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1. INTRODUCTION  

Psychiatric disorders, also known as mental illnesses, are a major source of dis-
ability and death for the working-age population and cause considerable econo-
mic and healthcare burdens globally (Collaborators, 2017). Psychiatric disorders 
can be caused by miscellaneous intrinsic and extrinsic factors that jointly impact 
on the brain (Uher et al., 2017; Charlson et al., 2019; Machlitt-Northen et al., 
2022). Schizophrenia is a major psychiatric disorder showing psychotic and 
affective symptoms as well as cognitive impairment (McCutcheon et al., 2020), 
which can be exacerbated by stressful events (Vafadari et al., 2019; Holtzman et 
al., 2013; Gomes et al., 2017). 

Stress-associated dystrophies of the cortical and subcortical structures are 
frequently observed in both psychiatric patients (Lieberman et al., 2018; Kalin, 
2019; Wannan et al., 2019) and animal models (Kim et al., 2015; Sarabdjitsingh 
et al., 2017), due to impaired neuronal projections across different brain struc-
tures (Franklin et al., 2012). For instance, we have reported that cumulative 
stress is associated with cortical thinning and cognitive deficits in first episode 
schizophrenia (FES) patients (Zhou et al., 2021). Besides neuronal deficits, bio-
logical substrates underlying stress-induced brain changes also include com-
promised angiogenesis and integrity of the blood-brain barrier (BBB) (Greene et 
al., 2018; Dion-Albert et al., 2022), and glia-mediated neuroinflammation 
(Sugama et al., 2020; Maydych, 2019). 

Individuals with higher levels of inflammatory biomarkers are at an increased 
risk of developing psychiatric disorders (Kose et al., 2021; Hughes et al., 2022). 
Psychiatric patients also often have inflammation-associated abnormal lipid meta-
bolism, among others (Penninx et al., 2018; van der Spek et al., 2023). Immuno-
metabolic alterations tip the balance of neurotransmission, and disrupt the blood 
and cerebrospinal fluid circulations in the brain (Hodo et al., 2020; Carmen-
Orozco et al., 2019), thereby triggering and/or exacerbating psychiatric dis-
orders (Cattaneo et al., 2015).  

Microglia and borderline/barrier-associated macrophages (BAMs) are the 
most important regulators for neuroinflammation in the adult brain (Yang et al., 
2019; Frumer et al., 2023). Their overactivation is detrimental to the brain and 
behaviors causing spine loss, BBB leakage, as well as anxiety and cognitive 
impairment (Tan et al., 2020; Yu et al., 2022). Nevertheless, glia are also bene-
ficial for brain homeostasis with neuro-protective functions and may contribute 
to stress adaptation (Cătălin et al., 2013; Piirainen et al., 2021). Multiple glia-
targeting anti-inflammatory drugs (Zhang et al., 2018; Zhang et al., 2019; Gao 
et al., 2022) have been tested to treat psychiatric disorders. However, these 
generic treatments have only shown limited and even debatable supplementary 
therapeutic effects (Nitta et al., 2013). This suggests that we still do not fully 
understand the temporal-spatial feature and functions of microglia/macrophages, 
especially concerning their subgroups and associated effector molecules, in a 
disease-specific context.  
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To better understand functions of microglia/monocytes and their subpopu-
lations in psychiatric disorders through the lens of chronic stress, we performed 
a series of clinical and preclinical investigations on a cohort of FES patients and 
two mouse stress models, including a chronic unpredictable stress model com-
bined with pharmacological microglial ablation, and an olfactory bulbectomy-
induced stress model combined with endogenous delivery of omega-3 poly-
unsaturated fatty acids. Using these models, we characterized region/location-
specific mechanisms of microglia/macrophages in regulating brain and beha-
viors by multidisciplinary in vivo and in vitro laboratory approaches. Our re-
search findings reveal subtype-specific microglial/monocytic molecules that 
may be useful candidates for developing diagnostic biomarkers and therapeutic 
drugs for psychiatric disorders. 
  



13 

2. REVIEW OF LITERATURE 

2.1. Overview of stress and stress-associated  
psychiatric disorders 

2.1.1. Stress-associated psychiatric disorders:  
focusing on schizophrenia 

Major stress-related psychiatric disorders as classified in the Diagnostic and 
Statistical Manual of Mental Disorders-5 (DSM-5) (First, 2013) and the Inter-
national Classification of Diseases-11 (Harrison et al., 2021) include schizo-
phrenia, bipolar disorder, anxiety disorders such as post-traumatic stress dis-
order, and major depressive disorder (MDD), among others. Millions of people 
worldwide have been reported to suffer from psychiatric disorders, which are 
considered serious public health problems (Collaborators, 2017). Stress is a 
common individual experience and an inevitable part of all human lives, but 
when becoming persistent, stress can cause, trigger, or exacerbate almost any 
mental illness, particularly psychiatric disorders, which are characterized by 
dysregulated stress responses (Halbreich, 2021). Stress is also a major com-
ponent of many animal models recapitulating psychiatric disorders, such as ol-
factory bulbectomy and chronic stress rodent models (McHugh et al., 2019; 
Atrooz et al., 2021).  

Symptoms of schizophrenia can be broadly classified into three categories: 
positive symptoms, negative symptoms, and cognitive symptoms (Tandon et al., 
2013). The positive symptoms, such as delusions and hallucinations, are often 
the reason a patient presents to a clinician. The negative symptoms, such as loss 
of motivation and social withdrawal, and cognitive impairments, including defi-
cits in working memory, executive function, and processing speed, are the 
major reason affecting social and vocational functions of a patient (Galderisi et 
al., 2018). Schizophrenia affects approximately 1 in 300 people (0.32%) world-
wide (WHO, 2022). Its onset is most often during late adolescence and young 
adulthood and tends to happen with higher prevalence and earlier onset among 
men than women (Giordano et al., 2021; Li et al., 2022). Schizophrenia 
accounts for a huge healthcare burden, with annual associated costs estimated to 
be more than $343.2 billion in the United States in 2019, for instance (Kadakia 
et al., 2022). In Europe, unemployment rates of such patients run between 70% 
and 90% (Holm et al., 2021). The disorder is also associated with reduced life 
expectancy: individuals with schizophrenia have a mean life expectancy of 
about 15 years shorter than the general population and a 5% to 10% lifetime risk 
of death by suicide (Hjorthøj et al., 2017). 

Schizophrenia is believed to result from a combination of genetic and 
environmental factors (Comer et al., 2020). While the exact mechanisms under-
lying schizophrenia are not fully understood, several theories have been pro-
posed to explain the onset and progression of its symptoms. The most promi-
nent theory on schizophrenia is disturbance of the neurotransmitter system. An 
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imbalance of dopamine neurotransmission in the mesolimbic system is respon-
sible for positive symptoms (Lau et al., 2013). This hypothesis is supported by 
the fact that antipsychotics that block dopamine receptors are effective in 
reducing the positive symptoms of schizophrenia. Dysfunction in the glutamate 
neurotransmission system in the mesocortical pathway, including the prefrontal 
cortex (PFC), thalamus, and temporal lobes, induces cognitive impairments and 
negative symptoms of schizophrenia (Uno et al., 2019). Disturbances in glutamate 
signaling may affect synaptic plasticity (i.e., the ability of neurons to modify the 
strength of their connections with other neurons) and N-methyl-D-aspartate 
(NMDA) receptor functioning. As such, NMDA-receptor antagonists can induce 
psychotic symptoms mimicking schizophrenia (Winship et al., 2019).  

There is also evidence that abnormalities in brain development may contri-
bute to schizophrenia. For example, studies have found that individuals with 
schizophrenia may have smaller brain volumes, particularly in the PFC and 
hippocampus (HPC), brain regions that are important for cognition and memory 
(Kalin, 2019; Lieberman et al., 2018; Wannan et al., 2019). In addition, early-
life environmental and genetic risk factors altering neurodevelopmental trajec-
tories, which predispose an individual to the disorder, are also identified. For 
example, certain genetic variants, including those related to the immune system 
development, have been associated with an increased risk of developing schizo-
phrenia (Comer et al., 2020). Twin studies suggest that schizophrenia has a 
heritability estimate of around 80%, due to not only genetic influences but also 
environmental effects that moderate genes (van Os et al., 2008). Environmental 
factors, such as prenatal stress, infection, and substance abuse, may all increase 
the risk of developing schizophrenia (van Os et al., 2009).  

In recent years, scientists have found that exposure to psychological stress or 
traumatic life event(s) during perinatal or adolescent period triggers or 
exacerbates symptoms of schizophrenia (Vafadari et al., 2019; Holtzman et al., 
2013; Gomes et al., 2017). Heightened stress response usually precedes the 
onset of psychosis and cognitive deficits in schizophrenia patients (Pruessner et 
al., 2011; Krkovic et al., 2017; Studerus et al., 2021) and induces psychiatric-
like behaviors in modeled rodents (Willner, 2017; Tran et al., 2023). Our group 
also reported that cumulative stress was associated with cortical thinning and 
cognitive deficits in FES patients (Zhou et al., 2021).  

All current pharmacological treatments for schizophrenia are dopamine D2-
receptor blockers, many of which having extrapyramidal or metabolic side 
effects and work for only about half of patients, despite treating positive symp-
toms efficiently and enabling the patient an independent life. However, promi-
nent negative symptoms and cognitive impairments that affect approximately 40% 
and 80% of people with schizophrenia, respectively, have no treatments avail-
able with proved efficiency currently (Carbon et al., 2014; McCutcheon et al., 
2020). The underlying reason for this is due to incomplete understanding of the 
complex pathophysiology of schizophrenia, which involves many molecular 
targets. Therefore, more rigorous research is needed to better understand the 
underlying mechanisms and to develop more effective treatments. 
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2.1.2. Chronic unpredictable stress (CUS) model 

Several rodent chronic stress models resemble human psychosocial stressors, 
which include both predictable and unpredictable components, such as chronic 
social defeat stress, chronic restraint stress, and CUS (Tran et al., 2023).  

The CUS model was first described by Katz in 1981 (Katz et al., 1981) and 
developed further by Papp and Willner (Willner, 2017). The model involves 
subjecting animals to a series of unpredictable and varied stressors over an 
extended period. The specific stressors can vary but typically include physical 
stressors such as restraint, cold temperature exposure, forced swimming, or 
psychological stressors like social isolation or exposure to predatorsʼ odors 
(Nollet, 2021). Unlike acute or predictable stressors that the body can adapt to, 
the CUS disrupts the bodyʼs ability to respond to and cope effectively with 
stressors, leading to dysregulation of various physiological systems and 
behavioral processes (Monteiro et al., 2015; Trow et al., 2019). The CUS model 
is often employed to study stress-related psychiatric disorders such as depres-
sion, anxiety and cognitive impairment (Tran et al., 2023). 

In line with clinical finding, exposure to chronic stressors has been demon-
strated to lead to psychiatric-related behaviors by inducing neurotransmitter 
dysregulation (Duman et al., 2019), neuroinflammation (Wohleb et al., 2016), 
and impairments in neurogenesis (Franklin et al., 2012; Pittenger et al., 2008) in 
corticolimbic and mesolimbic brain regions, leading to structural changes in 
these regions (McEwen, 2006; Kim et al., 2015; Sarabdjitsingh et al., 2017). 
These preclinical studies demonstrate that stress-induced neurobiological effects 
contribute to psychiatric-like behaviors such as anhedonia, despair, anxiety, 
social withdrawal, and cognitive impairments (Planchez et al., 2019).  
 

2.1.3. Olfactory bulbectomy (OBX)-induced stress model 

Olfaction is indispensable for acquisition of emotions and associated memories 
and social behaviors (Keller et al., 2013). Convincing evidence has shown that 
olfactory dysfunction occurs in neurodegenerative diseases (Godoy et al., 2015). 
Impairment of odor discrimination in schizophrenia was first reported in late 
1980s (Hurwitz et al., 1988). Since then, many studies have confirmed that ol-
factory performance is impaired in patients with schizophrenia and MDD 
(Hasegawa et al., 2022). Pathological changes in the olfactory system, such as 
reduction in the olfactory bulb (OB) volume and olfaction deficits, are found to 
be associated with negative symptoms and social and cognitive impairments in 
patients with schizophrenia (Corcoran et al., 2005; Yang et al., 2021).  

Olfactory deficits also led to stress in mice, as evidenced by elevated plasma 
corticosterone levels and enhanced anxiety (Glinka et al., 2012). Reduced OB 
volume may compromise neural circuit established between the OB and other 
brain regions, such as the orbitofrontal cortex, HPC, and amygdala, thereby 
affecting higher-order brain functions including cognition, memory, motivation, 
and emotion (Croy et al., 2017; Moberly et al., 2018). 
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Removal of the OB in rodents, i.e., OBX, induces psychiatric-like behaviors 
through alterations of neuroendocrine, neurotransmission, and immune com-
ponents in the corticolimbic circuit (Song et al., 2005). OBX-induced 
depressive-like behaviors were reported to be associated with the production of 
reactive oxygen species (ROS) and suppression of antioxidant enzymes (Tasset 
et al., 2010), and hippocampal microglial activation and neuroinflammation 
(Morales-Medina et al., 2017) (see also section 2.3.3). Cortical and hippo-
campal degenerations in association with cognitive deficits, loss of libido, 
reduced social, exploratory and memory deficits behaviors were found in the 
OBX model as well (Wang et al., 2007; Morales-Medina et al., 2013). The 
OBX therefore has been used to screen antidepressant drugs for the past 40 
years in both rats (van Riezen et al., 1976) and mice (Han et al., 2009). 
 
 

2.2. Mechanisms of stress association with  
psychiatric disorders 

Stress induces a rapid activation of the sympathetic nervous system (SNS) and a 
more persisting activation of the hypothalamus-pituitary gland-adrenal grand 
(HPA) axis, leading to increased release of epinephrine (adrenaline) and nore-
pinephrine (Godoy et al., 2018) and glucocorticoids (cortisol) (Stephens et al., 
2012). The SNS, the HPA axis, and the internal organs all work together to 
mediate stress-induced changes in immune and metabolic responses in the body 
(Kyrou et al., 2009; Mifsud et al., 2018), thereby contributing to anxiety and 
other psychiatric disorders (Nandam et al., 2019) (Fig. 1).  
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Figure 1. Mechanisms of stress-induced psychiatric disorders. Chronic stress induces 
psychiatric disorders due to changes in immune and metabolic responses in the periphery 
and the brain via activation of the sympathetic nervous system (SNS) and the hypothalamus-
pituitary gland-adrenal grand (HPA) axis. In the periphery, stress-induced cortisol/catechol-
amines can promote immune cells such as monocytes and macrophages to produce more 
pro-inflammatory cytokines and disrupt lipid (omega (n)-6/n3 polyunsaturated fatty acids 
(PUFAs), phospholipids) metabolism in the organs. In the brain, stress can compromise 
neurovascular unit functions by impairing vascular endothelial cells, dampening tight 
and adherens junctions, enhancing immune cell infiltration, inducing glia activation and 
neuroinflammation, and disrupting cerebrospinal fluid circulation. Overall, through 
these mechanisms, stress can impair neurogenesis and neurotransmission and disrupt 
neuronal metabolism, resulting in brain dystrophy and cognitive and behavioral impair-
ments. BBB: blood-brain barrier; VAM: vessel-associated microglia/macrophages. The 
figure is prepared using Servier Medical Art under a Creative Commons Attribution 3.0 
unported license.  
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2.2.1. Inflammation in stress-associated psychiatric disorders 

Inflammation is a physiological immune response to injury or infection in the 
body. However, chronic inflammation has been linked to several psychiatric 
disorders (Yuan et al., 2019). 

Peripheral inflammatory responses are involved in psychiatric disorders in-
cluding schizophrenia (Kose et al., 2021; Hughes et al., 2022). Individuals with 
psychiatric disorders often have higher levels of inflammatory markers in their 
blood and cerebrospinal fluid, such as C-reactive protein, interleukin (IL)-1β, 
IL-6, and tumor necrosis factor-alpha (TNF-α) produced by circulating immune 
cells and tissues, compared to healthy individuals (Feng et al., 2020). Chronic 
inflammation in the brain, or neuroinflammation, directly disrupts neurotrans-
mission and neuroplasticity, as well as metabolism and fluid circulation (Hodo 
et al., 2020; Cattaneo et al., 2015; Müller, 2018).  

Stress can trigger both peripheral inflammation (Elkhatib et al., 2020) and 
neuroinflammation (McEwen et al., 2012; Maydych, 2019). Stress-induced 
cortisol and noradrenergic signaling drive alterations in microglial phenotype 
(Frank et al., 2012; Sugama et al., 2019; Sugama et al., 2020). Prolonged stress 
caused for instance a release of high mobility group box 1, a damage (or 
danger)-associated molecular pattern molecule, which binds to the receptor for 
advanced glycation end products and promotes the activation of nucleotide-
binding domain leucine-rich repeat and pyrin domain containing receptor 3 and 
pro-inflammatory cytokine production by microglia in the HPC (Weber et al., 
2015). Chronic stress also increased extracellular adenosine triphosphate level, 
which bound to purinergic receptor P2RX7 and led to microglial activation and 
increased neuroinflammation (Iwata et al., 2016). Stress-induced microglial 
activation resulted in increased monocyte trafficking to the brain and enhanced 
anxiety (Wohleb et al., 2014b), and cognitive deficit along with inhibited neuro-
genesis (Al-Onaizi et al., 2020). Chronic stress also altered several key microglial 
receptor-mediated pathways, including complement component 3 – complement 
component 3 receptor, fractalkine – fractalkine receptor, and colony stimulating 
factor 1 – colony stimulating factor 1 receptor (CSF1R), leading to increased 
synaptic pruning and decreased dendritic branching and spine density (Bollinger 
et al., 2019). 
 

2.2.2. Lipid metabolic alterations in stress-associated  
psychiatric disorders 

Lipid metabolism involves lipids synthesis and degradation, producing among 
other functions energy and structural components for cells (Xie et al., 2020). 
Lipids, including glycerophospholipids and sphingolipids, fatty acids and their 
metabolites, sterols, and lipoproteins, are known to have immunomodulatory 
properties (Andersen, 2022).  

The brain is the second most lipid-rich organ, containing abundant sphingo-
lipids and cholesterols, and lipids take up over half of the brainʼs dry weight 
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(Cermenati et al., 2015). Lipids in the brain play important roles in myelination 
and action potential propagation, synaptogenesis, and neurogenesis during brain 
development and homeostatic maintenance (Cermenati et al., 2015). Impaired 
lipid metabolism is involved in oxidative stress and neuroinflammation, and dis-
turbs neuronal energy homeostasis in the brain, leading to severe neurodevelop-
mental disorders and motor dysfunction (Hamilton et al., 2007; Naudí et al., 
2017; Yang et al., 2022).  

Studies have shown that individuals with psychiatric disorders often have 
abnormal levels of specific fatty acids, cholesterol, etc., and are accompanied by 
metabolic syndrome such as dyslipidemia (Penninx et al., 2018; van der Spek et 
al., 2023). For examples, increases of phospholipids were found in the gray 
matters of schizophrenia patients (Schwarz et al., 2008). Decreased serum levels 
of ether lipids and raised levels of phospholipids were also demonstrated in 
schizophrenia and MDD subjects (Dickens et al., 2021). Triglyceride and very 
low-density lipoproteins were found to be increased while low-density lipo-
proteins decreased in schizophrenia patients (Pillinger et al., 2017). A recent 
multi-omics study reported sustained metabolic disruption and increased in-
flammatory markers in the circulating blood of schizophrenia patients, including 
apolipoproteins and complement proteins (Campeau et al., 2022). Schizophrenia 
was also associated with decreased n-3 PUFAs and n-3/n-6 ratio in the peri-
pheral blood (Berger et al., 2019). Knockout mice of a fatty acid binding protein 
7, which modulates transportation and metabolism of fatty acids, display 
schizophrenia-like phenotypes and reductions in dendritic complexity and spine 
density (Ebrahimi et al., 2016). 

Stress affects lipid metabolism in both rodents and humans. For instances, 
chronic stress increased lipid consumption, reduced insulin sensitivity, and pro-
moted hepatic lipid accumulation (Dille et al., 2022), as well as disrupted 
endothelial lipid metabolism, hence leading to vascular injury in rodents (Abe et 
al., 2010). Increases of phospholipids, namely phosphatidylcholine and phos-
phatidylethanolamine, were found in the brains of CUS-subjected mice (Faria et 
al., 2014). Plasma phosphatidylcholine was associated with stress severity also 
in human subjects (Noerman et al., 2020). Stress affects lipid metabolism via 
the HPA-released cortisol (Chuang et al., 2010; Wu et al., 2019; Kivimäki et al., 
2023). In return, fatty acids affect glucocorticoid receptor sensitivity and modu-
late the HPA axis via negative feedback on corticotropin-releasing hormone 
secretion (Mocking et al., 2018).  

Importantly, glial cells are more vital than neurons for lipid metabolism in 
the brain (Barber et al., 2019). Particularly, microglial lipid metabolism was 
linked to both neuronal functions and brain pathology (Bruce et al., 2018; 
Nugent et al., 2020). Microglial depletion in adult mice by a CSF1R inhibitor 
(CSF1Ri) caused loss of myelin due to altered oligodendrocyte lipid meta-
bolism (McNamara et al., 2023). Lipid metabolism was deficient in the liver of 
Csf1r-knockout mice (Keshvari et al., 2021). Furthermore, CSF1R was sug-
gested to be associated with disrupted lipid metabolism in the corpus callosum 
of schizophrenia patients (Shimamoto-Mitsuyama et al., 2021). 
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Exact mechanisms underlying inflammation-associated alterations in lipid 
metabolism in stress- related psychiatric disorders are not yet fully understood, 
however. It is believed that both genetic and environmental factors, such as 
stress and diet, can contribute to these changes (Bremner et al., 2020). Under-
standing interrelationships between abnormal lipid metabolism and immune 
activation may provide new insights into the pathophysiology of stress as-
sociated psychiatric disorders and help to develop new antipsychotic therapies. 
 

