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For over a century the immune system is implied to be involved in the aetiology of 

schizophrenia, bipolar disorder, and major depressive disorder1,2. The last years, there 

is a steep increase in the interest of immunological processes underlying these 

psychiatric disorders. This is reflected in the substantial raise in the number of 

published articles with terms as ‘immune’ and ‘psychiatry’ (Figure 1; source: pubmed). 

The start of the substantial growth coincided with the publication of genome wide 

association study (GWAS) showing involvement of immune related genes in 

schizophrenia3. 

Figure 1: Number of publications with search terms ‘immune’ and ‘psychiatry’ from 1946-2018. 
Number of papers studying the immune system in psychiatry increased substantially in the last 
decennia. Source: pubmed.

The epidemiological link between immune-related diseases and psychiatric disorders 

and genetic risk loci for these disorders became also more apparent by larger cohort 

studies4–7. Furthermore, researchers reported elevated levels of circulating cytokines 

and chemokines in blood and CSF of patients of all three disorders. Although the 

link between the immune system and schizophrenia, bipolar disorder, and major 

depressive disorder is proposed, it remains unclear how the immune system plays a 

role in the pathogenesis of these disorders at a mechanistic level. The development 

of in vivo imaging tools (e.g. functional magnetic resonance imaging (fMRI), positron-

emission tomography (PET) imaging) and the increased availability of brain banks 

and brain material worldwide makes it now possible to study brain alterations of 

psychiatric patients at a functional and molecular level.

Figure 1

This thesis will focus on the microglia, the immune cells of the central nervous system, 

and their contribution to schizophrenia, bipolar disorder, and major depressive 

disorder. As an introduction to this topic, the basic concepts, rationale and current 

literature on this subject are described. First, the clinical characteristics (chapter 1.1), 

common pathophysiology (chapter 1.2), reported brain abnormalities (chapter 1.3), 

and current evidence for a role of the immune system (chapter 1.4) are summarized 

for all three disorders. The next paragraphs introduce microglia (chapter 1.5), discuss 

literature supporting their contribution to the disorders (chapter 1.6) and provide 

an overview of methods to study microglia in vivo (chapter 1.7) and in vitro and ex 

vivo (chapter 1.8). Finally, the further outline of the thesis is presented (chapter 1.9).

1.1 Clinical features of schizophrenia, bipolar disorder and major 
depressive disorder

1.1.1 Schizophrenia
Schizophrenia (SCZ) is a chronic psychiatric disorder with a high burden for patients, 

their families and society. Symptoms of SCZ are categorized in ‘positive’, ‘negative’, 

and ‘cognitive’ subgroups. Positive symptoms are thoughts and behaviours that are 

normally not present, such as hallucinations, delusions and disorganized thoughts. 

The negative symptoms of the disorder are lack of motivation and pleasure, social 

withdrawal, diminished speech, and flattened affect. Finally, the cognitive symptoms 

consist of cognitive dysfunctions, such as memory deficits and problems with 

attention and executive functioning (e.g. understanding, decision making)8. 

Worldwide 21 million people are suffering from SCZ9. The onset of the disorder 

often starts early in life with a decline in social and cognitive functioning. During 

adolescence or early adulthood, the first psychosis manifests itself, indicating the 

clinical starting point of the disorder. SCZ is slightly more common and severe in 

men than women, but the onset of the disorder in women is later compared to 

men8. Psychiatric comorbidities are very common in SCZ, with substance abuse, 

anxiety, and depression as most prevalent10. Although many patients benefit from 

psychological and pharmaceutical treatment, there is still a substantial population of 

non-responders. Besides, the medication is only effective for a subset of the symptoms 

and will not cure the whole symptom spectrum of the disorder. For example, the 

antipsychotic medication, targeting the dopamine-2 receptor, will only diminish 

the positive symptoms. For the negative and cognitive symptoms, which have the 

highest burden for the patients, very few pharmaceutical options are available8.
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1.1.2 Bipolar disorder
Bipolar disorder (BD), previously known as manic-depressive disorder, is characterized 

by periods of elevated (mania or hypomania) and depressed mood. There is a 

distinction between bipolar disorder I (BD-I), in which episodes of full-blown 

mania and depression are present, and bipolar disorder II (BD-II), mainly defined by 

depressive episodes and hypomania11. 

On average BD affects 1% of the population worldwide12. Where men have more 

tendency to show (hypo)mania, women are more likely to suffer from the depressive 

side of BD13. A diagnosis of BD is most often made in early adulthood after 

experiencing the first manic or hypomanic episode. There is a high comorbidity with 

other psychiatric disorders, such as anxiety disorder, major depressive disorder, and 

attention deficit hyperactivity disorder (ADHD). The course of the disorder is episodic 

(e.g. fluctuating between manic and depressive episodes) and often accompanied 

with functional and cognitive impairment and decreased quality of life14. Treatment 

strategies involve medication with mood stabilizers, anti-depressant, and anti-

psychotics and psychotherapy.

1.1.3 Major depressive disorder
Major depressive disorder (MDD) is a mood disorder with symptoms of depressed 

mood, anhedonia, change in sleep patterns (hyper- or insomnia) or weight, increased 

fatigue, loss of energy, negative thoughts, and suicidality15. Additionally, cognitive 

problems, such as lack of attention and indecisiveness, are often present in MDD. The 

onset of the disorder is around 25 years of age and the symptoms must be present 

for at least two weeks before the diagnosis MDD is given. On average, a depressive 

episode lasts between 13 and 30 weeks and the course of MDD is pleomorphic, 

meaning variation in remission and chronicity15. 

Worldwide, 6% of the adult population suffers from MDD15. MDD is twice more 

frequent in women compared to men, with more reoccurring episodes in women16. 

MDD is associated with psychiatric and somatic comorbidities, such as heart disease, 

stroke, and diabetes. Treatment is often a combination of psychotherapy and 

pharmaceutical interventions. More treatment-resistant patients might benefit from 

electroconvulsive therapy15.

1.2 Common pathophysiology of SCZ, BD, and MDD 
The pathophysiology of psychiatric disorders is much less understood compared 

to most somatic disorders, but progression is made in understanding the biology 

underlying SCZ, BD, and MDD. It is clear that a combination of genetic and 

environmental factors is causing these disorders. The heritability of SCZ and BD is 

estimated between 60-80%, whereas genetic factors contribute to MDD for 35%17. 

Additionally, associated risk factors for SCZ, BD, and MDD are environmental factors, 

such as urbanicity, migration status, drug abuse, low socioeconomic status, and 

lifestyle factors (smoking, alcohol consumption, traumatic experience). Furthermore, 

stress is an important factor to trigger a new psychotic, manic, or depressive episode 

in SCZ, BD, and MDD. For example, increased activation of the hypothalamus-

pituitary-adrenal (HPA) axis, the neuroendocrine system important for the regulation 

of stress and the immune system, is associated with MDD relapse18.

In SCZ, BD, and MDD there is a dysregulation of several neurotransmitter systems 

(e.g. serotonin, dopamine, acetylcholine). This is supported by the fact that 

effective pharmacotherapies for these disorders target the altered neurotransmitter 

systems8,11,15. Also, imaging studies showed that dopamine levels are increased in the 

midbrain of SCZ patients8, whereas serotonin levels are decreased in the synaptic 

cleft of MDD patients15. How the combination of genetic and environmental factors 

ultimately leads to the dysregulation of these neurotransmitter systems is less clear. 

1.3 Brain alterations in SCZ, BD and MDD
The exact underlying biological mechanism of SCZ, BD, and MDD is still unclear, 

despite their genetic overlap, shared environmental risk factors, and neurotransmitter 

imbalance in the brain. Neuroimaging studies are investigating structural and 

functional abnormalities in SCZ, BD, and MDD. These studies focus on the detection of 

volumetric changes, functional alterations, and brain connectomics (e.g. interaction 

between different brain areas). Researchers use post-mortem brain material of 

patients and controls to study molecular and cellular changes, whereas PET imaging 

provides information about brain functionality and metabolism in vivo. The next 

paragraphs describe the structural as well as functional brain changes in SCZ, BD, 

and MDD. 

1.3.1 Schizophrenia
The most pronounced brain abnormalities in SCZ are a decrease in brain volume, 

enlargement of the ventricles, disruption of the white matter integrity, and changes 

in gyrification and cortical thickness, especially in the dorsolateral prefrontal cortex 

(DLPFC) and parahippocampal regions8,19. The reductions in brain volume are not 

limited to grey or white brain matter, although grey matter volume decreases more 

rapidly over time. Functional imaging and connectomic studies showed increased 

activation in the midbrain and altered connectivity between several brain regions, 

especially between the DLPFC, hippocampus and limbic regions8. On a cellular level, 
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the most replicated finding is the excessive loss of dendritic spines in layer 3 of the 

DLPFC (figure 2)20,21.

Figure 2: Alterations in spine density in schizophrenia (SCZ). 
Upper panel shows dendrite with multiple spines in a healthy control. Spine density is clearly 
decreased in SCZ (lower 2 panels). Scale bar is 10 μm. Figure adapted from Lewis and González-
Burgos22.

1.3.2 Bipolar disorder
Enlarged lateral ventricles, decreased cortical thickness, and reduced grey matter 

volume are often reported in patients with BD23,24. These changes are most 

pronounced in brain areas involved in emotion regulation and –processing (e.g. 

superior PFC, left cingulate, and temporal lobe, including the parahippocampal 

gyrus and anterior cingulate cortex (ACC))25 and mainly occur in BD with pediatric 

or juvenile onset26–29. Patients with BD show enlargement of the amygdala, which 

is consistent with more blood flow and elevated glucose metabolism detected in 

this region. Hyperintense white matter lesions are observed in patients with BD. 

The pathogenesis of these lesions is not well understood, but it is thought that they 

are related to vascular ischemia and aging28. Functional MRI studies found under-

activation of the frontal cortex and over-activation of the limbic areas, including the 

amygdala and hippocampus30. Similar as in SCZ, reduced spine density and dendritic 

Figure 2

SCZ
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length is observed in the DLPFC21. Furthermore, patient with BD have a consistent 

downregulation of the number of hippocampal GABAergic interneurons31. 

1.3.3 Major depressive disorder
Research shows decreased volume of the hippocampus, dorsolateral and dorsomedial 

PFC, left temporal lobe, ACC, amygdala, and basal ganglia in MDD15,32,33. Additionally, 

increased hyperintensity of the white matter tracts are positively correlated with 

the cognitive decline seen in MDD34. On a functional level, increased and decreased 

activity of the mesolimbic system is reported, depending on the medication used 

and status of the depressive symptoms.

1.4 Immune system and psychiatry
In the search for the pathophysiology of SCZ, BD, and MDD, the possibility of an 

‘inflamed brain’ was suggested as an underlying mechanism for these disorders. The 

next paragraphs provide a short recap on the immune system and discuss current 

literature supporting a role of the immune system in SCZ, BD, and MDD.

1.4.1 General introduction of the immune system
The immune system protects the body against infection and injury. It recognizes, 

contains and eliminates the source of the infection (e.g. bacterial, viral, fungi) and 

is able to regulate its own response to avoid an autoimmune reaction. The immune 

system is often divided in two parts: the innate immune system and the adaptive 

immune system. The innate immune system is aspecific, meaning that it will 

protect the body against any pathogen without long-lasting immunity. It consists 

of several cell types, including monocytes, macrophages, and dendritic cells. These 

cells engulf the pathogen and secrete cytokines and chemokines, thereby inducing 

inflammation and activating the adaptive immune system. The adaptive immune 

system is specialized in such a way that it eliminates specific pathogens. The adaptive 

system also has a memory function. In case an earlier identified pathogen re-enters 

the body, the adaptive immune system will be quickly activated to remove the 

pathogen directly before inducing an infection. B- and T-lymphocytes are part of the 

adaptive immune system. B-lymphocytes produce specific antibodies, whereas the 

T-lymphocytes are prone to kill, activate and regulate the immune response35. 

1.4.2 Evidence for a role of the immune system in SCZ, BD, and MDD
Current literature suggests a potential role for the immune system in the 

pathophysiology of SCZ, BD, and MDD. Evidence comes mainly from epidemiological 

studies, studies investigating circulating cytokines and chemokines, and genetic 

association studies.
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Clinical indications 
Several clinical characteristics suggest that the immune system is involved in SCZ, 

BD, and MDD. First of all, the onset in adolescence/early adulthood and fluctuating 

patterns of these disorders resembles the course of autoimmune disorders. In 

addition, it is known that antidepressants and antipsychotics can alter the immune 

system36. Moreover, autoimmune and infectious disorders, such as systemic lupus 

erythematosus and autoimmune encephalitis, can cause symptoms resembling 

a primary psychiatric psychotic, manic, or depressive episode. Finally, common 

infectious diseases, such as influenza, induce sickness behaviour consisting hallmarks 

of depressive symptoms (e.g. depressed mood, lack of energy, and anhedonia). 

Also, it is well-known that the administration of interferon alpha (IFNα) can lead 

to development of severe depressive and cognitive symptoms37–39, indicating that 

peripheral cytokines can induce an depressive episode.

Epidemiological studies 
Epidemiological studies have described a relation between psychiatric disorders and 

immune diseases, including both atopic and autoimmune disorders. This is a dual 

interaction, in which patients with an immune disorder have an increased risk for 

developing SCZ, BD, and MDD, and vice versa4,40–42. In addition, birth-cohort studies 

showed that a maternal infection during pregnancy will increase the risk of SCZ and 

BD in the offspring with two to seven times43–45.

Animal models
Animal models showed that infection and immune activation during pregnancy lead  

to cognitive and behavioural symptoms and long-lasting neurobiological  

alterations in the offspring46. Inflammation during pregnancy decreases the survival of 

serotonergic neurons and increases the number of midbrain dopaminergic neurons in 

the offspring47. This has direct implications for the functioning of the neurotransmitter 

system later in life. Additionally, SCZ related deficiencies in serotonin levels and brain 

abnormalities (e.g. reduced hippocampal volume, disturbed corticogenesis) were 

also found in the offspring48–52.

Immune marker studies
A large number of studies have determined cytokine concentrations in blood and 

cerebrospinal fluid (CSF) in SCZ, BD, and MDD. Studies show elevated levels of 

interleukin 1 beta (IL-1β), interleukin 1 receptor (IL-1R), interleukin 2 (IL-2), and TNFα 

in these disorders53–58. Whereas interleukin 6 (IL-6) is increased in SCZ and BD, both 

higher and lower levels are found in MDD56,59,60. Cytokines with more anti-inflammatory 

functions, such as interleukin 4 (IL-4) and IL-10, are lower expressed in patients with 

SCZ, BD, and MDD33,54,61,62. Cytokine levels can also be related to symptomatology; 

the levels of IL-2, IL-4, IL-6, and TNFα are increased during a manic episode, whereas 

decreased levels of IL-6 define depressive63. This suggests that manic episodes are 

possibly related to elevated cytokine expression, both peripherally as well as in the 

brain. 

Besides changes in cytokine levels in blood and CSF, similar alterations are found  

in post-mortem tissue. Gene expression analysis of post-mortem tissue of patients  

with BD showed altered mRNA expression and protein levels for IL1B, IL6, 

transmembrane TNF, IFN, interleukin 13 (IL-13), interleukin 33 (IL-33), IL-2, and 

chemokine (C-C motif ) ligand 2 (CCL2)64–67. Additionally, brain abnormalities correlate 

with cytokine levels, in which a smaller brain volume is related to increased cytokine 

levels in patients with SCZ68. Thus, research finds aberrant cytokine and chemokine 

levels in the periphery as well as in the CNS, indicating immune activation in SCZ, BD, 

and MDD.

Genetic studies
In the past years, multiple genome wide association studies (GWAS) with large 

sample sizes have been performed for SCZ, BD, and MDD and revealed significant loci 

associated with the disorders. The strongest genetic association with SCZ is located 

in the major histocompatibility complex (MHC), a large region on chromosome 6. This 

locus is an important regulator of the immune response, since many of the human 

leukocyte antigen (HLA) genes, coding for antigen presenting molecules, are part of 

the MHC69. Due to the large coverage of this region, it was only recently discovered 

that patients with SCZ, due to copy number variants, have more expression of 

complement factor 4A (C4A), which is part of the complement system and important 

for (auto)immunity and tolerance70. 

Risk genes for BD are not directly related to the immune system, but pathway 

analyses showed associations with immune response pathways71. MDD is associated 

with several polymorphisms in immune genes, including IL1B, TNF, and interferon 

regulatory factor 1 (IRF1)72–75 and many of the genome-wide significant associated 

loci are related to immunity and the immune response76. 

When looking at the overlapping genetic architecture of SCZ, BD, and MDD, there is 

solid evidence that the immune system is a contributing factor in all three disorders. 

A recent study found a shared association for these disorders with immune genes, 

histone methylation, postsynaptic density, and neuronal signalling across disorders77. 



1918

1
Furthermore, a substantial part of the polygenic variation found in SCZ, including the 

MHC, also contributes to the risk of BD78.

Although previous research supports immune alterations in SCZ, BD, and MDD, less is 

known about how the immune system is involved in causing brain dysfunction in these 

disorders. Since microglia are the main immune cells in the CNS, it is hypothesized 

that these cells could play an important role in causing psychiatric disorders79.

1.5 Microglia 
Microglia were first described by del Rio Hortega in the 20th century and account 

for 2-10% of the total cell number in the brain79–81. They originate from the yolk 

sac and populate the CNS during embryonic development. Due to their different 

ontogeny, microglia are distinct from hematopoietic macrophages and circulating 

monocytes82,83. In the human brain, microglia can be detected from 13 weeks of 

gestation and fully ramified cells are present from 19 weeks onwards. By the end 

of gestation, all cortical layers contain ramified microglia84. An important factor for 

adequate microglial development is the colony stimulating factor 1 receptor (CSF-1R) 

signalling. Deficiency of CSF-1R or interleukin-34 (IL-34), the ligand for CSF-1R, will 

directly diminish microglial density and cell viability85. 

1.5.1 Microglial functions
Microglia are very dynamic cells and fulfil multiple functions in the brain79,86. They are 

most known for their role in the immune system. Microglia are constantly scanning 

the environment for infiltrating pathogens (e.g. viruses, bacteria) and other danger 

signals. When detecting a pathogen, microglia respond by secreting inflammatory 

cytokines, such as IL-1β, IL-6, interferon gamma (IFNγ), and TNFα. These cytokines can 

induce an inflammatory reaction in the brain, whereby peripheral immune cells (e.g. 

T- and B-cells) are recruited and pathogens are removed via phagocytosis87. Besides, 

microglia are also able to dampen the immune response via the secretion of anti-

inflammatory cytokines (e.g. IL-4, transforming growth factor beta (TGFβ), and IL-

10)87. Even though cytokines are often categorized as pro- or anti-inflammatory, their 

functioning in stimulation or dampening the immune response is highly dependent 

on their concentration in the CNS. For example, TGFβ is known for its pro- and anti-

inflammatory properties in the brain88.

Next to immune control, microglia are important players in shaping neuronal 

networks in the brain. In homeostatic conditions, microglia are in constant contact 

with synapses89. There are various molecules that are necessary for the close 

connection between microglia and neurons. For example, neuronal cell surface 

proteins CD22, CD47, CD200, and CX3CL1 interact with microglial CD45, CD172α, 

CD200 receptor (CD200R), and CX3CR1, respectively90,91. Whereas some interactions 

will lead to increased microglial activation (e.g. CX3CL1-CX3CR1), others will suppress 

activation90. During CNS development or neuronal distress, microglia reduce the 

number of synapses by pruning (e.g. removal)92–94. This neuronal refinement is 

necessary for normal brain development95, but can contribute to brain disorders 

when induced by neuronal distress. The exact mechanism for synaptic pruning 

remains to be elucidated, but it is suggested that microglia actively phagocytose 

or nibble away the synapses96 or secrete factors that will induce degradation of the 

synapse. The complement system is highly involved in the removal of synapses, in 

which complement factors C3 and C1q tag the inappropriate synapses. Microglia 

recognize C3 via the C3 receptor on their membrane and this induces phagocytosis97. 

Besides eliminating dysfunctional synapses, microglia also promote neurogenesis, 

axon growth, and neuronal survival. Microglia are a useful source for secreting 

neurotrophic and growth factors in the CNS (e.g. brain derived neurotrophic factor 

(BDNF), nerve growth factor (NGF), and TGFβ). For example, microglial secretion of 

IL-1β and IFNγ can promote neurogenesis in the subventricular zone (SVZ)98, whereas 

blocking insulin growth factor 1 (IGF-1) results in more apoptotic neurons in layer V 

of the neocortex in mice99. 

