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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 CSFIR loss-of-
function mutation and CsfIr~/~ 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 CsfIr 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 CSFIR in the
post-mortem brains of chronic schizophrenia patients
was reported [31-33]. However, the exact role of CSFIR
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
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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 CSFIR 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
(TT)=2530/2.98/1100 ms, flip angle (FA)=7°, field of
view (FOV)=256x224 mm? Pixel/gap size=1/0 mm,
matrix size=256%x224 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.ncifcrf.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
eaverorg/) 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 ACt values were further quanti-
fied as exponential fold-changes against averaged ACt of
Ctr group (27-AACH).

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
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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
7" wk of CUS. Behavioural experiments were performed
at the 8 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 X 44.8 X 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 X5 cm each)
intersected at a central 55 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 um-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
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IgG H&L-AlexaFluor546 (#119,170, Jackson ImmunoRe-
search) for 2 h at room temperature and then in 0.1 pg/
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 60X 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 Image] (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 Csflr-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 pl PBS and acquired with a Fortessa
flow cytometer (BD Bioscience). Data were analyzed by
Kaluza v2.1 software (Beckman Coulter). Astrocytes
were defined as Glastt cells, oligodendrocyte precursor
cells (OPCs) as O4* cells, microglia as CD45"°vCD11bM
cells. The % of glia among total brain cells and mean fluo-
rescent intensity (MFI) of Csflr per microglia were meas-
ured and total Csflr 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 CSFIR 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 CSFIR 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
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hoc comparisons. Figures were prepared in GraphPad
Prism-v8.0.1 and online (http://www.bioinformatics.
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 CSFIR mRNA (Fig. 1A).
As the CSFIR is known to be important for brain devel-
opment, we thereby explored functional genomic data
in GeneWeaver and retrieved 64 CSFIR-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 CSFIR (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 CSFIR 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 CSFIR 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 CSFIR protein and
confirmed it in both patient cohorts (p<0.05; Fig. 1F
(m=126+102), Table 1 (2=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 CSFIR protein level (p<0.05;
Table 1) and higher PSSsum score (Fig. 2A, Tablel),
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/

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

15
'
1
1
1
= :
=10 ' cTsK
® nPmi4  PTEN 4
[—) PNP. !
— NFIA & o) c7h; NOTCH1
) EGFAm RS - K T1OGNAT1
S 5 TNFSF11 CFH GNAQ " GSTATSBRFGF17
; ATGBZSLCZA2 NDSTI
FCSE1R sTAT A R0 o
_______ £ N B e
” -
T L]
logFC

APTEN ":rr!\FGFl 7
=

..\
N\, TNFSF11

FDR ** 40+
600 - 3
= °
S 1 £ 30-
;Z: Za0d 3 F Eﬂ '
E = s s ~ 20
< 4 -4
B 2 200 o]
= T [77) -
3§ | &1
0- 0-
HC FES HC

Page 5 of 15

B

FES vs HC: down-
regulated blood genes

FES vs HC: up-
regulated blood genes

CSF1R-Brain Structural association

@ Regulation of developmental process
3 Regulation of cell differentiation
Regulation of protein phosphorylation

E Transmembrane receptor protein
tyrosine kinase signaling pathway

B Multicellular organismal process

= System development

FES

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) PPl 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 (1=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

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, CSFIR mRNA or protein, and PSS with
linear regression and moderator analyses controlled by
age, sex and ICV, predicting that brain structural deficit
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Table 1 Demographic characteristics of FES patients and HCs

Demographics FES (n=51) HC(n=46) Foryx2 P
Sex (M/F) 18/33 23/23 2.143 0.143
Age (years)® 30.59(1.18)  34.00(146) 1388.000 0.120
Education (years)® 12.75(049) 13.28(033) 1298500 0.354
CTQsum? 81.55(5.49) 70.02(4.78) 727500 0.125
PSSsum? 23.14(099) 21.39(067) 893.000 0.043
Age of illness onset 2927 (1.17)

(years)

[liness duration 11.70 (2.09)

(months)

PANSSt 75.69 (2.03)

White blood cells (109  7.60 (1.08) 6.01 (0.25) 856.000 0.085
ml)?