2.2.3. Cerebrovascular dysfunction in stress-associated 
psychiatric disorders 

Angiogenesis is the process of forming new blood vessels from pre-existing 
vessels and plays a crucial role in normal physiological processes, including 
organ development, tissue growth and repair, and progression of various diseases, 
such as cancer, cardiovascular disease, and inflammatory disorders (Mancuso et 
al., 2008; Hatakeyama et al., 2020). Angiogenesis guides the development and 
maintenance of cerebral vasculature to ensure adequate regional blood flow and 
normal brain functions (Tam et al., 2010).  

The neurovascular unit (NVU) is composed of vascular cells (endothelial 
cells, pericytes, and vascular smooth muscle cells), glial cells (astrocytes, and 
the more recently depicted NVU-associated microglia and oligodendrocytes), 
and neurons. The NVU is enclosed by tight junctions and adherens junctions 
and extracellular matrix components (basement membrane), with which for-
ming the BBB (Kugler et al., 2021). The BBB is a highly selectively permeable 
membrane that separates the circulating blood from the brain extracellular fluid 
and regulates the entry of plasma substances, including nutrients and drugs, into 
the brain (Daneman et al., 2015). Hence, the NVU is a structural and functional 
complex that regulates cerebral blood flow and maintains functional integrity of 
the BBB and disruption of the NVU may contribute to the pathogenesis of 
neurodegenerative diseases (Yu et al., 2020). Dysfunction of the BBB may lead 
to increased inflammation and oxidative stress in the brain, which in turn may 
stimulate abnormal angiogenesis. Alternatively, abnormal angiogenesis may 
lead to disruption of the BBB, allowing harmful substances to enter the brain to 
trigger an inflammatory response (Carmen-Orozco et al., 2019). 

In recent years, there has been an increasing interest in dysfunctions of the 
BBB and angiogenesis in psychiatric disorders, and accumulating evidence sug-
gests a vital role for the NVU in modulating cognition, mood, and stress 
responses during the development of psychiatric disorders (Pollak et al., 2018; 
Morris et al., 2020; Dion-Albert et al., 2023). For instances, angiogenic genes, 
such as WNT, vascular endothelial growth factor (VEGF), insulin-like growth 
factor 1, angiopoietin, ephrin-receptor signaling, etc., were downregulated in the 
post-mortem brains of schizophrenia patients (Katsel et al., 2017). Lower levels 
of angiogenic factors, such as the VEGF, were related to abnormal brain 
development underlying cognitive dysfunction in schizophrenia (Zhao et al., 
2019). Dampened cerebral vascular endothelial molecules and accelerated vas-
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cular inflammation were found in schizophrenia patients with “high inflam-
mation” (Cai et al., 2020). In rodent models, chronic stress was also shown to 
compromise the BBB and angiogenesis (Greene et al., 2018; Dion-Albert et al., 
2022), and induce monocytic infiltration into the brain (Wohleb et al., 2014a). 

Increased BBB permeability may allow for entry of pro-inflammatory cyto-
kines and other immune molecules (Kealy et al., 2020) as well as monocytes 
(Weber et al., 2017) into the brain via the bloodstream, culminating in neuro-
inflammation and oxidative stress in psychiatric disorders. Vice versa, when the 
BBB is disrupted, astrocyte-derived S100B is released into the blood in 
significant amounts and has thus been regarded as a biomarker of this condition 
(Marchi et al., 2003). Other brain-derived BBB pathology biomarkers include 
glial fibrillary acidic protein, matrix metalloproteinases, tight junction mole-
cules, and cell adhesion molecules (Sweeney et al., 2018). Blood levels of 
S100B, matrix metalloproteinases and cell adhesion molecules were indeed 
found to be altered in schizophrenia (Futtrup et al., 2020). Moreover, expression 
of a tight junction protein Claudin-5 was reduced in the HPC of individuals with 
schizophrenia (Greene et al., 2020).  

Overall, molecules involved in compromised angiogenesis and BBB integ-
rity may represent potential targets for novel therapeutic interventions in treat-
ment of psychiatric disorders. 
 

2.3. Microglia and microglia-like cells in psychiatric 
disorders: focusing on schizophrenia 

As crucial myeloid cell types in the immune system, microglia and monocytes/ 
macrophages share phenotypic similarities and yet exhibit distinct differences in 
terms of origin, location, and brain functions. Monocytes are originated from 
and replenished by hematopoietic stem cells in the bone marrow postnatally and 
are transported throughout the body via the bloodstream (Geissmann et al., 
2010). In contrast, microglia arise from primitive myeloid progenitors in the 
yolk sac, which migrate into the central nervous system during embryonic 
development and maintain by themselves in situ throughout adulthood (Saijo et 
al., 2011). During brain homeostasis, circulating monocytes traffic to the 
choroid plexus and dura mater and increase the local complexity of BAMs (Van 
Hove et al., 2019), while their infiltration into the brain parenchyma is pre-
vented by the BBB (Mildner et al., 2007). However, under pathological condi-
tions, physical BBB damage and excessive inflammatory responses induce 
monocytes to infiltrate into the brain parenchyma and become microglia-like 
cells (Yamanaka et al., 2021; De Vlaminck et al., 2022). One study reported that 
monocytes can transit into microglia during development and after neonatal 
stroke, showing ramified morphology and expressing microglial marker genes 
(Sall1, Tmem119, and P2ry12) (Chen et al., 2020). Functionally, monocytes are 
more involved in brain pathological conditions, acting as immune surveillant in 
response to stimuli like inflammation or infection, and developing regulatory 
properties essential for tissue repair (Guilliams et al., 2018; Frumer et al., 2023). 
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Microglia instead play more critical roles in brain physiological conditions, 
including not only immune surveillance and regulation of neuroinflammation, 
but also synaptic pruning and support of angiogenesis and neurogenesis (Piirai-
nen et al., 2021; Gogoleva et al., 2019; Hattori, 2023), as depicted in more 
details below. 
 
2.3.1. Microglial populations and functions in the healthy brain 

Microglia are the major resident innate immune cells in the brain and play a 
crucial role in brain development and homeostasis. One striking feature of 
microglia is their rapid activation in response to even minor pathological altera-
tions/infections in the brain (Colton, 2009). In a healthy adult brain, CD45 pro-
tein amount can differentiate microglia (CD11b+/CD45low) from macrophages 
(CD11b+/CD45high) (Grabert et al., 2016).  

Key functions of microglia in the healthy brain include: (1) Immune surveil-
lance: microglia constantly monitor for signs of infection or injury. They are the 
first line of defense against pathogens and toxins that enter the brain and 
quickly respond to any disruption in neural functions (Nimmerjahn et al., 2005). 
(2) Regulation of neuroinflammation: microglia play a key role in regulating 
immune responses and can promote either pro-inflammatory or anti-inflamma-
tory signaling, depending on the context (Gogoleva et al., 2019). (3) Synaptic 
pruning: microglia help maintain appropriate number of synapses by removing 
unnecessary, weak, or damaged synapses (Yu et al., 2022; Paolicelli et al., 
2011). (4) Neuroprotection: microglia are responsible for clearing away debris 
and waste products generated by cellular metabolic processes and turnover 
(Cătălin et al., 2013). They can produce a variety of neurotrophic factors that 
promote neuronal survival and growth, such as brain-derived neurotrophic 
factor (Araki et al., 2021). (5) Modulation of neurotransmission: microglia are 
involved in regulating neurotransmission by releasing signaling molecules such 
as cytokines, chemokines, and neurotrophic factors (Umpierre et al., 2021). (6) 
Modulation of myelination: microglia synthesize growth factors that promote 
survival and maturation of oligodendrocyte precursor cells (OPCs) (Nicholas et 
al., 2001). (7) Last but not least: maintenance of angiogenesis and BBB inte-
grity (Ronaldson et al., 2020; Hattori, 2023).  

Microglia are a group of heterogenous cells, which show different temporal-
spatial features depending on age, gender, brain regions, and disease conditions 
(Masuda et al., 2020; Tan et al., 2020). When activated, microglia can acquire 
different phenotypes, namely microglial polarization, depending on activating 
stimuli. Microglial polarization is characterized by changes in gene expression, 
morphology, and secretory profile. When cultured in vitro, microglia can be 
polarized into M1 or M2 type. In general, the M1-like microglia can be iden-
tified by CD16 and CD86, while the M2-like microglia by CD206, CD163, and 
arginase 1, among other markers (Jurga et al., 2020) (Fig. 2). 
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Figure 2. Phenotypic distinctions between homeostatic and stressed microglia. 
Under physiological conditions, ramified microglia survey the brain microenvironment 
with their processes to maintain brain homeostasis. Under stress, primed microglia pos-
sess an over-ramified morphology. Markers for microglial activation vary widely 
depending on the type (enhanced classical immune functions, and reduced homeostasis). 
Stressed microglia lose their homeostatic functions and lead to multiple neurobiological 
dysfunctions. BBB: blood-brain barrier. The figure is prepared using Servier Medical 
Art under a Creative Commons Attribution 3.0 unported license. 

 
Upon infection or injury, the M1-like microglia produce pro-inflammatory cyto-
kines, such as TNF-α and IL-1β, and induce tissue damage. Chronic activation 
of microglia and subsequent neuroinflammatory processes hinder neurogenesis, 
axonal regeneration, and synaptic plasticity (Cornell et al., 2022), and aggravate 
cerebral vascular damage and BBB permeability (Chen et al., 2019). 

The M2-like microglia by contrast express anti-inflammatory mediators and 
growth factors, such as IL-10 and transforming growth factor-β (TGF-β), and 
are prone to remove cellular debris to promote tissue repair and neuronal sur-
vival (Hu et al., 2015; Wang et al., 2022). M2-like microglia also promote 
neurogenesis (Nikolakopoulou et al., 2013) and neurovascular remodeling 
through the release of VEGF (Zhao et al., 2018; Tian et al., 2019).  
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It should be emphasized, however, that this static M1-M2 division of micro-
glial populations is oversimplistic and not well aligned with microglial mole-
cular features in vivo and has been rejected by researchers nowadays (Paolicelli 
et al., 2022). 
 

2.3.2. Microglia and perivascular macrophages-blood brain 
barrier interaction 

Microglia near the cerebral blood vessels can monitor BBB integrity (Ronald-
son et al., 2020; Hattori, 2023). Earlier studies observed that microglia co-
cultured with endothelial cells enhanced endothelial expression of tight junction 
proteins Occludin and Zonula occludens-1 (Mehrabadi et al., 2017). Instead, 
blocking microglial process motility promoted laser-induced BBB injury, and 
ablation of juxta-vascular microglia abolished resolution of BBB leakage (Lou 
et al., 2016). Later studies demonstrated that vessel-associated microglia con-
tacted endothelial cells in a C-C chemokine receptor type 5-dependent manner 
and maintained the BBB integrity via enhancing the expression of Claudin-5 
(Haruwaka et al., 2019). Recently, microglia depletion was found to result in 
~15% increase in diameter of the cerebral blood capillary (Bisht et al., 2021). 
Microglia also regulated cerebral blood flow through purinergic receptor 
P2ry12, whereas P2ry12-deficient mice showed reduced contact of microglial 
processes with the capillary and increased cerebral blood flow (Bisht et al., 
2021; Császár et al., 2022). 

In pathological conditions, morphological change of microglia near the 
capillary was correlated with the level of cerebral blood flow during transient 
ischemia (Masuda et al., 2011). Depletion of microglia caused vascular perme-
ability to fibrinogen in chronic mild hypoxia (Halder et al., 2019). However, 
other studies showed that under pathological conditions, such as the white 
matter lesion, activated microglia interacted with vascular glycocalyx and dis-
rupted vessel integrity (Forsberg et al., 2018), and phagocytosed astrocytic end-
feet to impair BBB function (Haruwaka et al., 2019). M1-like microglia contri-
buted to BBB permeability via the release of pro-inflammatory cytokines in-
cluding TNF-α, IL-1β, IL-6, IL-12, C-C motif chemokine ligands2, ROS, and 
cyclooxygenase-2 (Ronaldson et al., 2020), whereas M2-like microglia-released 
IL-10 (Wang et al., 2016) and TGF-β facilitated BBB protection (Ronaldson et 
al., 2020) . 

Perivascular macrophages (PVMs) are a specific type of BAMs that reside in 
the perivascular space that surrounds the blood arteriole and venule in the brain 
(Yang et al., 2019) and regulate the BBB integrity (Willis et al., 2007). PVMs 
also regulate cerebral blood flow (Chen et al., 2023) and arterial cerebrospinal 
fluid flow via remodeling of extracellular matrix in the arterial basement 
membrane (Drieu et al., 2022). Depletion of PVMs resulted in hyperperme-
ability of the BBB, which was rescued when M2-like macrophages were recons-
tituted through VE-cadherin expressed in vascular endothelial cells (He et al., 
2016). PVMs depletion also impaired vasodilation of the arterioles (Drieu et al., 
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2022). However, PVMs participated in BBB disruption under pathological 
conditions such as stroke (Pedragosa et al., 2018) and Alzheimerʼs disease, and 
depletion of PVMs rescued the Aβ peptide-induced attenuation of resting 
cerebral blood flow (Park et al., 2017). 

Overall, interactions of microglia and PVMs with the BBB are critical for 
brain homeostasis and in various pathological conditions. More research in this 
new area may facilitate the development of novel therapeutic strategies for brain 
diseases. 
 

2.3.3. Microglia in the olfactory bulb (OB) 

Microglia are present in various regions of the brain, including the OB. Olfac-
tory microglia play a critical role in maintaining structural and functional inte-
grities of the OB in physiological conditions and olfactory neuroinflammation 
accompanied with microgliosis results in the OB damage in pathological condi-
tions (Reshef et al., 2017; Seo et al., 2018).  

In the adult rodent brain, the OB is a highly sensitive region to both inflam-
mation and regeneration (LaFever et al., 2022), as it hosts abundant neural stem 
cells (Tufo et al., 2022). Indeed, new neurons were found to be constantly added 
to the OB from the subventricular zone via the rostral migration stream enriched 
with a mesh of blood vessels (Bovetti et al., 2007; Martončíková et al., 2021; 
Miettinen et al., 2021). Appropriate microglial activation (e.g., M2-like micro-
glia) is essential for the survival of neuroblasts in this migratory axis (Ribeiro 
Xavier et al., 2015). In addition, neuroblast migration is accompanied by highly 
dynamic synaptic formation and pruning, which is mediated by microglia 
(Reshef et al., 2017).  

New findings also revealed that circulation of the cerebrospinal fluid aided 
by PVMs was most active around the OB in mice (Drieu et al., 2022). Besides, 
chronic mild hypoxia induced microglia-vascular clustering particularly in the 
OB as compared to the CTX (Halder et al., 2020). In mice undergoing olfactory 
sensory deprivation by unilateral nasal occlusion, activated microglia eliminated 
dopaminergic neurons and their synapses in the OB, leading to reduced OB 
volume (Grier et al., 2016). Loss of microglia in Csf1r−/− mice resulted in 
volume reductions of multiple brain regions including the OB and the sur-
rounding areas as well as impaired olfaction (Erblich et al., 2011; Nandi et al., 
2012). Hence, further research in this area may benefit improved diagnosis and 
treatment of psychiatric disorders. 
 

2.3.4. Microglia and monocytes in schizophrenia   

Alteration in microglial functions may lead to psychiatric disorders (Tay et al., 
2017). Enhanced microglial activation as detected by positron emission tomo-
graphy in the cerebral grey matter of patients with schizophrenia was reported 
(van Berckel et al., 2008). Microglial density was significantly increased in the 
PFC of patients with schizophrenia (Fillman et al., 2013), and microglial 
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activation co-occurred with grey matter alterations in frontal and subcortical 
structures such as the PFC and HPC in schizophrenia (Laskaris et al., 2016). 
Immunohistochemical studies also found primed or reactive microglial subtypes 
in patients with schizophrenia. For instances, HLA-DR+ microglia in the dor-
solateral prefrontal cortex were found to be increased and reflect impaired 
cerebral lateralization in chronic schizophrenia (Steiner et al., 2006). Likewise, 
a recent study on patients of chronic schizophrenia with active psychosis found 
increased CD64+ microglia in the post-mortem brains (De Picker et al., 2021). 

Microglial dysfunction has also been demonstrated in both OBX and CUS 
models that are relevant for schizophrenia. In the rodent OBX model, activated 
microglia showed hypertrophic features of thicker processes and larger micro-
glia soma (Takahashi et al., 2018), and produced more pro-inflammatory cyto-
kines and ROS (Rinwa et al., 2013). Likewise, we and others showed that 
microglial activation was significantly increased in limbic regions and contri-
buted to anxiety, depressive-like behaviors, and social withdrawal in the rodent 
CUS model (Liu et al., 2019; Yan et al., 2021). 

Monocytes and monocyte-derived macrophages are major mononuclear 
myeloid cells that regulate infection and inflammation (Austermann et al., 2022). 
Human monocytes are a highly heterogeneous population, as evidenced by  
the relative expression levels of CD14 and the low-affinity Fc-III receptor  
(CD16), which divide monocytes into classical (CD14++CD16-), intermediate 
(CD14++CD16+), and nonclassical (CD14+CD16++) subsets, which account for 
~85%, 5%, and 10% of total circulating monocytes, respectively (Ziegler-Heit-
brock et al., 2010; Wong et al., 2011). Each of these subsets is thought to be 
phenotypically distinct, with distinct signature genes and nonoverlapping roles 
in a wide range of chronic inflammatory and autoimmune diseases, including 
neurological diseases (Schmidl et al., 2014; Narasimhan et al., 2019).  

The classical monocytes have the most prominent phagocytic capacity and 
antimicrobial function (Wong et al., 2011). The nonclassical monocytes, as a 
highly complex functional subset, are on the other hand thought to be anti-
inflammatory and patrol the vasculature, playing an important role in main-
taining vascular homeostasis (Narasimhan et al., 2019). The nonclassical mono-
cytes can also be pro-inflammatory and susceptible to immune senescence after 
stimulation (Ong et al., 2018). The intermediate monocytes are thought to be a 
transitional state between classical and nonclassical monocytes, sharing some 
phenotypic and functional characteristics with both subsets (Ziegler-Heitbrock 
et al., 2010). They are involved in antigen presentation to induce T-cell proli-
feration in infectious (Kapellos et al., 2019) and inflammatory conditions 
(Passos et al., 2015). 

Previous studies produced some knowledge on monocytes in contribution to 
chronic low-grade inflammation in psychiatric disorders (Weber et al., 2018). 
When compared to healthy controls (HCs), schizophrenia patients had a higher 
monocyte count (Mazza et al., 2020) and increased monocytic subcellular 
organelles such as the nucleolus, mitochondria, and lysosomes (Uranova et al., 
2017). Patients with schizophrenia also had more inflammatory gene finger-
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prints in their monocytic transcriptomes (Drexhage et al., 2010). Higher level of 
toll-like receptor 4 on CD14+ monocytes was detected in drug-naïve or chronic 
schizophrenia patients compared with HCs (Muller et al., 2012; Keri et al., 2017) 
and was correlated with more severe cognitive deficits in drug-naïve schizo-
phrenia patients (Keri et al., 2017). Elevated level of soluble CD14 in blood 
samples drawn from individuals who were subsequently diagnosed with schizo-
phrenia was detected, implicating an advantageous monocytic activation before 
disease onset (Weber et al., 2018).  

Overall, increasing evidence suggests that microglia and monocytes may 
play a significant role in the development and progression of schizophrenia. 
 

2.3.5. Pharmaceutical modulation of microglia  
in psychiatric disorders 

Pharmaceutical modulators of microglia have shown some promise in treating 
psychiatric disorders. Evidence suggests that anti-inflammatory medications, 
such as nonsteroidal anti-inflammatory drugs and cytokine inhibitors, may be 
effective in treating psychiatric disorders (Köhler et al., 2014; Cho et al., 2019). 
For example, the anti-inflammatory drug aspirin was shown effectiveness in 
treating schizophrenia by reducing microglial activation and inflammation in 
the brain (Schmidt et al., 2019). 

Minocycline, an antibiotic of the tetracycline family that inhibits M1 micro-
glia and activates M2 microglia, when combined with antipsychotic medica-
tions, can rescue negative symptoms and cognitive deficits of schizophrenia 
(Zhang et al., 2018; Zhang et al., 2019). Minocycline can inhibit microglial 
phagocytic function (Mattei et al., 2017), reduce microglia-mediated synaptic 
uptake (Sellgren et al., 2019), and upregulate arginase 1 in schizophrenia (Xia et 
al., 2020). Moreover, it protects from grey matter loss in the cortical regions of 
patients with schizophrenia (Chaves et al., 2015).  