1.5.2 Microglia morphology
Microglia are highly motile cells and change their morphology and phenotype in 

relation to their function in the brain. Microglia are not a uniform population, but 

show heterogeneity in the CNS. Brain regions differ in their cellular and biochemical 

composition and execute different functions, suggesting that each brain region needs 

specific support and assistance100. While research regarding microglia heterogeneity 

across brain regions on transcript level is still on-going, morphologically four different 

phenotypes are identified in both grey and white matter94. In homeostatic conditions, 

microglia have a ramified morphology with a small cell body and multiple processes 

(Figure 3 a-b). In the case of immune activation, microglia are primed first (larger 

and more elongated cell body with similar number of processes; Figure 3 c-d). With 

sustained immune activation and phagocytic functioning, microglia are less complex 

(Figure 3 e-f ), retract their processes, and adopt a so-called amoeboid shape (Figure 

3 g-i). Despite their similar morphological phenotypes, microglia do differ between 

grey and white matter. Microglia in the grey matter have a larger diameter, whereas 

in the white matter they are smaller and follow the course of the white matter tracts, 

resulting in more elongated cells. Furthermore, microglial density is thought to be 

larger in grey matter compared to white matter91. 
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Figure 3: Microglial morphology in grey and white matter of the human brain. 
Four different microglial morphological phenotypes are distinguished in grey (a, c, e, g) and white 
matter (b, d, f, h, i) of the human brain. a-b) Homeostatic microglia with small cell body and multiple 
processes. c-d) Cell body is elongated and thickened in primed microglia. With sustained immune 
activation, microglia retract their processes (e-f ) and adopt an amoeboid phenotype with few 
processes (g-i). Scale bar is μm. Figure adapted from Torres-Platas et al.101.

1.6 Post-mortem studies on microglia in SCZ, BD, and MDD
Microglial changes in psychiatric disorders are most studied in post-mortem brain 

tissue using immunochemistry, investigating microglial cell numbers and morphology. 

Several markers are available, such as human leukocyte antigen D Related (HLA-DR), 

CD11b, CD68, transmembrane protein 119 (TMEM119), and ionized calcium-binding 

adapter molecule 1 (Iba1). Additionally, mRNA expression of microglial markers and 

secreted inflammatory cytokines is investigated in total brain tissue. 

Most studies have focussed on microglial density and morphological alterations in 

SCZ. A systematic review reported that of the 22 conducted studies, 11 studies found 

an increased expression of microglia markers, 8 studies showed no differences, and 

3 studies mentioned a decrease55. The heterogeneity of the disorder, the different 

brain regions studied, and the variety of markers used might cause this inconsistency. 

Specifically in patients with successful suicide attempts signs of microglial activation 

are found102,103. A meta-analysis including 41 studies found an overall effect of 

Figure 3
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increased microglial density, which is most pronounced in the temporal cortex. 

Moreover, an increase in gene expression and/or protein levels of pro-inflammatory 

markers is reported104. One remark needs to be made regarding previous described 

literature. The research reporting the most increase in microglial density in SCZ, 

which is included in both studies, was retracted.

In BD, a limited number of studies is available investigating microglial density. There is 

no evidence for increased microglial density, based on immunohistochemistry, in the 

DLPFC and dorsal raphe nucleus in BD105,106. Although mRNA expression of Iba1 in the 

PFC is similar between BD patients and controls, expression of two other microglial 

markers (CD11b and CD68) is decreased107. Furthermore, another study determined 

the amount of microglial secreted TNFα in total brain tissue and showed increased 

levels of transmembrane TNFα in Brodmann’s area 24, but less TNF receptor 2 in 

Brodmann’s area 4666. Although microglial density itself is not changed in BD, mRNA 

expression of microglial markers and the immune factors secreted by microglia are 

different.

For MDD the results are less consistent. In MDD patients, the density of HLA-DR+ 

microglia is increased in the hippocampus, ACC, DLPFC, and thalamus102,108. Also 

the number of QUIN+, a microglia-specific NMDA receptor agonist, cells is higher in 

two subregions of the ACC in MDD109, and more primed microglia are reported in 

de ACC110. Interestingly, the density of Iba1+ cells is more pronounced around the 

blood vessels in the brain of MDD patients110,111. Others could not find a difference in 

the number of homeostatic or immune activated (amoeboid) microglia111 and total 

microglial numbers106,112. Even decreased density of HLA-DR+ microglia is found in 

brain tissue of non-suicidal MDD patients106. This suggests a specific role for suicide 

in microglia immune activation in the disorder.

In summary, post-mortem studies find inconsistent evidence for microglial alterations 

in SCZ, BD, and MDD. Several reasons are likely to play a role. Microglia have been 

studied with multiple markers (e.g. HLA-DR, Iba1, CD11b, CD68) and in various brain 

regions (e.g. PFC, hippocampus, ACC, thalamus). Besides, mostly one technique 

is applied in a small sample and technical and biological replication is missing. 

Furthermore, immunohistochemistry has the restriction of only analysing cell numbers 

and morphological changes. No extensive genetic and protein profiling of microglia 

is performed in psychiatric disorders so far. It is therefore necessary to study human 

microglia in a more multi-dimensional approach, incorporating the various functions 

and heterogeneity of microglia and correlate this to SCZ, BD, and MDD. 
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1.7 PET studies for microglia in vivo
Positron emission tomography (PET) with tracers that bind to the 18kD translocator 

protein (TSPO) on the membrane of mitochondria is applied to study microglial 

changes in psychiatric disorders in vivo. An increased TSPO signal is thought to 

reflect an elevated microglia density or elevated microglial activation. Where 

neuroinflammatory and neurodegenerative disorders, like Alzheimer’s disease 

(AD) 113–115 and multiple sclerosis (MS)116–118, show increased TSPO expression, PET 

studies found contradicting results for psychiatric disorders. In SCZ, earlier studies 

investigating TSPO binding with the [11C]-(R)PK11195 tracer found a higher signal in 

patients compared controls119–122. In contrast, more recent studies with larger cohorts 

and correction methods for TSPO presence on endothelial cells showed equal or 

decreased TSPO signal in SCZ123–130. Not many PET studies with the TSPO ligand are 

performed in BD and MDD. Decreased TSPO binding is found in BD, but only in a 

subgroup with comorbidity of post-traumatic stress disorder and adult separation 

anxiety disorder131. TSPO binding in the whole brain is not different between BD 

patients and controls, although the right hippocampus of BD-I patients showed a 

small increase in binding132. Three PET studies are published for MDD; one study 

reported no differences133, whereas the other two showed elevated TSPO binding134,135. 

Interestingly, the latter studies found a positive correlation between TSPO binding 

and MDD severity of symptoms, but not with the measured neuroinflammatory 

markers in serum135. Also, there is an indication that microglial immune activation in 

MDD is only related to suicide or suicidal thinking, since elevated TSPO levels are not 

detected in the non-suicidal patient group134. 

1.8 In vitro and ex vivo methods to study microglia changes in 
psychiatric disorders
Since there is a lot of debate about the accuracy of in vivo imaging of microglia with 

PET, other methods have been developed to study microglial phenotype and function. 

There are several in vitro models and cell lines available for human microglia. These 

include microglial cell lines and monocytes that are differentiated into microglia-

like cells in vitro136–142. These models should be used with care, since the ontogeny 

of monocytes and microglia is different (e.g. monocytes are bone marrow derived, 

whereas microglia develop from the yolk sac143. Recently several protocols have been 

published to generate microglia-like cells and brain organoids containing microglia 

from induced pluripotent stem cells144–147. These cell models hold great promise 

for microglial research, especially for studying the role of genetic background and 

single genetic risk factors for psychiatric disorders. However, it is still important to 

realize that these models are different from primary microglia at the phenotypic and 

functional level. To go beyond the study of microglia in post-mortem brain tissue 

using immunostaining, an innovative method has been developed to isolate human 

microglia from fresh post-mortem brain tissue of patients and controls148–151. Post-

mortem brain tissue is homogenized and separated from the myelin with a density 

gradient after which microglia are positively selected by flow cytometry (CD11b+/

CD45dim) or with commercially available CD11b-coated magnetic beads. This method 

provides the opportunity for extensive microglial transcriptome profiling, functional 

experiments and ex vivo characterization of the cells in humans, as is already shown 

for controls and CNS disorders149,152,153.

1.9 Thesis outline
In summary, despite numerous efforts to unravel the aetiology of SCZ, BD, and MDD, 

the exact mechanism underlying the disorders is still unknown. Many studies are 

pointing towards a role of the immune system and it is therefore hypothesized that 

immune activation of microglia contributes to the pathogenesis of these disorders 

(Figure 4). 

However, the exact involvement of microglia in psychiatric disorders remains to be 

elucidated. The aim of this thesis is to elucidate the role of microglia, specifically their 

immune activating properties, in SCZ, BD, and MDD by using a multi-level approach. In 

chapter 2 a characterization of our ex vivo microglia model is presented. We isolated 

human microglia from fresh post-mortem brain tissue of controls and showed that these 

microglia are different from monocytes and monocyte-derived macrophages (mo-MΦ) 

and maintain their immune functions in vitro by responding to inflammatory compounds. 

Besides, we showed that the ex vivo microglia are not comparable to microglia-like 

cells. Chapter 3 provides an overview of the proteomic profile of microglia with mass 

cytometry (CyTOF). We established a cryopreservation protocol, which enables us to 

profile microglial protein expression from different donors at the same time. We showed 

that microglia are distinguishable from peripheral blood mononuclear cells (PBMC) and 

cells in the CSF and that there is microglial diversity across different brain regions. The 

question whether TSPO is an accurate marker to measure microglial immune activation 

and plays a role in SCZ is answered in chapter 4. TSPO mRNA is not elevated in frontal 

and temporal brain tissue of SCZ patients; neither did immunostainings show more 

TSPO expression in general or in specific immune activated microglia. Besides, TSPO 

mRNA in ex vivo microglia is not increase after inducing an immune response in 

the cells, suggesting a more complex role for TSPO in microglia immune activation 

as is thought before. The current debate if SCZ is a neuroinflammatory disorder is 

highlighted in chapter 5. For neuroinflammation, four criteria have to be met: 1) 

activation of microglia; 2) increased cytokine levels; 3) lymphocyte recruitment and 

4) local tissue damage. In this chapter we studied all four hallmarks and emphasize 
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that SCZ is lacking all criteria for neuroinflammation. Chapter 6 unravels the role 

of microglia in BD. Microglia density and morphology as well as gene expression of 

general microglia and microglia immune activation markers is studied in post-mortem 

tissue of the frontal lobe. Additionally, the immune response of ex vivo microglia 

isolated from controls and BD patients is investigated after inflammatory stimulation. 

We found no indications that microglia in BD are immune activated and contribute to 

the aetiology of the disorder. Finally, we performed a large transcriptomic analysis in 

combination with protein profiling and ex vivo microglia characterization of microglia 

in MDD (chapter 7). Four different brain regions were analysed. We found lower levels 

of CD14 and CD32 in MDD. In vitro immune responsiveness to LPS and dexamethasone 

was not changed. Transcriptomic analysis showed 194 differentially expressed genes 

(DEGs), of which 188 genes were downregulated and only six genes upregulated. The 

top three downregulated genes are involved histone modification and chromatin 

accessibility. Finally, pathway analyses of all DEGs showed a downregulation in 

pathways implicated with cell cycle and cell division.

Healthy controls SCZ, BD, MDD

Excessive cytokine 
expression

Reduced spine density
Impaired neurogenesis

Homeostatic Immune activated

Phagocytosis of 
pathogens

2

Synaptc stripping
Neurogenesis

3

5

8

1

Cytokine expression

6
Amoeboid 
morphology

4

Regulation of 
neurotransmitters

Dysregulation of 
neurotransmitters

7

Figure 4: Current hypothesis of microglia in psychiatric disorders. 
In healthy controls microglia have a ramified phenotype in steady-state conditions (left). Their 
functions are regulating immune response, via cytokine expression (1) and the clearance of 
pathogens (e.g. bacteria) and death cells (2). Additionally, they are involved in synaptic pruning and 
neurogenesis (3) and the regulation of neurotransmitters (4). In schizophrenia (SCZ), bipolar disorder 
(BD), and major depressive disorder (MDD) (right), microglia are thought to be immune activated. 
They express increased levels of inflammatory cytokines (5) and adopt an amoeboid (rounded) 
shape (6). Immune activation of microglia will result in dysregulation of neurotransmitters in the 
brain (7). Besides, microglial immune activation may lead to the reduced spine density and impaired 
neurogenesis (8) as is found in patients with SCZ, BD, and MDD. 
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Abstract

The biology of microglia has become subject to intense study as they are widely 

recognized as crucial determinants of normal and pathologic brain functioning. 

While they are well studied in animal models, it is still strongly debated what specifies 

most accurately the phenotype and functioning of microglia in the human brain. In 

this study, we therefore isolated microglia from post-mortem human brain tissue of 

corpus callosum and frontal cortex. The cells were phenotyped for a panel of typical 

microglia markers and genes involved in myeloid cell biology. Furthermore, the 

response to pro- and anti-inflammatory stimuli was assessed. The microglia were 

compared to key human myeloid cell subsets, including monocytes, monocyte-

derived macrophages and monocyte-derived dendritic cells, and several commonly 

used microglial cell models. Protein and mRNA expression profiles partly differed 

between microglia isolated from corpus callosum and frontal cortex and were 

clearly distinct from other myeloid subsets. Microglia responded to both pro- (LPS 

or poly I:C) and anti-inflammatory (IL-4 or dexamethasone) stimuli. Interestingly, 

pro-inflammatory responses differed between microglia and monocyte-derived 

macrophages, as the former responded more strongly to poly I:C and the latter more 

strongly to LPS. Furthermore, we defined a large phenotypic discrepancy between 

primary human microglia and currently used microglial cell models and cell lines. In 

conclusion, we further delineated the unique and specific features that discriminate 

human microglia from other myeloid subsets, and we show that currently used 

cellular models only partly reflect the phenotype of primary human microglia. 

Introduction

Microglia are considered the key immunocompetent cells of the central nervous 

system (CNS). They are highly motile cells that rapidly respond to any type of 

damage, inflammation or infection in the CNS by migrating towards the site of injury 

where they clear cellular debris, limit further damage and promote recovery1,2. More 

recently, it has been established that microglia are not only involved in these typical 

damage induced processes, but also play a crucial role in neurodevelopment and 

physiological neuronal functioning in adulthood3. Microglia form an essential part in 

the neurogenic niche, thereby promoting neurogenesis, mediating synaptic pruning 

and modulating neurotransmission1,2. This knowledge has boosted the already 

growing interest for microglia as critical determinants of CNS functioning in health 

and disease.

Apart from microglia, the brain parenchyma contains several other types of myeloid 

cells, including perivascular macrophages and, especially during pathology, 

infiltrating monocyte-derived macrophages (mo-MФ). Microglia were long thought 

to originate from the same hematopoietic progenitor as the other myeloid immune 

cells. In contrast to other myeloid cells, which derive from definitive hematopoiesis, it 

was recently discovered that microglia emerge from Tie2+ expressing erythromyeloid 

progenitors from the embryonic yolk sac that populate the CNS during early 

development4–7. Therefore, primary microglia are now seen as distinct from monocytes 

and monocyte-derived macrophages. How microglia differ from these other cells at 

the phenotypical and functional level and which markers can distinguish between 

the different subsets is at present still unclear. 

Recently, three studies described the mRNA expression profile of murine microglia8–10. 

Highly specific microglia markers were identified in mice, some of which were also 

strongly or even uniquely expressed in human microglia8. However, it is still intensely 

debated how human microglia are most accurately specified, both phenotypically 

and functionally, and how these cells differ from other human myeloid subsets. This 

knowledge regarding human microglia is needed since clear species differences have 

been described for microglia11. In addition, tools to study human microglia, including 

knowledge of microglia-specific markers and functional characteristics, are crucial 

for unraveling the role of microglia in complex neuropsychiatric diseases, such as 

schizophrenia and autism spectrum disorder, as these ‘human-specific’ diseases can 

never be fully mimicked in animal models. 
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So far, the role of microglia in human CNS disorders has been commonly studied by in 

situ stainings of post-mortem human brain sections. This approach has revealed that 

microglia display clear changes in cell density and morphology in most neurologic and 

psychiatric diseases12–14. However, the nature of the observed microglial alterations 

and their exact contribution to disease development is still unknown. To answer these 

questions it is essential to go beyond the assessment of microglia morphology and 

density and investigate microglia at the functional level. In this study, we therefore 

set out to define the specific phenotypic and functional characteristics of human 

microglia in more detail. This knowledge is crucial for assessing the exact role of 

microglia in various stages and types of CNS pathology. 

Recently, we and others established new methods to acutely isolate pure populations 

of microglia from freshly dissected post-mortem human brain tissue15,16. We used the 

method of Melief et al. for a detailed study of the specific phenotypic and functional 

characteristics of human microglia. As microglia can display brain region-dependent 

differences, we compared microglia isolated from the corpus callosum (CC) and 

medial frontal cortex (CTX) with other myeloid subsets, with the aim to create a 

suitable reference dataset of microglia-specific markers17. Finally, we compared the 

isolated primary microglia with currently used human microglia cell models to assess 

how accurately these cell models recapitulate microglial biology in vivo. 

Materials and Methods

Isolation and culture of primary human microglia
Primary human microglia were isolated as described before15. For in vitro culture 

experiments, the isolation procedure was slightly altered compared to the 

earlier published protocol to increase the number of isolated cells. For the in vitro 

experiments we excluded the enzymatic dissociation buffer and erythrocyte lysis 

step. Post-mortem brain tissue of non-demented healthy controls was provided by 

the Netherlands Brain Bank (www.hersenbank.nl). Informed consent was obtained 

for brain autopsy and the use of tissue and clinical information for research purposes 

(see supplementary Table 1 for clinicopathological information). Isolation procedures 

were started within 2 to 24 h after autopsy. In summary, after removal of visible veins, 

tissue was meshed through a stainless steel sieve in a glucose- potassium-sodium 

buffer (GKN-BSA; 8g/L NaCl, 0.4 g/L KCl, 1.77 g/L Na2HPO4.2H2O, 0.69 g/L NaH2PO4.

H2O, 2 g/L D-(1)- glucose, pH 7.4) with 0.3% bovine serum albumin (BSA), followed 

by enzymatic dissociation in 4 mL enzyme buffer (4 g/L MgCl2, 2.55 g/L CaCl2, 3.73 

g/L KCl, and 8.95 g/L NaCl), with 3700 units/mL collagenase Type I (Worthington, 

Lakewood, NJ, USA) and 200 µg/mL DNase I (Roche Diagnostics GmbH) for 1 h at 37ºC 

while shaking. Cells were resuspended in 20 mL Percoll (Amersham, GE Healthcare) 

of ρ = 1.03, underlain with 10 mL Percoll of ρ = 1.095, overlain with 5 mL GKN-BSA 

buffer and centrifuged for 30 minutes at 4000 rpm and 4ºC with slow acceleration 

and no break. The top myelin layer was discarded, after which cells enriched for 

microglia were collected from the interface between the myelin and Percoll layer and 

transferred to a polypropylene coated 50-mL tube. Positive selection of microglia was 

performed by magnetic-activated cell sorting (MACS) according to the manufacturer’s 

protocol with CD11b-conjugated magnetic microbeads (Miltenyi Biotec GmbH, 

Bergisch Gladbach, Germany), leading to microglia isolates of around 99% purity. 

Importantly, both in our study and in a previous published paper, it was shown that 

expression of CD14 on CD11b+ cells isolated with our method is absent or marginal, 

compared to CD11b+ cells isolated from the choroid plexus or blood (Melief et al., 

2012). This indicates that by the majority of CD11b+ cells we isolated from post-

mortem brain tissue represents microglia, and that any substantial contamination 

with non-microglial myeloid cells (e.g. perivascular macrophages, blood monocytes) 

is minimal. The microglia were subsequently used for flow cytometric analysis, in vitro 

experiments, or lysed in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and frozen 

at -80ºC. For culture experiments, 1.0 x 105 microglia were plated in a 96-wells flat-

bottom plate (Greiner Bio-One) in a total volume of 200 μl Rosswell-Park-Memorial-

Institute medium (RPMI; (Gibco Life technologies, Massachusetts)) with 10% heat-

inactivated fetal calf serum (FCS; (Gibco Life technologies, Massachusetts)), 2 mM 

L-glutamine (Gibco Life technologies, Massachusetts) and 1% penicillin-streptomycin 

(p/s; 100 units/mL /100 μg/mL; (Gibco Life technologies, Massachusetts)). Microglia 

were cultured overnight before stimulation with pro- or anti-inflammatory stimuli.