Plasma CSF1R (ng/ml) 1855 (1.03) 21.26(0.766) 5539 0.021

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. °Mann-Whitney U test

underlies stress susceptibility and CSFIR is one of the
molecular machineries modulating brain and behav-
iour, e.g., PSSsum as the dependent variable, cortical
volumes the independent variables, and CSFIR level
the moderator (Fig. 2F, n=46). The model showed that
in the HCs but not the FES patients, the CSFIR mRNA
was negatively associated with the PSSsum (B =-9.784,
p<0.05). The CSFIR also interacted with the superior
frontal gyrus (R>=0.083, p<0.05) and since the direct
association of the superior frontal gyral size with the
PSSsum was insignificant (p=-5.335, p=0.25), this
suggests that the CSFIR had a full moderator effect on
the superior frontal gyral correlation with the PSSsum
(B=6.109, 95% confidence interval (CI) =1.642 ~ 10.578,
p<0.01). Additionally, the CSFIR mRNA and protein
also moderated the negative associations of the mid-
dle frontal gyrus (f=0.383, p<0.05) and the HPC
(B=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 CSFIR 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 CSFIR 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
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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 CSFI1Ri (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 CsfIr
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 CsfIr and
Pik3cg (p<0.05/0.01). The CUS, the CSF1Ri, or the CUS-
CSF1Ri combination reduced the CsfIr (Fig. 4D) and
Pik3cg (Fig. 4E) expression, compared to the Ctr-Veh
(p<0.01/0.001/0.001 for both genes). The CSFIRi 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 IBAl 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 CSFIRi (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.
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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 CSFIRi existed
on the ratios of VAMs-No./TMs-No. (PFC: p<0.05)
and IBA1 intensity in VAMs/TMs (both the PFC and
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Table 2 Cerebral cortical volumes (cm?) in FES patients and HCs

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 0467
Entorhinal gyrus 3.152+0.069 3.136+£0.069 0442 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 0312 0416
Middlefrontal gyrus 40.051+0.502 41.388+0.530 323 0.076 0.152
Orbitalfrontal gyrus 23.791+0.203 24445+0214 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 8327 0.005 0.020

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

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.

A Week |0

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
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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 NVAMSs, 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
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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 Csflr
protein level (both p<0.05). The CUS, the CSFIRi, or
the CUS-CSFIRi combination reduced the total Csflr

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 Csflr 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.
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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-CSFIRi jointly increased the OPCs com-
pared to the Ctr-Veh, the CUS-Veh, or the Ctr-CSF1Ri
(»<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. 6] & 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; CSFIR 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.



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

Our finding of lower CSFIR mRNA and protein in
the FES patients is in line with several previous studies.
Lower level of CSFIR mRNA was reported in the cortices
[31-33] and spleens of chronic schizophrenia patients
[47]. The reduction of CSFIR 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 CSFIR function in early stage of schizophrenia.
Given that the CSFIR 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 CSF1IR 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 CSFIR mRNA level was also
negatively correlated with both the PSS and the PANSSt
scores. These suggest the importance of the CSFIR 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 CSFIR may regulate stress
response, we used a CUS mouse model and adminis-
tered an inhibitor (PLX3397, CSF1Ri) to block Csflr 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
CsfIr*'~ 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,
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the CUS decreased microglia in the PFC and the HPC,
which may be explained by both our own observation
that the CUS dampened microglial Csflr expression,
which is pivotal for microglial survival, and a previous
report that the CUS induced microglial apoptosis [30].
Our observation on the dampened Csflr 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 Csflr 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 Csflr level in microglia, this
made stressed microglia less sensitive to the CSFI1Ri.
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 CSF1Rj, as
we observed here (Fig. 61). The desensitization of micro-
glial Csflr after the CUS also notably corroborates with
our clinical observation that the negative association
of the CSFIR 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
PEC. Corroboratively, a recent study reported CSFI1Ri-
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 CSFIR 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.
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ANCOVA  Analysis of covariance

CSFIR Colony stimulating factor 1 receptor
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