Another pharmaceutical microglial modulator is CSF1Ri, such as PLX3397 
or PLX5622, which can ablate microglia without producing gross behavioral 
changes in adult animals (Green et al., 2020). Recent studies nevertheless 
showed that microglial ablation resulted in enhanced anxiety (Elmore et al., 
2014), impaired spatial memory (Torres et al., 2016), and enhanced hippo-
campal lesion-induced fear learning and memory (Rice et al., 2015) or ham-
pered fear memory elimination (Wang et al., 2020) in adult mice. Mice sub-
jected to CSF1Ri at embryonic age showed anxiolytic-like behavior later in 
adulthood (Rosin et al., 2018). Corroboratively, microglial repopulation upon 
CSF1Ri withdrawal corrected repetitive behavior and social deficits induced by 
maternal immune activation (Ikezu et al., 2021) and improved spatial memory 
in aged mice (Elmore et al., 2018). Notably, microglial repopulation has been 
demonstrated on a beneficial therapeutic effect for many neurological diseases 
(Han et al., 2019). Furthermore, CSF1 ameliorated depressive-like behavior in 
mice after CUS (Kreisel et al., 2014). On the contrary, some studies found that 
microglial ablation by CSF1Ri abrogated the recurrence of anxiety (Weber et al., 
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2019) and social behavior deficits (Lehmann et al., 2019) in stress-sensitized 
mice. Lower CSF1R in the post-mortem brains (López-González et al., 2019; 
Shimamoto-Mitsuyama et al., 2021; Snijders et al., 2021) and spleens (Zhang et 
al., 2020) of chronic schizophrenia patients were reported. However, the effect 
of the CSF1R or the CSF1Ri on schizophrenia is still unknown.  

Besides the above microglial modulators, other pharmacological interven-
tions on neuroinflammation have also been extensively tested. For instances, 
dietary supplementation with n-3 PUFAs can rescue depressive behavior and 
neuropathological changes due to their anti-inflammatory and anti-oxidative 
properties (Gao et al., 2022; Watanabe et al., 2004; Song et al., 2016). A pre-
vious study also showed that the dietary n-3 PUFAs (eicosatetraenoic acid and 
docosahexaenoic acid) improved cognitive functions and reduced psychosis 
severity in adolescents with schizophrenia (Hsu et al., 2020). The best under-
stood mechanism underlying attenuated depression induced by the n-3 PUFAs 
is its inhibition of transformation of an n-6 PUFA - arachidonic acid - into eico-
sanoid (a precursor of pro-inflammatory mediators) through cyclooxygenase 
and lipoxygenase (Kuehl et al., 1980; Choi et al., 2008). Arachidonic acid 
signaling was reported to be upregulated in OBX rats (Skelin et al., 2011). The 
arachidonic acid precursor linoleic acid is also convertible into pro-inflam-
matory mediators (Saraswathi et al., 2004; Raphael et al., 2013). In contrast, 
alpha-linolenic acid, an n-3 PUFA, can down-regulate inflammatory and oxida-
tive factors by blocking NF-κB and MAPKs (Jie et al., 2007).  

Notably, an earlier study showed that generic anti-inflammatory drugs had 
only limited supplementary therapeutic effects (Nitta et al., 2013). A recent 
systematic review however reported that anti-inflammatory drugs combined 
with antipsychotics had a favorable treatment effect in psychotic disorders, 
particularly for positive and negative symptoms as well as working memory 
deficit in schizophrenia. Nevertheless, the improved effects of some medicines 
may not be fully attributable to immunomodulation (Jeppesen et al., 2020). This 
suggests that we still do not fully understand the brain immunomodulation 
mediated by microglia/macrophages, especially concerning temporal-spatial 
features and functions of their subgroups in a disease-specific context, and 
therefore more research is needed to help develop more effective anti-psychotic 
treatments.  
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3. AIMS OF THE STUDY 

The general aim of this study was to uncover schizophrenia-related stress-
coping mechanisms mediated by microglia in FES patients and animal models. 
These results may help improve the understanding of mechanisms underlying 
ontogenesis and pathophysiological development of stress-related schizophrenia 
as well as its treatment. 
 
More specific objectives of my study were: 
1. To characterize monocytic subsets and myeloid genes in association with 

brain atrophy and cognitive dysfunction in FES patients. 
2. To explore mechanisms underlying microglia-mediated stress modulation in 

mouse models and FES patients. 
3. To discover region- and location-specific functions of microglia and micro-

glial receptors. 
4. To characterize anti-inflammatory and anxiolytic effects of endogenous n-3 

PUFAs in mice. 
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4. MATERIALS AND METHODS 

4.1. Human subjectsʼ demographic and clinical measures 
FES Patients (n = 128) recruited for this study were from the Beijing Hui Long 
Guan Hospital. Patients were diagnosed with schizophrenia according to the 
Structured Clinical Interview for DSM-4 (First, 2013) independently by two 
experienced psychiatrists. Inclusion criteria were: (1) Han Chinese and aged  
18 – 55 years old; (2) illness duration ≤ 3 years (< 1 year on average); and (3) 
education equal or greater than 8 years; (4) right handedness, and physically 
healthy in the past; (5) un-medicated or < 2 weeks of anti-psychotic medication 
at the time of blood draw; (6) receiving no immunomodulators, immune-sup-
pressive or anti-inflammatory agents in the past 6 months; (7) no substance and 
alcohol abuse/dependence. 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) mental 
retardation or serious nervous system disease; and (5) lactation or pregnancy. 

Age- and sex-matched HCs (n = 111) were recruited from the local com-
munity simultaneously. Complete medical histories of HCs were collected, and 
physical examinations were conducted for all participants to identify those with 
chronic medical or psychiatric conditions. Potential control participants who 
had previously been diagnosed with an Axis I psychiatric disorder based on 
Structured Clinical Interview for DSM-IV criteria or had experienced substance 
abuse or dependence within the previous six months, and those who had a 
history of autoimmune disorders or other significant medical conditions or re-
ceived anti-inflammatory medications were excluded. The other general criteria 
were the same as for FES patients. Candidates who unmet the recruitment 
criteria were excluded. All participants provided written informed consents. The 
study was approved by the Institutional Ethical Committee of Beijing Huilong-
guan Hospital with license No. 2017-49. 

Participantsʼ (51 FES patients and 46 HCs) past traumatic experiences were 
evaluated by childhood trauma questionnaire (CTQ)-short form, a 29-item self-
reported questionnaire that includes physical abuse, emotional abuse, sexual 
abuse, physical neglect, and emotional neglect. Each factor has five corres-
ponding items with five possible responses, ranging from 1 (never) to 5 (al-
ways), with the total overall trauma score ranging from 25 to 125, where a 
higher score means more severe trauma (Bernstein et al., 2003). Reliability and 
validity in the general Chinese population and Chinese patients with mental dis-
orders have been demonstrated (Jiang et al., 2018). 

Participantsʼ (51 FES patients and 46 HCs) stress levels were evaluated 
based on the perceived stress scale (PSS), a 14-item self-reported questionnaire, 
each item has five possible responses, ranging from 0 (never) to 4 (very often), 
where a higher score indicates higher perceived stress, measuring feelings and 
thoughts during the last month (Cohen et al., 1983). Reliability and validity in 
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the general Chinese population and Chinese patients with mental disorders have 
been demonstrated (Leung et al., 2010). Scores of the positive and negative 
syndrome scale (PANSS) (Kay et al., 1987), which was validated in Chinese 
patients (Si et al., 2004), were measured independently by two psychiatrists.  

The MATRICS™ consensus cognitive battery (MCCB) test was applied to 
assess the cognitive functioning of 58 FES patients and 52 HCs. It consists of 
ten tests encompassing seven cognitive domains, and domain scores as well as a 
composite score were computed using the MCCB scoring program. The clinical 
validity and reliability of the Chinese version of MCCB had been previously 
established in both healthy volunteers and schizophrenia patients (Shi et al., 
2015). 
 

4.2. Magnetic resonance imaging (MRI) acquisition and 
processing  

Brain structural MRI data were acquired using a Siemens Prisma 3.0T MRI 
scanner (Siemens, Germany) with a 64-channel head coil. Foam pads were used 
to minimize head motions. Sagittal three-dimensional magnetization-prepared 
rapid acquisition gradient echo was used to collect each participantʼs anatomical 
data following the ENIGMA protocol with FreeSurfer software (Fischl et al., 
2002; Fischl, 2012): repetition time = 2,530 ms, echo time = 2.98 ms, field-of-
view = 256 × 224 mm, flip angle = 7°, field of view = 256 × 224 mm2, matrix 
size = 256 × 224 bit, thickness/gap = 1/0 mm, and inversion time = 1100 ms. 
After scanning, two radiologists evaluated image quality and if there were 
significant artefacts, images were recollected. Bi-hemispheric cerebral cortical/ 
subcortical structures were measured.  

After imputing corresponding internal anatomical instructions, 70 Desikan-
Killiany atlas-based cortical and subcortical regions were extracted and data 
were processed with FreeSurfer software (http://surfer.nmr.mgh.harvard.edu) 
following the ENIGMA pipeline, e.g., region-by-region visual checking and 
removal of incorrect values for brain segmentations (http://enigma.usc.edu/ 
protocols/imaging-protocols). Bi-hemispheric regional areas and thicknesses 
were measured, regional volumes and intracranial volumes (ICV) (mm3) were 
calculated, and no data were excluded. Brain images were obtained within 7 
days after signing an informed consent form, and 60 FES patients and 54 HCs 
from the total cohort, including the subjects in the flow cytometric experiment, 
completed the MRI scan. 
 
 

4.3. Blood bulk RNA sequencing (RNA-seq) 
Human blood (5 ml) was collected between 7 and 9 a.m. after overnight fasting 
in PAXgeneTM blood ribonucleic acid (RNA) tubes (Applied Biosystems, USA). 
Tubes were shaken vigorously for at least 10 s after sampling and immediately 
stored at -80 °C. Total RNAs were extracted using Mag-MAX™ RNA Isolation 
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Kit (Applied Biosystems, USA) by following the manufacturersʼ instructions 
from human blood. RNAs were quantified and assessed for purity by optical 
density ratios of 260 nm/280 nm and 260 nm/230 nm using NanoDrop spectro-
photometry (ThermoFisher), and samples (1 µg) were immediately sent on dry 
ice to the laboratory of the Beijing Genomics Institute (BGI) for messenger 
RNA sequencing (RNA-seq) on the BGIseq-500 platform. Quality controls 
(QCs) on RNA samples (RIN/RQN ≥ 7.0, 28S/18S ≥ 1.0) were confirmed by 
BGI, followed by globin mRNA removal and cDNA library construction. Clean 
data of at least 4 Gb (20 M clean reads) per sample were collected. After QC of 
fastq files, an mRNA-seq count table was obtained from bam files.  

Gene expression analysis was done on the NetworkAnalyst platform using 
DESeq2 (Zhou et al., 2019). Counts with variance percentile rank < 15% and 
counts < 4 were filtered out, transformed, and normalized to Log2 reads per 
million values. Log2 fold changes (Log2FC) were calculated for differentially 
expressed genes (DEGs) with a significance of p < 0.05 adjusted by Benjamini-
Hochbergʼs false discovery rate (FDR). Monocyte-specific DEGs were selected 
according to the relevant literatures of monocytic transcriptomic profiling (Za-
wada et al., 2011; Villani et al., 2017; Kapellos et al., 2019). DEGs were ana-
lyzed for gene ontology biological pathway (GO-BP) in DAVID (https://david. 
ncifcrf.gov/) and protein-protein interaction (PPI) in STRING (https://string-
db.org/cgi/input.pl). 

GeneWeaver, a database for the integration and analysis of heterogeneous 
functional genomics data (https://geneweaver.org/), was explored to dig out 
CSF1R-associated gene sets annotated to contribute to human brain develop-
ment. Annotated gene series GS393224 (Abnormality of brain morphology), 
GS393415 (Hydrocephalus), and GS393709 (Abnormality of neuronal migra-
tion) were retrieved for further comparisons to overlapping blood RNA-seq 
DEGs and GO-BP analysis as described above.  
 

4.4. Blood flow cytometry 
Five ml of fresh heparin lithium-anticoagulated peripheral blood samples were 
collected from 29 FES patients and 27 HC subjects after an overnight fasting, 
and processed within 30 minutes for fluorescent staining of cell surface recep-
tors as described previously (Chen et al., 2019b). The fluorochrome-conjugated 
antibodies used in this study were 10 µl FITC-labeled mouse anti-human CD14 
(Clone M5E2; Catalog Number 555397; BD Biosciences) and 3 µl PerCP-
Cy™5.5-labeled mouse anti-human CD16 (Clone B73.1; Catalog Number 
565421; BD Biosciences). The percentages of classical (CD14++CD16-), inter-
mediate (CD14++CD16+), and non-classical (CD14+CD16++) subsets among the 
total monocyte population were determined based on the corresponding gating. 
Single cells were filtered through cell strainers, carefully suspended, and imme-
diately acquired by a BD FACSCalibur flow cytometer, and the analyses were 
performed with FlowJo V10 software. Corresponding isotype control antibodies 
(all BioLegend) were also tested.  
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4.5. Plasma colony stimulating factor 1 receptor (CSF1R) 
protein detection 

Five ml of fresh heparin lithium-anticoagulated peripheral blood samples were 
collected from 126 FES patients and 102 HC subjects after an overnight fasting. 
Plasma samples were separated by centrifugation at 4000 rpm for 10 minutes, 
which were immediately stored at -80 °C until assayed. CSF1R protein was 
measured by sandwich enzyme-linked immunosorbent assay (ELISA) kit (#RX-
XQ-EN13238, Beijing Rongxin Zhihe Biotechnology Co. Ltd.). Each sample 
was measured in duplicates. The intra-plate and inter-plate variation coefficients 
for the ELISA were 10% and 15%, respectively. 
 

4.6. Experimental Animals 

4.6.1. Mouse breeding 

Wild type (WT) C57BL/6NTac male mice (3-month-old, Taconic) from diffe-
rent litters were housed in 1264C Euro standard type II cages (Tecniplast) mea-
suring 268 × 215 × 141 mm dimensions. Cages containing aspen chips and 
wool for bedding and nesting were replaced once a week. Each cage contained 9 
– 10 animals based on allocation after weaning. Mice were kept under standard 
conditions with unlimited access to food and water on a 12/12-hour light/dark 
cycle (light on 7 a.m. – 7 p.m.). All animal procedures in this study were per-
formed in accordance with the European Communities Directive with license 
No. 171 (01.07.2020) issued from the Estonian National Board of Animal 
Experiments. 

Male mice of a C. elegans fat-1 transgenic line, which can convert n-6 
PUFAs to n-3 PUFAs endogenously in the brain (Kang et al., 2004), were 
mated with WT C57BL/6 female mice to obtain fat-1 positive C57BL/6 mice 
(Fat-1) and WT C57BL/6 mice. The presence of the fat-1 gene in each mouse 
was confirmed by genotyping. Male mice at age of 2 months old were divided 
into four groups: WT/Sham, WT/OBX, Fat-1/Sham, and Fat-1/OBX (n = 5 in 
each group). Mice were fed with a diet of 10% safflower oil for 3 months and 
housed at room temperature (20~22 °C) with a 12:12 hour light-dark cycle 
(lights on at 07:00), in pathogen-free condition with humidity level at 50 ± 10% 
and free access to food and water. The size of each cage, which contained 3 
mice and was cleaned twice a week, was 290 × 178 × 160 mm. Experi-
mentations were conducted between 9:00 a.m. and 5:00 p.m. in compliance with 
the Chinese National Institutes of Health guide for the care and use of 
laboratory animals and approved by the Local Bioethics Committee (Guang-
dong Ocean University, China; document number: SYXK2014-0053). 

 For fat-1 PCR, DNAs were extracted from approximately 2-3 mm of the 
mouse toe by Mouse Tail SuperDirect™ PCR kit (FOREGENE, Chengdu, 
China). Primers used for the fat-1 gene were forward: 5′-CTGCACCACGCCTT 
CACCAACC-3′ and reverse: 5′-CACAGCAGCAGATTCCAGAGATT-3′. PCR 
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was performed with a Super cycler (Kyratec, Mansfield, Australia) with a pro-
gram at 95 °C for 15 minutes, followed by 30 cycles of 94 °C for 30 seconds, 
62 °C for 30 seconds, 72 °C for 60 seconds, and a final extension at 72 °C for 
10 minutes. Amplified PCR products were analyzed on 1% agarose gels and 
amplified bands were visualized by the automatic gel system (Tanon 3500, 
Shanghai, China). 
 

4.6.2. Mouse CUS and CSF1R inhibitor (CSF1Ri) treatment 
procedures 

After a week 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 treatment for 14 days, PLX3397 (HY-16749/CS-4256, MedChem 
Express) was dissolved at 200 mg/ml in DMSO (D8418, Sigma-Aldrich) stock 
solution and an aliquot was freshly diluted with corn oil (#8267, Sigma-Aldrich) 
by 1:6.5 before use. Drug-treated mice were daily fed with Veh (100 µl 15% 
DMSO/85% corn oil + 0.5 g Nutella/mouse/day or PLX3397 (120 mg/kg 
bodyweight, e.g., 3 mg in 100 µl 15% DMSO/85% corn oil + 0.5 g Nutella/ 
mouse/day) added onto polystyrene Petri dishes, which were provided to mice 
individually for voluntary ingestion before they returned to home cages. All 
mice were fed daily with an equal dose of Veh for 2 days in advance to get 
accustomed to the novel taste. Voluntary Nutella-feeding is less stressful com-
pared to gavage for mice (Spiller et al., 2018; Cangalaya et al., 2020). 

Mice were subject to CUS/Ctr and CSF1Ri/Veh treatments. For the CUS 
procedure (Yan et al., 2021), mice were exposed to a variable sequence of 7 
mild and unpredictable stressors once per day for 8 consecutive weeks, in-
cluding food and water deprivation overnight, rat odor and isolation overnight, 
restraint in 50 ml tube for 2 hours, wet bedding and tilted cage, stroboscopic 
illumination overnight, flipped light/dark exposure, and swimming at 18 °C for 
10 minutes. All stressors were randomly scheduled and changed daily to sustain 
an unpredictable procedure. Mice were fed with PLX3397 starting from the 7th 
week of CUS with the same treatment dosage and duration as described above. 
Behavioral experiments were performed on the 8th week. 
 

4.6.3. OBX surgical procedure 

Mice were randomly divided into 4 groups (n = 5 per group). To set up the 
OBX model, each mouse was placed in a stereotaxic apparatus (RWD Life 
Science Co., Ltd, 68001, Shenzhen, China) after being anesthetized with a mix-
ture of salbutamol hydrochloride [15 mg/kg, intraperitoneal (i.p.)], zolazepam 
(15 mg/kg, i.p.), and hydrochloride xylazine (23 mg/kg, i.p.). After exposure of 
the skull, 1.8 mm-diameter holes were drilled on the midlines of the skull 
covering both the OBs, which were then suctioned by a blunt hypodermic 
needle attached to a 1-ml syringe. The holes were filled with gelatin to stop 
bleeding. Sham mice were operated similarly, but their bulbs were left intact. 
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Mice were kept on a heating pad to maintain their body temperatures after the 
operation and recovered for 21 days before experimentation. 
 
 

4.7. Behavioral testing 

4.7.1. Open field test (OFT) 

Mice were habituated to ~250 lux room light for 1 hour. The individual mouse 
was measured for distance, time traveled in different zones of a digital box 
(44.8 × 44.8 × 45 cm) (a novel and stressful environment), and rearing activity 
via software (Technical & Scientific Equipment GmbH and Shanghai Xinruan 
Information Technology Co., Ltd) for 5–30 minutes. The floor of the box was 
cleaned with 70% ethanol and dried thoroughly after each mouse. 
 

4.7.2. 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 hour. The individual mouse was placed 
on the central platform facing the open arm and recorded for time spent on 
open/close arms by software (EthoVision XT, Noduls) for 5 minutes. The arms 
were cleaned with 70% ethanol and dried thoroughly after each mouse. 
 

4.7.3. Three-chamber test (TCT) 

A rectangular three-chamber box made from clear Plexiglas was divided into an 
open middle section and two other identical side sections, which each accom-
modated a lid-covered and wire-structured cup-like container large enough to 
enclose a single mouse, allowing free exchange of air but not direct physical 
contacts between the mice on either side of it. A test mouse was first habituated 
in the central chamber for 5 minutes, then introduced to a stranger mouse 
located in a container for a sociability test. Mice were left to freely explore the 
three chambers for the next 10 minutes. All stranger mice were the same age as 
test mice and habituated to the apparatus 1 d earlier (30 minutes habituation for 
3 times). The box and wire containers were cleaned with 70% ethanol and dried 
thoroughly after each test. Social exploration was defined as time spent in each 
chamber and social interaction as the number of contacts when the head and 
front paws of a test mouse were within 3 cm vicinity of the container wall as 
recorded by a camera (Noldus). The ratio of time spent in the stranger or empty 
chamber was calculated as sociability indices.  
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4.7.4. Tail suspension test (TST) 

In TST, animals were hung with their tail tips stuck onto a wooden bar by adhe-
sive tapes. During a 6-minute test period, mice were recorded with a camera and 
the duration of immobility was measured. Immobility was defined as a 
complete lack of movement other than respiration. However, small movements 
of the forefeet and swinging of the body caused by earlier movements were also 
scored as immobility. 
 

4.7.5. Sucrose preference test (SPT) 

Prior to the test, mice were single caged and habituated to the presence of two 
drinking bottles (fresh water in paper II and 1% sucrose in paper IV) for 24 
hours. On the next day, one bottle of 1% sucrose and one bottle of fresh water 
were provided for 12 hours in paper II and for 4 hours in paper IV. Liquid con-
sumption was measured before and afterwards. In paper IV, 24-hour food depri-
vation was also applied. Sucrose preference = sucrose intake / (sucrose intake + 
water intake) × 100%. 
 