Isolation and culture of other myeloid cell subsets and microglia cell 
models
Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats (Sanquin, 

the Netherlands) of healthy donors by density gradient separation using Ficoll (Ficoll 

Paque plus, GE Healthcare). Monocytes were isolated from PBMCs by magnetic 

separation using CD14 microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany), 

according to the manufacturer’s protocol. To generate mo-MΦ, monocytes were 

plated at a density of 1.0 x 105 cells per well in a 48-wells flat bottom plate (Corning, 

New York, NY) in RPMI and supplemented with 1% p/s, 2 mM L-glutamine and 10% 

human AB serum (Sanquin, the Netherlands) for 7 days. mo-DC were generated by 

culturing monocytes (48-wells flat bottom plate; density 1.0 x 105 cells per well) in 

presence of 1% p/s, 2 mM L-glutamine, 100 ng/ml recombinant human granulocyte-

monocyte colony stimulating factor (GM-CSF; Miltenyi Biotec) and 100 ng/ml 
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recombinant human interleukin-4 (IL-4; Miltenyi Biotec) for 3 days. Three culture 

models for monocyte-derived microglia were selected from the literature and slightly 

adapted to increase cell viability18–20. These three models are referred to as mo-MG-A, 

-B and –C. Monocytes for these models were obtained as described above. Mo-

MG-A were generated according to the protocol of Leone et al. (2006) by culturing 

monocytes in a 6-wells flat bottom plate with 25% astrocyte-conditioned medium 

(ACM; Sanbio), 1 ng/ml GM-CSF and 10 ng/ml macrophage-colony stimulating factor 

(M-CSF; Miltenyi Biotec) for 12 days. To obtain mo-MG-B microglia based on the 

protocol of Etemad et al. (2012), monocytes were cultured in DMEM with 1% p/s, 

10 ng/mL M-CSF, 10ng/mL GM-CSF, 10ng/mL nerve growth factor (NGF)-β (Miltenyi 

Biotec), 100 ng/mL chemokine (C-C motif ) ligand 2 (CCL2; Miltenyi Biotec) and 25% 

ACM for 14 days. For the final model (mo-MG-C, adapted from Ohgidani et al., 2014) 

monocytes were cultured in RPMI glutamax with 1% p/s, 10 ng/mL GM-CSF and 100 

ng/mL interleukin-34 (IL-34) for 14 days. The SV40 human immortalized microglia 

cell line, originally derived from microglia isolated from embryonic spinal cord and 

cortex immortalized with SV-40 virus, was obtained from Applied Biological Materials 

(ABM) Inc. (Janabi et al., 1995). The CHME-5 cell line was obtained from human foetal 

microglia transfected with SV-40 virus, and was a kind gift of Dr. Pierre Talbot (INRS-

Institut Armand-Frappier, Université du Québec, Canada)21.

Response to pro- and anti-inflammatory stimuli
Primary microglia and mo-MΦ were stimulated with 100 ng/mL lipopolysaccharide 

(LPS) from Escherichia coli 0111:B4 (Sigma-Aldrich, The Netherlands) or 100 µg/ml 

poly I:C (Bio-connect, The Netherlands) for 6h, or with 40 ng/mL IL-4 (Peprotech, 

London, UK) or 1 μM dexamethasone (Sigma Aldrich, Zwijndrecht, The Netherlands) 

for 72h. Cells were harvested, lysed with 500 μl TRIzol and stored at -800C for future 

analyses of mRNA expression. 

Flow Cytometry
Stainings for flow cytometry were performed in v-bottom 96-wells plates (Greiner 

Bio-One). In short, 0.7 to 1.5 x 105 cells were incubated on ice in the dark in 20 µl GKN-

BSA with 5% human pooled serum (HPS) for 30 minutes, continued with staining in 

25 μl with specific monoclonal or isotype control antibodies. Antibodies with the 

following specificities were used: from eBioscience (San Diego, CA, USA): anti-human 

CD11b (clone ICRF44, PE labeled), CD11c (clone 3.9, FITC labeled), CD14 (clone 61D3, 

APC labeled), CD45 (clone 2D1, FITC labeled), CD83 (clone HB15e, PE labeled), CD163 

(clone GHI/61, PE labeled), CD172α (clone 15-414, PerCP-eFluor710 labeled), CD200R 

(clone OX108, PE labeled), CX3CR1 (clone eB149/10H5, APC labeled), HLA-DR (clone 

LN3, APC labeled). From BD biosciences: anti-human CD206 (clone 19.2, APC labeled). 

From Biolegend (San Diego, CA): CD40 (clone 5C3, PerCP-eFluor710 labeled). To 

determine aspecific staining, the following isotype control antibodies were used from 

eBioscience: mouse IgG1 FITC, eFluor710 and APC, mouse IgG2a eFluor710, rat IgG2b-

APC. Other isotype control antibodies were from Biolegend: mouse IgG1, and mouse 

IgG2b PE and APC. As a viability dye, 7-amino-actinomycin D (7AAD; BD Biosciences) 

was added to each sample in a dilution of 1:40 for 15 minutes before flow cytometric 

analysis. Phenotyping of primary human microglia, monocytes, mo-MΦ and mo-DC 

was done on a FACSCanto machine (BD Biosciences). All data were analyzed with 

FlowJo software version 9.8.5. (Treestar, Ashland, OR). The relative geometric mean 

fluorescence intensity (geoMFI) was calculated by subtracting the geoMFI of the 

corresponding isotype control from the geoMFI of the antigen staining. 

Gene expression analysis
For gene expression analysis, RNA was isolated using TRIzol reagent, followed by 

addition of 100 µl chloroform and centrifugation at 12000 rcf at 7ºC for 15 minutes. 

Subsequently, RNA was precipitated from 100 to 200 µl of the aqueous top phase 

by mixing with an equal volume of isopropanol, using 1 µl glycogen as a carrier, and 

stored overnight at -20ºC. The next day, samples were centrifuged at maximum speed 

at 4ºC for 60 minutes. The pellet was washed twice with 75% ETOH, air-dried and 

dissolved in 8ul Milli-Q water. Concentrations of extracted RNAs were measured using 

a nanodrop (ND-1000; NanoDrop Technologies, Rockland, DE). RNA was reversed 

transcribed using a Quantitect Reverse Transcription kit (QIAGEN, Hilden, Germany) 

according to manufacturer’s protocol. The maximum amount of RNA, supplemented 

with Milli-Q to a volume of 6 µl, was added to 1 µl gDNA Wipe-Out buffer and 

incubated at 42°C for 2 minutes. After addition of the master mix containing 2 µl 

Reverse-Transcriptase buffer, 0.5 µl Reverse-Transcriptase enzyme and 0.5 µl RT 

random hexamers primer mix, samples were incubated at 42ºC for 30 minutes, 

followed by 95ºC for 3 minutes. Samples were subsequently stored at -20ºC until 

further use. Quantitative real-time polymerase chain reaction (qPCR) was done with 

a 7900 Real Time PCR System (Applied Biosystems) and a QuantStudio™ 6 Flex Real-

Time PCR System (Life Technologies Corporation, NY, USA) with the following cycle 

conditions: 50ºC for 2 minutes, 95ºC for 10 minutes, 40 cycles at 95ºC of 15 seconds 

and 60ºC for 60 seconds. The amount of cDNA used per reaction was based on an 

input of 5 ng RNA in a final volume of 10 µL. Per reaction, 5 µL SYBRgreen PCR Master 

Mix (Roche; Life Technologies Corporation, Grand Island, NY, USA), and 1 µL primer 

mix (2 pmol/mL; see supplementary Table 2) was added. Absolute expression was 

calculated with the ΔΔCT method. Expression of selected genes was normalized to 

references genes 18S and GAPDH or to GAPDH solely for the stimulation experiments. 

The response to inflammatory stimuli was calculated as fold change by dividing 
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the normalized gene expression of the stimulated sample by the normalized gene 

expression of the unstimulated sample. Primers were intron-spanning and designed 

with the online primer designed tool of NCBI or Primer Express. To visualize mRNA 

expression of all the cell subsets included in the study, heatmaps were generated 

using Rstudio (RStudio, Boston). Normalized mRNA values were scaled and clustered 

according to their expression level. 

Statistical Analysis
Statistical analysis was performed with GraphPad Prism software (version 5). A 

Kruskall-Wallis test was used to geoMFI values between microglia and other cell 

types, whereas a Wilcoxon-signed rank test was used to compare mRNA expression 

levels between unstimulated myeloid cells and myeloid cells cultured with pro- and 

anti-inflammatory compounds. To study cytokine responsiveness between microglia 

and other myeloid subsets a Kruskall-Wallis test was performed. For all analyses, 

multiple comparison correction was applied and a P-value <0.05 was considered 

statistically significant.

Results

Primary human microglia display a distinct phenotype from other 
myeloid cell subsets
In order to further characterize the ex vivo phenotype of microglia, we first 

determined the expression of a panel of markers that are classically used to identify 

microglia: CD11b, CD14, CD40, CD45, CX3CR1 and HLA-DR. Fig. 1A depicts mRNA 

and Fig. 1B protein expression. Expression levels were compared between primary 

microglia isolated from frontal cortex (CTX), corpus callosum (CC, mRNA expression 

only), monocytes, mo-MΦ and mo-DC. Primary microglia express all classical 

microglia markers at the mRNA and protein level. Although none of these markers are 

specifically expressed by microglia, we found differences in expression levels when 

comparing ex vivo microglia and the other myeloid subtypes. Expression of CX3CR1 

was higher in microglia compared to the other three myeloid subtypes, although 

the difference did not reach significance for all comparisons. Protein, but not mRNA, 

expression of CD11b and CD14 was low on microglia compared to monocytes. Protein 

expression of HLA-DR was unexpectedly high in three out of four donors. Additional, 

flow cytometric data of CC microglia are shown in supplementary figure 1, as only a 

limited number of samples was available for analysis. Note that CX3CR1 expression 

was not studied for CC microglia and protein expression of several markers was based 

on a single sample. Next, we analyzed mRNA expression of a panel of genes that have 

recently been described to be highly enriched in murine as well as fetal and adult 

human microglia: PROS1, GAS6, MERTK, GPR34 and P2Ry128. All of these markers were 

clearly enriched in both CC and CTX microglia in comparison to monocytes with the 

largest difference in expression for P2Ry12 (Fig. 1C). The expression was also higher 

compared to mo-MΦ and mo-DC, but these differences did not reach significance for 

all of the markers.

To further investigate the phenotype of microglia in different brain regions and compare 

this with other myeloid cell subtypes, we analyzed mRNA expression of a panel of 

genes that are central to myeloid cell biology. A cluster analysis confirmed grouping 

of molecules in line with their described function (Fig. 2A and sup. Table 3). We found a 

distinct expression profile between microglia isolated from CC and CTX (Fig. 2A and B). 

CC microglia expressed higher levels of the cannabinoid receptors (CB1; CB2), and of 

molecules involved in pathogen binding (CD16, CD32a), antigen presentation (CD86) 

and ATP signaling (P2X7). On the other hand, CTX microglia displayed higher gene 

expression of TLR4. We also found differences in mRNA expression level of this panel 

of genes between microglia and the other myeloid cell types. Microglia from CC and 

CTX displayed low expression of CD80, CD206, CD200R, CD209, CD274 and CHRNA4 

(Fig. 2A). For six of the genes in the mRNA expression panel, we determined protein 

expression levels by flow cytometry. Protein expression of most markers was in line 

with their expression found by qPCR analysis. The expression for CD200R, CD11c and 

CD206 was low or absent (Fig. 2B). However, similar to Fig. 1, some striking differences 

between mRNA and protein expression were detected, for instance the expression of 

CD206 and CD11c on mo-MΦ and mo-DC. 

Primary microglia respond to pro- and anti-inflammatory stimuli
Subsequently, we determined how human ex vivo isolated microglia respond to pro- 

and anti-inflammatory compounds. The response was compared with monocytes, mo-

MΦ and mo-DC. As read-out we used markers that are known to be upregulated in 

mo-MΦ after stimulation with pro- and anti-inflammatory compounds22,23. Fig. 3 and 

sup. Fig. 2 depicts the response to stimulation with LPS and poly I:C. After six hours of 

stimulation mRNA levels of TNFα, IL-1β and IL-6 were induced by LPS and poly I:C in 

microglia of most donors, although the response differed between donors (sup. Fig. 2). 

While responsiveness to LPS was similar between CC and CTX microglia, CC microglia 

showed a stronger response to poly I:C than CTX microglia. The response to LPS 

treatment of microglia was less pronounced than in monocytes, mo-MΦ and mo-DC 

(Fig. 3A). In contrast, microglia, especially from CC, responded more strongly to poly 

I:C than the other myeloid cell types (Fig. 3B). In Fig. 4 and supplementary Fig. 2 the 

response to stimulation with the anti-inflammatory compounds dexamethasone and 
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IL-4 is described. As shown before, CD163 was upregulated in both microglia and mo-

MΦ after stimulation with dexamethasone. Surprisingly, dexamethasone also induced 

the expression of CD206 and CD200R, which are considered to be typically induced by 

IL-4, as shown in Fig. 4B. CC and CTX microglia did not significantly differ from each 

other or from mo-MΦ in the strength of their response to anti-inflammatory stimuli. 

Large phenotypic discrepancy between primary human microglia and 
currently used microglial cell models and cell lines
Finally, we compared the phenotype of primary microglia with several human 

microglia cell models that are often used to study microglia biology. We determined 

gene expression of the same sets of genes that were used in Fig. 1 and 2 in two 

commonly used microglia cell lines (SV40 and CHME) and three monocyte-derived 

microglia models (mo-MG-A18, mo-MG-B19, and mo-MG-C20) (Fig. 5). Genes that were 

shown in Fig. 1 to be enriched in primary microglia compared to other myeloid cell 

types (CX3CR1, P2Ry12, MERTK, GAS6, PROS1, GPR34) were expressed at very low 

or undetectable levels in the microglia cell lines SV40 and CHME. Genes that are 

involved in immune activation and antigen recognition (e.g. HLA-DR, CD200R, CD163) 

were expressed at comparable levels in primary microglia and the two cell lines, but 

expression of the other genes in the panel was highly dissimilar. The mo-MG models 

showed some more similarities with the primary microglia (e.g. expression of CD45 

and CD11c), but still differed substantially. Concerning the microglia specific markers, 

PROS1 and GAS6, but not MERTK, GPR34, P2Ry12 and CX3CR1, were expressed at 

levels in the range of the primary microglia in mo-MG-A and mo-MG-B. Instead, mo-

MG-C was more comparable in expression of markers such as HLA-DR and CD200R.

< Figure 1: Expression of commonly used and novel microglia markers in primary human 

microglia and other myeloid cell subsets.  (a) mRNA expression of commonly used microglia 
markers in primary microglia (CC (N=6) and CTX (N=7)) monocytes (N=6), mo-MΦ (N=3) and mo-DC 
(N=3) as determined by qPCR. (b) Protein expression of commonly used microglia markers in primary 
microglia (CTX; N=4) compared to monocytes (N=6), mo-MΦ (N=3) and mo-DC (N=3) as determined 
by flow cytometry. (C) mRNA expression of novel (c) microglia markers in primary microglia (CC (N=6) 
and CTX (N=7)) monocytes (N=6), mo-MΦ (N=3) and mo-DC (N=3) as determined by qPCR. The qPCR 
was performed with a single run for each reaction and mRNA expression was calculated with the 
ΔΔCT by using 18S and GAPDH as reference genes. For analysis of flow cytometry data, the relative 
geometric mean fluorescence intensity (geoMFI) was calculated by subtracting the geoMFI of the 
corresponding isotype control from the geoMFI of the antigen staining. *p<0.05; **p<0.01.
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< Figure 2: Expression of a panel of genes involved in myeloid cell biology in primary microglia 

and other myeloid cell subsets. 
(a) mRNA expression, determined by qPCR, in primary microglia and other myeloid cells. Microglia 
(CC (N=6); CTX (N=7)), monocytes (N=6), mo-MΦ (N=3), mo-DC (N=3). The qPCR was performed 
with a single run for each reaction and mRNA expression was calculated with the ΔΔCT by using 18S 
and GAPDH as reference genes, scaled and clustered according to their expression level. (b) Protein 
expression in primary microglia (CTX; N=4), monocytes (N=6), mo-MΦ (N=3) and mo-DC (N=3) as 
determined by flow cytometry. The relative geometric mean fluorescence intensity (geoMFI) was 
calculate by subtracting the geoMFI of the corresponding isotype control from the geoMFI of the 
antigen staining.

Figure 3: Response to the pro-inflammatory stimuli LPS and poly I:C.
Primary microglia (CC (N=5) and CTX (N=4)), monocytes (N=4), mo-MФ (N=10) and mo-DC (N=4) 
were stimulated with pro-inflammatory compounds for 6 hours. (a) mRNA expression of TNFα, IL-1β 
and IL-6 after LPS stimulation. (b) mRNA expression of TNFα, IL-1β and IL-6 after poly I:C stimulation. 
Gene expression was determined by qPCR with a single run for each reaction. IL-6 mRNA levels of 
poly I:C stimulated monocytes were not detectable (ND). Normalized fold changes were calculated 
by dividing the relative mRNA expression, determined with the ΔΔCT by using GAPDH as reference 
gene, by the relative expression of the unstimulated control. Dotted line represents mRNA levels 
of unstimulated cells. Significantly different from unstimulated cells: #p<0.05; ##p<0.01; ###p<0.001. 
Significantly different from other cell types: *p<0.05; **p<0.01.
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Discussion

In this study, we applied a procedure for rapid isolation of highly enriched human 

microglia from post-mortem human brain for a comparative study with common 

myeloid cell subsets. Primary human microglia from corpus callosum and frontal 

cortex displayed clearly enriched expression of the classical microglia marker CX3CR1 

and a panel of recently proposed microglia markers, of which P2Ry12 was the most 

Figure 4: Response to the anti-inflammatory stimuli dexamethasone and IL-4.
Primary microglia CC (N=4), primary microglia CTX (N=5)) mo-MФ (N=11) were stimulated with 
anti-inflammatory compounds for 72 hours. (a) mRNA expression of CD163, CD200R and CD206 
after dexamethasone stimulation. (b) mRNA expression of CD163, CD200R and CD206 after IL-4 
stimulation. Gene expression was determined by qPCR with a single run for each reaction. Normalized 
fold changes were calculated by dividing the relative mRNA expression, determined with the ΔΔCT 
by using GAPDH as reference gene, by the relative expression of the unstimulated control. Dotted line 
represents mRNA levels of unstimulated cells. Significantly different from unstimulated cells: #p<0.05; 
##p<0.01; ###p<0.001.
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prominent one. Expression of a panel of genes relevant to myeloid cell biology partly 

differed between microglia isolated from CC and CTX and was clearly distinct from 

other myeloid subsets. As shown before, microglia responded to both pro- (LPS or poly 

I:C) and anti-inflammatory (IL-4 or dexamethasone) stimulation ex vivo. Our data are 

in line with previous reports on primary human microglia, where LPS responsiveness 

was also observed after 18 to 24 hour in culture, but not when stimulated immediately 

after isolation15. Interestingly, microglia differed from monocytes, mo-MΦ and mo-

DC in either the strength or type of response to LPS and poly I:C. Finally, we defined a 

clear phenotypic discrepancy between primary human microglia and currently used 

microglial cell lines. 

Figure 5: Expression of microglia and myeloid cell markers in microglia cell models. 
mRNA expression of a panel of microglia markers and genes involved in myeloid cell biology was 
determined by qPCR in monocytes (N=6); monocyte-derived microglia models: mo-MG A (N=2); mo-
MG B (N=2); mo-MG C (N=2); microglia CC (N=6); microglia CTX (N=7); and the microglia cell lines 
SV40 (N=1) and CHME (N=1). mRNA values were calculated with the ΔΔCT by using 18S and GAPDH 
as reference genes, scaled and clustered according to their expression level.
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Our results show that all commonly used microglia markers are expressed on microglia 

ex vivo, but that only CX3CR1 was expressed at higher levels than other myeloid 

cells. CX3CR1 is a membrane-bound molecule that is strongly involved in limiting 

neurotoxicity and plays an important role in neurogenesis and synaptic pruning24,25. 

Moreover, CX3CR1 signaling is implicated in pathogenesis and progression of various 

neurological disorders26. It is important to note that CX3CR1 expression rapidly 

decreases when primary microglia are cultured (data not shown). A recent paper 

described specific expression of a subset of genes (PROS1, GAS6, MERTK, GPR34 and 

P2Ry12) in murine and human microglia8. The authors used microglia isolated from 

fetal human brain tissue as well as brain tissue of adult patients undergoing surgery. 

