 0.01) in HCs but not FES patients. In mouse CUS+CSF1Ri model, similarly as CUS, CSF1Ri enhanced anxi-
ety (both p < 0.001). Genes for brain angiogenesis and intensity of CD31+-blood vessels were dampened after CUS-
CSF1Ri treatment. Furthermore, CSF1Ri preferentially diminished juxta-vascular microglia/macrophages and induced 
microglia/macrophages morphological changes (all p < 0.05).

Conclusion  Microglial/macrophagic CSF1R regulated schizophrenia-associated stress and brain angiogenesis.
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Background
Schizophrenia is a complex neurodevelopmental disorder 
usually caused by environmental insults on genetically 
predisposed individuals [1], which can be recapitulated 
in animal models [2]. Psychosocial stressors have been 
shown to trigger or exacerbate symptoms of schizo-
phrenia [3, 4], and heightened stress response usually 
precedes the onset of psychosis in both schizophrenia 
patients [5, 6] and rodents [7].

Dystrophies of the cortical and associated limbic struc-
tures are frequently observed in both schizophrenia 
patients [8–10] and animal models of chronic psycho-
social stress [11]. Neurobiological substrates underlying 
stress-induced brain changes may include both impaired 
neuronal projections across different brain structures 
[12] and enhanced local microglia/astrocytes-mediated 
neuroinflammation [13, 14].

Glia are important regulators for brain structural and 
functional connectivity. Besides, borderline/barrier-asso-
ciated macrophages also constitute an important cellular 
sentinel in the normal adult brain [15]. Their overactiva-
tion can enhance synaptic pruning, prevent angiogen-
esis and neurogenesis, and induce neuronal and myelinic 
loss [16–18]. Nevertheless, immune cells, especially 
microglia, are also beneficial for brain homeostasis with 
neuro-protective functions and may contribute to stress 
adaptation, as demonstrated by others and us in mice [19, 
20].

Colony stimulating factor 1 receptor (CSF1R) is a 
receptor tyrosine kinase crucial for development and 
functions of myeloid cells including microglia and mono-
cytes [21]. Both human subjects with CSF1R loss-of-
function mutation and Csf1r−/− mice display shortened 
lifespan, loss of microglia and macrophages, and neu-
rodevelopmental abnormalities [22, 23]. While genetic or 
pharmacological inhibition of CSF1R (CSF1Ri) produced 
no gross behavioural changes in adult animals [24], 
a recent study demonstrated that Csf1r haplo-deficiency 
was anxiogenic to mice [25]. CSF1Ri-induced microglial 
ablation enhanced fear learning and memory [26, 27] 
while microglial repopulation corrected repetitive behav-
iour and social deficits [28, 29]. Furthermore, CSF1 ame-
liorated depressive-like behaviour in mice after chronic 
unpredictable stress (CUS) [30]. Lower CSF1R in the 
post-mortem brains of chronic schizophrenia patients 
was reported [31–33]. However, the exact role of CSF1R 
in schizophrenia in association with psychosocial stress 
has remained unclear.

We earlier reported that cumulative stress was asso-
ciated with cortical thinning and cognitive deficits in 
first episode schizophrenia (FES) patients [34]. In the 
present study, we hypothesized that CSF1R-involved 
microglial/macrophagic functions were associated with 

schizophrenia-related stress modulation via regulating 
the brain cortical and subcortical structures. To bet-
ter understand the role of microglia or myeloid cells in 
schizophrenia-related stress regulation, we first studied 
a cohort of FES patients showing higher stress percep-
tion compared to healthy controls (HCs) by measuring 
their blood transcriptomics, plasma CSF1R levels, and 
brain structures. We further used a CUS mouse model 
combined with pharmacological CSF1Ri to characterize 
the response of microglia/macrophages by brain RNA-
seq, immunohistochemistry, flow cytometry, and animal 
anxiety tests.

Methods
Clinical demographics and measures
FES Patients (n = 128) recruited for this study were from 
the Beijing Hui Long Guan Hospital. Patients were diag-
nosed schizophrenia according to the Structured Clinical 
Interview for DSM-IV (SCID) independently by two psy-
chiatrists. Inclusion criteria were: (1) 18–54-year-old Han 
Chinese; (2) illness duration ≤ 3  years (< 1  year on aver-
age); and (3) un-medicated or < 2 weeks of anti-psychotic 
medication at the time of blood draw. Age- and sex-
matched HCs (n = 111) were recruited from local com-
munity. Candidates who unmet recruitment criteria were 
excluded. Additional exclusion criteria included: (1) other 
psychiatric disorders diagnosed according to the DSM-IV 
Axis I; (2) severe physical illness; (3) recent infection or 
treatment with physiotherapy or psychotherapy; (4) men-
tal retardation or serious nervous system disease; and (5) 
lactation or pregnancy. All participants provided written 
informed consent. The study was approved by the Insti-
tutional Ethical Committee of Beijing Huilongguan Hos-
pital with license No. 2017–49. Participants’ (FES: n = 51, 
HC: n = 46) past traumatic experiences were evaluated 
by Childhood Trauma Questionnaire (CTQ), a 29-item 
self-reported questionnaire of a retrospective measure 
encompassing five adverse factors [35], validated in Chi-
nese [36]. Participants’ stress levels were evaluated based 
on perceived stress scale (PSS), a 14-item self-reported 
questionnaire measuring feelings and thoughts during 
the last month [37], validated in Chinese [38]. Positive 
and Negative Syndrome Scale total scores (PANSSt) were 
measured independently by two psychiatrists. For details, 
see supplementary material.

Magnetic resonance imaging (MRI) acquisition 
and processing
Brain structural MRI data were acquired using a Sie-
mens Prisma 3.0 T MRI scanner with a 64-channel head 
coil. Foam pads were used to minimize head motions. 
Sagittal three-dimensional magnetization-prepared 
rapid acquisition gradient echo (MPRAGE) was used 
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to collect each participant’s anatomical data following 
the ENIGMA protocol with FreeSurfer software [39, 
40]: repetition time (TR)/echo time (TE)/inversion time 
(TI) = 2530/2.98/1100  ms, flip angle (FA) = 7º, field of 
view (FOV) = 256 × 224 mm2, Pixel/gap size = 1/0  mm, 
matrix size = 256 × 224 bit. After scanning, two radiolo-
gists evaluated image quality and if there were significant 
artefacts, images were recollected. Intracranial volume 
(ICV) and regional volumes of bi-hemispheric cerebral 
cortical/subcortical structures were measured.

Human and mouse RNA sequencing (RNA‑seq) and real 
time quantitative PCR (RT‑QPCR)
Human blood (5 ml) was collected between 7–9 am after 
overnight fasting using PAXgene™ blood RNA tubes 
(Applied Biosystems). Tubes were shaken vigorously for 
at least 10  s after sampling and immediately stored at 
-80 °C. Total RNAs from human blood (Applied Biosys-
tems) and mouse PFC (Molecular Research Center) were 
extracted, quantified, and assessed for purity using Nan-
oDrop spectrophotometry (ThermoFisher), and imme-
diately sent to the Beijing Genomics institution (BGI) 
for messenger RNA-seq (after globin mRNA removal 
and quality control) on the BGIseq-500 platform. RNA-
seq data of at least 20  M clean reads were analyzed in 
the Galaxy and NetworkAnalyst platforms [41] using 
DESEQ2. Data with variance percentile rank < 15% and 
counts < 4 were filtered out. Log2 fold changes (Log2FC) 
for differentially expressed genes (DEGs) with Benja-
mini-Hochberg’s false discovery rate (FDR) < 0.05 were 
analyzed for gene ontology biological pathway (GO-BP) 
in DAVID (https://​david.​ncifc​rf.​gov/) and protein–pro-
tein interaction (PPI) in STRING (https://​string-​db.​
org/​cgi/​input.​pl). Genesets (GS393224, GS393415, and 
GS393709) retrieved from GeneWeaver (https://​genew​
eaver.​org/) and annotated for CSF1R-mediated asso-
ciation with human brain development were further 
explored for overlapping blood RNA-seq DEGs. Total 
RNAs were reversely transcribed (Thermo Scientific) and 
RT-QPCR was performed with corresponding primers 
(Additional file  1: Table  S1) and qPCR Supermix (Solis 
BioDyne) on a QPCR instrument (Applied Biosystems). 
Normalized target-actin ΔCt values were further quanti-
fied as exponential fold-changes against averaged ΔCt of 
Ctr group (2^-ΔΔCt).