 

4.8. Brain flow cytometry 
Hippocampal and olfactory bubal homogenates were washed and centrifuged at 
500 g for 5 minutes, fixed with phosphate buffered saline (PBS) and 4% para-
formaldehyde (PFA), washed, and centrifuged again, permeabilized with 0.05% 
Triton-X100 for 1 h at 4 °C, washed and centrifuged again, and blocked with 
PBS + 10% rat serum for 1 hour. In paper II, stained with flow markers (Bio-
Legend and Miltenyi) of anti-mouse Csf1r-Brilliant Violet (BV)605 (#135517), 
CD11b-BV421 (#101251), CD45-BV650 (#103151BioLegend), Glast-APC 
(#130-123-555), and O4-PE (#130-117-357) for 1 hour. Cell acquisition and 
data analysis were done as described above. Astrocytes were defined as Glast+ 
cells, OPCs as O4+ cells, and microglia as CD45lowCD11bhi cells. The % of glia 
among total brain cells and mean fluorescent intensity (MFI) of Csf1r per 
microglia were measured. Corresponding isotype control antibodies (all Bio-
Legend) were rat IgG2b-BV605 (#135517), IgG2b-BV421 (#400639), IgG2b-
BV650 (#400651), IgG2b-APC (#400219), and IgM-PE (#401611). In paper III, 
stained with flow markers (BioLegend, Miltenyi, and Millipore) of anti-mouse 
CD11b-Brilliant Violet (BV)421 (#101251), CD206-PE/Cy7 (#141720), CD45-
BV650 (#103151), and Vglut2-Alexa488 (#MAB5504A4) for 1 hour. Washed 
cells were resuspended in 500 µl PBS and acquired with a Fortessa flow cyto-
meter (BD Bioscience). Data were analyzed by Kaluza v2.1 software (Beckman 
Coulter). Macrophages were defined as CD45hiCD11bhi cells, microglia as 
CD45lowCD11bhi cells, CD206+microglia as CD45lowCD11bhiCD206hi and 
Vglut2+microglia as CD45lowCD11bhiVglut2hi. Corresponding isotype control 
antibodies (all BioLegend) were rat IgG2b-BV605 (#135517), IgG2b-BV421 
(#400639), IgG2b-BV650 (#400651), IgG2a-PE/Cy7 (#400521), IgG-Alexa488 
(#400132). 
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4.9. Brain RNA-seq 
Mice were euthanized with CO2 and the PFCs and OBs were dissected and 
immediately stored at -80 °C. Total RNAs were extracted using Trizol (Mole-
cular Research Center and Life, USA). RNAs were quantified and assessed for 
purity by optical density ratios of 260 nm/280 nm and 260 nm/230 nm using 
NanoDrop spectrophotometry (ThermoFisher), and samples (1 µg) were imme-
diately sent on dry ice to the laboratory of the BGI for messenger RNA-seq on 
the BGIseq-500 platform. Quality controls (QCs) on RNA samples (RIN/RQN 
≥ 7.0, 28S/18S ≥ 1.0) were confirmed by BGI, followed by globin mRNA 
removal and cDNA library construction. Clean data of at least 4 Gb (20 M clean 
reads) per sample were collected. After QC of fastq files, an mRNA-seq count 
table was obtained from bam files.  

Gene expression analysis was done on the NetworkAnalyst platform using 
DESeq2 (Zhou et al., 2019). Counts with variance percentile rank < 15% and 
counts < 4 were filtered out, transformed, and normalized to Log2 reads per mil-
lion values. Log2FC were calculated for differentially expressed genes (DEGs) 
with a significance of p < 0.05 adjusted by BFDR. DEGs were analyzed for GO-
BP in DAVID (https://david.ncifcrf.gov/) and PPI in STRING (https://string-
db.org/cgi/input.pl). 
 
 

4.10. Quantitative polymerase chain reaction (qPCR) 
Total RNAs of brain tissues were reversely transcribed with a RevertAid First 
Strand cDNA Synthesis Kit (Thermo Scientific and Vazyme, Nanjing, China). 
qQPCR was performed by using corresponding primers and 5x HOT FIREPol® 
EvaGreen® qPCR Supermix (Solis BioDyne) on a PCR instrument equipped 
with QuantStudio 12Kflex Software v.1.2.2 (Applied Biosystems) and CFX 
Connect™ Real-Time system (Bio-Rad laboratories, Hercules, CA, USA) ac-
cording to the respective manufacturersʼ instructions. Gene expression levels 
were quantified by normalizing the Ct values of target genes to Ct values of the 
reference gene (β-actin) in fold changes with the ΔΔCt method. The primers 
were purchased from TAG Copenhagen A/S and Sangon Biotech (Shanghai, 
China) (Table 1). 
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Table 1. Mouse gene qPCR primers  

Gene  Primer Sequence 

Actin Forward ACTGAGCTGCGTTTTACACCC 
Reverse GCCTTCACCGTTCCAGTTTT 

Ang Forward CCAACAGGAAGGAAGGAGTGA  
Reverse CTGGGCTTATCGCCATCTCTT 

CD11b Forward CCCATGACCTTCCAAGAGAA 
Reverse AGAGGGCAAATGTCTGGTTA 

Csf1r Forward TGGCGAGGGTTCATTATCCG 
Reverse CCAGCTTGCTAGGCTCCAAT 

Cspg4 Forward TAGGGAGCAGGCAAACGAAG  
Reverse AAACTCAAACGACGCACAGC 

Cyp2c29 Forward CATCGACCTCCTCCCCACTA 
Reverse AAAGTGCCCAGGGTCAAACA 

Fads Forward CTGCCAATCTAGCCAGCACT 
Reverse TTGAAGGCGAAGCCTAGCTC 

Il1b Forward TGAAATGCCACCTTTTGACAGTG 
Reverse ATGTGCTGCTGCGAGATTTG 

Il6 Forward GTCCTTCCTACCCCAATTTCCA 
Reverse TAACGCACTAGGTTTGCCGA 

Klf2 Forward AAGAGCTCGCACCTAAAGGC 
Reverse  CTTTCGGTAGTGGCGGGTAA 

Pik3cg Forward GAAGGGAGCCCCAGAAAAGAG 
Reverse GTGATGCGGAGGAGGATCATT 

Pla2g6 Forward AGACCAACTGGTATGGCGTG 
Reverse CCTGTCCCCAGAGAAACGAC 

Pla2g4a Forward CCCCTCCAAGTAGCAAAGACT 
Reverse GTGGCACGTAGAACCACAAC 

Ptk2b Forward CTACACGGAGTTCACAGGGC 
Reverse TACACGAGGTCATCGGTCCT 

Tnf Forward GGTGCCTATGTCTCAGCCTCTT 
Reverse GCCATAGAACTGATGAGAGGGAG 

Actin Forward GTCGTACCACTGGCATTGTG 
Reverse CTCTCAGCTGTGGTGGTGAA 
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4.11. Brain immunohistochemistry 
Mice were anesthetized with intraperitoneal ketamine/xylazine and transcardial-
ly perfused with PBS and 4% PFA. After dissection, the brains were post-fixed 
in 4% PFA at 4 °C for 1 day, followed by PBS washing and 30% sucrose for 
cryoprotection. The brains were stored at -80 °C before cryosectioning 

Coronal cryosections at -20 °C containing the PFC, HPC, OB in 40 μm thick-
ness. Brain sections were washed in PBS for 5 minutes × 3 times with gentle 
rotation, followed by 15 minutes incubation in 0.5% Triton-X100. After PBS 
washings, slices were incubated with primary antibodies including rabbit anti-
ionized calcium-binding adapter molecule 1 (IBA1, #SKL6615, Wako), rat anti-
CD31 (#553370, BD Pharmingen) or mouse anti-CD31 (#sc-376764, Santa 
Cruz Biotechnology), and rat anti-CD206 (#MAB-16871, Invitrogen) in PBS 
blocking buffer overnight at 4 °C, followed by goat anti-rabbit IgG H&L-
AlexaFluor488 (#ab175471, Abcam), goat anti-rat IgG H&L-AlexaFluor546 
(#119170, Jackson ImmunoResearch), and goat anti-mouse IgG H & L-PECy7 
(#D2110, Sant Cruz) for 2 hours at room temperature and then in 0.1 μg/ml 
4′,6-diamidino-2-phenylindole (DAPI, #ACRO202710100, VWR) for 5 minutes, 
and finally mounted to glass slides with Fluoromount™ Aqueous Mounting 
Medium (# F4680-25ML, Sigma-Aldrich).  

Images were taken in 1024 × 768 pixels at a scanning velocity of 8.0 
pixel/μm with Z-stacks (step = 0.5 μm, depth = 25 μm) at 60× magnification or 
without Z-stacks at 20× magnification by FV1200MPE laser scanning 
microscope (Olympus). After 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 morphology were 
measured using ImageJ (n = 3-mice/12-sections/40~200 cells per group). Ima-
ges were converted into an 8-bit format and “analyze particles” was used to 
measure whole cell and cell soma sizes. The threshold of intensity was set 
automatically by ImageJ for the whole cell and was increased by 20% with 
minimal size filter set at 2.5 pixels for cell soma. 
 

4.12. Plasma metabolomics 

4.12.1. Sample pre-treatment 

To extract metabolites and remove proteins, 300 µl methanol-acetonitrile (2:1, 
v/v), including 10 µl internal standard (0.3 mg/mL 2-chloro-L-phenylalanine in 
methanol) was mixed with 100 µl serum. After vortex for 1 minute, the mixture 
was ultrasonically extracted in ice-cold water for 10 minutes, followed by 
standing for 30 minutes at -20 °C and centrifugation for 15 minutes at a speed 
of 14,000 g at 4 °C (Peng et al., 2015). Equal aliquots of each serum sample 
were taken to generate a QC sample. Pre-treatment of QC was the same as for 
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samples. A QC was inserted after every ten samples throughout an analytical 
run to provide a set of data from which repeatability can be assessed (Want et 
al., 2010). 
 
4.12.2. Liquid chromatography-time-of-flight mass spectrometry 

(LC-TOF/MS) 

To measure metabolites, LC-TOF/MS was performed by a Waters ACQUITY 
UPLC system coupled with an AB SCIEX Triple TOF 5600 (AB SCIEX, 
Framingham, USA). The system utilized an ACQUITY UPLC BEH C18 
column (100 mm × 2.1 mm, 1.7 µm). The column temperature was maintained 
at 45 °C. Mobile phases of (A) 0.1% formic acid-contained water and (B) 0.1% 
formic acid-contained acetonitrile were used in both positive and negative ioni-
zation modes. Gradient elution was initially started from 95% A, which was 
linearly decreased to 80% A within 2 minutes, to 40% A within another 2 
minutes, then to 0% A within 7 minutes and was maintained for 2 minutes, and 
finally returned to the initial ratio within 30 seconds and at equilibrium for 1 
minute. Data acquisition was performed in a full scan mode (m/z ranges from 
50 to 1000). Parameters of MS were followed as: ion spray voltage of 5500 V 
(+) and 4500 V (−); curtain gas of 35 PSI; declustering potential of 100 V (+) 
and −100 V (−); collision energy of 10 V (+) and −10 V (−); and interface 
heater temperature at 550 °C (+) and 600 °C (−).  
 

4.12.3. LC-TOF/MS data processing 

Raw data were imported to progenesis QI (Waters Corporation, Milford, USA) 
for raw peaks exaction, data baselines filtration and calibration, peak alignment 
and identification, and peak area integration and normalization. The resulting 
three-dimensional data, including the peak number, sample name, and norma-
lized peak area, were entered into the SIMCA14.3 software package (Umetrics, 
Umea, Sweden) for principal component analysis (PCA) and orthogonal projec-
tions to latent structures-discriminate analysis (OPLS-DA). PCA was used to 
display natural separation among groups by visual inspection of score plots, as 
well as to identify clustering trends. OPLS-DA was used to validate the inter-
pretation (R2) and prediction (Q2) of a model. To obtain a higher level of group 
separation and a better understanding of the variables responsible for the classi-
fication, potential candidates were chosen based on their contribution of 
variable importance for the projection (VIP) extracted from the first principal 
component in the OPLS-DA analysis. VIP > 1.0 was first selected, and the re-
maining variables were then assessed by Studentʼs t-test, with p < 0.05 con-
sidered as statistically significant between the two compared groups (Han et al., 
2017). 
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4.12.4. Metabolites identification and correlational analysis 

Identification of different metabolites was performed as follows. First, the ele-
mental compositions of compounds were determined by the exact mass and iso-
tope pattern. Second, a candidate elemental composition was compared with 
those deposited in the databases of HMDB (http://www.hmdb.ca), Metlin 
(http://metlin.scripps.edu), and Lipidmaps (http://www.lipidmaps.org). Pearsonʼs 
correlation analysis was conducted between the total locomotor distance and the 
metabolite level, with the statistical significance set at coefficient |r| > 0.5 and p 
< 0.05. Selected metabolites were further validated and cross-referenced for 
metabolic pathways in the Kyoto Encyclopaedia of Genes and Genomes 
(KEGG), and finally sketched according to the analysis. 

 From the above analysis, coproporphyrinogen III (Cop), a precursor of 
heme that acts as a pro-inflammatory factor and promotes the production of 
lipid peroxides (Ortiz de Montellano, 2008; Kumar et al., 2005) outstood. The 
relationship between Cop and the activation of microglia was further explored 
by in vitro cell culture study.  
 
 

4.13. Microglia cell culture  
To further confirm the Cop function, BV-2 microglial cell line was obtained 
from the National Infrastructure of Cell Line Resource (Shanghai, China). Cells 
were seeded in 96-well culture plates at 1 × 103 cells/well (n = 7) and main-
tained in Dulbeccoʼs modified Eagleʼs medium High Glucose (Hyclone, Logan, 
UT, USA) containing 10% fetal bovine serum (GIBCO, Invitrogen, Karlsruhe, 
Germany) at 37 °C in a humidified atmosphere of 5% CO2 and 95% air for 12 
hours, then treated with Cop (1 and 10 µM) (J&K Scientific Ltd, Shanghai, 
China) or vehicle solution (0.1% DMSO) for 24 hours. BV-2 cell viability was 
analyzed by a cell counting kit-8 (Dojindo Laboratories, Kunming, China) fol-
lowing the manufacturerʼs instruction. Briefly, cells treated with or without Cop 
were incubated with 10 μl of cell counting kit-8 solution at 37 °C for 2 hours. 
The absorbance of the mixture was measured at 450 nm by a microplate reader. 
After Cell culture media were collected. Nitric oxide (NO) was detected by 
using the Griess reagent system (Promega Co., Madison, USA). Interferon-γ 
(IFN-γ) and IL-1β were measured by ELISA kits (Beijing Dongge Biotechno-
logy Co., Ltd, Beijing, China) according to the manufacturerʼs instructions. 
Averaged values for each measurement were calculated and normalized against 
the cell viability in each group. 
 
 

4.14. Data presentation and statistical analysis 
Data distributions were examined by Shapiro-Wilkʼs test. For human data, ana-
lysis of variance (ANOVA) or Mann-Whitney U test was used for continuous 
variables and chi-squared tests for categorical variables. Analysis of covariance 
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(ANCOVA) with age and sex as covariates were conducted for plasma CSF1R 
and MRI data, with white blood cell counts and ICV included as additional 
covariates for them, respectively, and p values for multiple comparisons were 
corrected by FDR. The correlation was analyzed by Pearsonʼs or Spearmanʼs 
method. Relationships among CSF1R level, cortical size, and PSS score were 
evaluated using linear regression and moderator analysis by PROCESS-v3.5 in 
SPSS-v27.0 (IBM), controlled by age, sex, and ICV. For animal data, two-way 
analysis of variance was used to examine the interaction between CUS and 
CSF1Ri, with Tukeyʼs or Bonferroniʼs correction for post hoc comparisons. 
One-way ANOVA with Tukeyʼs correction for post hoc comparisons was used 
to analyze the BV2 cell experiment. Figures were prepared in GraphPad Prism-
v8.0.1 and online (http://www.bioinformatics.com.cn/). Data were presented as 
mean ± standard error of mean and p or FDR < 0.05 was considered statistically 
significant. 
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5. RESULTS  

5.1. Psychoneuroimmunological changes in first episode 
schizophrenia (FES) patients (Papers I and II) 

5.1.1. FES patients showed worse perceived stress and cognitive 
impairments (Papers I and II) 

A total of 128 FES patients and 111 HCs were recruited according to the in-
clusion and exclusion criteria. No differences were observed between the 
groups for age, sex, and smoking status (all p > 0.05) (Table 2). Years of edu-
cation was less in FES patients than that in HCs (p < 0.01) (Table 2). 

Table 2. Participantsʼ demographic and clinical characteristics of the entire cohort 
of first episode schizophrenia (FES) patients and healthy controls (HCs). Data are 
reported as mean ± standard error of mean. Significant p values are shown in bold. NA, 
not applicable. 

Characteristics FES (n = 128) HC (n = 111) Z/𝜒2 p 
Age (years) 30.64 ± 9.53 32.99 ± 9.57 -1.937 0.053 
Males/Females 55/73 56/55 1.338 0.247 
Education (years) 12.76 ± 3.41 13.79 ± 2.59 -2.612 0.009 
Smoker/Non-smoker 18/110 23/88 1.854 0.173 
Illness duration (months) 12.28 ± 12.25 NA NA NA 
PANSS total 76.45 ± 12.94 NA NA NA 
P subscore 22.21 ± 5.10 NA NA NA 
N subscore 17.41 ± 6.22 NA NA NA 
G subscore 36.85 ± 7.17 NA NA NA 

 
As expected for MCCB test, a smaller cohort of FES patients who could be 
further screened with MCCB from the above big cohort showed significantly 
lower total MCCB scores and domain-specific subscores compared to the HCs 
after controlling for age, sex, and education years (all FDR < 0.001) (Table 3). 
 
Table 3. MCCB cognition scores in a sub-cohort of first episode schizophrenia 
(FES) patients and healthy controls (HCs). Data are reported as mean ± standard 
error of mean. Values in bold indicate statistically significant differences. 

MCCB domains FES (n = 58) HC (n = 52) F p 
Verbal learning 48.72 ± 10.98 57.37 ± 7.78 17.24 6.58x10-5 
Reasoning/problem solving 46.98 ± 10.33 56.63 ± 7.40 32.04 1.24x10-7 
Visual learning 45.53 ± 9.78 55.02 ± 7.22 28.97 4.26x10-7 
Social cognition 46.32 ± 11.16 54.46 ± 10.08 12.41 6.25x10-4 
Attention/vigilance 40.50 ± 11.91 57.17 ± 10.83 49.71 1.71x10-10 
Processing speed 44.32 ± 11.05 57.50 ± 8.73 42.71 2.38x10-9 
Working memory 46.00 ± 10.94 57.55 ± 7.17 37.92 1.28x10-8 
Composite score 44.93 ± 9.30 58.69 ± 6.98 76.40 4.05x10-14 
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We next selected a sub-cohort of those patients who showed higher PSS stress 
scores than HCs. Participantsʼ demographic and clinical data are listed in Table 
4. FES patients and HCs were not statistically different in age, sex, education 
years, and CTQ score (all p > 0.05). Compared with HCs, FES patients had a 
higher averaged PSS score (Fig. 3A, Table 4), which was positively correlated 
with PANSS total score (r = 0.334, p < 0.05; Fig. 3B).  
 
Table 4. Demographic and clinical characteristics of a sub-cohort of first episode 
schizophrenia (FES) patients with high PSS scores and healthy controls (HCs). 
Data are reported as mean ± standard error of mean (ANCOVA or Mann-Whitney U 
test); CSF1R (ANCOVA controlled by age, sex, and white blood cells); Significant p 
values are shown in bold. NA, not applicable.  
Demographics FES (n = 51) HC (n = 46) F or 𝜒2 p 
Sex (M/F) 18/33 23/23 2.143 0.143 
Age (years) 30.59 ± 1.18 34.00 ± 1.46 1388.000 0.120 
Education (years) 12.75 ± 0.49 13.28 ± 0.33 1298.500 0.354 
CTQsum 81.55 ± 5.49 70.02 ± 4.78 727.500 0.125 
PSSsum 23.14 ± 0.99 21.39 ± 0.67 893.000 0.043 
Age of illness onset (years) 29.27 ± 1.17 NA NA NA 
Illness duration (months) 11.70 ± 2.09 NA NA NA 
PANSS total 75.69 ± 2.03 NA NA NA 
White blood cells (106/ml) 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 

 

 
Figure 3. Perceived stress scale (PSS)sum average score was higher in first episode 
schizophrenia (FES) patients than healthy controls (HCs) and was correlated with 
PANSS score. (A) PSSsum scores in FES patients and HCs (n = 51 + 46); (B) corre-
lation of positive and negative symptom scale (PANSS) total and PSSsum in FES pa-
tients (Spearmanʼs correlation). Data are presented as mean ± standard error of mean; 
*p < 0.05 Mann-Whitney U test.  
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5.1.2. FES patients showed cerebral cortical atrophy (Paper II) 

We further studied those participants in the PSS sub-cohort with MRI. We mea-
sured 8 key stress-related brain regions, including the PFC subareas, HPC, and 
HPC-associated entorhinal and parahippocampal gyri (Fig. 4A, Table 5), and 
observed reduced volumes in the superior frontal gyrus (p < 0.005, FDR = 0.02; 
Fig. 4B) and parahippocampal gyrus (p < 0.004, FDR = 0.032; Fig. 4C) in FES 
patients compared to HCs. The orbitofrontal gyrus also showed a nominal reduc-
tion in FES patients compared to HCs (p < 0.05, Table 5). The HPC and other 
cortical structures did not show significant differences, however (Table 5). 
 