In this study, we established the enriched expression of these markers on human 

microglia isolated from post-mortem tissue compared to primary monocytes, mo-MΦ 

and mo-DC, the latter two being well-established culture models that recapitulate key 

features of their in vivo counterparts27,28, Thus, the enriched expression of proteins on 

microglia in this study may very well serve as suitable markers to distinguish them 

from other myeloid cell types. However, it remains unclear whether the differential 

expression of these markers is preserved under inflammatory and pathological 

conditions, especially since the other myeloid subsets still express these proteins at 

low levels. To separate microglia from monocyte-derived macrophages, expression 

levels of CD45 are often used. Microglia are typically described as CD11b+CD45dim, 

whereas monocyte and macrophages as CD11b+CD45high 29. In our study we did not 

find a clear distinction of CD45 expression between microglia, monocytes and mo-

MΦ. This is in contrast with original reports that described microglia as CD11b+CD45dim 

under non-inflammatory conditions, but supported by more recently published 

data15,29.

A panel of genes involved in myeloid cell biology was used to further profile the 

microglia cells. For some of the genes we also determined protein expression levels 

using flow cytometry. Part of the differences in mRNA expression between microglia 

and the other myeloid cell subtypes were also detected at the protein level. However, 

other markers, such as CD11b, CD14, CD40 and HLA-DR, showed a different protein 

expression profile when comparing the various cell subsets. This is not surprising, 

since protein expression is a result of several steps in the synthesis and degradation of 

the proteins, with multiple post-transcriptional mechanisms influencing final protein 

levels30. Because the expression of mRNA is just one of the steps, this does therefore 

not automatically reflect protein expression. Other reasons, which are related to the 

isolation procedure and subsequent experiments, may also explain the observed 

differences. For example, lower mRNA than protein expression, such as seen for CD14 

and CD40, might be a result of the quick upregulation of genes during or directly after 

the isolation procedure15,31. The low expression of CD11b protein may be explained 

by the fact that we used CD11b-antibody coupled beads to isolate microglia, which 

might have hindered the binding of the CD11b antibody that is used for staining 

the cells for flow cytometry. The high expression of HLA-DR protein compared to the 

other subsets in three out of four donors was surprising, since in in situ studies, HLA-

DR is often considered to be a marker of ‘activated’ microglia and to be low or absent 

on resting microglia32. Our results could imply that the microglia were activated, 

because of in situ events in the brain post-mortem or during the isolation procedure. 

However, additional increased expression of HLA-DR mRNA would be expected, but 

this was not the case.  

Responsiveness to inflammatory stimuli is a key feature of myeloid cells, including 

microglia, and aberrant inflammatory responsiveness of microglia is hypothesized 

to be involved in the pathogenesis of neurodegenerative disorders12–14. Important 

insights might therefore be gained from detailed studies of microglia treated with 

pro- and anti-inflammatory stimuli immediately ex vivo. The response of microglia 

to the key pro-inflammatory stimulus LPS varied between donors, but was overall 

significantly weaker than in monocytes, mo-MΦ and mo-DC. Earlier findings 

even showed unresponsiveness of primary human microglia to LPS, but this was 

immediately after isolation and not after one day in culture as was the case in our 

study15. Low responsiveness to LPS could be due to absent or marginal expression 

of the receptors for LPS, toll-like receptor (TLR) 4 and CD14, or to differences in 

downstream signaling pathways33,34. Indeed, at the protein level CD14 is expressed 

at higher levels on mo-MΦ than on microglia, while the CD14 mRNA expression was 

similar to mo-MΦ. Since CD14 is known to be rapidly upregulated, increased mRNA 

levels could be an early sign of activation of the cells during isolation35. Unexpectedly, 

mRNA levels of TLR4 were higher on microglia than on mo-MΦ. TLR4 expression levels 

are therefore unlikely to explain the lower response of microglia to LPS as compared 

to mo-MΦ. To further study pro-inflammatory responsiveness, we also stimulated 

microglia with poly I:C, a synthetic analogue of double-stranded RNA, which is 

present in some viruses. The induction of pro-inflammatory cytokines in microglia in 

response to poly I:C was stronger than in monocytes, mo-MΦ and mo-DC. Similar to 

TLR4, expression of TLR3 was higher in microglia than other myeloid cells, which may 

be a reason for the higher response to poly I:C.   

While mouse studies indicate brain region-dependent phenotypical differences in 

microglia, for example in expression of CD40, CD80 and CD86, this is less studied 

in humans36,37. When comparing CC and CTX microglia, we found similar expression 

profiles for various genes, but clear differences in other markers. For example, CC 
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microglia showed enhanced mRNA expression of genes involved in pathogen 

binding, antigen presentation and ATP signaling. This is in line with the findings 

that white matter microglia display a more activated phenotype under physiological 

conditions38. Stimulation with pro-inflammatory compounds induced a similar gene 

expression profile in gray and white matter microglia. Interestingly, CC microglia had 

an enhanced response to poly I:C. The mRNA expression of TLR3 was higher on CC 

microglia and may therefore explain these distinct responses. These differences in 

responsiveness to pro-inflammatory stimuli in combination with the differences in 

expression of several markers strengthens the idea that microglia are not a uniform 

population in the brain and may vary between gray and white matter. 

Monocyte-derived microglia and microglial cell lines are often used as an alternative 

to study human microglia. These models are thought to resemble primary microglia 

as they express Iba1, respond to inflammatory cytokines, and mediate phagocytosis. 

It is important to realize that these microglia models have never been directly 

compared to primary human microglia in order to validate their microglial phenotype. 

Unexpectedly, we found an aberrant mRNA expression profile for primary human 

microglia in comparison with two human microglia cell models, and to a lesser extent 

with the three types of monocyte-derived microglia. Earlier described microglia 

specific genes, which are confirmed in our study in Fig. 1, were expressed relatively 

low or not at all in the microglia cell lines. Especially the cell lines SV40 and CHME, 

which are widely used to study microglia biology in vitro, showed large differences 

in the expression of the genes tested in this study. Similar results were shown for 

murine microglia cell lines8. These studies raise questions about the validity to use 

these models and supports validation studies using primary microglia cells. 

Here, we indicate the importance of using primary human microglia to characterize 

their immediate ex vivo phenotype and functionality for comparison with other 

myeloid cell subsets. Unfortunately, the study is hindered by the small sample 

size and the fact that we could not use microglia from both selected brain regions 

for all experiments. This is due to the relatively limited availability of fresh post-

mortem brain tissue and the fact that the numbers of viable primary cells isolated 

per gram tissue is restricted. We have chosen to test for statistical differences in the 

experiments using standard statistics guidelines. However, the use of several cell 

populations, relatively small sample sizes, non-parametric tests and correction for 

multiple testing may lead to an underestimation of true biological differences when 

only evaluating the statistically different results. In addition, it is important to keep in 

mind that the microglia cells are likely to be activated to a certain extent during the 

isolation procedure39,40 and that the phenotype determined ex vivo may therefore not 

fully reflect the microglia phenotype in situ. Studies using laser dissection isolation of 

RNA from microglia in situ, which have their own difficulties and weaknesses, could 

add important information on the phenotype of microglia in situ and how this may 

differ from isolated microglia. 

In summary, the present study provides an overview of a panel of key phenotypical 

and functional characteristics of isolated primary human microglia from post-mortem 

brain tissue. It highlights unique features of microglia in comparison with other 

myeloid cells and differences between brain regions. This description of the specific 

phenotypic and functional features of human microglia may serve as a suitable 

reference for future studies on the role of microglia in health and disease. In addition, 

this study reveals large phenotypical differences between primary microglia and 

microglial cell models, emphasizing the importance of studying microglia directly 

isolated from the brain. 
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Supplementary table 1: Clinicopathological information of Donors Included in the Study

NBB no. Sex Diagnosis Age PMD pH Death cause Used for PI HAL GC

012-101 M CON 80 04:25 6.59
Patient requested euthanasia* 
(due to cholangiocarcinoma)

1 no no no

2012-104 M CON 79 06:30 6.71
Patient requested euthanasia* 
(due to terminal heart failure)

1 no no no

2013-010 F CON 89 06:35 6.73 Heart failure and dehydration 1,2 no yes no

2013-011 F CON 92 04:25 6.65
Patient requested euthanasia* 
(due general deterioration)

1,2 no no no

2013-016 M CON 83 05:15 6.60
Myocardial infarction and 
palliative sedation

1,2 no no no

2013-022 F CON 92 04:40 6.70
Palliative sedation and respiratory 
failure

1,2 no no no

2013-056 M CON 95 07:15 6.56 Heart failure 1,2,3 no no no

2013-077 M PD 86 04:10 6.91 Patient requested euthanasia* 3 no no no

2014-029 F CON 78 07:10 6.32
Patient requested euthanasia* 
(with multiple myeloma)

1,3 no no no

2014-046 F CON 85 08:00 6.28 Cachexia and dehydration 1,3 no yes no

2014-048 F CON 111 08:40 5.96 Old age 1,3 no no no

2014-051 M CON 92 07:45 6.55 Liver cirrhosis ascites and anuria 3 no no no

2014-055 M CON 84 03:30 6.35 Cachexia 3 no no no

2014-069 M OTHER 73 04:25 7.00 Pneumonia 1,3 yes yes no

2015-074 F CON 89 13:00 6.39 Suicide  3 n/a n/a n/a

2015-087 F CON 75 09:10 6.57 Patient requested euthanasia* 1,3 n/a n/a n/a

2015-089 F CON 92 07:45 6.71 Suicide 1,3 n/a n/a n/a

CON = Neurologic and psychiatric control; PD = Parkinson’s disease); PI = peripheral inflammation at time of death; HAL = Haloperidol 
used last 3 days; GC = Glucocorticoids use 3 months prior to death; 1 = Phenotyping by qPCR; 2= Phenotyping by flow cytometry; 3=In 
vitro stimulation. *euthanasia is legal according to Dutch law.

Supplementary table 2: Primer Sequence qPCR Analysis

Primer Forward sequence Reverse sequence

18S TAGTCGCCGTGCCTACCAT CCTGCTGCCTTCCTTGGA

CB1 TCGTTCTAGCGGACAACCAGCC TCCAAACGCAACTCTGCCAGGTC

CB2 AGCCCTCATACCTGTTCATTGG GTGAAGGTCATAGTCACGCTG

CD11b TGCTTCCTGTTTGGATCCAACCTA AGAAGGCAATGTCACTATCCTCTTGA

CD11c GCTCCCGGTGAAGTATGCTG CCACATGGCTTTCCTTCTCCT

CD14 ACAGGGCGTTCTTGGCTCGC CGGGAAGGCGCGAACCTGTT

CD16 GACAGCGGCTCCTACTTCT ATGGTTGACACTGCCAAACCT

CD32a GTGGTCATTGCGACTGCTGTA AGCCTTCACAGGATCAGTGGAA

CD32b CCACTAATCCTGATGAGGCTGACA TCATCAGGCTCTTCCAGAGCAT

CD40 ACTGAAACGGAATGCCTTCCT CCTCACTCGTACAGTGCCA

CD45 GCAGCTAGCAAGTGGTTTGTTC AAACAGCATGCGTCCTTTCTC

CD64 AGGTGTCATGCGTGGAAGGATAA TGGTGAGGTTAGAATTCCAGTGGAA

CD80 TGCTGGCTGGTCTTTCTCAC TGCCAGTAGATGCGAGTTTGT

CD86 CTGCTCATCTATACACGGTTACC GGAAACGTCGTACAGTTCTGTG

CD93 TGCCTGGACCCTAGTCTGC GCTTGGAGATGCACGAGTTC

CD163 TTTGTCAACTTGAGTCCCTTCAC TCCCGCTACACTTGTTTTCAC

CD172a GGCCTCAACCGTTACAGAGAA GTTCCGTTCATTAGATCCAGTGT

CD200R1 GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA

CD206 TGCAGAAGCAAACCAAACCTGTAA CAGGCCTTAAGCCAACGAAACT

CD209 GATTCCGACAGACTCGAGGA CCTGACTTATGGAGCTGGGG

CD274 CCTACTGGCATTTGCTGAACG TCCAGATGACTTCGGCCTTG

CHRNA4 ATGGAACAGGTGGGCCTT GAGAATGTCACCTCCATCCG

CX3CR1 TTGGCCTGGTGGGAAATTTGT AGGAGGTAAATGTCGGTGACACT

Dectin GGAAGCAACACATTGGAGAATGG CTTTGGTAGGAGTCACACTGTC

DRD2 CAACGGGTCAGACGGGAAG GAATTTCCACTCACCTACCACC

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

HLA-DRA CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT

P2X7 TCTTCCGAGAAACAGGCGAT CCAACGGTCTAGGTTGCAGT

TLR3 CAAACACAAGCATTCGGAATCTG AAGGAATCGTTACCAACCACATT

TLR4 AGTTGATCTACCAAGCCTTGAGT GCTGGTTGTCCCAAAATCACTTT
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Supplementary table 3: Geomean and STD of Normalized mRNA Expression

Microglia CC (N=6) Microglia CTX (N=7) Monocytes (N=6) mo-MФ (N=3) mo-DC (N=3)

Gene Geomean STD Geomean STD Geomean STD Geomean STD Geomean STD

CD206 12.18 32.82 13.96 6.837 0.139 0.067 36.75 16.63 214.6 24.46

CD163 111.1 649.1 8.511 10.37 18.88 18.40 60.23 14.39 8.709 6.211

CD11c 147.5 378.1 79.93 35.27 41.69 13.95 359.1 66.94 74.00 15.41

CD209 0.127 0.309 0.013 0.014 0.014 0.022 0.954 0.304 12.82 1.826

CD16 349.6 621.7 127.2 34.49 16.72 12.91 27.30 3.578 9.500 8.878

CD32a 247.1 499.0 58.65 16.05 45.77 30.30 14.53 3.664 33.12 31.76

CD32b 5.853 9.941 0.153 0.187 0.453 0.650 1.751 0.286 4.412 5.265

CD64 160.3 322.1 132.7 19.82 9.627 9.133 10.77 1.325 0.028 0.014

CX3CR1 151.9 549.0 198.5 73.44 2.619 4.207 0.000 0.002 0.003 0.013

CD200R1 0.434 5.534 0.083 0.148 0.305 0.483 0.379 0.133 33.39 4.077

TLR3 20.12 37.88 12.64 4.499 0.024 0.045 0.237 0.004 0.339 0.071

TLR4 24.25 49.84 36.83 16.62 16.89 2.960 13.72 2.760 14.83 4.473

P2X7 41.47 259.0 0.002 9.150 0.339 3.295 0.000 0.000 0.000 0.000

DRD2 0.052 0.377 0.002 0.019 0.001 0.023 0.003 0.007 0.000 0.000

CHRNA4 0.004 0.029 0.000 0.000 0.001 0.001 0.000 0.000 0.028 0.018

CD80 0.777 0.968 0.622 0.315 0.085 0.117 0.865 0.130 6.827 2.324

CD86 85.81 74.89 31.89 21.04 25.14 27.51 19.10 4.075 26.17 6.975

CD40 7.991 14.34 5.692 1.532 0.493 0.295 4.713 1.413 11.07 3.410

CD274 0.933 1.286 0.496 0.427 0.009 0.007 0.250 0.320 3.733 0.164

CD172a 90.77 147.0 22.94 14.94 18.87 17.03 49.83 10.08 56.74 32.65

CB1 0.374 3.878 0.112 0.109 0.009 0.010 0.138 0.131 0.028 0.349

CB2 0.315 3.984 0.107 0.052 0.008 0.031 0.001 0.028 0.110 0.145

CD93 2.662 4.425 1.831 0.729 6.506 3.505 0.516 0.118 2.301 0.548

SIGLEC11 7.982 23.06 10.28 3.243 0.556 0.637 3.680 1.297 0.028 0.003

Geomean = geometric mean; STD = standard deviation

geoMFI expression microglia

Supplementary figure 1

Supplementary figure 1: geoMFI expression of CC and CTX microglia.
Protein expression in primary CC (N=2) and CTX microglia (N=4) as determined by flow cytometry. 
The relative geometric mean fluorescence intensity (geoMFI) was calculate by subtracting the geoMFI 
of the corresponding isotype.
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Supplementary figure 2: Individual fold change of mRNA expression levels of primary isolated 

microglia, monocytes, mo-MФ and mo-DC without (-) and with (+) pro- and anti-inflammatory 

stimuli.
Pro-inflammatory stimuli: microglia CC (N=5), microglia CTX (N=4), monocytes (N=3), mo-MФ (N=10) 
and mo-DC (N=4); anti-inflammatory stimuli: microglia CC (N=4), microglia CTX (N=5) and mo-MФ 
(N=11). IL-6 mRNA levels of monocytes were not detectable (ND). Normalized fold changes were 
calculated by dividing the relative mRNA expression, determined with the ΔΔCT and normalization to 
the expression of GAPDH, by the relative expression of the unstimulated control. *p<0.05; **p<0.01; 
***p<0.001.

Supplementary figure 2
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Abstract

Microglia, the specialized innate immune cells of the CNS, play crucial roles in neural 

development and function. Different phenotypes and functions have been ascribed 

to rodent microglia, but little is known about human microglia (huMG) heterogeneity. 

Difficulties in procuring huMG and their susceptibility to cryopreservation damage 

have limited large-scale studies. Here, we applied multiplexed mass cytometry 

for a comprehensive characterization of post-mortem huMG (103 – 104 cells). 

We determined expression levels of 57 markers on huMG isolated from up to five 

different brain regions of nine donors. We identified core signature of huMG, which 

was distinct from peripheral myeloid cells but was comparable to fresh huMG. We 

detected microglia regional heterogeneity using a hybrid workflow combining 

Cytobank and R/Bioconductor for multidimensional data analysis. Together, these 

methodologies permit for the first time to perform high-dimensional, large-

scale immunophenotyping of huMG at the single-cell level, which facilitate their 

unambiguous profiling in health and disease. 

Introduction

Microglia are resident innate immune cells of the CNS, and have an important role 

in maintaining CNS integrity and function1. They are involved in removing apoptotic 

neurons, refining synaptic connectivity, and providing trophic support for memory 

and motor learning2,3. In addition, microglia play a role in the development and 

progression of neurological and psychiatric disorders, including Alzheimer’s disease 

(AD), amyotrophic lateral sclerosis, schizophrenic psychoses and mood disorders4-7. 

Thus, the identification of mechanisms that regulate microglial homeostasis and 

function may provide the means to manipulate these cells for therapeutic purposes. 

Over the last two decades, microglial ontogeny, phenotypic heterogeneity and 

responses to CNS pathology have been extensively studied in rodents8-15. However, 

much less is known about human microglia (huMG). Comparative studies of the 

transcriptional network revealed overall similarity in the transcriptomic landscapes 

of human and mouse microglia16,17. Nonetheless, these studies also demonstrated 

species-specific patterns of gene expression, and differences in the responses of 

human and murine microglia to ageing16,17. The heterogeneity of microglia that has 

been described for the mouse brain7,14 has so far not been replicated in humans. It is 

also unclear how human and mouse microglia compare on a phenotypic level. 

To date, the phenotypic characterization of huMG has mainly relied on 

immunohistochemical analysis of post-mortem brain tissue, fluorescence-flow 

cytometric analysis of isolated microglial cells or in vitro cultures of huMG18-21. Among 

the limitations of these approaches are the phenotypic changes induced by cell 

culture16,19, the high autofluorescent background of post-mortem tissue and the 

restrictions in the number of markers that can be simultaneously investigated in one 

measurement (commonly less than 20). In addition, due to the lack of a validated 

protocol for cryopreservation, flow cytometric analysis of huMG has been restricted 

to immediate measurements of acutely isolated cells, which can result in batch effects 

and contribute to erroneous interpretations of data. 

In this study, we developed a novel method to deep profile the immune phenotype of 

small samples of huMG at the single-cell level. The protocol allows for simultaneous 

measurement of multiple samples from different donors and brain regions, and at 

the same time for comparison with cells from other compartments (e.g. cerebrospinal 

fluid (CSF) and peripheral blood). We isolated huMG from different regions of post-

mortem brain tissues and from fresh brain biopsies following an established protocol. 

Peripheral immune cells were freshly isolated from blood and CSF. The isolated cells 

(both huMG and peripheral immune cells) were fixed and stored using a novel protocol 
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for long-term cryopreservation. Subsequently, cryopreserved huMG and peripheral 

immune cells were simultaneously profiled by multiplexed mass cytometry (CyTOF) 

using barcoding technology. These powerful methodologies allowed for accurate 

and unbiased analysis of an unprecedented number of markers at the single-cell 

level. Our results reveal a unique phenotypic signature of huMG that distinguishes 

them from other mononuclear cells in the CSF and peripheral blood. Using a hybrid 

Cytobank- and R/Bioconductor-based data processing and analysis workflow, we 

provide evidence for the heterogeneity of microglia in the human brain. 