Plasma CSF1R protein detection
Blood samples (5 ml) were collected as above described into 
EDTA-K2  disposable vacuum collection tubes  (Beijing 
Dongfang Jianfeng Technology Co.  Ltd.). Plasma samples 
were separated by centrifugation at 4000 rpm for 10 min, 
which were immediately stored at -80  °C until assayed. 
CSF1R protein was measured by sandwich enzyme-linked 

immunosorbent assay (ELISA) kit (#RX-XQ-EN13238, Bei-
jing Rongxin Zhihe Biotechnology Co. Ltd.). Each sample 
(FES: n = 126, HC: n = 102) was measured in duplicates. 
The intra-plate and inter-plate variation coefficients for the 
ELISA were 10% and 15%, respectively.

Mouse CUS and CSF1Ri (PLX3397) treatment procedures
Wild-type C57BL/6NTac male mice (3-month-old, 
Taconic) were bred under standard breeding conditions 
in laboratory animal facility at the Institute of Biomedi-
cine and Translational Medicine, University of Tartu 
with the license No.  171. After a week (wk) of transfer 
adaptation, mice were randomly assigned into 4 groups 
(n = 9 ~ 10/group): Control (Ctr)-Vehicle (Veh), CUS-Veh, 
Ctr-CSF1Ri, and CUS-CSF1Ri, and subject to CUS/Ctr 
and CSF1Ri (PLX3397)/Veh treatments. CUS was estab-
lished by daily applied one of seven random stressors for 
8 wk, as we recently described [42]. PLX3397 (HY-16749/
CS-4256, MedChemExpress) was dissolved in DMSO 
(D8418, Sigma-Aldrich) and freshly diluted with corn oil 
(#8267, Sigma-Aldrich). Drug-treated mice were daily 
fed with Veh or PLX3397 (~ 120  mg/kg bodyweight) in 
Nutella, as reported [43, 44], for 2 wk starting from the 
7th wk of CUS. Behavioural experiments were performed 
at the 8th wk (see Fig. 3A).

Open field test (OFT)
Mice were habituated to ~ 250  lux room light for 1 hour 
(h). Individual mouse was measured for distance 
and time travelled in different zones of a digital box 
(44.8 × 44.8 × 45 cm) via a software (Technical & Scientific 
Equipment GmbH) for 30 minutes (min). The floor of the 
box was cleaned with 70% ethanol and dried thoroughly 
after each mouse.

Elevated plus maze (EPM)
EPM consisted of open and closed arms (30 × 5 cm each) 
intersected at a central 5 × 5 cm square platform elevated 
to a height of 80  cm. Mice were habituated to ~ 40  lux 
room light for 1 h. Individual mouse was placed on the 
central platform facing the open arm and recorded for 
time spent on open/close arms by a software (EthoVision 
XT, Noduls) for 5 min. The arms were cleaned with 70% 
ethanol and dried thoroughly after each mouse.

Brain tissue processing and immunohistochemistry
Coronal cryosections containing the prefrontal cor-
tex (PFC) and hippocampus (HPC) in 40  μm-thickness 
were incubated with primary antibodies including rab-
bit anti-IBA1 (#SKL6615, Wako) and rat anti-CD31 
(#553,370, BD Pharmingen) in PBS blocking buffer over-
night at 4  °C, followed by goat anti-rabbit IgG H&L-
AlexaFluor488 (#ab175471, Abcam) and goat anti-rat 

https://david.ncifcrf.gov/
https://string-db.org/cgi/input.pl
https://string-db.org/cgi/input.pl
https://geneweaver.org/
https://geneweaver.org/
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IgG H&L-AlexaFluor546 (#119,170, Jackson ImmunoRe-
search) for 2 h at room temperature and then in 0.1 μg/
ml DAPI (#ACRO202710100, VWR) for 5  min, and 
finally mounted to glass slides with Fluoromount™ Aque-
ous Mounting Medium (# F4680-25ML, Sigma-Aldrich). 
Z-stack images were taken by a FV1200MPE laser scan-
ning microscope at 60 × magnification (Olympus). After 
3D image reconstruction, CD31+-area/whole image 
area*100% was calculated. IBA1+-microglia/macrophages 
whose cell soma located within the range of vascular 
radius surrounding a CD31+-blood vessel were defined 
as vessel-associated microglia/macrophages (VAMs) and 
others as nonvessel-associated microglia/macrophages 
(NVAMs). Fluorescent intensities of CD31+- and 
IBA1+-areas and microglial number (No.) and morphol-
ogy were measured using ImageJ (n = 3-mice/12-sec-
tions/40 ~ 200-cells per group).

Flow cytometry
Hippocampal homogenates were washed, centri-
fuged at 500  g for 5  min, and blocked with PBS + 10% 
rat serum for 1  h, then stained with flow markers (Bio-
Legend and Miltenyi) of anti-mouse Csf1r-Brilliant 
Violet (BV)605 (135517,  BioLegend), CD11b-BV421 
(101251,  BioLegend), CD45-BV650 (103151,  BioLeg-
end), Glast-APC (130–123-555,  Miltenyi), and O4-PE 
(130–117-357,  Miltenyi) for 1  h. Washed cells were 
resuspended in 500 µl PBS and acquired with a Fortessa 
flow cytometer (BD Bioscience). Data were analyzed by 
Kaluza v2.1 software (Beckman Coulter). Astrocytes 
were defined as Glast+ cells, oligodendrocyte precursor 
cells (OPCs) as O4+ cells, microglia as CD45lowCD11bhi 
cells. The % of glia among total brain cells and mean fluo-
rescent intensity (MFI) of Csf1r per microglia were meas-
ured and total Csf1r protein level was calculated as MFI x 
microglial No.

Statistical analysis
Data distributions were examined by Shapiro–Wilk’s 
test. For human data, ANOVA or Mann–Whitney U test 
was used for continuous variables and chi-squared test 
for categorical variables. ANCOVA with age and sex as 
covariates was conducted for plasma CSF1R and MRI 
data, with white blood cells and ICV included as addi-
tional covariates for them, respectively, and p values for 
multiple comparisons were corrected by FDR. Correla-
tion was analyzed by Pearson’s or Spearman’s method. 
Relationships among CSF1R level, cortical size, and PSS 
score were evaluated using linear regression and mod-
erator analysis by PROCESS-v3.5 in SPSS-v27.0 (IBM), 
controlled by age, sex, and ICV. For animal data, two-way 
ANOVA was used to examine the interaction between 
CUS and CSF1Ri, with Bonferroni’s correction for post 

hoc comparisons. Figures were prepared in GraphPad 
Prism-v8.0.1 and online (http://​www.​bioin​forma​tics.​
com.​cn/). Data were presented as mean ± SEM and p or 
FDR < 0.05 was considered statistically significant.

Results
Blood CSF1R mRNA and protein levels were lowered in FES 
patients
We earlier had collected whole blood samples from a 
cohort of 128 FES patients and 111 HCs, including the 
subjects of our current study, and identified 9062 DEGs 
by RNA-seq [45]. Hence, we first explored this data-
set and noted downregulated CSF1R mRNA (Fig.  1A). 
As the CSF1R is known to be important for brain devel-
opment, we thereby explored functional genomic data 
in GeneWeaver and retrieved 64 CSF1R-associted 
human brain developmental genes. To better depict which 
of the 64 candidate genes were changed in our patients’ 
blood, we overlapped them with blood RNA-seq DEGs 
and found 11 up-regulated and 17 down-regulated genes 
including the  CSF1R (Fig.  1A & 1B; Additional file  1: 
Table S2). To depict functional relationships among the 28 
DEGs, we studied their interactions and GO enrichment 
with PPI analysis, showing three different functional clus-
ters, with the PIK3CA, AKT1 and CSF1R as the hub genes, 
respectively (Fig. 1C), and the top-ranked GO-BP pathway 
being regulation of developmental process (Fig. 1D; Addi-
tional file 1: Table S3). To validate the CSF1R downregu-
lation in the FES patients compared to the HCs as shown 
by   the  RNA-seq (FDR = 0.003; Fig.  1E (n = 128 + 111)), 
we further measured the  plasma CSF1R protein and 
confirmed it in both patient cohorts (p < 0.05; Fig.  1F 
(n = 126 + 102), Table 1 (n = 50 + 44)).