 
Figure 4. Cerebral cortical gyri were smaller in first episode schizophrenia (FES) 
patients with high PSS than healthy controls (HCs). (A) Exemplary magnetic reso-
nance imaging (MRI) images, color gradient is based on the statistical F values (detailed 
in Table 5) of group comparison, volumes of the superior frontal (B) and parahippo-
campal gyri (C). Data are presented as mean ± standard error of mean; *false discovery 
rate (FDR) or p < 0.05, ANCOVA controlled by age, sex, and intracranial volume 
(ICV). N = 51 + 46 
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Table 5. Cerebral cortical volumes (cm3) in first episode schizophrenia (FES) 
patients with high PSS and healthy controls (HCs). Data are reported as mean ± 
standard error of mean (ANCOVA controlled by age, sex, and intracranial volume (ICV) 
and corrected for multiple comparisons); Bold texts indicate significant p and false 
discovery rate (FDR) values.  

  FES (n = 51) HC (n = 46) F p 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 
Orbitofrontal 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 
Superior frontal gyrus 39.134 ± 0.641 40.803 ± 0.760 8.327 0.005 0.020 

 
 

5.1.3. Nonclassical monocytes were decreased in FES patients 
(Paper I) 

We first studied molecular signatures of circulating leukocytes and identified 
9062 DEGs (FDR < 0.05) between FES patients and HCs (of the entire cohort), 
including 4479 upregulated and 4583 downregulated genes in the big cohort. To 
get a better insight into the transcriptomic changes among CD14/CD16-subsets 
of monocytes in schizophrenia, 79 subset-specific signature genes were chosen 
based on recent monocytic transcriptomic profiling works (Zawada et al., 2011; 
Kapellos et al., 2019), among which 54 were found to have FDR < 0.05 in our 
RNA-seq datasets. These 54 DEGs belonged to all (7.4%), classical (16.7%), 
intermediate (37.0%), and nonclassical (38.9%) monocytes, respectively (Fig. 
5A). Among these subclasses, the majority of DEGs belonging to the classical 
monocytes (6 out of 9, i.e., 66.7%) were downregulated and that of DEGs 
belonging to the nonclassical monocytes (13 out 21, i.e., 61.9%) were upregu-
lated, while the proportions of up- and down-regulated genes (45% vs. 55%) 
were more equal in the intermediate monocytes (Fig. 5A). Notably, among the 
DEGs with the most magnified change of expressions (|Log2FC| > 0.5), down-
regulated S100A8, S100A9 belonging to intermediate monocytes and up-
regulated IFITM2 and IFITM3 belonging to nonclassical monocytes outstood 
(Fig. 5B). Moreover, we noticed that CSF1R and PECAM1(CD31) mRNAs 
were decreased in the FES patients compared to the HCs (Fig. 5B).  
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Figure 5. Peripheral blood RNA-seq transcriptomic profiling between first episode 
schizophrenia (FES) patients (n = 128) and healthy controls (HCs) (n = 111). (A) 
There were 54 monocytic differentially expressed gene (DEG)s (false discovery rate 
(FDR) < 0.05). (B) They were especially enriched in intermediate and nonclassical 
monocytes. Downregulation of PECAM1 and colony stimulating factor 1 receptor 
(CSF1R) genes enriched in nonclassical monocytes is highlighted. 

 
A subgroup consisted of 29 FES patients and 27 HCs, of whom 23 FES patients 
and 26 HCs were also included in the big cohort, was used to explore the 
distribution of monocytic subsets by flow cytometry as shown (Fig. 6A). There 
were no significant differences in age, sex, education years, or smoking status 
between the FES patients and HCs in this subgroup (data not shown here but 
reported in Paper I). Interestingly, the FES patients had a decreased percentage 
of the nonclassical monocytes compared to the HCs after controlling for age and 
sex (5.27 ± 3.01% vs. 7.61 ± 3.21%, F = 8.736, FDR = 0.015) (Fig. 6B). By 
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contrast, we found no group differences in the percentages of the classical and 
intermediate monocytes. 

 

 
Figure 6. Nonclassical monocytes were decreased in the peripheral blood of first 
episode schizophrenia (FES) patients (n = 29) compared to healthy controls (HCs)  
(n = 27). (A) Dot plots show gating strategy. Monocytes were first selected based on size 
(forward scatter height) and granularity (side scatter height), and then monocytic subsets 
were defined according to surface expressions of CD14 and CD16. (B) CD14++CD16- 
classical monocytes, CD14++CD16+ intermediate monocytes, and CD14+CD16++ nonclas-
sical monocytes were quantitated, respectively. Solid and dotted lines represent the me-
dian and upper/lower quartile values, respectively. Ns, not significant. * false discovery 
rate (FDR) < 0.05. 
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5.1.4. Blood CSF1R mRNA and protein levels were lowered  
in FES patients (Paper II) 

As CSF1R is critical for the development of microglia as well as the brain, we 
found its decrease in the blood of FES patients compared to HCs (of the entire 
cohort) (FDR = 0.003; Fig. 5B & 7A) particularly interesting. To validate its 
RNA-seq result, we measured plasma CSF1R protein and confirmed it in both 
the big and small patient cohorts (both p < 0.05; Fig. 7B, Table 4).  
 

 
Figure 7. Blood colony stimulating factor 1 receptor (CSF1R) was decreased in 
first episode schizophrenia (FES) patients (n = 128) compared to healthy controls 
(HCs) (n = 111). (A) CSF1R mRNA level in blood cells; (B) CSF1R protein level in 
the plasma (n = 126 + 102). Data are presented as mean ± standard error of mean; *p < 
0.05, **false discovery rate (FDR) < 0.01 (ANCOVA controlled by age, sex, and white 
blood cells).  

 
We further explored functional genomic data in GeneWeaver and retrieved 64 
CSF1R-associated brain genes involved in human brain development. To better 
depict which of them were changed in our patientsʼ blood, we overlapped them 
with blood RNA-seq DEGs and found 11 up-regulated DEGs and 17 down-
regulated DEGs including the CSF1R (Fig. 8A & 8B). To depict functional 
relationships among the 28 DEGs, we checked their interactions and GO 
enrichment by PPI analysis, showing three different functional clusters, with 
PIK3CA, AKT1, and CSF1R as hub genes, respectively (Fig. 8C). The top-
ranking GO-BP pathway is the regulation of developmental process (Fig. 8D).  
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Figure 8. Blood colony stimulating factor 1 receptor (CSF1R) was decreased in FES 
patients along with some blood DEGs related to brain development. (A) A volcano 
plot highlights 28 blood differentially expressed gene (DEG)s in first episode schizo-
phrenia (FES) patients versus healthy controls (HCs). Genes with FDR < 0.01 are 
colored (n = 128 + 111). (B) Venn diagram illustrates the 28 DEGs that are annotated to 
be associated with human brain structural development in GeneWeaver. (C) Protein-
protein interaction (PPI) analysis shows functional interactions among the 28 DEGs, 
with confidence threshold = 0.4 and cluster k-means = 3. (D) A chord plot shows the 
top 6 overrepresented gene ontology biological pathway (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 colored ribbons.  
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5.1.5. CSF1R fully moderated a negative association  
of the superior frontal gyrus with stress perception  

in healthy controls (HCs) (Paper II) 

We next explored inter-relationships among the cortical structures, CSF1R 
mRNA or protein level, and PSS (of the PSS sub-cohort) with linear regression 
and moderator analyses controlled by age, sex, and ICV, predicting that brain 
structural deficit underlies stress susceptibility and CSF1R is one of the mole-
cular machineries modulating brain and behavior, e.g., PSSsum as the depen-
dent variable, cortical volumes the independent variables, and CSF1R level the 
moderator. The model showed that in HCs (Fig. 9) but not 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 demonstrates 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 negative associa-
tions of the middle frontal gyrus (β = 0.383, p < 0.05) and the HPC (β = 0.477, 
p < 0.05) with the PSSsum in HCs, respectively (Fig. S1A). We also found that 
in the FES patients, the CSF1R mRNA was negatively correlated with the PSS 
score (r = -0.249, p < 0.05; Fig. S1B) and the PANSS total score  
(r = -0.365, p < 0.01; Fig. S1C).  
 
 

 
Figure 9. Colony stimulating factor 1 receptor (CSF1R) facilitated a negative as-
sociation of the superior frontal gyrus with the perceived stress scale (PSS)sum in 
healthy controls (HCs). Blood CSF1R mRNA level fully moderated a negative asso-
ciation of the superior frontal gyral volume (independent variable) with the PSSsum 
score (dependent variable), controlled by age, sex, and intracranial volume (ICV). 
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5.2. Stress-induced psychiatric-like behaviors  
(Papers II and IV) 

5.2.1. CUS and CSF1Ri induced psychiatric-like behaviors in mice 
(Paper II) 

We applied a CUS mouse model (lasting 8 weeks) combined with a CSF1Ri to 
investigate the effect of Csf1r on stress coping (3mg PLX3397/mouse/day for 2 
weeks), with the experimental design shown below (Fig. 10).  
 

 
Figure 10. Schema representing mouse chronic unpredictable stress (CUS)+CSF1R 
inhibitor (CSF1Ri) experimental design. 

 
We first evaluated their anxiety in OFT and EPM tests. Interactions between the 
CUS and CSF1Ri on ratio of corner distance/total distance in the OFT (F (1, 35) = 
4.255, p < 0.05) and ratio of open/close arms time in the EPM (F (1, 35) = 5.083, 
p < 0.05) were observed. Both the CUS and CSF1Ri had significant main effects 
on the ratio of corner distance/total distance (CUS main effect: F (1, 35) = 6.433, 
p < 0.05; CSF1Ri main effect: F (1, 35) = 4.773, p < 0.05) and the ratio of 
open/close arms (CUS main effect: F (1, 35) = 9.462, p < 0.01; CSF1Ri main 
effect: F (1, 35) = 27.28, p < 0.001). Anxiety was enhanced by the CUS, 
CSF1Ri, or CUS-CSF1Ri combination (all p<0.05), compared to Ctr-Veh. No 
cumulative effect of the CUS-CSF1Ri combined treatment was found (Fig. 11A 
& 11B).  

For depressive-like behaviors, we found an interaction between the CUS and 
CSF1Ri (F (1, 35) = 4.353, p < 0.05) and significant main effect of the CSF1Ri 
(F (1, 35) = 6.184, p < 0.05) in SPT. Sucrose preference was decreased by the 
CUS, CSF1Ri, or CUS-CSF1Ri combination (all p < 0.05), compared to the 
Ctr-Veh (Fig. 11C). We also observed an interaction between the CUS and 
CSF1Ri on immobility time, i.e., learned helplessness in TST (F (1, 35) = 5.300, 
p < 0.05), where the CUS triggered an increase in the immobility time com-
pared to Ctr-Veh (p < 0.05) but CSF1Ri did not affect it (Fig. 11D). Similarly, 
the CUS affected sociability, i.e., less preferential entry into a social chamber in 
TCT (CUS main effect: F (1, 35) = 5.555, p < 0.05), but the CSF1Ri did not 
affect it (Fig. 11E). These results indicate that like the CUS, the CSF1Ri 
enhanced anxiety and anhedonia. But the CSF1Ri did not affect despair and 
sociability. 
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Figure 11. Chronic unpredictable stress (CUS) and CSF1R inhibitor (CSF1Ri) en-
hanced anxiety and depression in mice. (A) Ratio (%) of travel distance in the corners 
(m) against total travel distance (m) in an open field test (OFT); (B) Ratio (%) of time 
spent in an open arm against a closed arm in an elevated plus maze (EPM); (C) sucrose 
preference test (SPT) (%); (D) Immobility time (s) in tail suspension test (TST); I Ratio 
of entry numbers in a stranger chamber against an empty chamber in a three-chamber 
test (TCT). Data are presented as mean ± standard error of mean; *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.001; compared to Ctr-Veh; two-way ANOVA with Bonfer-
roniʼs correction; n = 9 – 10 per group. 

 
5.2.2. OBX-induced psychiatric-like behaviors were attenuated 

in fat-1 mice (Paper IV) 

We used an OBX-induced mouse stress model created in WT and fat-1 trans-
genic mice to study the role of endogenous n-3 PUFA in rescue of psychiatric-
like behaviors, with the experimental design shown in Fig. 12A. Four weeks 
after the OBX, there were significant interaction effects between OBX and fat-1 
gene on total travel distance (F (1, 16) = 4.736, p < 0.05) and number of rearing 
(F (1, 16) = 8.629, p < 0.01). Both OBX and fat-1 gene significantly affected 
the total travel distance (OBX main effect: F (1, 16) = 39.84, p < 0.001; fat-1 
gene main effect: F (1, 16) = 16.80, p < 0.001) and the number of rearing (OBX 
main effect: F (1, 16) = 8.629, p < 0.01; fat-1 gene main effect: F (1, 16) = 
21.56, p < 0.001). Significant increases in the total travel distance (p < 0.001, 
Fig. 12B & 12C) and the number of rearing (p < 0.001, Fig. 12D) in OBX 
group compared to Sham group in WT mice were observed. However, these 
hyperactive behaviors were significantly rescued by the fat-1 gene in Fat-
1/OBX group compared to WT/OBX group (p < 0.001, Fig. 12B – D). Under 
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the OBX condition, body weight dropped 8-16 days post operation in both the 
WT and fat-1 mice and then gradually rose to the same levels as in Sham mice 
(Fig. S2). No significant differences were observed between WT/Sham and Fat-
1/Sham mice in the total travel distance and the number of rearing. We also 
found a significant interaction between OBX and fat-1 gene in sucrose prefe-
rence (F (1, 16) = 4.736, p < 0.05) and OBX significantly affected the sucrose 
preference (OBX main effect: F (1, 16) = 12.50, p < 0.01). A significant 
decrease in sucrose consumption in the OBX group compared to the Sham 
group in the WT mice was seen (p < 0.01, Fig. 12E), which significantly re-
covered by the fat-1 gene in the Fat-1/OBX group compared to the WT/OBX 
group (p < 0.05, Fig. 12E). 
 

 
Figure 12. Olfactory bulbectomy (OBX)-induced psychiatric-like behaviors were 
attenuated in fat-1 transgenic mice. (A) Schema representing OBX in fat-1 mice 
experimental design. (B) The representative tracks; (C) the total travel distance, (D) the 
number of rearing in the open field test (OFT) are shown, and (E) the sucrose pre-
ference (%) in the sucrose preference test (SPT). Data are presented as mean ± standard 
error of mean; *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA with Tukeyʼs 
correction; n = 5 per group.  
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5.3. Mechanisms of stress-induced psychiatric-like 
behaviors (Papers II–IV) 

5.3.1. CUS and CSF1Ri dampened angiogenesis and CD31 
expression in the mouse brain (Paper II) 

We studied the PFC tissues by RNA-seq and identified 2750 DEGs including 
1204 upregulated and 1546 downregulated DEGs among the four Ctr/CUS/ 
Veh/CSF1Ri groups (see Fig. 13A). GO-BP enrichment analysis of these DEGs 
showed cell adhesion and angiogenesis as the top-ranking pathways (Fig. 13A 
& 13B & S3A), with most of the angiogenic DEGs downregulated by the 
CSF1Ri or CUS-CSF1Ri and a few by CUS, compared to the Ctr-Veh (Fig. 
13A & 14). A few tight junction molecules were also downregulated by the 
CUS or CSF1Ri (Fig. S3A). These suggest that the CUS and CSF1Ri affect 
cerebral vasculature.  
 

 
Figure 13. Chronic unpredictable stress (CUS) and CSF1R inhibitor (CSF1Ri) in-
hibited angiogenic genes in mice. (A) Volcano plot shows these differentially ex-
pressed gene (DEG)s, which are colored in pink 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. (B) Gene ontology biological pathway (GO-BP) enrich-
ment analysis shows top-ranked pathways of DEGs derived from group comparisons.  
N = 7 per group. 
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Figure 14. Angiogenic genes are inhibited by CSF1R inhibitor (CSF1Ri) and Chro-
nic unpredictable stress (CUS) in mice. Heatmap shows 38 angiogenic differentially 
expressed gene (DEG)s. Downregulated (in purple frame) and upregulated (in orange 
frame) genes are highlighted in the heatmap. N = 7 per group. 

 
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 inter-
actions existed between CUS and CSF1Ri on the expressions of Csf1r (F (1, 24) 
= 7.797, p < 0.05) and Pik3cg (F (1, 24) = 10.19, p < 0.05/0.01). Both the CUS 
and CSF1Ri affected the expressions of Csf1r (CUS main effect: F (1, 24) = 
18.21, p < 0.001; CSF1Ri main effect: F (1, 24) = 733.4, p < 0.001) and Pik3cg 
(CUS main effect: F (1, 24) = 11.08, p < 0.05; CSF1Ri main effect: F (1, 24) = 
464.8, p < 0.05). The CUS, CSF1Ri, or CUS-CSF1Ri combination reduced the 
expressions of Csf1r (Fig. 15A) and Pik3cg (Fig. 15B), 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) expressions while enhanced the Ptk2b (p < 0.01) 
expression, compared to the Veh (Fig. S3B-D). 
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Figure 15. Chronic unpredictable stress (CUS) and CSF1R inhibitor (CSF1Ri) 
inhibited colony stimulating factor 1 receptor (Csf1r) and angiogenic genes in mice. 
(A) mRNA expressions of Csf1r and (B) Pik3cg in the prefrontal cortex (PFC). Data are 
presented as mean ± standard error of mean; *p < 0.05, **p < 0.01, ***p < 0.001; two-
way ANOVA with Bonferroniʼs correction; n = 7 per group.  

 

 
Figure 16. Chronic unpredictable stress (CUS) and CSF1R inhibitor (CSF1Ri) 
reduced CD31+-blood vessels and differentially affected vessel-associated microglia/ 
macrophages (VAMs) and nonvessel-associated microglia/macrophages (NVAMs) 
in mice. (A) Representative staining of CD31 and IBA1 in the prefrontal cortex (PFC) 
(scale bar = 10 µm). VAMs and NVAMs (indicated by white and yellow arrowheads, 
respectively) are shown with enlarged images; (B) Blood vessel density (e.g., vessel 
area/total area*100%) and (C) total CD31 intensity. Data are presented as mean ± 
standard error of mean; *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA with 
Bonferroniʼs correction; n = 3 mice/12 sections per group. 
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We further stained the PFC sections for CD31 and IBA1 by immunohistoche-
mistry (Fig. 16A). There were interactions between the CUS and CSF1Ri on 
blood vessel density (F (1, 44) = 10.34, p < 0.01) and total CD31 intensity (F (1, 
44) = 11.42, p < 0.01). Both parameters were decreased by the CUS (p < 
0.05/0.001) or CSF1Ri (both p < 0.05) compared to the Ctr-Veh, whereas no 
cumulative effect of CUS-CSF1Ri combined treatment existed, compared to the 
Ctr-Veh or single treatment (Fig. 16B & 16C). Hence, CD31 intensity reduc-
tion was due to decreased blood vessel density and CUS and CSF1Ri seemed 
not to facilitate each other on affecting angiogenesis. 
 
5.3.2. CUS decreased microglial abundancy and Csf1r expression 

in the mouse hippocampus (Paper II) 

We further validated CSF1Ri by quantifying microglia along with other glial 
populations, namely astrocytes and OPCs, in the HPC by flow cytometry. A 
hierarchical gating strategy is shown by representative dot plots in Fig. 17A and 
negative staining by isotype control antibodies is shown in Fig. S4.  

Remarkably, there were interactions between CUS and CSF1Ri here on the 
percentage (%) of total hippocampal microglia (F (1, 24) = 6.432, p < 0.05) and 
Csf1r protein level (F (1, 24) = 6.447, p < 0.05). The CSF1Ri but not CUS 
affected the microglia % (CSF1Ri main effect: F (1, 24) = 498.4, p < 0.001) and 
Csf1r protein level (CSF1Ri main effect: F (1, 24) = 109.0, p < 0.001). The 
CUS, CSF1Ri, or CUS-CSF1Ri combination reduced the Csf1r level (due to 
loss of microglia and in line with RNA-seq/QPCR results, Fig. 17B) and the 
microglia% (Fig. 17C) compared to the Ctr-Veh (p < 0.05/0.001/0.001 for both 
parameters). Furthermore, measuring the MFI of Csf1r on each survived micro-
glia, we observed its significant decrease induced by the CUS compared to the 
Ctr-Veh (p < 0.01; Fig. S3E), recapitulating our clinical data. 

We also observed an additional interaction of the CUS and CSF1Ri on 
OPCs % (F (1, 24) = 12.12, p < 0.01). The CUS and CSF1Ri markedly affected 
the OPCs % (CUS main effect: F (1, 24) = 5.292, p < 0.05; CSF1Ri main effect: 
F (1, 24) = 8.942, p < 0.01). The CUS-CSF1Ri jointly increased the OPCs com-
pared to the Ctr-Veh, CUS-Veh, or Ctr-CSF1Ri (p < 0.01/0.001/0.01), while 
single treatment did not affect the OPCs compared to the Ctr-Veh, indicating a 
boosting effect of the CUS-CSF1Ri combination on the OPCs compared to 
single treatments (Fig. 17D). Nevertheless, the CUS and CSF1Ri did not affect 
the abundancy of astrocytes (Fig. 17E).  
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Figure 17. Chronic unpredictable stress (CUS) and CSF1R inhibitor (CSF1Ri) 
reduced microglia and colony stimulating factor 1 receptor (Csf1r) level in mice. 
(A) Representative flow cytometry dot plots showing gating strategy for hippocampal 
microglia, Csf1r+-microglia, oligodendrocyte precursor cell (OPC)s, and astrocytes; (B) 
Csf1r protein level expressed by total microglia. (C-E) % of total microglia, OPCs, and 
astrocytes. Data are presented as mean ± standard error of mean; *p < 0.05, **p < 0.01, 
***p < 0.001; two-way ANOVA with Bonferroniʼs correction; n = 7 per group. 
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5.3.3. CSF1Ri preferentially decreased juxta-vascular 
microglia/macrophages in the mouse brain (Paper II) 

For IBA1+-microglia/macrophages, we classified them into VAMs (e.g., juxta-
vascular microglia/macrophages) and NVAMs (e.g., non-vessel associated 
microglia/macrophages) among the total microglia/macrophages (TMs). Al-
though myeloid ablation by CSF1Ri has been abundantly used in the literature, 
to our knowledge, the only effect on total myeloid populations has been re-
ported and very little is known about those microglia/macrophages that survive 
and are believed to repopulate the brain as microglial progenitor cells (Green et 
al., 2020; Zhan et al., 2020). We hence endeavored to characterize VAMs and 
NVAMs further.  