Methods

Human blood and CSF samples
Venous blood and lumbar cerebrospinal fluid (CSF) samples were obtained from 

four individuals (Supplementary Table 1). The study was registered and approved 

by the Ethics Commission of Charité–Universitätsmedizin Berlin (Ethikkommission 

der Charité–Universitätsmedizin Berlin; registration number EA1/244/12), Berlin, 

Germany. All study participants provided informed consent before any study-related 

procedures were undertaken. 

Human brain autopsy 
Human brain tissue was obtained through the Netherlands Brain Bank (www.

brainbank.nl). The Netherlands Brain Bank received permission to perform autopsies 

and to use tissue and medical records from the Ethical Committee of the VU University 

medical center (VUmc, Amsterdam, The Netherlands). All donors have given informed 

consent for autopsy and use of their brain tissue for research purposes. Generally, 

the autopsies of five brain regions, which were subventricular zone (SVZ), thalamus 

(THA), cerebellum (CER), temporal lobe (Gyrus temporalis superior, GTS) and frontal 

lobe (Gyrus frontalis medius, GFM), were performed within 10h after death. Brain 

tissue collected for this study was from the donors whose post-mortem CSF was 

between pH 6.5 and 7.2. An overview of the donor information and post-mortem 

variables is summarized in Supplementary Table 1 and 4.

Human brain biopsies 
Brain tissue (temporal lobe) was resected for treatment of epilepsy in three 

patients (Supplementary Table 4) with mesial temporal lobe epilepsy (mTLE). The 

resected tissue used in this study was in excess of that was needed for pathological 

diagnosis, and was separated from the epileptic focus with strong epileptogenic 

activity. Experimental protocol was approved by the Ethics Committee of Charité – 

Universitätsmedizin Berlin (EA2/111/14) and is in agreement with the Declaration 

of Helsinki. All Patients gave written consent prior to the surgery. Specimens were 

collected in the operation room, transported and processed in cold carbogenated 

NMDG-aCSF (95% O2, 5% CO2) containing (in mM): NMDG (93), KCl (2.5), NaH2PO4 

(1.2), NaHCO3 (30), MgSO4 (10), CaCl2 (0.5), HEPES (20), glucose (25), Na-L-ascorbate 

(5), thiourea (2), Na-pyruvate (3). 

Human microglia isolation 
Microglia was isolated according to the previously published protocol19. Briefly, 

the isolation was started within 2 to 25 hours after autopsy. Approximately, 2-10 

grams tissue was first mechanically dissociated through a metal sieve in a glucose-

potassium-sodium buffer (GKN-BSA; 8g/l NaCl, 0.4g/l KCl, 1.77g/l Na2HPO4.2H2O, 

0.69 g/l NaH2PO4.H2O, 2 g/l D-(1)- glucose, 0.3% bovine serum albumin (BSA, Sigma-

Aldrich); pH 7.4). For THA (n = 8), CER (n = 5), GTS (n = 18) & GFM (n = 16) tissue 

mixture, the samples were then supplemented with collagenase Type I (3700 units/ 

ml; Worthington, Lakewood, NJ, USA) and DNase I (200 µg/ml; Roche Diagnostics 

GmbH) for 1 h at 37°C while shaking. For the SVZ (n = 18) samples, the tissue mixture 

was subsequently incubated in 2.5% trypsin (Invitrogen) for 20 min at 37°C. Cell 

suspension (from all brain regions) was put over a 100µM cell strainer and washed 

with GKN-BSA buffer before the pallet was re-suspended in 20ml GKN-BSA buffer. 

Next, 10ml of Percoll (Amersham, GE Healthcare) was added dropwise and tissue was 

centrifuged at 4000 rpm for 30 minutes (4°C). Three different layers appeared: upper 

layer containing myelin, a lower erythrocyte layer and the middle layer containing 

all cell types including microglia. The middle layer was carefully taken out without 

disturbing the myelin layer and washed first with GKN-BSA buffer, followed by 

magnetic-activated cell sorting (MACS) buffer (PBS, 1% heat-inactivated fetal calf 

serum (FCS, Gibco Life technologies, Massachusetts), 2mM EDTA). Microglia were 

positively selected with CD11b conjugated magnetic microbeads (Miltenyi Biotec 

GmbH) according to manufacturer’s protocol, which resulted in a 99% pure microglia 

population. 

MACS-sorted CD11b+ (0.5 – 1x105) cells were transferred to a 1.5ml low binding 

Eppendorf (Sigma-Aldrich, the Netherlands) and centrifuged at room temperature 

(RT) for 5 minutes. Cell pallet was then fixed with fixation/stabilization buffer22 

(SmartTube) and frozen at –80°C until analysis by mass cytometry.
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Flow cytometry
Cryopreserved microglia (10 GTS; 9 GFM & 10 SVZ; Supplementary Table 4) were 

thawed and washed twice in staining buffer (PBS containing 0.5% bovine serum 

albumin and 2mM EDTA). Then, cells were stained for CD45 (HI30), CD64 (10.1), CD206 

(15-2) and HLA-DR (L-243) in the staining buffer. For intracellular staining, the stained 

(non-stimulated) cells were then incubated in fixation/permeabilization buffer 

(Fix/Perm Buffer, eBioscience) for 30 min at 4°C. Cells were then wash twice with 

permeabilization buffer (eBioscience). The samples were then stained with anti-CD68 

(Y1/82A) antibody permeabilization buffer for 30 min at 4°C. Cells were subsequently 

washed once with permeabilization buffer Forward- and side-scatter parameters 

were used for exclusion of doublets from analysis. Cellular fluorescence was assessed 

with CantoII (BD FACSDiva Software 6.1.3; BD Biosciences), and data were analyzed 

with FlowJo software 10.4.2 (TreeStar) and Cytobank.

Barcoding
For live cell barcoding, individual CSF samples (0.5 – 1x104 cells) were pelleted and 

stained with 89Y-CD45 (Fluidigm) for 30 min at 4°C. Cells were then washed and 

pooled with PBMCs from the same individual. After fixation and cryopreservation, 

sorted microglia and CSF-PBMC-pooled samples were thawed and subsequently 

stained with premade combinations of six different palladium isotopes: 102Pd, 104Pd, 
105Pd, 106Pd, 108Pd & 110Pd (Cell-ID 20-plex Pd Barcoding Kit, Fluidigm). This multiplexing 

kit applies a 6-choose-3 barcoding scheme that results in 20 different combinations 

of three Pd isotopes. After 30 min staining (at RT), individual samples were washed 

twice with cell staining buffer (0.5% bovine serum albumin in PBS, containing 2mM 

EDTA). Total of up to 20 samples (e.g. 18 microglia & 2 CSF-PBMC pooled samples), 

were pooled together, washed and further stained with antibodies. In total of two 

multiplexed samples (36 microglia & 4 CSF-PBMC pooled samples) were analysed 

for microglial regional heterogeneity. For a comparative characterization, two 

multiplexed samples of 19 post-mortem-huMG (GTS- and GFM-huMG) and 3 fresh-

biopsy-huMG) were analysed.

Antibodies
Anti-human antibodies (Supplementary Table 2 & 3) were purchased either 

preconjugated to metal isotopes (Fluidigm) or from commercial suppliers in purified 

form and conjugated in house using the MaxPar X8 kit (Fluidigm) according to the 

manufacturer’s protocol.

Surface and intracellular staining
After cell barcoding, washing and pelleting, the combined samples were re-suspended 

in 100 µl of antibody cocktail against surface markers (Supplementary Table 2 & 3) and 

incubated for 30 min at 4°C. Then, cells were washed twice with cell staining buffer. 

For intracellular staining, the stained (non-stimulated) cells were then incubated in 

fixation/permeabilization buffer (Fix/Perm Buffer, eBioscience) for 60 min at 4°C. Cells 

were then wash twice with permeabilization buffer (eBioscience). The samples were 

then stained with antibody cocktails against intracellular molecules (Supplementary 

Table 2 & 3) in permeabilization buffer for 1 h at 4°C. Cells were subsequently washed 

twice with permeabilization buffer and incubated overnight in 2% methanol-free 

formaldehyde solution (FA). Fixed cells were then washed and re-suspended in 1 ml 

iridium intercalator solution (Fluidigm) for 1 h at RT. Next, the samples were washed 

twice with cell staining buffer and then twice with ddH2O (Fluidigm). Cells were 

pelleted and kept at 4°C until CyTOF measurement.

CyTOF Measurement
Cells were analysed using a CyTOF2 upgraded to Helios specifications, with 

software version 6.5.236. The instrument was tuned according to the manufactures 

instructions with tuning solution (Fluidigm) and measurement of EQ four element 

calibration beads (Fluidigm) containing 140/142Ce, 151/153Eu, 165Ho, and 

175/176Lu served as a quality control for sensitivity and recovery. Directly prior to 

analysis cells were re-suspended in ddH2O, filtered (20 µm Celltrix, Sysmex), counted 

and adjusted to 3–5x105 cells/ml. EQ four element calibration beads were added at a 

final concentration of 1:10 of the sample volume to be able to normalize the data to 

compensate for signal drift and day-to-day changes in instrument sensitivity.

Samples were acquired with a flow rate of 300-400 events/second. Lower convolution 

threshold was set to 400, with noise reduction mode on and cell definition parameters 

set at event duration of 10-150. The resulting flow cytometry standard (FCS) files 

were normalized and randomized using the CyTOF software’s internal FCS-Processing 

module on the non-randomized (‘original’) data. Settings were used according to 

the default settings in the software with time interval normalization (100 seconds/

minimum of 50 beads) and passport version 2. Intervals with less than 50 beads per 

100 seconds were excluded from the resulting fcs-file.

Mass cytometry data processing and analysis
Cytobank was used for initial manual gating on live single cells, boolean gating 

for debarcoding and viSNE to generate t-SNE maps51-53. FCS files containing the 

t-SNE embedding as additional two parameters were exported from Cytobank for 
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downstream exploratory and statistical analyses using R54. The International Society 

for the Advancement of Cytometry’s data standard (Gating-ML 2.0) was used to 

replicate manual gating within the CytoML/openCyto framework and to update/

upload auto-generated gates into Cytobank55-57. All FCS files were transformed with 

Cytobank default arcsinh transformation (scale factor 5). Nucleated single viable cells 

were manually gated by DNA intercalators 191Ir/193Ir and event length. For debarcoding, 

Boolean gating was used to deconvolute individual sample according to the barcode 

combination. For gated circulating cell populations and huMG from different brain 

regions expression levels of each marker were assessed and visualized in heatmaps. 

Spearman correlation distance matrices of expression means served as input for 

Wards agglomerative hierarchical clustering58. Microglia immune phenotypes were 

visualized using two- dimensional t-SNE maps generated from P2Y12
+ (Panel A) or 

TMEM119+ (Panel B) pre-gated huMG cells. The following 32 markers of Panel A were 

selected for t-SNE embedding: CCL2, CD115, CD11b, CD11c, CD124, CD16, CD163, 

CD192, CD195, CD206, CD33, CD37, CD40, CD45, CD56, CD62L, CD64, CD68, CD86, 

CX3CR1, Cyclin A, Cyclin B1, EMR1, HLA-DR, IL-10, IRF4, IRF8, Ki-67, P2Y12, TGF-b, 

TNF-a, TREM-2; and 35 markers in Panel B: Arginase-1, c-kit, CCL2, CD103, CD116, 

CD11c, CD135, CD172a, CD18, CD192, CD197, CD206, CD274, CD279, CD32, CD33, 

CD34, CD36, CD37, CD40, CD44, CD54, CD83, CD86, CD91, C/EBPa, CX3CR1, GM-CSF, 

HLA-DR, IL-10, IL-6, PU.1, TMEM119, TNF-a, TREM-2. All pre-gated events were used 

without prior downsampling from 36 samples for each panel (218986 Panel A, 140550 

Panel B) for embedding using Cytobank’s default hyperparameters (perplexity=30, 

theta=0.5, and 1000 iterations). We found that results were robust in multiple runs as 

well as to changes of the input parameters, e.g. increasing perplexity and number of 

iterations or removal of some of the markers. 

Statistical t-SNE maps and automated gating of differentially 
abundant huMG subsets
As most of the markers exhibited dim or unimodal expression representing in a 

continuum of different phenotypes in the tSNE maps rather than a number of distinctly 

segregating clusters of cells, existing methods that rely on clustering techniques59-61 to 

first identify a number of subpopulations and then test for e.g. differential abundance 

could not meaningfully be applied. Therefore, we used a strategy that quantifies and 

visualizes differences at the level of cellular distribution over t-SNE space58. To this 

end, we generated 2D-histograms of the t-SNE maps using the probability binning 

algorithm available through the R flowFP package62-64. Dependent on the total 

number of cells available, a single binning model was created on collapsed data from 

all samples, by recursively splitting the events at the median values along the two 

t-SNE dimensions. We chose a grid of 512 bins to have on average at least 10 cells 

per bin in each sample for statistical accuracy. Global differences between samples’ 

cellular density distributions were quantified using the earth mover’s distance (EMD), 

a histogram similarity metric that also takes the relative location of each bin in 

the t-SNE map into account. EMD scores were computed (using emdist R package) 

between each pair of 2D-histograms and similarities were visualized by hierarchical 

clustering in heatmap representation. Regional differences were tested for by 

permutational analysis of variance using distance matrices65 as implemented in the 

function adonis in R package vegan66 and setting donor as strata to account for inter-

subject variability. In order to identify local features, we performed bin-wise statistical 

testing for differences in cell frequencies between t-SNE maps from different groups, 

i.e. brain regions67,68. We chose the nonparametric Skillings-Mack69 (SM), a general 

Friedman-type statistic to account for the non-normality of cell frequency data and 

inter-subject variability with an incomplete block or repeated measures design (i.e. 

samples from all five brain regions were not available for every donor). Because of the 

small sample size in this study and many ties (as there usually is a sample-dependent 

fraction of bins which will not contain any cell), Monte-Carlo simulation was used 

(10,000 permutations) to estimate the null distribution and obtain appropriate SM 

statistics over the grid of bins. Significant differences are visualized in a statistical 

tSNE map where bins are coloured on a sliding scale corresponding to their –log2 

P-values, allowing for identification of relevant subsets by spotting areas of connected 

significant bins58. As a complementary approach, we utilized the R cydar package70 

to detect differentially abundant subsets in original multidimensional marker space. 

Here, cells are counted into overlapping hyperspheres with a given radius centred at 

each cell and testing is then performed with the quasi-likelihood method in edgeR71 

and negative binomial generalized linear models to account for overdispersion in the 

count data. For hypersphere counting on the same markers used for tSNE embedding 

we used the default parametrization for the radius, with downsampled data to 

20 percent of total event numbers and a minimum of 5 cells required to report a 

hypersphere. Likewise, the result of group-level analysis is visualized on the same 

composite tSNE plot for interpreting and exploring significant hyperspheres by 

colouring their centre cells according to –log2 P-values.

In order to aid characterization of differentially abundant subsets, compact areas 

of significant bins (or hyperspheres) are identified using a kernel density-based 

automated gating algorithm. We used an in-house R implementation which 

builds upon heuristics described by Shekhar et al.59 for partitioning of tSNE maps 

(ACCENSE), adopts methodologies for automated gating of highest density regions 

in cytometry data72,73 and utilizes functionalities provided in the R ks package74,75 for 

kernel smoothing (source code and description are available in the Supplementary 
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Software or at https://github.com/steschlick). A kernel-bandwidth, i.e. the degree 

of smoothing, was first chosen to find an estimate of the 2D probability density 

from the binned data which accurately represented the morphology of the t-SNE 

map. The –log2 P-values from bin-wise statistical testing were then integrated 

as threshold-centred weights into subsequent kernel density estimation after 

correcting for multiple comparisons by controlling the false discovery rate (FDR) 

at 5%76. This yielded a smoothed profile of the statistical tSNE map. Local maxima 

representing differentially abundant phenotypes were detected by a 2D peak-finding 

algorithm59. Using a standard contouring function, polygons enclosing at least 6 

bins (corresponding to an average cell frequency of 1%) to be reported were grown 

from each of these peaks to a desired level of significance (SM a=0.005) as tested 

on the aggregated bins inside a contour. Of note, we also allowed for merging of 

multiple peaks (or small contours) into a larger single region, as long as these were 

phenotypically indistinguishable by robust comparison of marker expression profiles 

as described in the next section. 

Phenotypic characterization and automated annotation of significant 
subsets
Identified cellular subsets were automatically labelled with phenotypes according 

to their distribution of marker expression levels. In order to describe a subset 

phenotype, values of a specified pth upper and lower expression quantile of a given 

marker were compared with up to three user-defined or data-driven cutoffs for 

marker-positivity. This gave 3, 6, or 10 phenotypic categories for a single, two, or three 

cutoffs, respectively. For example, a subset is classified to be positive (“+”) or negative 

(“–”) for a given marker, if more than 84 % of cells have expression levels above or 

below a single cutoff value, respectively. Otherwise this marker is non-informative 

(“0”) and will be excluded from the phenotype. Two cutoffs allow phenotypic 

labelling of subsets e.g. defined by a low/dim (“+–”) or high (“++”) marker expression. 

To further facilitate interpretation of subset phenotypes we quantified differential 

marker expression between each pair of identified subsets as well as the exclusion 

of all subset gates (cells–subsets) as an additional reference. Conceptually similar 

to the marker enrichment modelling described by Diggins et al.77, we used a robust 

effect size, denoted here as Δ, that scales the Hodges-Lehmann estimate78 of the 

difference in marker expression between two subsets by a robust measure of marker 

expression variability which we defined as the median absolute deviation about the 

Hodges-Lehmann estimator79. Since manually defined cutoffs might not capture 

those features which accounted for the spatial localization of identified subsets in the 

statistical t-SNE map, computed Δ scores were also used to assess the importance of a 

given marker in order to algorithmically include only the most relevant markers into 

data-driven phenotypes that could distinguish the identified huMG subsets. In short, 

we first filtered out all markers that did not allow to discriminate at least one subset 

from any other based on a threshold for Δ and for the amount of expression overlap, 

i.e. the difference between the pth lower expression quantile of a subset and upper 

expression quantile of another subset must be non-negative. For each comparison 

for which the latter holds, we computed cutoffs discriminating respective subsets 

and assigned phenotypes accordingly. We set p to 0.16, corresponding to a 2-sigma 

difference between two standard normal distributions. This ultimately yields a 

number of cutoffs per informative marker, ranging for k subsets from 1 to k-1. 

In order to reduce redundancy in the phenotype definitions, we used the R lpsolve 

package to find a combination of at least 8 markers that maximized the sum of 

effective differences Δ between any two subsets with one cutoff per marker. This 

allowed to fed the flowType/RchyOptimyx pipeline80,81 with binary gating-cutoffs as 

input to feasibly partition the data into all possible phenotypes and score them by 

SM test.

Statistical analysis
No randomization strategy was used in this study. Data collection and analysis were 

not performed blind to the conditions of the experiments. However, data processing 

and analysis were carried out in an unsupervised manner, to exclude the possibility 

of biased results. CyTOF data are from two multiplexed samples, in which each 

contains two individual PBMC, two individual CSF cell samples, and eighteen human 

brain microglia samples (from up to five brain regions of 4- 5 individual donors). No 

priori statistical methods were used to predetermine sample sizes due to sample 

accessibility and insufficient previous data. However, sample sizes were chosen 

based on estimates of anticipated variability through previous studies of mRNA 

transcriptomic analysis16,17. Quantitative data were shown as independent data 

points with mean, and analyzed using one-way ANOVA with Bonferroni correction for 

post-hoc Turkey multiple comparison testing. Data distribution was assumed to be 

normal but this was not formally tested. Statistical tests were performed either using 

GraphPad Prism 6 (GraphPad Software Inc.) or computational analysis using Skilling-

Mack nonparametric one-way repeated measures statistic and FDR-adjustment for 

multiple hypothesis testing as described above (Statistical t-SNE maps and automated 

gating of differentially abundant huMG subsets and Phenotypic characterization and 

automated annotation of significant subsets). A single GFM-sample (from donor #12) 

has to be excluded from statistical analyses as the Skilling-Mack testing requires at 

least two observations (i.e. regions) per block.  
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Data availability
Source data associated with Fig. 4-7 can be accessed at https://flowrepository.org/

id/FR-FCM-ZYM6.

Code availability
The codes used for the data analyses in this study are available in Supplementary 

Software or at https://github.com/steschlick.

Results

Mass cytometric analysis of cryopreserved human post-mortem brain 
microglia 
To compare the different phenotypes of CNS-resident microglia and peripheral 

immune cells, we simultaneously profiled peripheral blood mononuclear cells 

(PBMCs), immune cells from the CSF and huMG in the same run. The experiment is 

outlined in Fig. 1a. In summary, huMG were isolated from post-mortem brain tissue of 

different brain regions as described before23. Isolated huMG were then cryopreserved 

at -80°C using paraformaldehyde-containing stabilizing buffer22. Of note, classical 

cryopreservation using DMSO failed to cryopreserve the isolated huMG. Up to 

3x104 live CSF-derived cells were CD45-barcoded with 89Y-CD45 antibody (CD45-
89Y+)23 and subsequently pooled with PBMCs (CD45-89Y-) from the same individual. 