FES patients showed higher perceived stress and smaller 
cerebral cortical regions than HCs
We also studied those participants who were with both 
MRI and PSS evaluations. Participants’ demographic 
and clinical data are listed in Table  1 (n = 51 + 46). 
The FES patients and the HCs were not statistically dif-
ferent in age, sex, education years and CTQ score (all 
p > 0.05). However, compared with the  HCs, the  FES 
patients had lower CSF1R protein level (p < 0.05; 
Table  1) and higher PSSsum score (Fig.  2A, Table1), 
which was positively correlated with PANSSt score 
(r = 0.334, p < 0.05; Fig. 2B).

We next studied 8 key stress-related brain regions, 
including the PFC subareas, HPC, and HPC-associated 
entorhinal and parahippocampal gyri (Fig. 2C, Table 2), 
and observed reduced volumes in the superior fron-
tal gyrus (p < 0.005, FDR = 0.02; Fig.  2D) and parahip-
pocampal gyrus (p < 0.004, FDR = 0.032; Fig.  2E) in 

http://www.bioinformatics.com.cn/
http://www.bioinformatics.com.cn/
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the  FES patients compared to the  HCs. Additionally, 
the orbital frontal gyrus also showed nominal signifi-
cance in reduction in the  FES patients compared to 
the HCs (p < 0.05; Table 2). The HPC and other cortical 
structures did not show significant differences, how-
ever (Table 2).

CSF1R fully moderated a negative association 
of the superior frontal gyrus with stress perception in HCs
We next explored inter-relationships among the corti-
cal structures, CSF1R mRNA or protein, and PSS with 
linear regression and moderator analyses controlled by 
age, sex and ICV, predicting that brain structural deficit 

Fig. 1  Blood CSF1R and DEGs related to brain development were decreased in FES patients. (A) A volcano plot highlights 28 blood DEGs in FES 
patients versus HCs. Genes with FDR < 0.01 are colored (n = 128 + 111). See also Additional file 1: Table S2. (B) Venn diagram illustrates the 28 DEGs 
that are annotated to be associated with human brain structural development in GeneWeaver. (C) PPI analysis shows functional interactions 
among the 28 DEGs, with confidence threshold = 0.4 and cluster k-means = 3. The 3 clusters are coloured differently, with the hub gene in each 
cluster highlighted in red color and bold at each triangular tip. Line between nodes features the type/strength of an interaction according 
to annotations in String v11. (D) A chord plot shows top 6 overrepresented GO-BP subontology for the 28 DEGs associated with brain development. 
Genes are ordered according to the observed Log2FC and linked to their assigned terms via coloured ribbons. See also Additional file 1: Table S3 
for pathway analysis. (E) CSF1R mRNA level (n = 128 + 111). (F) CSF1R protein level (n = 126 + 102). Data presented as mean ± SEM; * p < 0.05 
(ANCOVA), ** FDR < 0.01. CSF1R: colony stimulating factor 1 receptor; DEGs: differentially expressed genes; FES: First episode schizophrenia; HCs: 
healthy controls; PPI: protein–protein interaction
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underlies stress susceptibility and CSF1R is one of the 
molecular machineries modulating brain and behav-
iour, e.g., PSSsum as the dependent variable, cortical 
volumes the independent variables, and CSF1R level 
the moderator (Fig. 2F, n = 46). The model showed that 
in the HCs but not the FES patients, the CSF1R mRNA 
was negatively associated with the  PSSsum (β = -9.784, 
p < 0.05). The CSF1R also interacted with the superior 
frontal gyrus (R2 = 0.083, p < 0.05) and since the direct 
association of the superior frontal gyral size with the 
PSSsum was insignificant (β = -5.335, p = 0.25), this 
suggests that the CSF1R had a full moderator effect on 
the superior frontal gyral correlation with the PSSsum 
(β = 6.109, 95% confidence interval (CI) = 1.642 ~ 10.578, 
p < 0.01). Additionally, the  CSF1R mRNA and protein 
also moderated the negative associations of the mid-
dle frontal gyrus (β = 0.383, p < 0.05) and the HPC 
(β = 0.477, p < 0.05) with the PSSsum in HCs, respec-
tively (Additional file 2: Fig. S1A, n = 46). We also found 
that in the FES patients (n = 51), the CSF1R mRNA was 
negatively correlated with the PSSsum score (r = -0.249, 
p < 0.05; Additional file  2: Fig. S1B) and the  PANSSt 
score (r = -0.365, p < 0.01; Additional file 2: Fig. S1C).

These clinical results suggest that the CSF1R might be 
associated with a protective response to stress-induced 
cortical structural changes in the HCs, which was lost in 
the FES patients.

CUS and CSF1Ri enhanced anxiety in mice
We further applied a CUS mouse model (lasting 8 wk) 
combined with a CSF1Ri (3 mg PLX3397/mouse/day for 

2 wk) (n = 9 ~ 10 mice per group) (Fig. 3A). We first evalu-
ated their anxiety in OFT and EPM. Interactions between 
the CUS and the CSF1Ri on the ratio of corner distance/
total distance in  the OFT and the ratio of open/close 
arms time in the  EPM were observed (both p < 0.001). 
Anxiety was enhanced by the  CUS (p < 0.05/0.01), 
the  CSF1Ri (p < 0.05/0.001), or the  CUS-CSF1Ri com-
bination (p < 0.05/0.0001), compared to the  Ctr-Veh. No 
cumulative effect by the  CUS-CSF1Ri combined treat-
ment was found (Fig. 3B & 3C).

CUS and CSF1Ri affected angiogenesis in the mouse PFC 
and HPC
We next studied the PFC by RNA-seq (n = 7 mice per 
group) and identified 2750 DEGs including 1204 upreg-
ulated and 1546 downregulated DEGs among the four 
groups. GO-BP enrichment analysis of these DEGs 
showed cell adhesion and angiogenesis as the top-rank-
ing pathways (Fig. 4A-C; Additional file 1: Tables S4 & S5; 
Additional file 2: Fig. S2A), with most of the angiogenic 
DEGs downregulated by the CSF1Ri or the CUS-CSF1Ri 
and a few by the CUS, compared to the Ctr-Veh (Fig. 4B 
& 4C). A few tight junction molecules were also down-
regulated by the  CUS or the  CSF1Ri (Additional file  2: 
Fig. S2A). These suggest that the  CUS and the  CSF1Ri 
affect cerebral vasculature.

To validate the RNA-seq data, we measured Csf1r 
and top-ranking angiogenic genes (Ang, Cspg4, Pik3cg, 
Ptk2b) in the PFC by RT-QPCR. Significant interactions 
existed between the  CUS and the  CSF1Ri on Csf1r and 
Pik3cg (p < 0.05/0.01). The CUS, the CSF1Ri, or the CUS-
CSF1Ri combination reduced the  Csf1r (Fig.  4D) and 
Pik3cg (Fig.  4E) expression, compared to the  Ctr-Veh 
(p < 0.01/0.001/0.001 for both genes). The  CSF1Ri also 
reduced the Ang and Cspg4 (both p < 0.001) expression 
while enhanced  the Ptk2b (p < 0.01) expression, com-
pared to the Ctr-Veh (Additional file 2: Fig. S2B-S2D).

We further stained the PFC (n = 3-mice/12-sections) 
and HPC (n = 3-mice/6-sections) sections for CD31 
and IBA1 by immunohistochemistry (Fig.  5A; Addi-
tional file 2: Fig. S4A). There were interactions between 
the  CUS and the  CSF1Ri on blood vessel density (PFC: 
p < 0.01, HPC: p < 0.05) and total CD31 intensity (both 
p < 0.01). Both parameters were decreased by the  CUS 
or the  CSF1Ri (all p < 0.05) compared to  the Ctr-Veh, 
whereas no cumulative effect of the  CUS-CSF1Ri com-
bined treatment existed, compared to the  Ctr-Veh or 
single treatment (Fig.  5B & 5C; Additional file  2: Fig. 
S4B & S4C). Hence, the  CD31 intensity reduction was 
due to decreased blood vessel density, and the CUS and 
the  CSF1Ri seemed not facilitate each other on affect-
ing the angiogenesis.