Interactions between CUS and CSF1Ri on IBA1 intensities (F (1, 44) = 
4.571, p < 0.05) and cell numbers (F (1, 44) = 5.347, p < 0.05) were found. The 
CUS and CSF1Ri obviously affected TMs (CUS main effect: F (1, 44) = 22.29, 
p < 0.001; CSF1Ri main effect: F (1, 44) = 497.6, p < 0.001) and microglia 
IBA1 intensities (CUS main effect: F (1, 43) = 7.597, p < 0.01; CSF1Ri main 
effect: F (1, 44) = 25.12, p < 0.001). The CUS, CSF1Ri, or CUS-CSF1Ri com-
bination decreased the TMs-No. (p < 0.05/0.001/0.001; Fig. 18A) and total 
IBA1 intensity due to the loss of TMs (p < 0.01/0.001/0.001; Fig. 18B), com-
pared to the Ctr-Veh.  

Interestingly, interactions between the CUS and CSF1Ri existed on ratios of 
VAMs-No./TMs-No. (F (1, 44) = 4.900, p < 0.05) and IBA1 intensity in VAMs/ 
TMs (F (1, 44) = 6.108, p < 0.05). CSF1Ri markedly changed the ratios of 
VAMs-No./TMs-No. (CSF1Ri main effect: F (1, 44) = 7.992, p < 0.01) and 
IBA1 intensity in VAMs/TM (CSF1Ri main effect: F (1, 44) = 6.174, p < 0.05). 
Both two parameters were dampened especially by the CSF1Ri (p < 0.05/0.01; 
Fig. 18C & 18D), compared to the Ctr-Veh. This implies a preferential elimi-
nation of the VAMs by the CSF1Ri, possibly due to the blood-route of drug 
delivery and/or the specific sensitivity of the VAMs. The CUS or CUS-CSF1Ri 
combination showed a similar suppressive effect as the CSF1Ri on the ratios of 
IBA1 intensity, compared to the Ctr-Veh (all p < 0.05; Fig. 18D). These results 
indicate that the CSF1Ri and CUS both dampen the VAMs more preferentially 
than the NAVMs. 

For microglial morphometrics, interactions between the CUS and CSF1Ri on 
cell size (F (1, 44) = 4.224, p < 0.05) and branch size were found (F (1, 44) = 
13.91, p < 0.001). The CSF1Ri markedly affected the microglia cell size (F (1, 
44) = 43.08, p < 0.001) and branch size (CSF1Ri main effect: F (1, 44) = 74.50, 
p < 0.001). The CUS but not the other 3 conditions caused enlargement of both 
the cell and branch sizes in the NVAMs compared to the VAMs (both p < 0.05; 
Fig. 18E & 18F). Furthermore, regarding the VAMs + NVAMs together, the 
CUS induced enlargement of both the cell and branch sizes compared to the 
Ctr-Veh (both p < 0.05), whereas the CSF1Ri or CUS-CSF1Ri combination had 
opposite effects compared to the Ctr-Veh (all p < 0.05) (Fig. 18E & 18F). Cell 
soma size was grossly enlarged by the CSF1Ri compared to the Veh (CSF1Ri 
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main effect: F (1, 44) = 50.68, p < 0.001; Fig. 18G). These data overall demon-
strate that the CSF1Ri preferentially eliminates the VAMs and de-ramifies both 
the VAMs and NVAMs, and unlike the NVAMs, the VAMs are resistant to 
CUS-induced ramification.  
 

 
Figure 18. Chronic unpredictable stress (CUS) and CSF1R inhibitor (CSF1Ri) 
reduced CD31+-blood vessels and differentially affected VAMs and NVAMs in 
mice. (A) Total microglia/macrophages (TMs)- number (No.) (including No. of both 
vessel-associated microglia/macrophages (VAMs) and nonvessel-associated microglia/ 
macrophages (NVAMs)) and (B) total IBA1, (C) Ratios of VAMs-No./TMs-No. and (D) 
IBA1 intensity in VAMs/TMs. (E) Microglia cell size, (F) branch size, and (G) cell 
soma size. Data are presented as mean ± standard error of mean; *p < 0.05, **p < 0.01, 
***p < 0.001; two-way ANOVA with Bonferroniʼs correction; n = 3 mice/12 sections 
per group. 
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5.3.4. Fatty acid metabolic genes were enriched  
in the mouse OB (Paper III)  

To better understand the difference between OB and PFC, we studied the OB 
and PFC tissues by RNA-seq and identified 10723 DEGs including 5396 up-
regulated and 5327 downregulated differentially expressed genes (DEGs) 
among the two groups (Fig. 19). GO-BP enrichment analysis of these DEGs 
showed overlapping pathways such as fatty acid metabolisms and cell adhesion 
(Fig. 20A & 20B). Apart from these, OB-enriched DEGs were involved in 
angiogenesis (Fig. 20A), while PFC-enriched DEGs in neurogenesis and endo-
cytosis (Fig. 20B). The fatty acid metabolism-related DEGs were upregulated 
(dark red dots) while lipid metabolism-related DEGs were downregulated (dark 
blue dots) in the OB compared to the PFC (Fig. 19). Besides, angiogenesis 
regulating DEGs were also upregulated in the OB compared to the PFC (data 
not shown).  
 

 
Figure 19. Murine olfactory bulb (OB)-enriched differentially expressed gene 
(DEG)s are involved in fatty acid metabolism and angiogenesis. A volcano plot of 
DEGs in the OB versus the prefrontal cortex (PFC), lipid metabolism DEGs with 
|log2FC| > 2 are in dark blue dots and fatty acid metabolism DEGs with |log2FC| > 1 are 
in dark red dots with gene symbols. N = 7 per group. 
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Figure 20. Murine olfactory bulb (OB)-enriched differentially expressed gene 
(DEG)s are involved in fatty acid metabolism and angiogenesis. Gene ontology bio-
logical pathway (GO-BP) enrichment analysis shows top-ranked pathways of OB-en-
riched DEGs (A) and prefrontal cortex (PFC)-enriched DEGs (B). N = 7 per group. 

 
5.3.5. Lipid metabolic genes and angiogenic genes were 

increased by CSF1Ri treatment in the mouse OB (Paper III) 

To understand the effects of CSF1Ri on OB and PFC DEGs, we studied RNA-
seq data after CSF1Ri treatment for 2 weeks and identified 480 DEGs including 
305 upregulated and 175 downregulated DEGs among the four groups (Fig. 
21A). Main GO-BP pathways for these DEGs also involved fatty acid and lipid 
metabolisms, angiogenesis, and cell adhesion (Fig. 21B). Almost all DEGs in-
volved in the fatty acid (red dots) and lipid (dark red dots) metabolisms as well 
as angiogenesis (green dots) were upregulated after CSF1Ri treatment in the 
OB, while they were downregulated in the PFC (Fig. 21A & 21C). These 
results demonstrate that lipid/fatty acid metabolism and angiogenesis processes 
after CSF1Ri treatment were more active in the OB, in contrast to the PFC. 
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Figure 21. The murine olfactory bulb (OB) showed different responses to CSF1R 
inhibitor (CSF1Ri) than the prefrontal cortex (PFC) in lipid metabolism and 
angiogenesis. (A) A volcano plot of all DEGs among four groups: (1) OB-vehicle 
(Veh), (2) OB-CSF1Ri, (3) PFC-Veh, and (4) PFC-CSF1Ri. Lipid metabolism-related 
DEGs are in dark red dots, fatty acid metabolism-related differentially expressed gene 
(DEG)s are in red dots, and angiogenesis-regulating DEGs are in green dots with gene 
symbols. (B) gene ontology biological pathway (GO-BP) enrichment analysis shows 
pathways of all DEGs. (C) A heatmap of DEGs involved in lipid (or fatty acid, colored 
in red) metabolism and angiogenesis (colored in green). N = 7 per group. 
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5.3.6. CD206+ and Vglut2+ microglia were enriched in  
the mouse OB (Paper III) 

To quantitate myeloid cells in different brain regions, we analyzed macro-
phages, microglia, and CD206+/Vglut2+ microglia by flow cytometry, the gating 
strategy is shown in Fig. 22 and negative staining by isotype control antibodies 
is shown in Fig. S5.  
 
 

 
Figure 22. Representative flow cytometry dot plots showing gating strategy for 
murine microglia, macrophages, CD206+microglia, Vglut2+microglia. 

 
We observed that the HPC (all p < 0.001), OB (all p < 0.001), and somato-
sensory cortex (SSC) (all p < 0.01) had higher percents of microglia than the 
cerebellum (CBM) and thalamus (TH) (Fig. 23A). The OB had a higher percent 
of macrophages than the HPC, SSC, CBM, and TH (all p < 0.001) (Fig. 23B). 
The OB expressed more CD206+ microglia than the HPC, SSC, CBM and TH 
(all p < 0.001) (Fig. 23C). The Vglut2+ microglia were more abundant in the 
OB than the HPC and SSC (all p < 0.05) (Fig. 23D). These results indicate that 
the OB has more M2-like microglia and OB microglia engulf more presynaptic 
Vglut2 than those in the other regions. 

To confirm if the OB displayed more CD206+ microglia, we use IHC to stain 
the brain tissues with IBA1 and CD206, as shown in Fig 23E. We found that 
the HPC, OB, and cortex (CTX) did not show any difference in the abundancy 
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of IBA1+ microglia (Fig. 23F), while the OB and HPC expressed higher amount 
of CD206+IBA1+ microglia (Fig. 23G). 
 

 
Figure 23. The murine olfactory bulb (OB) has higher abundancies of CD206+ and 
Vglut2+ microglia, and macrophages than the other brain regions. (A) microglia %, 
(B) macrophages %, (C) CD206+ microglia, (D) Vglut2+ microglia %; (E) Represen-
tative staining of IBA1and CD206 in the OB, CTX, HPC; (F) All IBA1+ microglia; (G) 
CD206+IBA1+ microglia (scale bar = 10 µm). Data are presented as mean ± standard 
error of mean; *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with Tukeyʼs 
correction; n = 4 per group. 
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In studying myeloid response to CSF1Ri, we observed interactions between 
brain region and CSF1Ri on microglia % (F (1, 24) = 5.615, p < 0.05), CD206+ 

microglia % (F (1, 24) = 147.3, p < 0.001) and Vglut2+ microglia % (F (1, 24) = 
9.793, p < 0.01). Both brain region and CSF1Ri significantly affected the per-
centage of microglia (Region main effect: F (1, 24) = 18.99, p < 0.001; CSF1Ri 
main effect: F (1, 24) = 521.4, p < 0.001) and CD206+ microglia (Region main 
effect: F (1, 24) = 206.7, p < 0.001; CSF1Ri main effect: F (1, 24) = 160.3, p < 
0.001), as well as Vglut2+ microglia (Region main effect: F (1, 24) = 87.38, p < 
0.001; CSF1Ri main effect: F (1, 24) = 19.76, p < 0.001). OB-Veh had higher 
microglia than HPC-Veh/CSF1Ri and OB-CSF1Ri (all p < 0.001), and HPC-
Veh displayed more microglia than Abl groups (both p < 0.001) (Fig. 24A). 
OB-Veh showed higher CD206+ microglia % than HPC-Veh/CSF1Ri and OB-
CSF1Ri (all p < 0.001) (Fig. 24C). OB-Veh showed higher Vglut2+ microglia % 
than HPC-Veh/CSF1Ri (p < 0.05/0.001) (Fig. 24D). For macrophages % in 
total brain cells, the brain region significantly affected it (F (1, 24) = 77.57, p < 
0.001), while the OB had higher macrophages % than the HPC both in Veh and 
CSF1Ri (Fig. 24B). Furthermore, CSF1Ri displayed a trend of decreasing it but 
without significance. The results demonstrate that the OB had more microglia, 
CD206+ microglia, and Vglut2+ microglia than the HPC. CSF1Ri ablated micro-
glia both in the OB and HPC while deleting CD206+ microglia in the OB but not 
in the HPC, indicating the anti-inflammatory subtype microglia is more sensi-
tive in the OB than the HPC. The remaining microglia exhibited more Vglut2 
pruning ability both in the OB and the HPC.  
 

 
Figure 24. Mouse olfactory bulb (OB) and hippocampus (HPC) microglia respond 
to CSF1R inhibitor (CSF1Ri) treatment. (A) microglia %, (B) macrophages %, (C) 
CD206+ microglia %, (D) Vglut2+ microglia %. Data are presented as mean ± standard 
error of mean; *p < 0.05, ***p < 0.001; two-way ANOVA with Tukeyʼs correction; n = 
7 per group. 
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5.3.7. CD206+IBA1+ microglia located more  
at the blood vessels (Paper III) 

We further characterized myeloid cells using CD206 and IBA1 antibodies in the 
adult cerebral cortex by immunohistochemistry. As CD206 is a perivascular 
macrophage marker, we also studied the relationship of CD206+IBA1+ micro-
glia and IBA1+ microglia with blood vessels marked by CD31 in the cortex 
(Fig. 25A-C). We observed CD206+IBA1+ cells （p < 0.001, Fig. 25B）were 
notably co-stained with CD31, while IBA1+ cells were mostly non-CD31-as-
sociated (p < 0.001, Fig. 25C), demonstrating that CD206+IBA1+ microglia 
located more at the brain blood vessels. 
 

 
Figure 25. CD206+IBA1+ cells are associated with CD31 in the murine cerebral 
cortex. (A) Representative images of the CD206+IBA1+ cells and CD31 colocalization, 
quantification of CD206+IBA1+ cells (B) and IBA1+ cells (C) Microglia costained or 
non-costained with CD31 in the parenchyma of the adult cortex. Data are presented as 
mean ± standard error of mean; Mann Whitney U-test. ***p < 0.001; n = 4 per group. 
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5.3.8. OBX-induced dysregulation of phospholipid metabolic 
pathways was rectified in fat-1 mice (Paper IV) 

To corroborate lipid metabolism, we measured lipid metabolites in the serum of 
fat-1 mice with the OBX model by LC/MS (see Fig. 12A). Detected metabolic 
features from different experimental groups were classified and separated by 
PCA and OPLS-DA for multivariate data analyses. Robustness of analytical 
procedures was checked by inspecting the grouping of QC samples in score 
scatter plots. Good clustering of the QC samples was observed in the PCA (Fig. 
26A), indicating stability during the analyses.  
 

 
Figure 26. Principal component analysis (PCA) score plots of serum metabolites 
among wild type (WT)/Sham, WT/olfactory bulbectomy (OBX), Fat-1/Sham, and 
Fat-1/OBX mouse groups. (A) Samples from different groups were scattered into 
different regions, except the Fat-1/Sham and Fat-1/OBX groups. Score scatter plots of 
orthogonal projections to latent structures-discriminate analysis (OPLS-DA) (B-E) ana-
lyses with all metabolites. OPLS-DA showed that the samples from different groups 
were scattered into different regions. Fat-1/Sham (▼), WT/Sham (■), WT/OBX (●), 
Fat-1/OBX (), the quality control (QC) samples ( ). N = 5 per group. 

The OPLS-DA showed a clear separation between different groups (Fig. 26B-
26E). The OPLS-DA revealed that 55 of these metabolites (Fig. S6A) were 
different between WT/Sham and WT/OBX mice, 44 between Fat-1/Sham and 
Fat-1/OBX mice (Fig. S6D), 74 between WT/OBX and Fat-1/OBX mice (Fig. 
S6B), and 70 between WT/Sham and Fat-1/Sham mice (Fig. S6C). The total 
altogether 145 endogenous metabolites in the serum changed among the four 
animal groups (Fig. 27). 
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Figure 27. Heat map of serum lipid metabolites produced in wild type (WT)/Sham, 
WT/olfactory bulbectomy (OBX), Fat-1/Sham, and Fat-1/OBX mice. N = 5 per 
group. 
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Venn diagrams indicate that the most unique change in serum metabolic feature 
came from a comparison of the WT mice with the fat-1 mice after the OBX, 
with 28 non-overlapping metabolites detected (Fig. 28A, green). By contrast, 
the least striking change was found within the WT between the Sham and OBX 
groups, with only 6 unique metabolites (Fig. 28A, purple). Furthermore, among 
the 26 overlapping metabolites detected both in the WT/OBX vs WT/Sham 
groups and the WT/OBX vs Fat-1/OBX groups, 10 metabolites were also in-
volved in the WT/Sham vs Fat-1/Sham groups (Fig. 28A, yellow). Finally, the 
remaining 16 chemicals were changed by the OBX in the WT, while 15 were 
unchanged in fat-1 mice. Changes of these metabolites were summarized in 
Table 6. Namely, phospholipids (phosphoserine, phosphatidylcholine, phospha-
tidylethanolamine, phosphatidylglycerol), L-a-glutamyl-L-lysine, hydratopyr-
rhoxanthinol, benzyl 3-(((benzyloxy)carbonyl)amino)acrylate, tetronasin, and 
Cop were the outstanding ones. Apart from a decreased level of the phospha-
tidylcholine (19:1(9Z)/0:0), levels of the other endogenous phospholipids were 
all elevated after the OBX in the WT. By contrast, all these changes were 
normalized in the OBX-operated fat-1 mice.  
 
Table 6. Serum lipid metabolites changed by olfactory bulbectomy (OBX) in wild 
type (WT)s but not fat-1 mice. 

 
Metabolites 

WT/OBX vs 
WT/Sham 

WT/OBX vs 
Fat-1/OBX 

VIP FC p VIP FC p 
Phosphoserine 
(18:1(9Z)/22:2(13Z,16Z)) 2.74 6.41 0.01 2.99 0.20 0.01 

phosphatidylglycerol (P-
18:0/18:4(6Z,9Z,12Z,15Z)) 2.41 21.60 0.05 3.18 0.03 0.05 

phosphoserine (12:0/15:1(9Z)) 1.94 8.42 0.01 2.24 0.30 0.04 
phosphatidylethanolamine (P-
19:1(12Z)/0:0) 1.96 1.67 0.02 2.07 0.69 0.05 

phosphoserine (12:0/14:1(9Z)) 1.38 11.08 0.01 1.67 0.21 0.03 
phosphatidylcholine (19:1(9Z)/0:0) 1.39 0.74 0.00 2.43 1.13 0.01 
phosphoserine (12:0/13:0) 1.62 11.85 0.03 2.07 0.16 0.04 
Phosphatidylcholine (20:5(5Z, 
8Z,11Z,14Z,17Z)/P-18:1(11Z)) 

3.24 2.31 0.01 30.22 0.39 0.01 

phosphoserine (14:0/16:1(9Z)) 1.12 8.99 0.02 1.42 0.19 0.03 
phosphatidylcholine 
(18:3(9Z,12Z,15Z)/22:1(13Z)) 1.14 14.64 0.00 1.15 0.31 0.01 

L-a-glutamyl-L-Lysine 1.23 1.48 0.00 1.76 0.59 0.01 
Hydratopyrrhoxanthinol 1.17 16.83 0.04 1.69 0.10 0.04 
Benzyl 3-(((benzyloxycarbonyl) 
amino)acrylate 

1.27 3.76 0.03 4.64 0.20 0.02 

Coproporphyrinogen III 1.33 4.08 0.01 1.47 0.31 0.04 
Tetronasin 1.05 7.89 0.01 1.09 0.30 0.03 
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Figure 28. Serum lipid metabolites changed by olfactory bulbectomy (OBX) in 
wild type (WT) and Fat-1 mice and related anti-inflammatory lipid genes. (A) A 
Venn diagram summarizes different lipid metabolites in each pair-wise comparison 
among WT/Sham, WT/OBX, Fat-1/Sham, and Fat-1/OBX mouse groups. Among them, 
15 (10.3%) phospholipid metabolites were elevated in WT/OBX mice but normalized in 
Fat-1/OBX mice (see also Table 6). (B) Kyoto encyclopaedia of genes and genomes 
(KEGG) pathway analysis showed lipid metabolic pathways in which these 15 meta-
bolites were involved, and (C) the involved anti-inflammatory lipid genes in these 
pathways.  

 
Subsequently, five major metabolic pathways were found by KEGG analysis: 
(1) Glycerophospholipid metabolism, (2) Porphyrin and chlorophyll meta-
bolism, (3) Linoleic acid metabolism, (4) Alpha-Linolenic acid metabolism, and 
(5) Arachidonic acid metabolism (Fig. 28B). All genes involved in the five 
pathways were further analyzed for functional clustering and protein-protein 
interactions by String v11 (Fig. 28C). Genes involved in inflammatory path-
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ways such as fatty acid desaturase (Fads), phospholipase A2 group (Pla2g)4a, 
Pla2g6, Pla2g16, Cyp2c29, and Acaa1b, as well as pro-inflammatory cytokines 
were chosen for validation.  