The CSF-PBMC pooled samples were then cryopreserved using the same protocol 

that was applied to the huMG. In order to minimize the run-to-run variation and to 

facilitate the comparison of cellular phenotypes from different compartments and 

individuals, we thawed huMG and CSF-PBMC samples and performed intracellular 

mass-tag barcoding using palladium (Pd) isotopes. Each sample pool consisted of 

two CSF-PBMC sample pairs (two individuals with CSF and PBMC each) and 18 huMG 

samples (from up to 5 brain regions of 4-5 donors) (Supplementary Table 1). The 

pooled samples were equally split and stained with two different antibody panels (35 

antibodies/panel) (Supplementary Tables 2 & 3). Panel A was designed to encompass 

the major circulating immune cell subsets (i.e. T & B cells, monocytes, natural killer 

(NK) cells) and microglia using proliferation markers, activity-related markers, 

chemokine receptors and cell subset markers, including P2Y12, IRF4, IRF8, CD45, CD3, 

CD62L, CD19, HLA-DR, CD56, Cyclin A & B1, Ki67. Panel B was designed to analyse 

the phenotypes of huMG and the innate immune cell subsets using 35 antibodies 

including TMEM119, CD172a, CD279 (PD-1), CD274 (PD-L1), Arginase-1, CCR7, CD44, 

CD18, CD32. Finally, barcoded and pooled samples were simultaneously acquired on 

a CyTOF instrument. 

To capture and visualize all mononuclear cell subpopulations in a single two-

dimensional (2D) map, we first performed an unsupervised high-dimensional data 

analysis using the t-distributed stochastic linear embedding (t-SNE) algorithm24,25 

on the commercially available analysis platform Cytobank (www.cytobank.org) (Fig. 

1b). The t-SNE maps showed a unique and distinct cluster of the huMG samples 

(Fig. 1b, green gate). This cluster expressed for the microglial marker, P2Y12, and 

based on previous work12,20 was used to identify human microglia (huMG). Notably, 

P2Y12-negative cells detected in the brain samples (Fig. 1b) showed similar t-SNE 

coordination in clusters that overlapped with circulating immune cells in the 

peripheral blood and CSF (Fig. 1b). A unique and distinct cluster of huMG was also 

identified without the markers traditionally used to identify microglia (e.g. CD11b and 

CD45) when TMEM119 antibody was used as a huMG marker (Panel B, Supplementary 

Fig. 1a). Importantly, virtually all (> 99.9 %) of P2Y12
+ cells expressed TMEM119, and > 

99.4 % of TMEM119+ cells expressed P2Y12 in the FACS analysis (Supplementary Figs. 

1b &c). To extend the phenotypic comparison between PBMCs, CSF cells and huMG, 

we manually gated CSF and blood mononuclear cells (i.e. monocytes, CD19+ B cells, 

DCs, CD56dim/+ NK cells, CD3+ T cells) and huMG (P2Y12
+ or TMEM119+) clusters on the 

t-SNE map. Based on the mean signal intensity of all 57 markers analyzed (Panel A + 

Panel B), huMG clustered distinctly from all cell subsets in blood and CSF (Fig. 1c). 

Specifically, huMG expressed higher mean levels of P2Y12, TMEM119, EMR1 (F4/80), 

CD64 and TREM2, whereas expression levels of CD44, CCR2, CD45, CD14 and CD16 

were much lower in huMG compared to the PBMCs and CSF cells (Fig. 1d). In one 

huMG sample (out of 36 samples), we could detect an expression of CD19 or CD135 

(Figure 1c). However, these cells were positive for markers used to identify microglia 

such as P2Y12, TMEM119, EMR1, CX3CR1, CD11c and CD115. But they were negative 

for all classical B-cell markers such as CCR7, CD62L, CD37 and CD40, as well as CD44, 

a general marker for peripheral immune cells. Therefore, a contamination of B cells or 

peripheral immune cells in this particular sample is unlikely. Nevertheless, this rare 

expression of CD19 and CD135 deserves further investigation, which require additional 

markers. CSF cells expressed comparatively high levels of the cytokines IL-6 and 

TNF-a (Supplementary Figs. 2 & 3). Interestingly, in all cell subsets, peripheral blood 

cells clustered separately from CSF cells (Fig. 1c). In sum, the unsupervised, t-SNE-

based dimensionality reduction effectively demonstrated phenotypic segregation of 

huMG from circulating immune cells with or without the use of classical cell lineage 

markers, such as CD45, CD11b, CD3, CD19 and CD56 (Panel B, Supplementary Fig. 

1). The novel tools allow for the large-scale collection and simultaneous immune 

profiling of huMG and circulating immune cells.
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Figure 1: Simultaneous high-dimensional immune phenotyping of human microglia, and 

mononuclear cells from blood and CSF. 
(a) Schematic representation of sample processing and CyTOF measurement. Blood and 
cerebrospinal fluid (CSF) were collected from the same individuals. Human microglia (huMG) 
were isolated from subventricular zone (SVZ); thalamus (THA); cerebellum (CER); temporal lobe 
(GTS) and frontal lobe (GFM) from nine biologically independent donors. One final barcoded and 
pooled sample consists of 18 huMG samples and 2 PBMC-CSF sample pools. Mixed samples were 
equally divided and stained with two panels of metal-conjugated antibodies and acquired on the 
CyTOF instrument. (b) Representative two-dimensional projections of single cell data generated by 
t-SNE of biologically independent samples: PBMCs (n =4), CSF cells (n = 4) and brain mononuclear 
cells (n = 36). Each dot represents one cell. The color spectrum represents expression of P2Y12 (red 
denotes high expression, blue denotes no expression). P2Y12

+ cells were gated as huMG (green) 
and P2Y12

- cells were gated as different circulating immune cells. (c) Heat map and cluster analysis 
of all samples based on the mean expression of 57 markers (Panel A + Panel B). Similarities between 
PBMCs (blue), CSF cells (orange) and huMG (green), as well as the similarities between huMG from 
different brain regions (SVZ (bright green) = subventricular zone; THA (grey) = thalamus; CER (red) = 
cerebellum; temporal lobe (GTS, bright blue); frontal lobe (GFM, dark blue) samples and expression 
levels are indicated by dendrograms. Heat colours of expression levels have been scaled for each 
marker individually (to the 1st and 5th quintiles), while red denotes high and blue low expression. 
(d) Mean signal intensity levels of P2Y12, TMEM119, EMR1 (F4/80), CD64, TREM2, CD44, CCR2, CD45, 
CD14 and CD16 staining in PBMCs, CSF cells and huMG from different brain regions (black lines 
show mean values of the data sets).

a

b c
d

Differential immunophenotypes of circulating myeloid cells and huMG
Murine tissue-resident macrophages, including microglia, and circulating monocytes 

have distinct transcriptomic and enhancer landscapes that are regulated by the 

local microenvironment26. At the protein expression level, murine microglia can be 

separated from circulating monocytes and other tissue-resident macrophages by 

clustering27. Here, we observed that all P2Y12- or TMEM119-expressing huMG also co-

expressed HLA-DR and CD11c (Supplementary Figs. 4a & b). We therefore performed 

a comprehensive t-SNE analysis of HLA-DR+CD11c+ huMG and circulating myeloid 

cells (HLA-DR+CD11c+) from blood and CSF. The results shown in Fig. 2a indicate 

that huMG have a phenotype that distinguishes them from circulating myeloid cells 

in blood and CSF. We then further analyzed these clusters at the level of marker 

expression on a donor-by-donor, compartment-by-compartment and brain region-

by-region basis (Figs. 2b & c and Supplementary Figs. 2 & 3). Based on the expression 

levels of 55 investigated markers (Panel A + Panel B, excluding CD3 and CD19), the 

heat map visualization in Fig. 2b revealed a distinct phenotypic signature of huMG, 

as well as significant phenotypic differences between the myeloid cell populations 

in blood and CSF from the same donors. P2Y12 and TMEM119 expression was highly 

enriched in huMG and was absent from myeloid cells in blood and CSF (Figs. 2b & c). 

Next, we compared the immunophenotypic signatures of post-mortem huMG 

with microglia isolated from temporal lobe biopsies (fresh huMG) (Supplementary  

Table 4). The biopsies were obtained from three patients during the resection 

of brain tissue for the treatment of epilepsy, in analogy to the procedure recently 

described for transcriptomic and epigenetic profiling of huMG16. The epileptic focus 

with the strongest epileptogenic activity was removed before the surrounding tissue 

was used for microglia isolation. On the t-SNE map, post-mortem huMG clustered 

together with fresh huMG and displayed a comparable immunophenotypic signature  

(Fig. 3a), underscoring the validity of using post-mortem huMG for immunophenotypic 

profiling in health and disease. However, we did observe differences in the levels of 

signal intensity, in particular for IRF8 and P2Y12, and to a lesser degree also for CD11b, 

CD68 and HLA-DR (Figs. 3b & c and Supplementary Fig. 5a & c). The expression levels 

of TMEM119 were not different between post-mortem huMG and fresh huMG (Fig. 

3c). Interestingly, we detected IRF8hiP2Y12
+ cells (G1, Figs. 3a & b) at higher frequencies 

in fresh huMG than in post-mortem huMG (Fig. 3c). Removing IRF8 and P2Y12 from 

embedding parameters resulted in decreased phenotypic differences between post-

mortem huMG and fresh huMG (Figs. 3d & e and Supplementary Fig. 5b), suggesting 

that IRF8 and P2Y12 are key markers that determine the difference between the two 

sources of huMG. Of note, these differences may result from post-mortem changes 

and/or effects of epilepsy on the tissue.
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Expression of mannose receptor C-type 1 (CD206) in huMG
We observed variation in the expression of mannose receptor C-type 1 (MRC1 or 

CD206) in P2Y12
+ cells across different brain regions (Figs. 4a & b). CD206 was previously 

suggested as a marker for M2-macrophages and perivascular macrophages in the 

human CNS28. However, recent data obtained from bulk RNA-sequencing showed 

that huMG also express low levels of CD206 mRNA17,18. Moreover, activated murine 

microglia express CD206 after spinal cord injury29. In humans, it is unclear whether 

the expression of CD206 is confined to a subpopulation of microglia, and what the 

expression levels of CD206 are at the single-cell level. The low-dimensional t-SNE 

map of P2Y12
+ cells derived from up to five brain regions from nine different donors 

showed a small cluster of CD206highCD163+CD14+ cells (G3), which highly expressed 

HLA-DR, CD68 and CD11b (Figs. 4c & d), suggestive of perivascular macrophages 

(pmF). Interestingly, we observed low expression of P2Y12 on this population  

(Figs. 4c & d and Supplementary Fig. 6a), which has not been reported before12,20. 

However, the expression levels of P2Y12 were much lower than for huMG 

(Supplementary Fig. 6a). The cluster of pmF could not be detected when antibodies 

against CD163, CD14, CD68 and CD11b were not included in the staining panel 

(Panel B: Supplementary Fig. 7a). Interestingly, we also detected other clusters of 

CD206lowCD163-CD14-P2Y12
high cells (G2 & G3; Figs. 4c & d). The CD206low huMG did not 

express CD163, and showed lower expression levels of HLA-DR, CD68, CD33, CD11b 

and CD45 compared to pmF (Figs. 4c & d). However, CD206low huMG showed a higher 

expression level of CX3CR1 than pmF (Fig. 4d). In the Panel B, the clusters of CD206low 

huMG were also identified (Supplementary Figs. 7a & b). Interestingly, we observed 

regional heterogeneity in the distribution of CD206low huMG. Quantification of the 

manually gated populations G1–G3 on the t-SNE display revealed that CD206low huMG 

were more frequent in temporal lobe (Gyrus temporalis superior, GTS) and frontal lobe 

(Gyrus frontalis medius, GFM) compared to other brain regions, whereas CD206high 

< Figure 2: Comparatively phenotypic analysis of huMG and peripheral myeloid cells. 
(a) Representative t-SNE projection of multi-dimensional single cell phenotypes of HLA-DR+CD11c+ 
myeloid cells detected in blood (PBMCs, n = 4 biologically independent samples), CSF (n = 4 
biologically independent samples) and brain (huMG, n = 36 biologically independent samples). The 
colour spectrum represents an expression level of P2Y12 (red = high; dark blue = no expression). The 
bottom image showed overlaid t-SNE plot of all cells from all three compartments (blue = blood, 
orange = CSF and green = brain huMG). (b) Heat map cluster demonstrates the mean expression 
of all 55 markers (Panel A + Panel B) and relationships between blood (blue), CSF (orange) and brain 
myeloid cells (SVZ = bright green; THA = grey; CER = red; GTS = bright blue; GFM = dark blue). Heat 
colours have been scaled per marker (red denotes high and blue denotes low expression). (c) Mean 
expression levels of selected markers in blood, CSF and brain myeloid cells (black lines show mean 
values of the data sets). 
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pmF were equally distributed across the human brain (Fig. 4e). High proportions 

of CD206low huMG in temporal and frontal lobes were confirmed using Panel B 

(Supplementary Fig. 7b). Of note, such low expression of CD206 on P2Y12-expressing 

cells was failed to be detected by flow cytometry due to the high autofluorescent 

background of post-mortem huMG (Supplementary Fig. 6b). The results underscore 

the power of the multidimensionality of mass cytometry in the attempt to identify 

microglia subpopulations in the human brain.

Heterogeneity of human post-mortem brain microglia 
Recently, region-dependent microglial diversity was detected in the mouse 

brain based on transcriptional profiling using microarrays14. Here, we studied the 

phenotypic signatures of huMG at the single-cell level, and addressed the issue of 

regional heterogeneity of human brain microglia by mass cytometry. Our initial results 

suggested that huMG from the SVZ display a phenotype that is distinct from huMG 

in other brain regions (Figs. 1c & 2b). To extend these observations, we performed 

a comprehensive cluster analysis using the t-SNE embedding of the entire dataset, 

including all brain regions and all donors (36 samples; Figs. 5a - c). In order to quantify 

phenotypic differences and to fully harness the multi-dimensional nature of the mass 

cytometry data, we combined the t-SNE algorithm with probability binning30. The 

binning model is created on collapsed data from all samples (i.e. concatenated FCS file) 

by recursively splitting the events at the median values along the two t-SNE dimensions 

to yield 512 microgates (binning grids) at sufficiently high resolution (Figs. 5d & e). 

< Figure 3: Comparative immune profiling of post-mortem huMG and fresh huMG.
(a) An overlaid t-SNE plot of all cells from all samples (green = post-mortem GTS-huMG; n = 
10 biologically independent samples; orange = post-mortem GFM-huMG, n = 9 biologically 
independent samples and blue = huMG from fresh biopsies, n = 3 biologically independent samples). 
Two main clusters, G1 (blue) and G2 (orange), are detected. The graph below shows the quantitative 
frequencies of G1 and G2 populations in each samples (black lines show mean values of the data sets).  
****P <0.0001, one-way ANOVA with Bonferroni correction. (b) Representative reduced-dimensional 
single cell t-SNE illustrations of P2Y12

+ huMG from biologically independent samples of GTS (n = 10), 
GFM (n = 9) and fresh biopsies (n = 3). The colour spectrum represents an expression level (red = 
high; dark blue = low expression). (c) Mean expression levels of selected markers showing differential 
marker expressions between the two gates (G1 & G2 in a) in huMG from biologically independent 
samples of GTS (green, n = 10), GFM (orange, n = 9) and fresh biopsies (blue, n = 3). *P < 0.05,  
**P < 0.01, ***P < 0.001, ****P <0.0001, one-way ANOVA with Bonferroni correction. (d) An overlaid 
high-dimensional plot (embedding without P2Y12 and IRF8) of all cells from all biologically 
independent samples (green = GTS, n = 10; orange = GFM, n = 9 and blue = fresh biopsies, n = 3). No 
distinct cluster was detected, thus minute differences between samples. (e) Representative reduced-
dimensional single cell t-SNE illustrations of P2Y12

+ huMG from biologically independent samples of 
GTS (n = 10), GFM (n = 9) and fresh biopsies (n = 3). The colour spectrum represents an expression 
level of CD45, HLA-DR, CD11b and CD68 (red = high; dark blue = low expression).
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We used the Earth Mover’s Distance (EMD) metric31 to quantify cell-distributional 

differences between huMG of samples from different donors and brain regions (Fig. 

5f ). The EMD score between most of the huMG in the SVZ (6 of 8 investigated donors) 

was very low, suggesting strong similarity between the SVZ samples (brain region) 

rather than donor-specific huMG phenotype (see also Supplementary Table 5). Using 

this methodology, huMG in the SVZ were confirmed to be phenotypically distinct from 

huMG in other brain regions (Fig. 5f ). However, we also observed donor-dependent 

phenotypic variability (Fig. 5a and Supplementary Figs. 8a – c). In particular, donor #6 

revealed a distinct cluster of huMG that we further characterized as a CD64hiEMR1hi 

population (Supplementary Figs. 8b & c). Removing this donor or the outlier markers 

(CD64 and EMR1) prior to t-SNE embedding did not change our results regarding the 

regional heterogeneity of huMG (Supplementary Figs. 8d & e). We therefore included 

the outlier donor (#6) and the outlier markers (CD64 and EMR1) in all further analyses 

so as to embrace the biological variability of huMG. 

In order to determine and visualize frequencies of differential phenotypes between 

brain regions, we performed bin-wise, intra-subject, mass univariate statistical testing32 

using the Skillings-Mack (SM) Friedman-type nonparametric one-way repeated 

measures statistic33 to account for the non-normality of cell frequency data, the 

incomplete block design (i.e. unequal number of brain regions between investigated 

donors) and the small sample sizes. The results of the group-level analysis are presented 

as a single statistical t-SNE map (Figs. 6a & b and Supplementary Figs. 8f & g), in which 

areas of connected bins exceeding a given significance threshold are automatically 

gated to reveal cellular phenotypes accounting for the detected differences. Using 

this analysis, we identified four huMG subsets that showed differential abundance in 

< Figure 4: CD206-expressing huMG and perivascular macrophages in the CNS mononuclear 

cell fraction.
(a) Representative two-dimensional dot plot of brain mononuclear cell fraction (two independently 
repeated experiments with similar results; n = 36 biologically independent samples) showing cell 
population co-expressing P2Y12 and CD206. (b) Mean expression level of CD206 in P2Y12

+ cells gated 
in Fig. 1a (biologically independent samples of SVZ (n = 8); THA (n = 8); CER (n = 5); GTS (n = 8) and GFM 
(n = 7)). Black lines show the mean of data sets. (c) High-dimensional t-SNE plots of concatenated FCS 
file (all 36 huMG samples). Each dot represents one cell. The color spectrum represents an expression 
level of CD206, P2Y12, HLA-DR, CD163, CD11b and CD68. Red colour denotes high expression, blue 
colour denotes no expression. CD206high perivascular mF is gated as “G3” (red square), and CD206low 
cell population is gated as “G1” (orange circle) and “G2” (green circle). (d) Histogram plots show an 
expression of selected markers in CD206-negative (blue), CD206low (G1, orange & G2, green) huMG 
and CD206high perivascular mF (G3, red). (e) Frequencies of each CD206-expressing population in 
different brain regions. The values of an individual donor were plotted in the same color. The black 
lines represents the mean value.
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different brain regions (subset 1, 2 & 3: P < 0.0001; subset 4: P = 0.0014, SM-test with 

controlled false discovery rate (FDR)) (Figs. 6c - e). We observed that SVZ and thalamus 

(THA) contain similar huMG phenotypes (subset 1), which are virtually absent from 

the other brain regions (Figs. 6e - g and Supplementary Figs. 8f & g). Temporal lobe 

(GTS) and frontal lobe (GFM) are enriched in different huMG phenotypes (subsets 2-4). 

Interestingly, subset 4 appears to be more abundant in temporal lobe than in frontal 

lobe (Figs. 6e - g). The profile of huMG in the cerebellum (Cer) was distinct from the 

other brain regions and revealed low abundance of all subsets (Figs. 6e - g). Similar 

regional differences were also detected when antibody Panel B was applied to the 

samples (Supplementary Figs. 9 & 10). Finally, we confirmed our findings using the 

Differential Abundance (DA)-hypersphere analysis in original multi-parameter space 

with the cydar/edgeR framework34 (Supplementary Figs. 8h & 9c).

Region-dependent phenotypic signatures of huMG
Next, we further characterized the phenotypic signatures of the huMG regional 

subsets identified in Fig. 6. The four subsets were automatically gated and profiled 

for marker expression. The phenotypic signature of each subset was extracted (Fig. 