Table 1  Demographic characteristics of FES patients and HCs

All data were reported as mean (SEM), FES first episode schizophrenia, HC 
healthy control, FDR false discovery rate, CSF1R colony stimulating factor 1 
receptor; CTQ childhood trauma questionnaire; PSS perceived stress scale; 
PANSSt positive and negative symptom scale total score. CSF1R (ANCOVA 
controlled by age, sex, and white blood cells); Significant p values are shown in 
bold texts. aMann-Whitney U test

Demographics FES (n = 51) HC (n = 46) F or χ2 P

Sex (M/F) 18/33 23/23 2.143 0.143

Age (years)a 30.59 (1.18) 34.00 (1.46) 1388.000 0.120

Education (years)a 12.75 (0.49) 13.28 (0.33) 1298.500 0.354

CTQsuma 81.55 (5.49) 70.02 (4.78) 727.500 0.125

PSSsuma 23.14 (0.99) 21.39 (0.67) 893.000 0.043
Age of illness onset 
(years)

29.27 (1.17)

Illness duration 
(months)

11.70 (2.09)

PANSSt 75.69 (2.03)

White blood cells (106/
ml)a

7.60 (1.08) 6.01 (0.25) 856.000 0.085

Plasma CSF1R (ng/ml) 18.55 (1.03) 21.26 (0.766) 5.539 0.021
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CUS and CSF1Ri differently affected VAMs and NVAMs 
in the mouse PFC and HPC
For IBA1+-microglia/macrophages, we classi-
fied them into VAMs (e.g., juxta-vascular micro-
glia/macrophages) and NVAMs (e.g., non-vessel 
associated microglia/macrophages) among total 
microglia/macrophages (TMs) (PFC: n = 3-mice/12-
sections/40 ~ 200-cells per group, HPC: n = 3-mice/6-
sections/20 ~ 100-cells per group). Interactions 
between the CUS and the CSF1Ri on IBA1 intensities 
and cell numbers were found (all p < 0.05). The  CUS, 
the  CSF1Ri, or the  CUS-CSF1Ri combination 
decreased TMs-No. (all p < 0.05; Fig.  5D; Additional 
file 2: Fig. S4D) and the total IBA1 intensity due to the 

loss of the TMs (all p < 0.05; Fig. 5E; Additional file 2: 
Fig. S4E), compared to the Ctr-Veh.

Although myeloid ablation by the  CSF1Ri has been 
abundantly used in the literature, to our knowledge, only 
effect on total myeloid populations has been reported 
and very little is known about those survived microglia/
macrophages that are believed to repopulate the brain as 
microglial progenitor cells [24, 46]. It is therefore impera-
tive to better understand microglia/macrophage profiles 
in different conditions, and so we endeavoured to char-
acterize the  VAMs and NVAMs further. Interestingly, 
interactions between  the CUS and the  CSF1Ri existed 
on the ratios of VAMs-No./TMs-No. (PFC: p < 0.05) 
and IBA1 intensity in VAMs/TMs (both the  PFC and 

Fig. 2  CSF1R facilitated a negative association of the superior frontal gyrus with PSSsum in HCs but not FES patients. (A) PSSsum (n = 51 + 46). (B) 
Correlation of PANSSt and PSSsum in FES patients (Spearman’s correlation). (C) Exemplary MRI images, color gradient is based on the statistical F 
values (detailed in Table 2) of group comparison. (D) Volume of the superior frontal gyrus and (E) Volume of the parahippocampal gyrus. (F) Blood 
CSF1R mRNA level fully moderated the negative association of the superior frontal gyral volume (independent variable) with the PSSsum score 
(dependent variable), controlled by age, sex, and ICV in HCs. Data presented as mean ± SEM; * FDR or p < 0.05 (ANCOVA). See also Figure S1. CSF1R: 
colony stimulating factor 1 receptor; DEGs: differentially expressed genes; FES: First episode schizophrenia; HCs: healthy controls; PSSsum: perceived 
stress scale summation score
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the  HPC: p < 0.05), which were dampened especially by 
the CSF1Ri in the PFC (both p < 0.05; Fig. 5F & 5G), and 
similarly in the HPC (Additional file 2: Fig. S4F & S4G), 
compared to the Ctr-Veh, while the ratios of the NVAMs-
No./TMs-No., the  IBA1 intensity in NVAMs/TMs, and 
the IBA1 intensity in NVAMs/VAMs were elevated (PFC: 
all p < 0.05; Additional file 2: Fig. S3A-S3C). This implies 
a preferential elimination of the  VAMs by the  CSF1Ri, 
possibly due to blood-route of drug delivery and/or 
specific sensitivity of the  VAMs. The  CUS or the  CUS-
CSF1Ri combination showed similar suppressive effect 
as the CSF1Ri on the ratios of IBA1 intensity, compared 
to the Ctr-Veh (all p < 0.05; Fig. 5G; Additional file 2: Fig. 
S3B, S3C, S4G). These results indicate that  the CSF1Ri 
and the CUS both dampen the VAMs more preferentially 
than the NAVMs.

For microglial morphometrics, interactions between 
the CUS and the CSF1Ri on microglial cell size (the PFC: 
p < 0.05, the  HPC: p < 0.001) and branch size were found 
(both p < 0.001). The CUS but not the other 3 conditions 
caused enlargement of both the  microglial cell size and 
the  branch size in the  NVAMs compared to the  VAMs 
in the PFC (both p < 0.05; Fig.  5H & 5I), whereas these 
occurred in the  Ctr-Veh but no other groups in the 
HPC (both p < 0.05; Additional file  2: Fig. S4H & S4I). 
Combining the  VAMs + NVAMs together, the  CUS 
induced enlargement of both the microglial cell size and 
the branch size compared to the Ctr-Veh in the PFC (both 
p < 0.05; Fig. 5H & 5I), whereas  the CSF1Ri or the CUS-
CSF1Ri had opposite effects on these two parameters 
(all p < 0.05; Fig.  5H & 5I; Additional file  2: Fig. S3D & 
S3E). Cell soma size was grossly enlarged by the CSF1Ri 

Fig. 3  CUS and CSF1Ri enhanced anxiety in mice. (A) Schema representing experimental design. (B) ratio (%) of travel distance in corners (m) 
against total travel distance (m) in an open field and (C) ratio (%) of time spent in open arms against closed arms in an elevated plus maze (n = 9–10 
mice per group). Ctr: Control; CUS: chronic unpredictable stress; CSF1Ri: CSF1R inhibitor; EPM: elevated plus maze; OFT: open field test; Veh: Vehicle. 
Data presented as mean ± SEM; */**/***/**** p < 0.05/0.01/0.001/0.0001 compared to Ctr-Veh. Two-way ANOVA with Bonferroni’s correction

Table 2  Cerebral cortical volumes (cm3) in FES patients and HCs

FES first episode schizophrenia, HC healthy control, ANCOVA controlled by age, sex and intracranial volume (ICV) and corrected for multiple comparisons among 8 
regions; Bold texts indicate those with significant p and false discovery rate (FDR) values

Cortical regions FES (n = 51) HC (n = 46) F P-value FDR

Anteriocingulate gyrus 7.729 ± 0.126 7.927 ± 0.133 1.124 0.292 0.467

Entorhinal gyrus 3.152 ± 0.069 3.136 ± 0.069 0.442 0.508 0.581

Hippocampus 8.039 ± 0.084 8.109 ± 0.096 0.156 0.694 0.694

Inferiorfrontal gyrus 19.233 ± 0.296 19.679 ± 0.313 1.031 0.312 0.416

Middlefrontal gyrus 40.051 ± 0.502 41.388 ± 0.530 3.23 0.076 0.152

Orbitalfrontal gyrus 23.791 ± 0.203 24.445 ± 0.214 4.706 0.033 0.088

Parahippocampal gyrus 3.505 ± 0.048 3.723 ± 0.058 8.791 0.004 0.032
Superiorfrontal gyrus 39.134 ± 0.641 40.803 ± 0.760 8.327 0.005 0.020
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compared to the Veh in the PFC (p < 0.001; Fig. 5J; Addi-
tional file  2: Fig. S3F). Similar morphological changes 
occurred in the HPC (Additional file 2: Fig. S4H-S4J).

These data overall suggest that the  CSF1Ri prefer-
entially eliminates the  VAMs and de-ramifies both 
the  VAMs and the  NVAMs, and unlike the  NVAMs, 
VAMs are resistant to the CUS-induced ramification.