 
5.3.9. OBX-induced pro-inflammatory cytokines were dampened 

in fat-1 mice (Paper IV) 

Next, we used qPCR to explore the pro-inflammatory cytokines in the HPC 
among four groups of mice. An interaction between OBX and fat-1 gene was 
significant on mRNA expressions of Itgam (CD11b) (F (1, 16) = 5.68, p < 0.05), 
Tnf (F (1, 16) = 5.491, p < 0.05) and Il6 (F (1, 16) = 26.06, p < 0.001). The 
OBX significantly affected the expressions of CD11b (OBX main effect: F (1, 
16) = 4.31, p < 0.05) and Tnf (OBX main effect: F (1, 16) = 10.67, p < 0.01). 
Moreover, both the OBX and fat-1 gene significantly affected the mRNA 
expression of Il6 (OBX main effect: F (1, 16) = 10.20, p < 0.01, fat-1 main 
effect: F (1, 16) = 6.673, p < 0.05). These three genes were significant in-
creased (p < 0.05, 0.01, 0.01, respectively) in the OBX group compared to the 
control Sham group in WT mice, which were significantly attenuated in fat-1 
mice (p < 0.05/0.05/0.01, respectively (Fig. 29A & 29B, 29D). After the OBX, 
the fat-1 but not WT mice exhibited a decrease in Il1b (p < 0.05) (Fig. 29C).  
 

 
Figure 29. Olfactory bulbectomy (OBX)-induced microglial activation and pro-
inflammatory cytokines were attenuated in fat-1 mice. Expressions of tumor necrosis 
factor (Tnf) (A), interleukin (Il)6 (B), Il1β (C), and CD11b (D) mRNAs in the 
hippocampus (HPC) are shown. Data are presented as mean ± standard error of mean; 
*p < 0.05, **p < 0.01; two-way ANOVA with Tukeyʼs correction; n = 5 per group.  
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5.3.10. Anti-inflammatory lipid metabolic genes were  
highly expressed in fat-1 mice (Paper IV) 

No significant interaction existed between OBX and fat-1 gene. However, the 
fat-1 gene affected mRNA expressions of hippocampal Fads (fat-1 main effect: 
F (1, 16) = 29.69, p < 0.001), (Pla2g6) (fat-1 main effect: F (1, 16) = 13.60, p < 
0.01, and Krüppel-like transcription factor- (Klf)2 (fat-1 main effect: F (1, 16) = 
29.48, p < 0.001). The Fads and Klf2 mRNA levels were both higher in Sham 
(both p < 0.05) and OBX groups (both p < 0.01, Fig. 30A & 30C) in fat-1 mice 
compared with WT mice. In parallel, the OBX enhanced the Pla2g6 expression 
(p < 0.01) (Fig. 30B) in the fat-1 mice compared to the WT mice. There were 
no significant differences of Pla2g4a and Cyp2c29 gene expression between the 
fat-1 and WT mice in neither the OBX nor the Sham group (Fig. S7). 
 
 

 
Figure 30. Fat-1 mice had high anti-inflammatory lipid genes expression than WT 
mice. Expressions of fatty acid desaturase (Fads) (A), phospholipase A2 group 
(Pla2g)6 (B), and Krüppel-like transcription factor (Klf)2 (C) mRNAs in the hippo-
campus (HPC). Data are presented as mean ± standard error of mean; *p < 0.05, **p < 
0.01; two-way ANOVA with Tukeyʼs correction; n = 5 per group.  
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5.3.11. Lipid metabolite coproporphyrinogen III (Cop) enhanced 
pro-inflammatory response in BV2 microglia cell line (Paper IV) 

Cop was elevated in WT after OBX, decreased in Fat-1/OBX mice (see Fig. 27) 
and was positively associated with hyperactivity behavior (r = 0.524, p = 0.018) 
(Fig. 31A). We used the Cop to treatment BV2 microglia cell line and found 
that cell viability was decreased after the Cop treatment (1 and 10 µM) for 24 h 
(Fig. 31B), while secretions of pro-inflammatory cytokines IFN-γ (Fig. 31D) 
and IL-1β (Fig. 31E) at protein levels, as well as NO (Fig. 31C), were re-
markably increased when compared with control groups. 
 

 
Figure 31. Coproporphyrinogen III (Cop) enhanced pro-inflammatory cytokines in 
BV2 microglia. (A) Cop was correlated with the total travel distance of mice in the 
open field; (B) Cell viability was decreased by Cop treatments; (C) Cop enhanced the 
release of nitric oxide (NO) from BV2 compared with control (Ctr), as well as inter-
feron (IFN)-γ (D) and interleukin (IL)-1β (E) (both 1 and 10 µM). Data are presented as 
mean ± standard error of mean; **p < 0.05, **p < 0.01, ***p < 0.001; one-way 
ANOVA with Tukeyʼs correction; n = 7 per group.  
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6. DISCUSSION  

6.1. Stress-induced neuroimmune changes in 
schizophrenia (Papers I and II) 

We previously found that cortical and cognitive deficits were associated with en-
largement of the choroid plexus – an important cerebral neuroimmune portal – in 
schizophrenia patients (Zhou et al., 2020; Huang et al., 2022). Here, we ob-
served that FES patients showed cortical thinning, cognitive impairment and 
higher stress perception, and PSS score was positively correlated with PANSS 
score. Furthermore, we found a decreased proportion of nonclassical monocytes 
and monocyte-related transcriptomic changes in the FES patients, including 
downregulated PECAM1 and CSF1R and upregulated IFITM family members. 
Moreover, we discovered that monocyte-enriched genes, especially for nonclas-
sical monocytes, were negatively associated with cerebral cortical thickness/ 
volume as well as stress perception and cognition in HCs but not the FES 
patients. Nevertheless, the CSF1R fully moderated negative association of the 
superior frontal gyrus with stress perception in the HCs. Hence, we provided the 
first evidence that altered functions of monocytic subset and its effector recep-
tors, such as the CSF1R, may underlie the pathophysiology of schizophrenia at 
early stage. 

We and others have reported earlier that schizophrenia patients have mono-
cytic dysfunctions, such as augmented monocyte counts and monocytic sub-
cellular organelles (including the nucleolus, mitochondria, and lysosomes) (Ura-
nova et al., 2017) as well as inflammatory fingerprints (Chen et al., 2019). 
However, these studies did not consider monocytes as a highly heterogeneous 
population that may have complicated roles in the disease onset and develop-
ment of schizophrenia. Nonclassical monocytes play an important role in main-
taining vascular homeostasis and are generally viewed as an anti-inflammatory 
subtype (Narasimhan et al., 2019). In support, monocytes and monocyte-derived 
microglia-like cells have been shown to promote blood vascular repair after 
brain ischemic injury (Mastorakos et al., 2021) or stress (Lehmann et al., 2022). 
For instance, a recent study reported that infiltrating monocytes instructed 
microglia, especially VEGFA+ repair-associated microglia which had prolifera-
tive and proangiogenic properties, to repair injury-induced brain vasculature 
damage and promote cognitive recovery through monocyte-derived IL-6 (Choi 
et al., 2023).  

Notably, we also discovered downregulation of the PECAM1 and CSF1R 
genes in the FES patients, indicating cerebral vascular pathologies in these 
patients, possibly due to chronic low-grade systemic inflammation (Nguyen et 
al., 2018) (see also section 6.3). Our finding of the lower CSF1R mRNA and 
protein in the FES patients is in line with several previous studies (Zhang et al., 
2020; Shimamoto-Mitsuyama et al., 2021). As cerebrovascular permeability is 
known to be compromised in psychiatric disorders (Pollak et al., 2018; Morris 
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et al., 2020), vascular damage may call for recruitment of circulating nonclas-
sical monocytes into the brain, thereby resulting in nonclassical monocytopenia, 
along with altered mono-DEGs involved in leukocyte migration as we also 
found in FES patients. 

Unexclusively, it may also be so that a progressive transition from classical 
to nonclassical monocytes may be disturbed in these patients, due to perhaps 
premature immune senescence or inflammaging, a phenomenon of the coexis-
tence of adaptive and innate immune deficiencies together with increased auto-
immunity and myelopoiesis during aging (Salminen, 2020). Indeed, nonclas-
sical monocytes in a pro-inflammatory state after stimulation were found to 
attribute to immune senescence in a previous study (Ong et al., 2018). As 
already mentioned above, signs of cellular senescence in monocytes, such as 
increases in the area and number of lysosomes, were observed in schizophrenia 
patients (Uranova et al., 2017). Furthermore, lipid-inflammatory abnormality, a 
typical biomarker for inflammaging, was reported in the circulating blood 
(Campeau et al., 2022) and found to be a predictor of worse negative symptoms 
(Goldsmith et al., 2021) of schizophrenia patients.  

Another recent report also found more severe cognitive impairments in a 
subset of mentally ill individuals with a high level of innate immune dysregu-
lations (Sæther et al., 2023). Corroboratively, we found that pro-inflammatory 
nonclassical monocytic genes, such as IFITM3, encoding a late endosomal/lyso-
somal protein (Spence et al., 2019), were most significantly upregulated in the 
FES patients. Earlier studies have also shown upregulation of IFITM2/3 in the 
blood and postmortem brains of schizophrenia patients, especially in the PFC, 
HPC and cerebral cortical blood vessels (Siegel et al., 2014; Lanz et al., 2019). 
Meanwhile, two other most significantly down-regulated genes in our study 
were myeloid alarmin-related S100A8 and S100A9, which by forming a 
heterodimer (called calprotectin) were found to act as a TLR4 ligand (Ehrchen 
et al., 2009). Previous studies have reported increased S100A8/9 gene expres-
sion in peripheral blood cells and brain tissues of individuals with schizophrenia, 
however (Gandal et al., 2018; Gardiner et al., 2013; Lanz et al., 2019). The 
inconsistency with our results is possibly due to the disease chronicity and 
antipsychotic medications in those studies.  

Taken together, the above findings postulate a provocative concept that 
schizophrenia may be a monocytic subset-engaged inflammaging disorder.  

We previously reported that cortical thickness and cognitive impairments 
were impacted by allostatic load – a composite index of stress maladaptation, 
including immune factors such as cytokines and C-reactive protein (Zhou et al., 
2021). We here found that limbic-associated cerebral cortical structures, in-
cluding a PFC subarea – the superior frontal gyrus as well as the HPC-con-
nected parahippocampal and superior temporal gyri, were smaller in FES 
patients than HCs. More interestingly, we found that the CSF1R interacted with 
these brain regions and moderated their negative associations with PSS in HCs 
but not FES patients. Our results suggest that the CSF1R may have a protective 
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effect on stress response in the HCs via modulating cortical limbic structures, 
which is lost in the FES patients.  

Growing evidence has shown that impairments in social cognition (emotion 
processing, mentalizing, and social perception) are core features of schizo-
phrenia (Green et al., 2019), as occurred in our FES patients as well. Schizo-
phrenia patients are also acknowledged to have dystrophies in the limbic system, 
which compromise their stress-coping and social cognitive capabilities (Lieber-
man et al., 2018; Wannan et al., 2019). Indeed, in individuals with schizo-
phrenia, poor neurocognitive performance is related to increased stress level 
(Krkovic et al., 2017). 

Stress also exacerbates psychosis (Gomes et al., 2017) and anxiety (Ray et 
al., 2017; Juruena et al., 2020), which can further devastate cognitive deficits of 
schizophrenia patients (Betensky et al., 2008). In consistency, we observed 
stress perception in association with cerebral frontal lobe atrophy and psychotic 
symptoms in the FES patients. Furthermore, the CSF1R was negatively cor-
related with both the PSS and the PANSS scores in these patients. This further 
supports that the CSF1R-mediated stress regulation might be dysfunctional in 
the FES patients, as is also supported by our study linking CUS and CSF1Ri 
effect on animal anxiety behaviors (see section 6.2), hence contributing to 
psychosis and cognitive impairments possibly via neuroinflammation-mediated 
changes in cerebral cortical structures.  

Thus, targeting inflammation to improve neurobiological machinery under-
lying stress coping may offer an avenue for intervention on cognitive and 
psychotic outcomes in individuals with schizophrenia. 
 

6.2. Stress/CSF1Ri-induced psychiatric-like behaviors 
(Papers II and IV) 

As discussed above, stress contributes to psychosis-associated behaviors such as 
anxiety and social cognitive deficit in individuals with schizophrenia, and 
CSF1R may regulate stress response in physiological conditions. As such, we 
used a CUS model and administered an inhibitor (CSF1Ri) to block Csf1r in 
microglia in B6N mice to depict in detail how CSF1R may regulate stress 
response. We also used an OBX-induced stress model to study OB-dependent 
animal anxiety/depressive-like behaviors. 

We observed that CUS-enduring mice displayed anxiety-like behaviors, 
shown as more distance travelled in corners in OFT and less time spent in 
closed arms in EPM, in agreement with numerous previous studies (Tran et al., 
2023). Importantly, we found that the CSF1Ri was anxiogenic to mice like the 
CUS. Our observation corroborates with a previous study reporting that Csf1r+/− 
mice exhibited anxiety along with cognitive and sensorimotor deficits (Chitu et 
al., 2015). However, other studies using CSF1Ri have not observed its effect on 
anxiety in mice (Green et al., 2020). This discrepancy may be due to different 
protocols of CSF1Ri administration, which warrant further careful investi-
gations. In relevancy, one study reported that when CSF1Ri was administered 
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for 21 days, it resulted in enhanced anxiety in the EPM, while not so for 7-days 
and 2-months treatments (Elmore et al., 2014). Another study reported that 
CSF1Ri treatment for 7 but not 21 days induced temporary impairment in spa-
tial memory but not social behavior (Torres et al., 2016). Thus, it seems that the 
duration of CSF1Ri administration and the timepoint for behavior tests are 
important.  

Moreover, we found that both the CUS and the CSF1Ri induced depressive-
like anhedonia in mice, as reflected by sucrose consumption in SPT. However, 
unlike the CUS, the CSF1Ri did not trigger both learned helplessness/despair 
behavior, measured as increased immobility time in TST, and social avoidance, 
shown as less access to a stranger mice in TCT. In other studies, CSF1Ri 
treatment also did not cause behavioral despair (Wang et al., 2020; Chang et al., 
2023) and deficits in social preference (Badimon et al., 2020). That CSF1Ri 
affected anxiety and anhedonia but not despair and social behavior hints that not 
all psychotic and affective symptoms of psychiatric disorders may be CSF1R-
dependent. Furthermore, we did not observe accumulative effects of the CSF1Ri 
combined with the CUS on all the above behaviors. This corroborates our 
clinical result that the CSF1R contributed to stress regulation in the HCs (i.e., in 
a physiological condition) but not in the FES patients (i.e., in a pathologically 
stressful condition).  

As will also be discussed in section 6.4, we discovered that the murine OB 
was enriched with fatty acid metabolic genes compared to the PFC and 
olfactory microglia were exceptionally phagocytic. The OB is highly functional 
for exploratory and psychiatric-like behaviors in rodents (Hasegawa et al., 2022; 
Alvites et al., 2023). Hence, we wondered how removal of the OB would affect 
animal psychiatric-like behaviors. To this end, we used an OBX mouse model. 
We previously found the OBX induced hyperactivity in rats in the OFT, due to 
damage of the OB-associated limbic system and decrease of noradrenaline 
(Song et al., 2004). We also found that the OBX resulted in anxiety and 
anhedonia in rats (Song et al., 2005) . Here, we found that the OBX induced 
hyperlocomotion, increased rearing times and decreased sucrose consumption in 
mice similarly as we previously found in rats. Besides, our group also reported 
OBX-induced social avoidance and impaired cognition in mice (Gu et al., 2021). 
These results suggest that loss of olfaction disables stress coping and associated 
cognitive performance, which may have important implications for psychotic 
symptoms in patients with psychiatric disorders. 

Besides CSF1Ri, other pharmacological interventions such as n-3 PUFAs 
have also been extensively tested in animal stress models (Hennebelle et al., 
2014). Using fat-1 mice, we found that stress-related anxiety-like behavior 
induced by the OBX was attenuated in the fat-1 mice. Besides, our group also 
reported that the OBX-induced social avoidance and impaired cognition (Gu et 
al., 2021) as well as lipopolysaccharide-induced anhedonia and despair (Gu et 
al., 2018) were markedly restored in fat-1 mice. Other studies have shown that 
fat-1 mice are a good model to study neurological and psychiatric disorders 
(Das et al., 2009). For instances, they exhibited a better spatial learning 
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performance than WT mice via enhanced hippocampal neurogenesis (He et al., 
2009) and mitigated cognitive deficits induced by lipopolysaccharide (Delpech 
et al., 2015) or in Alzheimerʼs disease model (Wu et al., 2016). These demon-
strate that endogenous n-3 PUFAs and a higher ratio of n-3/n-6 PUFAs can 
improve the ability of mice to cope with the stress caused by the loss of the OB 
and improve their cognitive performance. Supplementation of n-3 PUFAs was 
also proven effective in improving cognitive functions and reducing severity of 
psychotic symptoms (Hsu et al., 2020). Thus, n-3 PUFAs are a useful supple-
mentary therapeutic medicine to treat psychiatric disorders. 
 
6.3. CSF1R contributes to vascular association of microglia 

and stress regulation (Paper II) 
CSF1R signaling plays an important role in regulating brain development in 
both humans and rodents (Keshvari et al., 2021). Specifically, loss-of-function 
CSF1R mutations caused leukoencephalopathy, hydrocephaly, and white matter 
atrophy or loss of the corpus callosum, besides skeletal deficits (Guo et al., 
2019), and resulted in cerebrovascular pathology in humans (Delaney et al., 
2021). Csf1r−/− mice also exhibited atrophy of the neocortex along with expan-
sion of the lateral ventricle (Erblich et al., 2011; Nandi et al., 2012). Moreover, 
the Csf1r signaling regulated the proliferation, survival, and differentiation of 
forebrain neural progenitor cells (Chitu et al., 2016). Besides neurodegenerative 
diseases, the aberrant Csf1r signaling has also been linked to other somatic 
diseases including cancer and autoimmune disorders (Hamilton, 2008; Can-
narile et al., 2017).  

When exploring the effects of CUS plus CSF1Ri on the mouse PFC and 
HPC, we revealed that the CUS compromised gene expressions of cell adhesion, 
angiogenesis, and tight junction molecules, reduced microglial expression of the 
Csf1r protein, and dampened IBA1 intensity more in VAMs compared to 
NVAMs, thereby implicating a less juxta-vascular association of microglial/ 
macrophage after the CUS. Chronic stress is acknowledged to affect the BBB 
integrity and angiogenesis by dampening endothelial molecules and accelerating 
vascular inflammation in psychiatric disorders (Dion-Albert et al., 2023), and 
microglia near the cerebral blood vessels can monitor the BBB integrity 
(Ronaldson et al., 2020; Hattori, 2023). Our RNA-seq and immunohistoche-
mistry findings on the CUS are consistent with the previous studies and suggest 
that the blood vessel-association of microglia/macrophages may regulate 
cerebrovascular integrity under stress. 

In addition, we found that the CUS decreased microglial abundancy in the 
PFC and HPC. This may be due to the CUS-dampened Csf1r level that is 
pivotal for microglial survival, in line with previous reports showing stress-
induced microglial apoptosis (Kreisel et al., 2014) and decrease in the Csf1r 
level (Wohleb et al., 2018). Meanwhile, we observed stress-induced hyper-
ramification of the NVAMs, indicating enhanced surveillance of a changing 
surrounding environment in association with behavioral impairments as sub-
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stantiated by others (Hinwood et al., 2012; Cathomas et al., 2022; Vidal-Itriago 
et al., 2022). Nonetheless, the VAMs were resistant to CUS-induced ramifi-
cation, suggesting that their robustness may help cerebrovascular remodeling to 
rescue stress-induced psychiatric-like behaviors. 

Importantly, the CSF1Ri also impacted the brain blood vessels by dimi-
nishing cell adhesion and angiogenic DEGs, such as Pik3cg, Ang, Cspg4, and 
Ptk2b, and preferentially eliminated the VAMs in the mouse brain, in line with 
a recent study also reporting the CSF1Ri-induced BBB leakage via dampened 
tight junction genes (Delaney et al., 2021). The preferential elimination of the 
VAMs is possibly due to the blood-route of drug delivery and/or the specific 
sensitivity of the VAMs to the CSF1Ri.  

Additionally, the CSF1Ri induced amoeboid morphology in surviving 
microglia, which is indicative of enhanced phagocytic activity of microglia 
(Neumann et al., 2009). In consistency, we observed enhanced Vglut2 engulf-
ment by these surviving microglia and increased expression of genes involved 
in endocytosis process. Besides, such morphological change implies that the 
surviving microglia may be microglial progenitor cells (Zhan et al., 2020), 
which is supported by our RNA-seq results on mitosis and cell division proces-
ses. Overall, these results are to our knowledge the first evidence revealing the 
involvement of the CSF1R in vascular association of microglia/macrophages in 
the context of stress and strongly support our clinical findings on the negative 
association of the CSF1R with PSS score possibly via regulating vascular 
functions in HCs (see section 6.1).  

Intriguingly, the CSF1Ri did not facilitate the effect of the CUS on micro-
glial parameters, including the number and morphology of the VAMs, as well 
as expressions of CD31 and some angiogenic genes. We speculate that since the 
CUS dampened both microglial abundancy and the 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 
regenerative capacity, which might be ignited by the CSF1Ri, as we observed 
here. Desensitization of the microglial Csf1r after the CUS also notably corro-
borates with our clinical observation that the negative association of the CSF1R 
level with the PSS was less significant in FES patients compared to the HCs 
(see section 6.1). 