7a and Supplementary Fig. 10). Subset 1, which was observed in higher proportions 

in the SVZ and THA, showed higher expression of CD11c, CD195 (CCR5), CD45, CD64, 

CD68, CX3CR1, EMR1 and HLA-DR compared to the other subsets (Figs. 7a & b and 

Supplementary Figs. 10b & d). Moreover, subset 1 of huMG expressed higher levels of 

the proliferation markers Cyclin A, Cyclin B1 and Ki67 (Supplementary Fig. 8i). These 

features suggest a more activated state of microglial cells in the SVZ and thalamus. 

Subsets 2 and 3, which were more abundant in GTS and GFM, expressed higher levels 

of CD206 compared to the other subsets (Figs. 7a & b and Supplementary Figs. 10b 

& d). Although the two subsets were generally very similar, subsets 2 and 3 differed 

in their expression of CD64 and EMR1 (Figs. 7a & b). Interestingly, we observed a 

positive correlation between donor age and the expression of CD11b, CD68, CD64, 

< Figure 5: Assessment of regional differences in huMG phenotypes by probability binning. 
The top panel shows the same t-SNE plot of concatenated FCS files from 36 huMG samples. The coloring 
indicates (a) nine donors, (b) five brain regions, or (c) overall cellular density of the concatenated files 
(spectrum from blue (low density) to red (high density)). (d) From the concatenated files a single 
binning grid is established, comprising 512 “micro-gates” in which cell frequencies are enumerated. 
Superimposing the binning grid on individual samples’ t-SNE landscapes allows comparative analysis 
of huMG profiles at sample-to-sample basis across all five regions. (e) t-SNE plots of concatenated 
FCS files of each brain region. (f ) Heatmap representing the pairwise earth mover’s distances (EMD) 
between cellular density distributions over the t-SNE-space among all huMG samples. Hierarchical 
clustering highlights samples that have a highly similar phenotype, as indicated by low EMD values. 
The values of EMD range from 0 to 17, as shown by the color bar (top left). 
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HLA-DR and TREM2 in huMG from different brain regions, although the results 

need to be interpreted with caution given the small sample size (Supplementary  

Fig. 11). Importantly, we identified CD11c, CD206, CD45, CD64, CD68, CX3CR1, 

HLA-DR and IRF8 as key markers for the detection of huMG regional heterogeneity  

(Fig. 7b). To test the feasibility of using these 8 molecules in a reduced binary panel 

and conventional gating, we applied sequential, i.e. Boolean gating strategies to 

identify the four putative subsets based on the expression of only these 8 markers 

(Fig. 7c). Then, we compared the outcome frequencies of each Boolean-gated subset 

with the frequencies obtained by the gates in the t-SNE plot shown in Fig. 6. The 

frequencies of subsets 1, 2 and 3 were comparable between the two approaches  

(rho/r2: subset 1 = 0.87/0.91; subset 2 = 0.85/0.78; subset 3 = 0.87/0.77, Fig. 7d), 

whereas the frequencies of the lower-abundant subset 4 were slightly different 

between the two types of analysis (rho/r2: subset 4 = 0.72/0.34, Fig. 7d). We confirmed 

the suitability of these eight markers to identify huMG subsets 1, 2 and 3, whereas the 

detection of the rare subset 4 remained challenging. Next, we tested the robustness 

of the eight defined markers for identifying regional huMG heterogeneity using the 

flowType/RchyOptimyx pipeline35 (Fig. 7e). Highly significant scores highlight CD206, 

CD45, CD64, CD68 and HLA-DR as the most important markers to target region-

specific huMG phenotypes in a manual gating strategy. 

< Figure 6: Region-dependent huMG-subpopulations. 
(a) Binning grid superimposed on concatenated t-SNE map (n = 36 biologically independent samples) 
and (b) statistical t-SNE map resulting from bin-wise testing for frequency differences between 
huMG samples (n = 35 biologically independent samples) from five brain regions (SVZ (n = 8); THA 
(n = 8); CER (n = 5); GTS (n = 8) and GFM (n = 6)) using the nonparametric Skillings-Mack statistic 
for unbalanced two-way block designs. The colour spectrum corresponds to unadjusted P-values, 
ranging from <0.000001 (red) to 1 (blue). (c) Smoothed representation of statistical t-SNE map (Fig. 
6b) after FDR-adjustment for multiple comparisons and thresholding to 0.05 FDR-adjusted P-values 
(blue). Areas throughout the t-SNE map comprising significant bins (green to red spectrum) are 
indicative of differentially abundant subsets with distinct phenotypes and detected using a density-
based automated gating approach (black contour lines). Gates of four detected subsets (black lines) 
are shown in concatenated t-SNE maps, color-encoded to indicate (d) nine donors, (e) five brain 
regions, and (f ) in concatenated cellular density plots for each of the five investigated brain regions, 
individually. (g) The graphs show frequencies (%) of all four differentially abundant subsets across five 
brain regions (biologically independent samples of SVZ, n = 8; THA, n = 8; CER, n = 5; GTS, n = 8 and 
GFM, n = 7). Black lines show mean of the data set. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.0001, 
one-way ANOVA with Bonferroni correction. 
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Finally, we performed FACS analysis to test the feasibility of identifying regional 

heterogeneity of huMG (Supplementary Table 4) by a more widely available 

technology. We were able to detect phenotypic differences of huMG between 

regions (SVZ vs. GTS & GFM) based on the FACS analysis of CD45, CD64, CD68 and 

HLA-DR expression (Fig. 8a). Furthermore, we detected a cluster analogous to CyTOF 

subset 1 (Figs. 6 & 7) of huMG (Fig. 8b, red gate). Importantly, the frequency of this 

SVZ-enriched subset was comparable between FACS analysis using 4 markers (CD45, 

CD64, CD68 and HLA-DR) and the CyTOF measurement (Fig. 8c). 

< Figure 7: Region-dependent huMG phenotypes.

(a) Radar chart (or snail plot) shows marker expression levels of each huMG subset (subset 1 = red;  
2 = orange; 3 = green and 4 = purple). The snail shell represents transversal (perpendicular) axis 
mapping marker expression levels on exponential scale. Each line denotes each sample (n = 36 
biologically independent samples). The right image demonstrates the automated subset gating on 
t-SNE map (subset 1 = red; 2 = orange; 3 = green; 4 = purple; remaining cells (cells – subsets) = all blue 
dots). (b) Selection of eight markers defining huMG subsets (n = 36 biologically independent samples). 
Median bin-expression levels are shown for each subset and marker in boxplot representation (subset 
1 = red box (n = 66 bins); 2 = orange box plot (n = 32 bins); 3 = green box (n = 33 bins); 4 = purple box 
(n = 7 bins); remaining cells (cells – subsets) = blue box (n = 374 bins)). Blue lines indicate phenotype-
defining cutoffs, used to identify the subsets by conventional (multivariate or hierarchical) gating. Box 
center and limits represent median, upper and lower quartiles; whiskers define the 1.5x interquartile 
range; points show outliers. (c) t-SNE plots of concatenated FCS files (from left to right: biologically 
independent samples of all, n = 36; SVZ, n = 8; THA, n = 8; CER, n = 5; GTS, n = 8 and GFM, n = 7) are 
overlaid with the four subsets identified by multivariate gating using a (Boolean) combination of 
1D-gates set according to cutoffs and markers shown in (b). (d) Scatter plots showing correlation 
between subset frequencies detected by Boolean gating and by automated t-SNE gating in  
n = 36 biologically independent samples. Shaded areas indicate 0.95 confidence intervals of the 
linear regression, r2 denotes respective coefficients of determination. (e) Marker importance analysis 
using the flowType/RchyOptimyx pipeline. The graph shows optimized gating hierarchies of the 
subsets starting from ungated cells (top node) to the eight-marker phenotypes (bottom nodes) as 
defined by cutoffs in (b). The color of the nodes shows significance scores of brain region-dependent 
differential abundance as the negated log-p-value of the Skillings-Mack test conducted on the same 
n = 35 independent huMG samples (SVZ, n = 8; THA, n = 8; CER, n = 5; GTS, n = 8 and GFM, n = 6) from 
8 individual donors  for each preferential addition of a subset-defining marker (node labels) which 
contributes at most to an increase in the significance score. The CD206+ subset 3 phenotype has been 
included to also target the fraction of cells with CD206-expression above cutoff.
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Figure 8: Identification of huMG heterogeneity by flow cytometry. 
(a) HuMG isolated from SVZ (n = 10; green dots/lines) express higher levels of CD45, CD68, HLA-DR 
and CD64 that the ones isolated from GTS (n = 10; blue dots/lines) and GFM (n = 9; orange dots/lines). 
Data show mean, independent samples, each from an individual donor (total of 10 donors). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P <0.0001, one-way ANOVA with Bonferroni correction. (b) Representative 
multi-dimensional single cell t-SNE projections of huMG from biologically independent samples of 
SVZ (n = 10), GTS (n = 10) and GFM (n = 9). The colour spectrum represents an expression levels 
of CD45, CD68, HLA-DR and CD64 (red = high; dark blue = low expression). The left image shows 
overlaid multi-dimensional plot of all cells from all three brain regions (green = SVZ, blue = GTS and 
orange = GFM). (c) Quantification of the frequency of defined SVZ-specific subset (G1 and red gate in 
b) obtained by FACS compared with the frequency of subset 1 quantified by CyTOF (as shown in Fig. 
6g). CyTOF: SVZ (n = 8), GTS (n = 8) and GFM (n = 7; FACS: SVZ (n = 10), GTS (n = 10) and GFM (n = 9). No 
significant differences were found between the two technique (Multiple unpaired t-test, two-sided, 
corrected for multiple comparison using the Sidak-Bonferroni method). P = 0.7906 (SVZ); 0.7471 (GTS) 
and 0.4767 (GFM). Black lines show the mean of data sets. 

a

b c

Discussion

Microglia are resident innate immune cells in the human CNS that are involved in 

neural development and function, as well as responses to diseases. Although rodent 

microglia are often used to investigate microglial function, the emerging differences 

between human and rodent microglia call into question the clinical relevance of 

some of the research findings obtained in laboratory animals36,37. Several research 

groups have established a firm basis for the use of huMG in neuroscience and 

neuroimmunology and have provided invaluable transcriptomic information on 

these cells18,19,38-45. However, phenotypic profiling of huMG based on a comprehensive 

array of marker proteins has remained technically challenging. This is particularly 

true at the single-cell level, which is required to identify microglia subpopulations.

Here, we have for the first time applied massive single-cell immune profiling of huMG 

from different brain regions by multiplexed mass cytometry, allowing for a detailed 

phenotypic characterization of huMG. Our findings support the notion of microglial 

heterogeneity in the human brain, which is in line with recent data obtained from 

mouse microglia14. Our results substantiate previously published data on mRNA16-

18,44 and protein18-20,44-46 expression of huMG. The development of a new cell fixation 

and cryopreservation technique combined with barcoding (multiplexing), mass 

cytometry and novel algorithms for data analysis enabled us to identify a phenotypical 

signature of huMG that distinguishes them from other innate immune cells (e.g. cells 

from blood and CSF). 

In this study, we combined t-SNE and probability binning for both of their strengths to 

detect changes in subset that are defined by dim or unimodal marker (co-) expression 

or subtle shifts in expression levels (and thus difficult to enumerate by clustering 

techniques). This approach revealed microglial subsets that differ in their abundance 

across different regions of the human brain, indicating phenotypic heterogeneity 

among huMG. Notably, we extracted a panel of 8 (out of 57) phenotypical markers 

that allow to distinguish major huMG subsets. We confirmed the key transcriptomic 

signature of huMG16,17 at the protein level, namely, the expression of P2Y12 and 

TMEM119, the high expression of CD64, CX3CR1, TGF-b1, TREM2, CD115, CCR5, 

CD32, CD172a, CD91, and the low to absent expression of CD44, CCR2, CD45, CD206, 

CD163, and CD274 (PD-L1). The results are in line with recent mass cytometry data 

on immune cells in the mouse brain, which reveal that CD44 is expressed only on 

infiltrating cells and not on resident myeloid cells47. These core immunophenotypes 

of post-mortem huMG are apparently comparable to fresh huMG, albeit differences 

of signal intensities for some markers. Likewise, Szulzewsky et al.48 observed similar 
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transcriptomic profiles between huMG from epilepsy and post-mortem tissues. 

Interestingly, we detected the expression of EGF-like module containing mucin-

like hormone receptor (EMR)1, the human orthologue of F4/80, in huMG, whereas 

circulating monocytes and myeloid dendritic cells in the blood and CSF lacked 

EMR1 expression. This is a surprising finding given that EMR1 has been suggested 

to be a highly specific marker for eosinophils in human and absent on mononuclear 

phagocytic cells including monocytes, macrophages and dendritic cell subsets49. 

The combination of antibody panel design, single-cell mass cytometry and 

computational unsupervised data analysis separated cells with characteristics of 

perivascular macrophages (CD11b+CD206highCD163+) from huMG (CD11b+CD206low/-

CD163-). Furthermore, we identified two novel microglial subsets that express CD206, 

but not CD163, particularly in the frontal and temporal lobe. The findings are in line 

with the recent studies, which showed low expression of CD206 mRNA in human 

microglia17,18. Notably, microglia were found to express CD206 after spinal cord injury in 

mice29, suggesting that CD206 expression may reflect the functional responses of huMG. 

A recent study demonstrated that microglia in mice and humans are short lived and 

quickly renewed at the individual cell level50. At the population level, CNS microglia 

are maintained by the balanced regulation between proliferation and apoptosis50. 

In agreement with these observations50, we were able to detect proliferating huMG 

at different phases of the cell cycle across five brain regions. Of note, we observed 

slightly higher expression of Ki-67 (G1, S & G2 phase, mitosis), Cyclin A (S & G2 phase, 

mitosis) and Cyclin B (mitosis) on huMG subsets in the SVZ and thalamus compared 

with other brain regions. Whether this increased proliferation mirrors region-specific 

phenotype and/or function of huMG remains to be investigated. 

One important conclusion drawn from this study is that huMG have multiple 

phenotypic signatures that appear to depend on the brain region they reside in, 

whereas the core immunophenotype that distinguishes them from circulating and/

or infiltrating myeloid cells is retained post-mortemly across the five investigated 

regions of human brain. The results are in line with previous findings in mouse and 

man14,18,19. We detected comparatively higher expression of markers involved in 

microglial activation, such as CD68, CD86, CD45, CX3CR1, CD11c, CD64, ERM1 and 

HLA-DR in the SVZ and thalamus compared to other brain regions. Interestingly, huMG 

subpopulations in the temporal and frontal lobe expressed the mannose receptor 

CD206, which is a marker of M2-polarized macrophages. Whether this phenotype 

implies a region-specific function remains to be investigated. The extent to which the 

isolation protocol could influence the observed differences in regional expression 

profile is unclear, although the finding that huMG in the THA and SVZ have similar 

phenotypic profiles despite differences in the isolation protocol suggests this may 

not be a major determinant. 

In conclusion, this study demonstrates the power of combining multiplexed mass 

cytometry with bioinformatics to reveal region-dependent signatures of huMG, even 

for small sample size and/or when the differences between groups are very small. 

We believe that an appropriate protocol for sample preparation is one of the key 

success factors for immune profiling of human post-mortem microglia. Our findings 

of microglial heterogeneity in the human brain may help to reveal region-specific 

functions of these cells in health and disease, and instruct the development of more 

selective pharmacological interventions targeting microglia in humans. 
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Abstract

It has been hypothesized that microglial activation may play an important role in 

the pathophysiology of schizophrenia. Various studies have therefore examined 

microglial activation in schizophrenia using positron emission tomography (PET) 

with radioligands that bind to the translocator 18kDa protein (TSPO) receptor. 

However, the results of these studies are heterogeneous and the exact link between 

TSPO expression and microglial activation in schizophrenia is debated. The aim of this 

study was to explore whether TSPO expression is a marker for microglial activation 

in patients with schizophrenia. We therefore investigated TSPO mRNA and protein 

expression in post-mortem brain tissue of patients with schizophrenia and controls. 

In addition, we studied the regulation of TSPO expression in human activated 

microglia and monocyte-derived macrophages in vitro. Similar expression of TSPO 

was found in patients and controls. In both groups a correlation between TSPO mRNA 

and the expression of microglial activation markers was absent. Furthermore, TSPO 

protein expression in schizophrenia, determined with immunohistochemistry, was 

not restricted to microglia, but also expressed in endothelial cells and astrocytes. 

Besides, TSPO expression was not elevated in activated human primary microglia and 

monocyte-derived macrophages. Our data are in line with previous studies showing 

that TSPO expression is not increased and is not a specific marker for activated 

microglia in schizophrenia. 

Introduction

Genetic and epidemiological studies have shown an association between 

schizophrenia and the immune system1,2. It has therefore been hypothesized that 

activated microglia, the immune cells of the brain, are involved in schizophrenia 

pathogenesis and could be a target for novel therapies3. Various studies applied 

positron emission tomography (PET) with radioligands for the translocator 18kDa 

protein (TSPO) receptor to measure microglial immune activation in patients with 

schizophrenia in vivo. Several research reports found increased binding of TSPO 

tracers in schizophrenia in whole brain grey matter and specifically in frontal and 

temporal regions4–7. In contrast, other studies showed equal or decreased binding8–15. 

These results not only raise questions about the occurrence of microglial immune 

activation in schizophrenia, but also about the sensitivity and specificity of this 

method for detecting microglia activation in diseases, such as schizophrenia8–10,16.

TSPO is a mitochondrial protein that is involved in a range of cellular functions, 

including steroidogenesis, proliferation and apoptosis17. TSPO is expressed among 

various species18–21 and in many cell types, including myeloid immune cells, such as 

microglia and macrophages22. In rodents, it has been shown that microglial activation 

leads to increased expression of TSPO and binding of TSPO PET ligands8,19,23–25. 

For example, in a rat model for ischemia, more binding of 3H-PK11195 TSPO in 

hippocampal CA1 was found to overlap with increased microglial OX-42 expression 

and astrocytic GFAP immunoreactivity26. In humans, binding of TSPO tracers is 

increased in neuropathological conditions in which neuroinflammation and microglial 

activation is described, such as Alzheimer’s disease27–29, multiple sclerosis30–32, 

epilepsy33, stroke34,35 and traumatic brain injury36. Also in healthy humans, increased 

binding potential of TSPO was found 180 minutes after injection with LPS and this 

was accompanied with increased peripheral cytokine levels and sickness symptoms37. 

In addition, it was shown using autoradiography that the tracers bind primarily to 

activated microglia or macrophages in these diseases27,29,32,33. PET imaging using 

TSPO tracers has therefore widely been used to measure neuroinflammation, or 

more specifically to detect microglial activation in vivo. However, several papers have 

shown that TSPO expression in the central nervous system (CNS) is not restricted to 

microglia, since astrocytes, neurons and endothelial cells also express TSPO8,16,22,38. 

Additionally, in vitro experiments on TSPO regulation of human myeloid cells show 

heterogeneous results. One study showed that TSPO expression and binding of TSPO 

ligands was not increased in activated human macrophages and cultured primary 

microglia39, which is in contrast to rodents cells39. On the contrary, administration of 

LPS and IFNγ resulted in increased TSPO expression in adult microglia isolated from 
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post-mortem material of multiple sclerosis patients40. Together these studies question 

whether TSPO can be used as a marker to measure microglial immune activation.

The aim of this study was to explore whether TSPO expression is altered in  

schizophrenia and can be used as a valid marker to measure human microglial 

activation in this disease. In post-mortem brain tissue of patients with schizophrenia 

and controls we analyzed the expression of TSPO and the relation with microglia, 

inflammatory and astrocytic markers. Previous studies on the regulation of TSPO on 

activated human myeloid cells were performed on cultured microglia8,39–41. However, 

culturing microglia drastically changes the phenotype of microglia and might 

influence their ability to regulate TSPO expression upon inflammatory conditions42. 

Therefore, we also investigated the regulation of TSPO expression on acutely 

isolated human primary microglia that were challenged with different pro- and anti-

inflammatory compounds and compared this with monocyte-derived macrophages 

(mo-Mɸ).

Material and methods

Human brain tissue
For this study we selected the medial frontal gyrus (MFG) as region of interest (ROI), 

since this region has frequently been associated with schizophrenia pathology43,44. 

Snap frozen and paraffin post-mortem tissue of the MFG from patients with 

schizophrenia (snap frozen N=8, paraffin embedded N=5) and controls (snap 

frozen N=10; paraffin embedded N=7), defined as subjects without a diagnosis of 

a psychiatric or neurologic disorder, was provided by the Netherlands Brain Bank 

(NBB; www.hersenbank.nl). For the isolation of microglia, fresh post-mortem brain 

tissue of the MFG and corpus callosum (CC) from controls as well as donors with a 

neurological disorder (N=provided by the NBB. We selected these regions because 

we and others previously showed that microglia in cortical and subcortical regions 

are phenotypically different and respond differently to inflammatory stimuli45–47. 