CUS decreased microglial abundancy and dampened 
microglial Csf1r expression in the mouse HPC
We further validated CSF1Ri by quantifying microglia 
along with other glial populations, namely astrocytes, 
OPCs, and nonglia in the HPC by flow cytometry (n = 7 
mice per group). A hierarchical gating strategy is shown 
by representative dot plots in Fig.  6A-F and negative 

Fig. 4  CUS and CSF1Ri inhibited Csf1r and angiogenic genes in mice. (A) GO-BP enrichment analysis shows top-ranked pathways of DEGs 
derived from group comparisons. (B) Volcano plot shows these DEGs, which are colored in red if -Log10 adj. p ≥ 1.3 and |Log2FC| ≥ 0.2 and in blue 
if |Log2FC| < 0.2. Angiogenic DEGs are highlighted by red dots with gene symbols when -Log10 adj. p ≥ 3. (C) Heatmap shows 38 angiogenic DEGs. 
Downregulated (in purple frame) and upregulated (in orange frame) genes are highlighted in the heatmap. (D) mRNA expression of Csf1r and (E) 
mRNA expression of Pik3cg in the PFC (n = 7 mice per group). Ctr: Control; CUS: chronic unpredictable stress; CSF1Ri: CSF1R inhibitor; Veh: Vehicle. 
Data presented as mean ± SEM; **/*** p < 0.01/0.001 compared to Ctr-Veh. Two-way ANOVA with Bonferroni’s correction. See also Additional file 1: 
Tables S4 & S5 and Additional file 2: Fig. S2
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staining by isotype control antibodies is shown in Addi-
tional file 2: Fig. S5.

Remarkably, like the TMs in the PFC (Fig. 5D & 5E), there 
were interactions between the CUS and the CSF1Ri on per-
centage (%) of total hippocampal microglia and total Csf1r 
protein level (both  p < 0.05). The  CUS,   the  CSF1Ri, or 
the  CUS-CSF1Ri combination reduced the  total Csf1r 

protein (due to loss of microglia and in line with RNA-
seq/QPCR results, Fig.  6G) and the  microglia% (Fig.  6H) 
compared to the  Ctr-Veh (p < 0.05/0.001/0.001 for both 
parameters). Furthermore, measuring MFI of Csf1r on each 
survived microglia, we observed its significant decrease 
induced by the  CUS compared to the  Ctr-Veh (p < 0.01; 
Additional file 2: Fig. S2E), recapitulating our clinical data.

Fig. 5  CUS and CSF1Ri reduced CD31+-blood vessels and differentially affected VAMs and NVAMs in mice. (A) Representative staining of CD31 
and IBA1 in the PFC (scale bar = 10 µm) with enlarged VAMs and NVAMs (indicated by white and yellow arrowheads, respectively) are shown. 
(B) Blood vessel density (e.g., vessel area/total area*100%) and (C) total CD31 intensity. (D) TMs-(including VAMs and NVAMs)-No. and (E) total 
IBA1 intensity. (F) Ratio of VAMs-No./TMs-No. and (G) ratio of IBA1 intensity in VAMs/TMs. (H) Microglia cell size, (I) branch size and (J) cell soma size 
(n = 3 mice/12 sections/40 ~ 200 cells per group). Ctr: control; CUS: chronic unpredictable stress; CSF1Ri: CSF1R inhibitor; No.: number; TM: total 
microglia/macrophages; Veh: vehicle; VAMs: vessel-associated microglia/macrophages; NVAMs: non-vessel-associated microglia/macrophages. Data 
presented as mean ± SEM; */**/*** p < 0.05/0.01/0.001. Two-way ANOVA with Bonferroni’s correction. See also Additional file 2: Fig. S3 & S4
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Interestingly, we observed an additional interac-
tion of the CUS and the CSF1Ri (p < 0.01) on the OPCs. 
The  CUS-CSF1Ri jointly increased the  OPCs com-
pared to the  Ctr-Veh, the  CUS-Veh, or the  Ctr-CSF1Ri 
(p < 0.01/0.001/0.01), while single treatment didn’t affect 
the  OPCs compared to the  Ctr-Veh, indicating a boost-
ing effect of the CUS-CSF1Ri combination on the OPCs 
compared to single treatment (Fig.  6I). Nevertheless, 
the CUS and the CSF1Ri didn’t affect the abundancy of 
the astrocytes and nonglia (Fig. 6J & 6K). We also meas-
ured area of the HPC (n = 3 mice per group) stained 
by DAPI in immunohistochemistry. The  CUS and 
the CSF1Ri didn’t affect this measure (Fig. 6L).

Discussion
The current study shows that FES patients perceived 
higher stress than HCs; CSF1R level and PFC subregional 
size were decreased in the  FES patients; CSF1R mRNA 
level was associated with shrinkage of the  superior fron-
tal gyrus in response to perceived stress in the  HCs but 
not FES patients; Similar to CUS, CSF1Ri enhanced anxi-
ety and downregulated angiogenesis in mice; The CSF1Ri 
preferentially eliminated VAMs and induced cytoarchitec-
tural changes differently than the CUS in the mouse brain. 
These are to our knowledge the first evidence revealing the 
involvement of CSF1R in schizophrenia and vascular asso-
ciation of microglia/macrophages in the context of stress.

Fig. 6  CUS and CSF1Ri reduced microglia and Csf1r level in mice. (A-F) Representative flow cytometry dot plots showing gating strategy 
for hippocampal microglia, Csf1r+-microglia, OPCs, astrocytes, and nonglia. (G) Csf1r protein level expressed by total microglia. (H–K) % 
of total microglia, OPCs, astrocytes, and nonglia (n = 7 mice per group). (L) Hippocampal area (n = 3 mice per group). Ctr: control; CUS: chronic 
unpredictable stress; CSF1Ri: CSF1R inhibitor; No.: number; OPC: oligodendrocyte precursor cell; Veh: vehicle. Data presented as mean ± SEM; 
*/**/*** p < 0.05/0.01/0.001. Two-way ANOVA with Bonferroni’s correction
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Our finding of lower CSF1R mRNA and protein in 
the FES patients is in line with several previous studies. 
Lower level of CSF1R mRNA was reported in the cortices 
[31–33] and spleens of chronic schizophrenia patients 
[47]. The reduction of CSF1R observed in these studies 
can be affected by disease chronicity or anti-psychotics. 
By contrast, our current observation on the blood CSF1R 
level had minimal drug effect, giving hint on impairment 
of the  CSF1R function in early stage of schizophrenia. 
Given that the CSF1R is almost exclusively expressed by 
myeloid cells in the brain, and changes in the cerebrovas-
cular permeability have been identified in psychiatric dis-
orders, thereby allowing peripheral inflammatory impact 
on the brain [48], our findings may be highly relevant for 
stress-induced brain pathophysiology of the FES.

We found that a PFC subarea, the superior frontal 
gyrus, was smaller in the  FES patients than the  HCs. 
Although there was no structural change in the HPC, we 
observed smaller volumes of the neighboring parahip-
pocampal gyrus in the FES patients than  the HCs. Defi-
cits of these regions have been associated with psychotic 
symptoms such as auditory hallucinations and disordered 
thoughts in schizophrenia [49, 50]. More interestingly, 
we found that volumes of some of the  PFC subregions 
and the HPC were negatively associated with PSS. Fur-
thermore, the blood CSF1R mRNA or protein interacted 
with these brain regions and moderated their negative 
associations with the  PSS in the  HCs but not the  FES 
patients. Additionally, the  CSF1R mRNA level was also 
negatively correlated with both the PSS and the PANSSt 
scores. These suggest the importance of the  CSF1R in 
stress regulation via modulating these limbic struc-
tures, which might be dysfunctional in the FES patients. 
Besides, the  PSS scores were positively correlated with 
the  PANSSt, supporting the notions that stress exacer-
bates psychosis [4] and severity of psychotic symptoms 
correlates with that of anxiety symptoms [51].

To depict how the  CSF1R may regulate stress 
response, we used a CUS mouse model and adminis-
tered an inhibitor (PLX3397, CSF1Ri) to block Csf1r in 
microglia. Importantly, we found that the  CSF1Ri was 
anxiogenic to B6N mice similarly as the CUS. Our obser-
vation corroborates with previous studies reporting that 
Csf1r+/− mice exhibited anxiety along with cognitive and 
sensorimotor deficit [25]. However, other studies have 
not observed effect of the CSF1Ri on the anxiety in mice 
[24]. These discrepancies may be due to different ways of 
the CSF1Ri administration, which warrants further care-
ful investigations.