In summary, in the brains of individuals with schizophrenia, microglia/ macro-
phages may exist in varying functional states and only their specific subsets may 
contribute to vascular remodeling. Our data altogether suggest that microglial 
subpopulation such as the VAMs, and possibly others, may be committed to 
rescue psychiatric-like behaviors by promoting vascular repair and neural tissue 
recovery. Impairment of the VAMs by the CUS and the CSF1Ri may result in 
diminished cerebrovascular remodeling and profound BBB leakage, which ex-
plain their cause of psychiatric-like behaviors. Currently, clinical and preclinical 
studies on the angiogenic function of microglia/macrophages in psychiatric con-
ditions are still missing, our work thereby gives a first glimpse into this theme. 
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6.4. Lipid metabolism, angiogenesis, and microglia  
in the OB (Paper III) 

As discussed above, removal of the OB can result in psychiatric-like behavior 
and impaired cognition in mice. Likewise, the OB-related orbitofrontal gyrus 
was smaller in our FES patients than HCs and schizophrenia patients were 
reported to have a smaller volume of the OB in association with negative symp-
toms and cognitive deficits (Corcoran et al., 2005; Yang et al., 2021). Notably, 
the OB is a highly sensitive brain region to both inflammation (LaFever et al., 
2022) and regeneration, hosting abundant neural stem cells in adult rodents 
(Tufo et al., 2022). So, we further explored the properties of the OB and olfac-
tory microglia compared to other brain regions in mice. 

By RNA-seq, we found that the most significant DEGs between the OB and 
the PFC were involved in lipid metabolism. The OB was reported to have the 
most distinct metabolic profile among brain regions, for example with higher 
levels of fatty acids (such as n-3 PUFAs) and phospholipids (such as phosphati-
dylcholines and phosphatidylethanolamines) but lower levels of prostaglandin 
D2 and prostaglandin E2 than other brain regions (Choi et al., 2018; Le Bon et 
al., 2018; Fitzner et al., 2020), whereas the CTX and HPC showed more similar 
lipid metabolomic content (Choi et al., 2018). Studies have shown that lipids 
play an important role in maintaining structural and functional plasticity of the 
OB (He et al., 2020; Yang et al., 2022) and impaired lipid metabolism is as-
sociated with oxidative stress and neuroinflammation, leading to neurological 
defects (Hamilton et al., 2007; Naudí et al., 2017; Yang et al., 2022), stress 
susceptibility (Chuang et al., 2010; He et al., 2020), and psychiatric disorders 
(Penninx et al., 2018). Therefore, our finding that fatty acid regulating DEGs 
were upregulated in the OB may have implications in the olfactory patho-
physiology of schizophrenia. 

We also observed that angiogenesis-regulating genes were more enriched in 
the OB. The result is strongly supported by an observation that the blood 
vessels in the OB had the highest branch point density and the largest diameter, 
as well as the lowest segmental length and thereby the smallest length over 
diameter ratio (indicating the lowest flow resistance of the vessel) compared to 
the blood vessels in the other brain regions (Miettinen et al., 2021) . Notably, 
normal lipid metabolism is crucial for endothelial functions. For examples, 
inhibition of fatty acid synthase impairs physiological and pathological angio-
genesis via selectively reducing endothelial cell proliferation (Bruning et al., 
2018). Enhanced n-3 PUFAs, e.g., eicosapentaenoic acid and docosahexaenoic 
acid, by dietary or genetic means, induced angiogenesis in mesenchymal 
stromal cells (Mathew et al., 2018) and promoted vessel regrowth after retinal 
injury (Connor et al., 2007). As well, astrocytic release of angiopoietin 2 was 
enhanced in fat-1 mice, which promoted endothelial proliferation and the BBB 
formation (Wang et al., 2014) . Thus, the higher expressions of angiogenesis- 
and fatty acid-regulating DEGs in the OB indicate that these two biological 
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processes are closely intercalated with each other to maintain the olfactory 
functions.  

Additionally, we found that CSF1Ri dampened the angiogenesis- and fatty 
acid-regulating DEGs in the OB. This is well in line with recent reports that 
microglia participated in regulation of lipid metabolism underlying neuronal 
functions and brain pathology (Bruce et al., 2018; Nugent et al., 2020; 
McNamara et al., 2023). Besides, chronic mild hypoxia was found to induce 
microglia-vascular clustering particularly in the OB as compared to the CTX 
(Halder et al., 2020). We also observed that the OB accommodated more 
CD206+IBA1+ microglia and macrophages. CD206 is a mannose receptor in-
volved in pinocytosis and phagocytosis of macrophages including those in the 
brain (Régnier-Vigouroux, 2003; Tanaka et al., 2021). Transiently high expres-
sion of CD206 can be found in a subpopulation of neuroprotective microglia 
besides infiltrating macrophages after brain injuries (Wang et al., 2013). Impor-
tantly, CD206+ cells are known to be associated with cerebral vasculature (Bisht 
et al., 2021; Drieu et al., 2022; Zheng et al., 2022). Corroboratively, we found 
that the CD206+IBA1+ microglia were a minor microglial subset especially 
enriched at the cerebral blood vessels in the adult mouse cortex compared to 
canonical IBA1+ microglia. Furthermore, the CD206+IBA1+ microglia were 
more sensitive for CSF1Ri-induced ablation in the OB than the HPC, possibly 
due to the richer vasculature network in the OB (Bovetti et al., 2007; Martončí-
ková et al., 2021; Miettinen et al., 2021) and higher level of blood vessel-
association of CD206+IBA1+ microglia.  

Regarding our observation of the high level of Vglut2 engulfment by olfac-
tory microglia, as mentioned before, olfactory microglia play a critical role in 
maintaining structural and functional integrities of the OB in physiological and 
pathological conditions (Reshef et al., 2017; Seo et al., 2018; Wallace et al., 
2020). Besides, Csf1r−/− mice displayed atrophy of the OB (Erblich et al., 2011; 
Nandi et al., 2012) and Csf1r+/− mice showed olfactory deficits (Chitu et al., 
2015). Our finding that olfactory microglia engulfed more Vglut2 compared to 
their hippocampal counterparts provides additional supportive evidence on this 
line.  

Overall, the above body of evidence suggests that the OB is ultra-sensitive 
for lipid metabolism, blood vessel integrity, and neuronal plasticity, which all 
underlie the pathophysiology of psychiatric disorders, and olfactory vascular-
associated microglia/macrophages may be important regulators of these pro-
cesses. 
 

6.5. N-3 PUFAs play an anti-inflammatory role in OBX 
(Paper IV) 

As the OB has active lipid metabolism, and OBX causes stress-associated 
psychiatric-like behaviors, we also studied lipid metabolism in fat-1 mice in 
comparison to WT mice undergoing the OBX. Here, we found that the OBX 
disturbed the plasma lipid metabolic profile in the WT mice, which was 
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improved in the fat-1 mice. These changed lipids fell into biological pathways 
that are closely associated with n3/n6 PUFAs and are involved in processes of 
inflammation and oxidative stress (Jie et al., 2007; McFadden et al., 2014; 
Andersen, 2022). To our knowledge, this is the first thorough report on specific 
lipid metabolic pathways that are associated with attenuation of OBX-induced 
disability of stress coping. 

Our observation that the OBX-induced elevation of 15 phospholipid meta-
bolites in the plasma was attenuated in the fat-1 mice is substantiated by other 
studies showing that phospholipids, namely phosphatidylcholine and phosphati-
dylethanolamine, were increased in the brains of CUS-subjected mice (Faria et 
al., 2014), and stress-induced olfactory dysfunction may be due to disrupted 
lipid metabolic pathways (He et al., 2020). Our observation is also consistent 
with a recent report that high intake of n-6 PUFA elevated the content of 
phosphatidylethanolamine, one of the 15 OBX-induced phospholipids in our 
study, in the murine brain (Li et al., 2023). 

Fat-1 mice display different basal levels of phospholipids than those in WT 
mice, e.g., reduced n-6 phospholipids and increased n-3 lysophosphospholipids 
(Kang et al., 2004; Astarita et al., 2014). A low n-6/n-3 PUFA ratio can enhance 
anti-inflammatory and anti-oxidative stress responses and improve endothelial 
functions (Yang et al., 2016). Fat-1 mice were corroboratively reported to be 
protected against low-grade systemic inflammation and neuroinflammation 
induced by lipopolysaccharide or neurodegeneration (Das et al., 2009), and ex-
hibited robust improvements in revascularization and angiogenesis post stroke 
(Wang et al., 2014). These suggest that the resistance of the fat-1 mice to the 
OBX-induced stress in our study were realized via anti-inflammatory and angio-
genic pathways. Indeed, among lipid regulating genes, we found anti-inflam-
matory genes of KLF, PLA2, and FADS families were increased in the HPC of 
the fat-1 mice, concomitantly with dampened pro-inflammatory cytokines 
induced by the OBX. We also observed a positive correlation between increased 
Cop and hyperactive behavior in OBX-treated mice. In vitro, the Cop promoted 
microglial production of IL-1β, IFN-γ, and NO, all well-characterized bio-
markers for schizophrenia (Kose et al., 2021; Hughes et al., 2022).  

In C. elegans, klf2 regulates fat-1 gene expression and inhibits the transcrip-
tional activity of NF-κB (Jha et al., 2017; Das et al., 2006). The Pla2 family is a 
group of enzymes that hydrolyze glycerophospholipids and a key regulatory 
point in lipid-driven pro-inflammatory cascades (Ruiz et al., 2015). Pla2g6 is 
involved in Fc gamma receptor-mediated phagocytosis and induces arachidonic 
acid metabolism, which is upregulated in OBX rats (Skelin et al., 2011) and 
activates inflammatory response (Li et al., 2017). Additionally, Fads is involved 
in the peroxisome proliferator-activated receptor-mediated anti-inflammatory 
signaling pathway (McNamara et al., 2016).  

Genes of the KLF, PLA2, and FADS families were also altered in the blood 
of our FES patients. These genes are known to be involved in schizophrenia 
(Jones et al., 2021; Yang et al., 2021; Guo et al., 2023; Scott et al., 2023). More-
over, increases of the phospholipids phosphatidylcholine and phosphati-
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dylethanolamine in the gray matters of schizophrenia patients (Schwarz et al., 
2008), and decreases of n-3 PUFAs and n-3/n-6 ratio in the peripheral blood of 
schizophrenia patients (Berger et al., 2019) were found, while supplementation 
of n-3 PUFAs was effective in reducing severity of psychotic symptoms (Hsu et 
al., 2020).  

Overall, our study suggests that inflammation-associated lipid metabolites 
may reflect pathophysiological state of schizophrenia and represent as diagnosis 
or treatment targets for this disorder. 
 
 

6.6. Limitations of our studies 
Our studies have several limitations to mention. These include the small sample 
size in our clinical and preclinical cohorts, no comparison of potential sex diffe-
rences (only male mice were studied due to the higher prevalence of schi-
zophrenia among male human subjects), and the cross-sectional nature of our 
clinical study design. For transcriptomics, we used whole blood samples for 
humans and brain tissue samples for mice and performed bulk RNA-seq, which 
should be improved by more advanced approaches such as single cell RNA-seq 
and spatial RNAscope in the future. Moreover, we did not cross check micro-
glial association with cerebral vasculature in OBX model, and lipid meta-
bolomics in CUS+CSF1Ri model, which should be explored later.  
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7. CONCLUSIONS 

Our key findings are:  
 
I. Nonclassical monocytes were decreased, and monocyte-related genes showed 
significant changes in FES patients, especially for those belonging to inter-
mediate and nonclassical monocytic subsets, with the most outstanding altera-
tions being downregulation of S100A of the intermediate monocytes and up-
regulation of IFITM family members of the intermediate and nonclassical 
monocytes; Additionally, CSF1R and PECAM1 (both signature genes of the 
nonclassical monocytes) were decreased in FES patients. 
 
II. Some FES patients perceived higher stress and had decreased CSF1R level 
as well as atrophy of the frontal cortical subregions. Furthermore, CSF1R 
mRNA level was associated with shrinkage of the superior frontal gyrus in 
response to perceived stress in HCs but not FES patients. In CUS combined 
with CSF1Ri mouse model, CSF1Ri enhanced anxiety and downregulated 
angiogenesis in mice, similarly as CUS. Moreover, CSF1Ri preferentially elimi-
nated VAMs in the mouse brain. 
 
III. The OB accommodated more fatty acid metabolic and angiogenesis DEGs 
than the PFC. Furthermore, blood vessel-associated CD206+IBA1+ and Vglut2 
engulfing microglia were more enriched in the OB than the other brain regions. 
The OB was also more sensitive to CSF1Ri treatment than the PFC in fatty acid 
metabolism and angiogenesis. 
 
IV. Dysregulation of lipid metabolism, such as enhanced Cop and phospho-
lipids, occurred in the plasma of mice subjected to OBX. OBX-induced hyper-
active behavior was correlated with Cop, which provoked inflammatory respon-
ses in a BV2 microglia cell line. These changes were attenuated by endogenous 
n-3 PUFAs in fat-1 mice. Furthermore, anti-inflammatory lipid genes such as 
Klf2 and Fads were more enriched in fat-1 mice than in WT mice. In parallel, 
OBX-induced pro-inflammatory cytokines were reduced in fat-1 mice.  

These key findings have several folds of indications. Firstly, we found blood 
nonclassical monocytic abundancy and CSF1R level were dampened in FES 
patients and a sub-cohort of FES patients experienced a higher level of per-
ceived stress and displayed stress-associated region-specific cerebral cortical 
atrophy. These imply that the machinery of maintaining brain angiogenesis and 
vascular integrity may be blunted in FES, thereby contributing to cerebral cor-
tical atrophy and enhanced stress perception. Next, we found CSF1Ri induced 
anxiety in mice and disrupted brain blood vessels and vascular association of 
microglia/macrophages, especially in the OB, which also displayed enriched 
genes for fatty acid metabolism and angiogenesis. These imply that interplays 
among inflammation, angiogenesis and lipid metabolism are important for 
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stress regulation, and engagement of the OB may be relevant to patho-
physiology of FES. Furthermore, we found OBX-induced stress responses were 
rescued in fat-1 mice that produced endogenous n-3 PUFAs, implying the 
importance of restoring lipid metabolism and ameliorating brain inflammation 
for stress regulation that is relevant to FES. These findings overall suggest that 
microglia modulators may benefit stress coping via regulating cerebral blood 
vasculature in schizophrenia (Fig. 32). Our studies hence provide novel know-
ledge on pathophysiological mechanisms mediated by microglial/monocytic 
subpopulations and their candidate molecules, which may be useful for im-
proving diagnosis and treatment for schizophrenia.  
 

 
Figure 32. Microglial modulators in stressed-induced psychiatric disorders. Chro-
nic stress and CSF1R inhibitor (CSF1Ri) compromise the cerebrovascular and blood-
brain barrier (BBB) integrity by dampening tight/adherens junctions, angiogenesis, and 
vessel-associated microglia/macrophages (VAMs)/perivascular macrophages (PVMs). 
Infiltrated blood monocytes, pro-inflammatory cytokines, and n-6 polyunsaturated fatty 
acids (PUFAs) can enhance neuroinflammation and activate microglia, which mediate 
increased synaptic pruning and promote disrupted lipid metabolism, hence contributing 
to psychiatric disorders. On the contrary, n-3 PUFAs and colony stimulating factor 1 
receptor (CSF1R) can benefit stress coping by inducing neuroprotective microglial 
phenotypes to reduce neuroinflammation, improve cerebrovascular and BBB integrity, 
and maintain normal lipid metabolism. CUS: chronic unpredictable stress; OBX: olfac-
tory bulbectomy. The figure is prepared using Servier Medical Art under a Creative 
Commons Attribution 3.0 unported license.   
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9. SUMMARY IN ESTONIAN 

Stressiga seotud immuunmehhanismid skisofreenia puhul: 
regioonispetsiiflise mikrogliia-neurovaskulaarsüsteemi 

interaktsiooni olulisus 

Psühhiaatrilised häired on tööealise elanikkonna hulgas üks peamiseid puude ja 
surma põhjuseid, suurendades ülemaailmselt märkimisväärset majanduslikku ja 
tervishoiukoormust. Psühhiaatrilisi häireid võivad esile kutsuda mitmesugused 
organismi sisemised ja välised tegurid, mis koostoimides mõjutavad aju talitlust 
ja selle kaudu käitumist. Psühhosotsiaalne stress on laialt tunnustatud skiso-
freenia tekke ja arengu riskitegur. Teiste bioloogiliste mehhanismide hulgas häi-
rib krooniline stress aju vereringet ja süvendab neuropõletikku. Veresoontega 
seotud mikrogliia ja monotsüütidest pärinevad makrofaagid on neuropõletiku 
kõige olulisemateks regulaatoriteks. Selleks, et paremini mõista mikrogliia ja 
monotsüütide funktsiooni kroonilisest stressist lähtudes, viisime läbi terve rea 
kliinilisi ja prekliinilisi uuringuid skisofreenia esmasepisoodi (FES) patsientide 
rühmas, samuti hiirtel, kellel oli rakendatud kroonilist ettearvamatut stressi ja 
haistesibula purustamisest (OBX) tingitud stressi. Kliiniliste uuringute käigus 
leidsime, et FES patsientidel, kellel esines kõrgenenud tajutud stressi tase, neil 
avaldus ajukoore mahu vähenemine otsmikusagaras. Samuti oli neil patsientidel 
veres vähenenud mitteklassikaliste monotsüütide arv ning mikrogliia retseptori 
CSF1R tase. Loommudelites leidsime, et CSF1R-i inhibiitor põhjustas ärevust ja 
häiris mikrogliia/makrofaagide vaskulaarset seostumist. Peale selle leidsime, et 
haistesibulas oli rohkesti veresoontega seotud mikrogliiat/ makrofaage ning antud 
piirkond oli rikastatud rasvhapete metabolismi ja angiogeneesi geenidega. 
Lisaks ilmnes, et endogeenseid n-3 PUFA-sid tootvatel fat-1 hiirtel ei avaldu 
OBX-indutseeritud stressireaktsioonid. Need leiud viitavad sellele, et mikrogliia 
modulaatorid võivad tänu ajuveresoonkonna efektiivsemale reguleerimisele 
aidata skisofreenia haigetel stressiga paremini toime tulla. Meie uuringud anna-
vad uudseid teadmisi mikrogliia/monotsüütiliste alampopulatsioonide ja nende 
kandidaatmolekulide kohta, mis võivad olla kasulikud, et paremini mõista 
skisofreenia kujunemise ja haigustunnuste püsimise patofüsioloogilisi mehha-
nisme ja seeläbi töötada välja uusi ravivõimalusi.  
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SUPPLEMENTARY MATERIALS 

 
Figure S1. Colony stimulating factor 1 receptor (CSF1R) facilitated negative asso-
ciations of brain structures with perceived stress scale (PSS) scores in healthy 
controls (HCs) and was negatively associated with stress perception and psychosis 
in first episode schizophrenia (FES) patients. (A) In HCs, blood CSF1R mRNA and 
protein moderated the negative associations of the volumes of the middle frontal gyrus 
and hippocampus (HPC) (independent variables) with the PSS score (dependent vari-
able), respectively, controlled by age, sex, and ICV (n = 41). (B&C) In FES patients, 
blood CSF1R mRNA counts (count per million, CPM) were negatively correlated with 
PSS scores and PANSS total scores (n = 51) (Spearmanʼs correlation). 
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Figure S2. Body weights of mice post olfactory bulbectomy (OBX) operation (*p < 
0.05 wild type (WT)/OBX vs WT/Sham; #p < 0.05, ##p < 0.01 Fat-1/OBX vs Fat-
1/Sham, repeated ANOVA, n = 5 per group).  
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Figure S3. Chronic unpredictable stress (CUS) or CSF1R inhibitor (CSF1Ri) 
affected expression of differentially expressed gene (DEG)s mediating cell adhesion 
and colony stimulating factor 1 receptor (Csf1r) in the mouse prefrontal cortex 
(PFC). (A) RNA-seq heatmap of cell adhesion and tight junction molecules diffe-
rentially expressed among 4 groups in the PFC, most of which were downregulated 
after CSF1Ri or CUS-CSF1Ri combination. Downregulated (in purple frame) and up-
regulated (in orange frame) genes are highlighted in the heatmap (n = 7). The mRNA 
expression of (B) Ang, (C) Cspg4 and (D) Ptk2b. (E) Csf1r MFI expressed on each 
hippocampal microglia. Data are presented as mean ± standard error of mean; Two-way 
ANOVA with Bonferroniʼs correction (n = 9-10). 
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Figure S4. Representative dot plots of negative controls for murine glial popu-
lations used in flow cytometric analysis. Representative plots showing negative 
staining by isotype control antibodies for flow markers of microglia (CD11b-iso & 
CD45-iso), colony stimulating factor 1 receptor (CSF1R)+ microglia (CSF1R-iso), 
oligodendrocyte precursor cell (OPCs) (O4-iso), and astrocytes (Glast-iso) analyzed by 
flow cytometry. 
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Figure S5. Representative dot plots of negative controls for Vglut2 in murine 
microglia used in flow cytometric analysis. Representative plots showing negative 
staining by isotype control antibodies for flow markers of microglia (CD11b-iso & 
CD45-iso), CD206+ microglia (CD206-iso) and Vglut2 (Vglut2-iso) analyzed by flow 
cytometry. 
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Figure S6. Heat maps of serum lipid metabolites in mice of wild type (WT)/olfac-
tory bulbectomy (OBX), WT/Sham, Fat-1/OBX, and Fat-1/Sham groups. (A) 
WT/Sham vs WT/OBX, (B) Fat-1/OBX vs WT/OBX, (C) WT/Sham vs Fat-1/ Sham, (D) 
Fat-1/Sham vs Fat-1/OBX (n = 5 per group).  
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Figure S7. Inflammatory mediators involved in lipid metabolic pathways in wild 
type (WT)/olfactory bulbectomy (OBX), WT/Sham, Fat-1/OBX, and Fat-1/Sham 
mice. (A&B) mRNA expressions of Pla2g4a and Cyp2c29. Data are presented as mean 
± standard error of mean, two-way ANOVA with Tukeyʼs correction, n = 5 per group.  
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