We found that IBA1 intensity in VAMs were more sen-
sitively dampened by the  CUS compared to NVAMs, 
implicating a less juxta-vascular association of micro-
glial/macrophage processes  after the CUS. Meanwhile, 

the  CUS decreased microglia in the PFC and the  HPC, 
which may be explained by both our own observation 
that the  CUS dampened microglial Csf1r expression, 
which is pivotal for microglial survival, and a previous 
report that the  CUS induced microglial apoptosis [30]. 
Our observation on the  dampened Csf1r expression is 
also in line with an earlier study on the  CUS [52] and 
supports our clinical data showing that the lower CSF1R 
was associated with the  higher PSS. It should be cau-
tioned that the  VAMs may also constitute perivascular 
macrophages, which adopt microglial phenotype after 
the  CUS or the  CSF1Ri and are challenging to discern 
as they share common myeloid markers with microglia, 
including the Csf1r and IBA1 [15].

Intriguingly, the  CSF1Ri did not facilitate the  CUS’s 
effect on anxiety behaviours and microglial parameters, 
including the number and morphology of the VAMs, as 
well as the  expressions of CD31 and some angiogenic 
genes. We speculate that since the CUS dampened both 
microglial abundancy and Csf1r level in microglia, this 
made stressed microglia less sensitive to the  CSF1Ri. 
Nevertheless, some brain cytoarchitecture such as OPCs 
may be robust in stress adaptation due to their regenera-
tive capacity, which might be ignited by the  CSF1Ri, as 
we observed here (Fig. 6I). The desensitization of micro-
glial Csf1r after the CUS also notably corroborates with 
our clinical observation that the negative association 
of the CSF1R level with the  PSS was less significant in 
the FES patients compared to the HCs.

Chronic stress affects angiogenesis by dampening 
endothelial molecules and accelerating vascular inflam-
mation [53] and reduced angiogenesis is implicated in 
stress-related psychiatric disorders [48, 54]. Stress also 
compromises the blood–brain barrier in psychiatric con-
ditions [54, 55] and changed gene expression of brain 
endothelial cell adhesion molecules in schizophrenia 
patients with “high inflammation” [56]. Our RNA-seq 
and immunohistochemistry findings on the  CUS-com-
promised angiogenesis in the mouse PFC are consistent 
with these previous studies and suggest that the blood 
vessel-association of microglia/macrophages may regu-
late cerebrovascular integrity.

Importantly, we also found that the CSF1Ri downregu-
lated most of the cell adhesion and angiogenic DEGs such 
as Pik3cg, decreased blood vessel density, and preferen-
tially diminished the  juxta-vascular VAMs in the mouse 
PFC. Corroboratively, a recent study reported CSF1Ri-
induced blood–brain barrier leakage via dampened tight 
junction genes [57]. Little is known about microglia-vas-
cular interactions in the adult brain, however. One recent 
study found that about 30% of microglia are capillary-
associated and constantly survey the influx of blood-
borne components into living adult mice; furthermore, 
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microglial depletion with the CSF1Ri (PLX3397) induced 
a 15% increase in capillary diameter compared to control 
[58]. Our RNA-seq and immunohistochemistry findings 
on the  CSF1Ri support this in  vivo imaging study and 
provide a further depiction of molecular mechanisms 
on microglial association with neurovascular unit. Cur-
rently, clinical and preclinical studies on angiogenic func-
tion of microglia/macrophages in psychiatric conditions 
are still missing, our work thereby gives a first glimpse 
into this theme.

Our study has several limitations to mention. These 
include the small sample size in our clinical and preclini-
cal cohorts, no comparison on potential sex difference 
(only male mice were studied), and the cross-sectional 
nature of our clinical study design. Additionally, the PSS 
used in our current study can only reflect perceived stress 
during past one month of a subject, while CTQ score that 
reflects early life trauma did not show significant results 
in the FES patients, indicating it not as the sole determi-
nant of psychosis. This suggests that including other clin-
ical parameters that reflect longer adulthood traumatic 
experiences, such as life event scale (LES) for the past one 
year and hair cortisol content for the past three months, 
may make the results more accurate and convincing.

Conclusions
Our findings suggest that CSF1R may provide a stress-
coping mechanism via regulating microglial/mac-
rophagic association with cerebral vasculature, which 
might be disturbed in schizophrenia. Currently, only 
generic anti-inflammatory drugs have been tried in clini-
cal psychiatric studies, with limited and even debatable 
therapeutic effects. This calls for a better understand-
ing of functions of microglial subpopulations and their 
effector molecules, which would provide more specific 
candidate targets for developing diagnostic biomarkers 
and therapeutic drugs in neuropsychiatric disorders. Our 
findings may hence be helpful for developing such tools 
to tackle these disorders.

Abbreviations
ANOVA	� Analysis of variance
ANCOVA	� Analysis of covariance
CSF1R	� Colony stimulating factor 1 receptor
CSF1Ri	� CSF1R inhibition
Ctr	� Control
CUS	� Chronic unpredictable mild stress
CTQ	� Childhood trauma questionnaire
DEGs	� Differentially expressed genes
EPM	� Elevated plus maze
FDR	� False discovery rate
FES	� First episode schizophrenia
GO	� Gene ontology
HC	� Healthy controls
ICV	� Intracranial volume

MFI	� Mean fluorescent intensity
MRI	� Magnetic resonance imaging
No.	� Number
NVAMs	� Nonvessel-associated microglia/macrophages
OFT	� Open field test
OPC	� Oligodendrocyte precursor cell
PANSSt	� Positive and negative symptom scale-total score
PPI	� Protein–protein interaction
PSSsum	� Perceived stress scale summation score
RNA-seq	� RNA sequencing
TMs	� Total microglia/macrophages
Veh	� Vehicle
VAMs	� Vessel-associated microglia/macrophages

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12916-​023-​02959-8.

Additional file 1: Table S1. List of mouse gene qPCR primers. Table S2. 
Human blood DEGs_FES/HC. Table S3. Human blood DEGs_
GOBP. Table S4. Mouse PFC DEGs_CUS/CSF1Ri. Table S5. Mouse PFC 
DEGs_GOBP.

Additional file 2: Fig S1. CSF1R facilitated the negative associations 
of brain structures with PSS scores in HCs. Fig S2. CUS/CSF1Ri affected 
expression of DEGs mediating cell adhesion and Csf1r in the mouse 
PFC. Fig S3. Changes of IBA1 intensity and morphology in microglia/mac-
rophages by CUS and CSF1Ri treatments in the mouse PFC. Fig S4. CUS/
CSF1Ri reduced CD31+-blood vessels and differentially affected VAMs 
and NVAMs in the mouse HPC. Fig S5. Representative dot plots of nega-
tive controls used in flow cytometric analysis.

Acknowledgments
Not applicable

Authors’ contributions
LY and LT analyzed all the data and wrote the paper. LY performed the CUS 
model construction and mice behavioural tests, made immunohistochemistry 
work, and helped KC who did flow cytometry experiment. LT and YT designed 
the project, obtained the funding for this study, and are responsible for the 
integrity of data and the accuracy of data analysis. YL, FF, WF, WL, JH, HL, MG, 
and WC were responsible for recruiting patients, performing clinical ratings, 
neuroimaging, and collecting samples. MG performed ELISA and RT-QPCR 
experiments. FX participated in immunohistochemistry and image processing 
work. LEH was involved in clinical research and funding of the study. AZ was 
involved in CUS modelling and improved the manuscript. BT, ZW, and ST were 
invited in evolving the ideas and editing the manuscript. All authors have 
contributed to and have approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of 
China grants 81771452 and 82171507, the National Institute of Health grants 
R01MH112180, the Estonian Research Council-European Union Regional 
Developmental Fund Mobilitas Plus Program No. MOBTT77 and the Estonian 
Research Council personal research funding team grant project No. PRG878.

Availability of data and materials
The RNA-seq datasets presented in this study can be found in the European 
Nucleotide Archive (ENA) repository with the accession number: PRJEB53454.

Declarations

Ethics approval and consent to participate
The clinical part of the study was approved by the Institutional Ethical Committee 
of Beijing Huilongguan Hospital with license #2017-49. Written informed consent 
was obtained from each subject. The preclinical part of the study was approved 
by the Estonian National Board of Animal Experiments with license #171.

https://doi.org/10.1186/s12916-023-02959-8
https://doi.org/10.1186/s12916-023-02959-8


Page 14 of 15Yan et al. BMC Medicine          (2023) 21:286 

Consent for Publication
All authors have consent for publication of the current work.

Competing interests
LEH has received or plans to receive research funding or consulting fees on 
research projects from Mitsubishi, Your Energy Systems LLC, Neuralstem, 
Taisho, Heptares, Pfizer, Luye Pharma, IGC Pharma, Sound Pharma, Takeda, 
and Regeneron. None was involved in the design, analysis, or outcomes of 
the study. All other authors declare no competing commercial and financial 
interests.

Author details
1 Institute of Biomedicine and Translational Medicine, Faculty of Medicine, 
University of Tartu, Tartu, Estonia. 2 Psychiatry Research Centre, Beijing Huilong-
guan Hospital, Peking University Health Science Center, Peking University 
HuiLongGuan Clinical Medical School, Beijing, P. R. China. 3 Department of Psy-
chiatry, School of Medicine, Maryland Psychiatric Research Center, University 
of Maryland, Baltimore, USA. 

Received: 28 February 2023   Accepted: 22 June 2023

References
	1.	 McCutcheon RA, Reis Marques T, Howes OD. Schizophrenia-An Overview. 

JAMA. Psychiatry. 2020;77:201–10.
	2.	 Winship IR, Dursun SM, Baker GB, Balista PA, Kandratavicius L, Maia-de-

Oliveira JP, et al. An overview of animal models related to schizophrenia. 
Can J Psychiatry. 2019;64:5–17.

	3.	 Pruessner M, Cullen AE, Aas M, Walker EF. The neural diathesis-stress 
model of schizophrenia revisited: an update on recent findings consider-
ing illness stage and neurobiological and methodological complexities. 
Neurosci Biobehav Rev. 2017;73:191–218.

	4.	 Gomes FV, Grace AA. Adolescent stress as a driving factor for schizo-
phrenia development-a basic science perspective. Schizophr Bull. 
2017;43:486–9.

	5.	 Studerus E, Ittig S, Beck K, Del Cacho N, Vila-Badia R, Butjosa A, et al. 
Relation between self-perceived stress, psychopathological symptoms 
and the stress hormone prolactin in emerging psychosis. J Psychiatr Res. 
2021;136:428–34.

	6.	 Pruessner M, Iyer SN, Faridi K, Joober R, Malla AK. Stress and protective 
factors in individuals at ultra-high risk for psychosis, first episode psycho-
sis and healthy controls. Schizophr Res. 2011;129:29–35.

	7.	 Gomes FV, Grace AA. Prefrontal cortex dysfunction increases susceptibil-
ity to schizophrenia-like changes induced by adolescent stress exposure. 
Schizophr Bull. 2017;43:592–600.

	8.	 Lieberman JA, Girgis RR, Brucato G, Moore H, Provenzano F, Kegeles L, 
et al. Hippocampal dysfunction in the pathophysiology of schizophrenia: 
a selective review and hypothesis for early detection and intervention. 
Mol Psychiatry. 2018;23:1764–72.

	9.	 Tanskanen P, Ridler K, Murray GK, Haapea M, Veijola JM, Jääskeläinen E, et al. 
Morphometric brain abnormalities in schizophrenia in a population-based 
sample: relationship to duration of illness. Schizophr Bull. 2010;36:766–77.

	10.	 Wannan CMJ, Cropley VL, Chakravarty MM, Bousman C, Ganella EP, 
Bruggemann JM, et al. Evidence for network-based cortical thickness 
reductions in schizophrenia. Am J Psychiatry. 2019;176:552–63.

	11.	 Kim JJ, Diamond DM. The stressed hippocampus, synaptic plasticity and 
lost memories. Nat Rev Neurosci. 2002;3:453–62.

	12.	 Franklin TB, Saab BJ, Mansuy IM. Neural mechanisms of stress resilience 
and vulnerability. Neuron. 2012;75:747–61.

	13.	 Johnson FK, Kaffman A. Early life stress perturbs the function of microglia 
in the developing rodent brain: New insights and future challenges. Brain 
Behav Immun. 2018;69:18–27.

	14.	 Çalışkan G, Müller A, Albrecht A. Long-term impact of early-life stress 
on hippocampal plasticity: spotlight on astrocytes. Int J Mol Sci. 
2020;21:4999.

	15.	 Ivan DC, Walthert S, Berve K, Steudler J, Locatelli G. Dwellers and trespass-
ers: mononuclear phagocytes at the borders of the central nervous 
system. Front Immunol. 2020;11: 609921.

	16.	 Consortium TNaPASotPG. Psychiatric genome-wide association study 
analyses implicate neuronal, immune and histone pathways. Nat Neuro-
sci. 2015;18:199–209.

	17.	 Tan YL, Yuan Y, Tian L. Microglial regional heterogeneity and its role in the 
brain. Mol Psychiatry. 2020;25:351–67.

	18.	 Pouget JG. The emerging immunogenetic architecture of schizophrenia. 
Schizophr Bull. 2018;44:993–1004.

	19.	 Koo JW, Wohleb ES. How stress shapes neuroimmune function: implica-
tions for the neurobiology of psychiatric disorders. Biol Psychiatry. 
2021;90:74–84.

	20.	 Piirainen S, Chithanathan K, Bisht K, Piirsalu M, Savage JC, Tremblay ME, 
et al. Microglia contribute to social behavioral adaptation to chronic 
stress. Glia. 2021;69:2459–73.

	21.	 Chitu V, Gokhan Ş, Nandi S, Mehler MF, Stanley ER. Emerging roles for 
CSF-1 receptor and its ligands in the nervous system. Trends Neurosci. 
2016;39:378–93.

	22.	 Oosterhof N, Chang IJ, Karimiani EG, Kuil LE, Jensen DM, Daza R, et al. 
Homozygous mutations in CSF1R cause a pediatric-onset leukoencepha-
lopathy and can result in congenital absence of microglia. Am J Hum 
Genet. 2019;104:936–47.

	23.	 Dai XM, Ryan GR, Hapel AJ, Dominguez MG, Russell RG, Kapp S, et al. Tar-
geted disruption of the mouse colony-stimulating factor 1 receptor gene 
results in osteopetrosis, mononuclear phagocyte deficiency, increased 
primitive progenitor cell frequencies, and reproductive defects. Blood. 
2002;99:111–20.

	24.	 Green KN, Crapser JD, Hohsfield LA. To Kill a Microglia: A Case for CSF1R 
Inhibitors. Trends Immunol. 2020;41:771–84.

	25.	 Chitu V, Gokhan S, Gulinello M, Branch CA, Patil M, Basu R, et al. Pheno-
typic characterization of a Csf1r haploinsufficient mouse model of adult-
onset leukodystrophy with axonal spheroids and pigmented glia (ALSP). 
Neurobiol Dis. 2015;74:219–28.

	26.	 Rice RA, Spangenberg EE, Yamate-Morgan H, Lee RJ, Arora RP, Hernan-
dez MX, et al. Elimination of Microglia Improves Functional Outcomes 
Following Extensive Neuronal Loss in the Hippocampus. J Neurosci. 
2015;35:9977–89.

	27.	 Wang C, Yue H, Hu Z, Shen Y, Ma J, Li J, et al. Microglia mediate forget-
ting via complement-dependent synaptic elimination. Science. 
2020;367:688–94.

	28.	 Ikezu S, Yeh H, Delpech JC, Woodbury ME, Van Enoo AA, Ruan Z, et al. 
Inhibition of colony stimulating factor 1 receptor corrects maternal 
inflammation-induced microglial and synaptic dysfunction and behavio-
ral abnormalities. Mol Psychiatry. 2021;26:1808–31.

	29.	 Torres L, Danver J, Ji K, Miyauchi JT, Chen D, Anderson ME, et al. Dynamic 
microglial modulation of spatial learning and social behavior. Brain Behav 
Immun. 2016;55:6–16.

	30.	 Kreisel T, Frank MG, Licht T, Reshef R, Ben-Menachem-Zidon O, Baratta 
MV, et al. Dynamic microglial alterations underlie stress-induced 
depressive-like behavior and suppressed neurogenesis. Mol Psychiatry. 
2014;19:699–709.

	31.	 Snijders G, van Zuiden W, Sneeboer MAM, Berdenis van Berlekom A, 
van der Geest AT, Schnieder T, et al. A loss of mature microglial markers 
without immune activation in schizophrenia. Glia. 2021;69:1251–67.

	32.	 Shimamoto-Mitsuyama C, Nakaya A, Esaki K, Balan S, Iwayama Y, Ohnishi 
T, et al. Lipid pathology of the corpus callosum in schizophrenia and 
the potential role of abnormal gene regulatory networks with reduced 
microglial marker expression. Cereb Cortex. 2021;31:448–62.

	33.	 López-González I, Pinacho R, Vila È, Escanilla A, Ferrer I, Ramos B. Neu-
roinflammation in the dorsolateral prefrontal cortex in elderly chronic 
schizophrenia. Eur Neuropsychopharmacol. 2019;29:384–96.

	34.	 Zhou Y, Huang J, Zhang P, Tong J, Fan F, Gou M, et al. Allostatic load 
effects on cortical and cognitive deficits in essentially normotensive. Nor-
moweight Patients with Schizophrenia Schizophr Bull. 2021;47:1048–57.

	35.	 Bernstein DP, Stein JA, Newcomb MD, Walker E, Pogge D, Ahluvalia T, et al. 
Development and validation of a brief screening version of the Child-
hood Trauma Questionnaire. Child Abuse Negl. 2003;27:169–90.

	36.	 Jiang WJ, Zhong BL, Liu LZ, Zhou YJ, Hu XH, Li Y. Reliability and validity of 
the Chinese version of the Childhood Trauma Questionnaire-Short Form 
for inpatients with schizophrenia. PLoS One. 2018;13: e0208779.

	37.	 Cohen S, Kamarck T, Mermelstein R. A global measure of perceived stress. 
J Health Soc Behav. 1983;24:385–96.



Page 15 of 15Yan et al. BMC Medicine          (2023) 21:286 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	38.	 Leung DY, Lam TH, Chan SS. Three versions of Perceived Stress Scale: vali-
dation in a sample of Chinese cardiac patients who smoke. BMC Public 
Health. 2010;10:513.

	39.	 Fischl B. FreeSurfer Neuroimage. 2012;62:774–81.
	40.	 Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole 

brain segmentation: automated labeling of neuroanatomical structures 
in the human brain. Neuron. 2002;33:341–55.

	41.	 Zhou G, Soufan O, Ewald J, Hancock REW, Basu N, Xia J. NetworkAnalyst 
3.0: a visual analytics platform for comprehensive gene expression profil-
ing and meta-analysis. Nucleic Acids Res. 2019;47:W234-w41.

	42.	 Yan L, Jayaram M, Chithanathan K, Zharkovsky A, Tian L. Sex-Specific 
Microglial Activation and SARS-CoV-2 Receptor Expression Induced by 
Chronic Unpredictable Stress. Front Cell Neurosci. 2021;15: 750373.

	43.	 Spiller KJ, Restrepo CR, Khan T, Dominique MA, Fang TC, Canter RG, 
et al. Microglia-mediated recovery from ALS-relevant motor neuron 
degeneration in a mouse model of TDP-43 proteinopathy. Nat Neurosci. 
2018;21:329–40.

	44.	 Cangalaya C, Stoyanov S, Fischer KD, Dityatev A. Light-induced engage-
ment of microglia to focally remodel synapses in the adult brain. Elife. 
2020;9: e58435.

	45.	 Chen S, Fan F, Xuan F-L, Yan L, Xiu M, Fan H, et al. Monocytic subsets 
impact cerebral cortex and cognition: differences between healthy 
subjects and patients with first-episode schizophrenia. 2022;13.

	46.	 Zhan L, Fan L, Kodama L, Sohn PD, Wong MY, Mousa GA, et al. A MAC2-
positive progenitor-like microglial population is resistant to CSF1R inhibi-
tion in adult mouse brain. Elife. 2020;9.

	47.	 Zhang J, Chang L, Pu Y, Hashimoto K. Abnormal expression of colony 
stimulating factor 1 receptor (CSF1R) and transcription factor PU.1 (SPI1) 
in the spleen from patients with major psychiatric disorders: A role of 
brain-spleen axis. J Affect Disord. 2020;272:110–15.

	48.	 Pollak TA, Drndarski S, Stone JM, David AS, McGuire P, Abbott NJ. The 
blood-brain barrier in psychosis. Lancet Psychiatry. 2018;5:79–92.

	49.	 Sun J, Maller JJ, Guo L, Fitzgerald PB. Superior temporal gyrus volume 
change in schizophrenia: a review on region of interest volumetric stud-
ies. Brain Res Rev. 2009;61:14–32.

	50.	 Aminoff EM, Kveraga K, Bar M. The role of the parahippocampal cortex in 
cognition. Trends Cogn Sci. 2013;17:379–90.

	51.	 Achim AM, Maziade M, Raymond E, Olivier D, Mérette C, Roy MA. How 
prevalent are anxiety disorders in schizophrenia? A meta-analysis and 
critical review on a significant association. Schizophr Bull. 2011;37:811–21.

	52.	 Wohleb ES, Terwilliger R, Duman CH, Duman RS. Stress-Induced Neuronal 
Colony Stimulating Factor 1 Provokes Microglia-Mediated Neuronal 
Remodeling and Depressive-like Behavior. Biol Psychiatry. 2018;83:38–49.

	53.	 Burrage E, Marshall KL, Santanam N, Chantler PD. Cerebrovascular dys-
function with stress and depression. Brain Circ. 2018;4:43–53.

	54.	 Dion-Albert L, Cadoret A, Doney E, Kaufmann FN, Dudek KA, Daigle B, 
et al. Vascular and blood-brain barrier-related changes underlie stress 
responses and resilience in female mice and depression in human tissue. 
Nat Commun. 2022;13:164.

	55.	 Greene C, Kealy J, Humphries MM, Gong Y, Hou J, Hudson N, et al. Dose-
dependent expression of claudin-5 is a modifying factor in schizophrenia. 
Mol Psychiatry. 2018;23:2156–66.

	56.	 Cai HQ, Catts VS, Webster MJ, Galletly C, Liu D, O’Donnell M, et al. 
Increased macrophages and changed brain endothelial cell gene 
expression in the frontal cortex of people with schizophrenia displaying 
inflammation. Mol Psychiatry. 2020;25:761–75.

	57.	 Delaney C, Farrell M, Doherty CP, Brennan K, O’Keeffe E, Greene C, et al. 
Attenuated CSF-1R signalling drives cerebrovascular pathology. EMBO 
Mol Med. 2021;13: e12889.

	58.	 Bisht K, Okojie KA, Sharma K, Lentferink DH, Sun YY, Chen HR, et al. 
Capillary-associated microglia regulate vascular structure and function 
through PANX1-P2RY12 coupling in mice. Nat Commun. 2021;12:5289.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	CSF1R regulates schizophrenia-related stress response and vascular association of microgliamacrophages
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Clinical demographics and measures
	Magnetic resonance imaging (MRI) acquisition and processing
	Human and mouse RNA sequencing (RNA-seq) and real time quantitative PCR (RT-QPCR)
	Plasma CSF1R protein detection
	Mouse CUS and CSF1Ri (PLX3397) treatment procedures
	Open field test (OFT)
	Elevated plus maze (EPM)
	Brain tissue processing and immunohistochemistry
	Flow cytometry
	Statistical analysis

	Results
	Blood CSF1R mRNA and protein levels were lowered in FES patients
	FES patients showed higher perceived stress and smaller cerebral cortical regions than HCs
	CSF1R fully moderated a negative association of the superior frontal gyrus with stress perception in HCs
	CUS and CSF1Ri enhanced anxiety in mice
	CUS and CSF1Ri affected angiogenesis in the mouse PFC and HPC
	CUS and CSF1Ri differently affected VAMs and NVAMs in the mouse PFC and HPC
	CUS decreased microglial abundancy and dampened microglial Csf1r expression in the mouse HPC

	Discussion
	Conclusions
	Anchor 29
	Acknowledgments
	References