Informed consent was obtained by the NBB for brain autopsy and donation and 

the usage of clinical information for research purposes (Table 1 and Supplementary 

table 1 for clinicopathological information). In addition, we extracted expression 

data from a previously published microarray study48 on post-mortem tissue of the 

dorsolateral prefrontal cortex from 34 patients with schizophrenia and 33 unaffected 

controls of the Stanley Medical Research Institute, Rockville, MD, USA (http://www.

stanleyresearch.org). The clinical information of both cohorts are described in table 1. 

Table 1: Summary of clinical information and post-mortem variables of the study

Control (N=10) Schizophrenia (N=8)

mRNA expression Age (years)* 80.8 ± 12.2 64.0 ± 7.4

NBB cohort Sex (M:F) 6:4 5:3

PMD (minutes) 467 ± 231 614 ± 283

pH 6.58 ± 0.31 6.70 ± 0.64

Control (N=33) Schizophrenia (N=34)

mRNA expression Age years (range) 44.1 (31-59) 42.6 (19-59)

Stanley cohort Sex M:F 26:9 26:9

PMD minutes (range) 1764 (540-3480) 1878 (540 - 4800)

pH (range) 6.60 (6.0-7.0) 6.50 (5.9-6.9)

Control (N=7) Schizophrenia (N=5)

Immunofluorescent microscopy Age (years) 69.6 ± 11.1 68.6 ± 10.0

NBB cohort Sex (M:F) 5:2 3:2

PMD (minutes) 628 ± 478 1226 ± 1541

pH 6.60 ± 0.17 6.55 ± 0.35

Control (N=7)

Human microglia Age (years) 81.3 ± 12.5

NBB cohort Sex (M:F) 4:3

PMD (minutes) 429 ± 61.4

pH 6.67 ± 0.08

Summary of the clinical information (age and sex) and post-mortem variables (post-mortem delay (PMD) and pH) of donors used in the 
study. Information is separated per experimental category. Numbers in the NBB cohort represent mean ± standard deviation, numbers 
in the Stanley cohort represent mean (range). M = males, F = females. *significantly different between controls and patients with 
schizophrenia.

Table 2: Correlation between mRNA expression of TSPO and several microglial genes

Stanley Foundation Netherlands Brain Bank
Control
(N=33)

Schizophrenia
(N=34)

Control
(N=10)

Schizophrenia
(N=8)

Marker rho p rho p rho p rho p
Microglia 
general

AIF1 -0.378 0.030 -0.221 0.208  0.042 0.918  0.036 0.964
CX3CR1 -0.188 0.278  0.048 0.795 -0.370 0.296  0.107 0.840
ITGAM  0.290 0.096  0.155 0.396  0.714 0.058 -1.000 0.083

Microglia 
activation

CD163 -0.093 0.608 -0.056 0.751 -0.310 0.462 -0.100 0.950
HLA-DRA  0.185 0.302 -0.244 0.165 -0.273 0.448  0.607 0.167
IL1B  0.262 0.140 -0.149 0.400 -0.261 0.470  0.179 0.713

Spearman’s rank coefficients and p-values for the correlation between TSPO and general microglial genes (AIF1, CX3CR1, ITGAM) and 
microglial immune activation genes (CD163, HLA-DRA, IL1B) in middle frontal cortex (MFG) of two different cohorts (Stanley foundation 
and Netherlands Brain Bank). 
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Gene expression analysis
Frozen brain tissue of the MFG was sectioned (50 μM), grey and white matter was 

separated manually at the cryostat and lysed with TRIzol reagent (Invitrogen, 

Carlsbad, CA, USA). RNA extraction and cDNA production for brain tissue samples, 

primary microglia and mo-Mɸ were performed as described before49. Quantitative 

real-time polymerase chain reaction (qPCR) was performed on a QuantStudio™ 6 Flex 

Real-Time PCR System (Life Technologies Corporation, NY, USA). Per reaction, 3.5ng 

input of cDNA was mixed with Milli-Q water, 5µL SYBRgreen PCR Master Mix (Roche; 

Life Technologies Corporation, Grand Island, NY, USA), and 1µL primer mix (2 pmol/mL; 

supplementary table 2) until a final volume of 11µL. All primers were intron-spanning 

and designed with the online tool of NCBI. The following cycle conditions were used: 

50°C for 2 minutes, 95°C for 10 minutes, 40 cycles at 95°C of 15 seconds and at 60°C 

for 60 seconds. Gene expression was normalized to reference genes that were most 

stable in brain tissue (Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-actin 

(ACTB) and Succinate dehydrogenase complex, subunit A (SDHA)), primary microglia 

(GAPDH) and mo-Mɸ (GAPDH). Normalization was performed according to the ΔΔCT 

method50. Non-detectable values (ND) were incorporated in the analysis as a CT value 

of 40 and shown in the graphs. The TSPO response after stimulation was calculated as 

fold change by dividing the normalized gene expression of the stimulated sample by 

the normalized gene expression of the unstimulated sample.

Immunofluorescence microscopy
Paraffin embedded tissue of the MFG of 5 patients with schizophrenia and 7 controls 

was sectioned (7μm) on a microtome (Leica Microsystems) and mounted on glass 

slides. Sections were deparaffinized via a standard xylene and alcohol series and 

washed in phosphate-buffered saline (PBS) with 0.05% Tween (Sigma-Aldrich, the 

Netherlands) before blocking of endogenous peroxidase activity with PBS, 1% H2O2 

(Sigma-Aldrich, the Netherlands) for 10 minutes. Antigen retrieval was promoted by 

heating the sections in 0.01mM citrate buffer (Merck, Darmstadt, Germany) with 0.05% 

Tween-20 (Sigma-Aldrich, the Netherlands), pH 6.0 for 15 minutes. Subsequently, 

non-specific binding was blocked with PBS with 10% normal horse serum (NHS, 

Thermo Fisher Scientific, Massachusetts, USA), 0.1% BSA, 0.2% Triton (Sigma-Aldrich, 

the Netherlands). Polyclonal rabbit anti-human TSPO (1:100, OriGene) was combined 

with polyclonal goat anti-human ionized calcium-binding adapter molecule-1 (IBA1; 

1:1000) Ab5076, Abcam) or monoclonal mouse anti-human glial fibrillary acidic 

protein (GFAP; 1:8000, G3893, Abcam) for microglia and astrocytes respectively. All 

antibodies were diluted in PBS, 10% NHS, 0.2% Triton, 0.1% BSA and incubated at 

4°C overnight. Next day, the goat-anti-rabbit biotin (1:700, Jackson ImmunoResearch 

Laboratories Inc.) and 488 labeled streptavidin (1:700, Jackson ImmunoResearch 

Laboratories Inc.) were coupled to the TSPO antibody, whereas secondary donkey-

anti-goat and donkey-anti-mouse Cy3 (1:700, Jackson ImmunoResearch Laboratories 

Inc.) antibodies were used for IBA1 and GFAP (RT for 45 minutes). Hoechst (1:1000, 

Thermo Fisher Scientific, Massachusetts, USA) was used as nuclear reagent. After 

staining procedure, the sections were mounted in Mowiol, visualized under a Zeiss 

AxioScope A1 and analyzed with open source program ImageJ.

Isolation of human primary microglia
Human primary microglia (primary) were isolated from the MFG (N=7) and the CC 

(N=6) of control donors (Supplementary table 1). The isolation was started within 2 to 

24 hours after autopsy. 2-10 grams of frontal tissue was first mechanically dissociated 

through a metal sieve in a glucose- potassium-sodium buffer (GKN-BSA; 8g/L NaCl, 

0.4g/L KCl, 1.77g/L Na2HPO4.2H2O, 0.69 g/L NaH2PO4.H2O, 2 g/L D-(1)- glucose, 

0.3% bovine serum albumin (BSA, Sigma-Aldrich, Zwijndrecht, the Netherlands); 

pH 7.4) and supplemented with collagenase Type I (3700 units/ mL; Worthington, 

Lakewood, NJ, USA) and DNase I (200 µg/mL; Roche Diagnostics GmbH) at 37°C for 

60 minutes while shaking. White matter corpus callosum tissue was incubated with 

0.2% Trypsin (Sigma-Aldrich, Zwijndrecht, the Netherlands) for 30 minutes and 10 

mg/mL DNase I for an additional 10 minutes while shaking. Fetal calf serum (FCS; 

Gibco Life technologies, Massachusetts) was finally supplemented to inactivate 

Trypsin. Suspension was put over a 100µM cell strainer and washed with GKN-BSA 

buffer (1800 rpm, 4°C, brake 4, 10 minutes) before the pellet was resuspended in 

20mL GKN-BSA buffer. 10mL of Percoll (Amersham, GE Healthcare) was added drop 

wise and tissue was centrifuged at 4°C, 4000 rpm with fast acceleration and brake 4 

for 30 minutes. Three different layers were observed: upper layer containing myelin, a 

lower erythrocyte layer and the middle layer containing different cell types including 

microglia. The middle layer was carefully taken out without disturbing the other 

layers and washed first with GKN-BSA buffer, followed by a magnetic-activated cell 

sorting (MACS) buffer (PBS, 1% heat-inactivated FCS; 2mM EDTA; 1500 rpm, 10°C, 

10 minutes). Microglia were positively selected with CD11b conjugated magnetic 

microbeads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) according to 

manufacturer’s protocol, which resulted in a 99% pure microglia population as 

analyzed by flow cytometry. Microglia were lysed in TRIzol reagent or cultured in a 

poly-L-lysine coated 96-wells flat bottom plate (Greiner Bio-One) at a density of 1.0 

x 105 cells in in a total volume of 200 μL Rosswell-Park-Memorial-Institute medium 

(RPMI; Gibco Life technologies, Massachusetts) supplemented with 10% FCS, 2mM 

L-glutamine (Gibco Life technologies, Massachusetts), 1% penicillin-streptomycin 

(p/s; Gibco Life technologies, Massachusetts) and 100ng/ml interleukin-34 (IL-34; 

Miltenyi Biotech, Bergisch Gladbach, Germany).
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Monocyte cell isolation and mo-Mɸ differentiation
Primary microglia are mildly activated upon isolation and only a limited number of 

cells can be retrieved from post-mortem brain tissue, thereby restricting the number 

of functional experiments. In addition to primary microglia, we therefore also studied 

the regulation of TSPO on monocyte-derived macrophages (mo-Mɸ), a cell type from 

the same myeloid family that shows many resemblances with microglia46. Peripheral 

blood mononuclear cells (PBMCs) of 11 controls were isolated as previously 

described49. In short, PBMCs were subtracted from buffy coats (Sanquin, the 

Netherlands) by Ficoll density gradient separation (Ficoll Paque plus, GE Healthcare). 

After subtracting monocytes by magnetic CD14 microbeads separation (Miltenyi 

Biotech, Bergisch Gladbach, Germany), the cells were plated in a 48-wells flat bottom 

plate (Corning, New York, NY) in RPMI medium containing 1% p/s, 2mM L-glutamine 

and 10% human AB serum (Sanquin, the Netherlands) for 7 days to differentiate these 

cells towards a macrophage phenotype. 

Stimulation of primary microglia and mo-Mɸ
To study the regulation of TSPO mRNA expression upon stimulation with different 

kinds of inflammatory stimuli we exposed primary microglia isolated from the MFG 

(N=7) and CC (N=6) and mo-Mɸ (n=11) to 100 ng/mL lipopolysaccharide (LPS) from 

Eschericia coli 0111:B4 (Sigma-Aldrich, Zwijndrecht, the Netherlands) for 6 hours or 

1 mM dexamethasone (Sigma-Aldrich, Zwijndrecht, the Netherlands) and 40 ng/mL 

interleukin-4 (IL-4; Peprotech, London, UK) for 72 hours. Cells were lysed in TRIzol 

reagent. TSPO protein expression was studied by stimulating mo-Mɸ with 100 ng/

mL LPS, 1 mM dexamethasone or 40 ng/mL IL-4 for 24 and 72 hours. After stimulation 

cells were harvested and used for flow cytometry.

Flow cytometry
Stimulated mo-Mɸ were fixed and permeabilized using the Cytofix/Cytoperm kit 

according to manufacturer’s protocol (BD bioscience). The cells were stained with 

rabbit anti-human TSPO (ab109497, Abcam, Cambridge, UK) or purified rabbit IgG 

isotype (SAB4600055, Sigma-Aldrich, Zwijndrecht, the Netherlands), followed by 

Alexa 488 secondary antibody. The stimulated mo-Mɸ were processed on a BD FACS 

Calibur (Becton Dickinson). Relative geometric mean fluorescence intensity (MFI) 

was calculated by subtracting geoMFI of the TSPO+ staining from the geoMFI of the 

isotype antigen staining. For fold change the MFI of stimulated cells was divided by 

the MFI of unstimulated cells.

Statistics
Statistical analysis was performed with GraphPad Prism software (version 5) and 

IBM SPSS Statistics (version 23). Spearman’s rho was calculated to study correlations, 

whereas a Mann-Whitney U test was used to test differences in mRNA expression 

profiles. Bonferroni test was used to correct for Type I error and p-values <0.05 were 

considered as statistically significant.

Results

TSPO expression not increased in post-mortem brain tissue
The mRNA expression of TSPO was measured in grey and white matter post-mortem 

brain tissue of the MFG of 8 patients with schizophrenia and 10 controls. We found a 

similar expression of TSPO mRNA in patients with schizophrenia compared to controls, 

irrespective of grey (SCZ mean = 0.0021; CTRL mean = 0.0022) or white matter (SCZ 

mean = 0.0030, control mean = 0.004) (Figure 1). To study if confounder effects could 

explain the absence of different TSPO expression in schizophrenia, we looked into the 

correlation between TSPO and the variables age, sex, PMD and pH in the NBB cohort. 

None of the variables correlated with the mRNA expression of TSPO (Supplementary 

table 3). Therefore no correction for these confounders was applied in further analysis. 

Additionally, we investigated TSPO expression in a previously published microarray 

data of the Stanley Medical Research Institute on the dorsolateral prefrontal cortex 

from 34 patients with schizophrenia and 33 controls. Also in this cohort TSPO 

expression was not changed between patients with schizophrenia (mean = 7.87) and 

controls (mean = 7.75)51.

 

Figure 1: Expression of TSPO mRNA in post-mortem brain tissue of patients with schizophrenia. 
mRNA expression of TSPO was measured in grey and white matter from the middle frontal gyrus 
(MFG) in patients with schizophrenia (N=8, red circles) and controls (N=10, blue dots) by qPCR. TSPO 
gene expression was normalized to reference genes ACTB, GAPDH and SDHA with the ΔΔCT method50.

Figure 1
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TSPO expression does not correlate with expression of microglia 
genes
We then assessed whether TSPO expression was related to expression of general 

microglia genes (AIF1, CX3CR1, ITGAM) and genes upregulated in different types 

of activated microglia (CD163, HLA-DRA, IL1B). These are common known genes in 

myeloid cell biology, defining both general microglial genes and genes involved 

in activation of the cells. The mRNA expression of the different microglial immune 

activation markers was not significantly different between patients and controls 

(figure 2a), as well as the expression of general microglial markers (Figure 2b). 

In addition, in the NBB cohort as well as the previously published dataset of the 

Stanley Medical Research Institute, no positive correlations were found between 

TSPO expression and expression of any of the microglial genes in either patients or 

controls (Table 2). In the microarray dataset the only significant association was a 

negative correlation between AIF1 and TSPO in controls. However, when correcting 

for multiple testing, significance was not preserved.

TSPO expression is expressed on microglia and astrocytes in 
schizophrenia
Subsequently, we assessed the expression of TSPO on various cell types in the 

MFG of patients with schizophrenia (N=5) and controls (N= 7) by staining paraffin 

embedded tissue sections with antibodies recognizing TSPO, microglial marker IBA1 

and astrocytic marker GFAP. For both patients and controls we found TSPO expression 

in IBA1+ cells, defining microglia (Figure 3a, closed arrow) and GFAP+ cells, defining 

astrocytes (Figure 3b, closed arrow). Furthermore, TSPO positivity was present in the 

vasculature of the brain tissue (Figure 3a, open arrow). TSPO+/IBA1+ cells had both 

ramified (immature) and amoeboid morphologies in patients with schizophrenia and 

controls. No difference in the distribution of TSPO expression was found between 

patients and controls. 

TSPO expression is not affected by inflammatory activation
Finally, we assessed whether TSPO is upregulated when we stimulate human primary 

microglia that were acutely isolated from post-mortem brain tissue from the MFG 

and the CC, as well as mo-Mɸ. Human microglia and mo-Mɸ were challenged with 

LPS (24 hours), dexamethasone and IL-4 (72 hours) to induce different types of 

microglial/macrophage immune activation as confirmed by the upregulation of TNF, 

CD163 and CD200R1 respectively (Figure 4a-c, grey lines). LPS activates myeloid cells 

via toll like receptor 4 (TLR4) and stimulates the secretion of pro-inflammatory 

cytokines, such as interleukin-6 and TNFα. On the other hand, dexamethasone and 

IL-4 induce a more anti-inflammatory profile, supporting cell survival and dampening 

inflammation. Stimulation with these three compounds did not result in the 

upregulation or downregulation of TSPO mRNA expression in microglia of both MFG 

and CC or in mo-Mɸ (Figure 4a-c black lines). Additionally, we analyzed TSPO protein 

expression in mo-Mɸ after stimulation by flow cytometry. TSPO was not upregulated 

after 24 hours (Figure 4d) and 72 hours (data not shown) of stimulation. 

Figure 2

b

a

Figure 2: mRNA expression of microglial genes in the MFG of patients with schizophrenia and 

controls. 
mRNA expression of microglial genes was determined in brain tissue of the MFG of patients with 
schizophrenia (N=8, red circles) and controls (N=10, blue dots) by qPCR. a) mRNA expression of general 
microglial markers AIF1, CX3CR1, and ITGAM. b) mRNA expression of genes involved in microglial 
immune activation (CD163, HLA-DRA, and IL1B). mRNA expression was normalized to reference genes 
GAPDH, ACTB, and SDHA. ND = non-detectable values.

a

b
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Figure 3: TSPO protein expression in microglia (A) and astrocytes (B) in controls and patients 

with schizophrenia.
Immunohistochemistry staining of TSPO with IBA1 (N=5; a) or GFAP (N=5; a) in paraffin embedded 
tissue of the medial frontal gyrus (MFG) of controls and patients with schizophrenia. Closed 
arrowheads and enlargement represent double positive cells for TSPO and IBA1 (TSPO+/IBA1+, a) or 
TSPO and GFAP (TSPO+/GFAP+, b), whereas open arrowheads depict single TSPO+ cells without IBA1+ 
(TSPO+/IBA-) or TSPO+ without GFAP+ (TSPO+/GFAP-) staining.

Figure 3
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Discussion

The aim of this study was to assess whether TSPO expression is elevated in 

schizophrenia, as was suggested in some of the published PET studies. We found that 

mRNA levels of TSPO are similar expressed in the MFG of patients with schizophrenia 

and controls and that TSPO expression does not correlate with the expression 

of general microglial markers and microglial activation markers. In addition, we 

showed that TSPO protein expression is not only expressed on microglia, but also 

on astrocytes and the vasculature in schizophrenia and controls. Furthermore, TSPO 

mRNA expression is not increased in immune challenged acutely isolated human 

primary microglia from the MFG and CC and mo-Mɸ of controls. 

100

TSPO of stimulated mo-MΦ

a

d

b

c

Figure 4

Figure 4: TSPO expression in primary microglia and mo-Mɸ after stimulation. 
TSPO mRNA expression was measured in control microglia of corpus callosum (CC; N=6) and middle 
frontal gyrus (MFG; N=7) and mo-Mɸ (N=11) after stimulation with LPS (a), dexamethasone (b) and 
IL-4 (c). mRNA expression of the positive control of the stimulation is depicted in light grey, whereas 
TSPO is depicted in black. mRNA expression was normalized to GAPDH as reference gene. d) TSPO 
protein expression in mo-Mɸ by flow cytometry analysis after stimulation with LPS (grey dots; N=12), 
dexamethasone (red triangles; N=10) and IL-4 (blue squares; N=12).

a

c

b

d
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Our TSPO expression data in post-mortem brain tissue are consistent with the more 

recent TSPO PET studies that showed a lack of increased binding of TSPO PET tracers 

in schizophrenia8–15. They are also supported by an older 3H-PK11195 binding study 

on post-mortem brain tissue of 13 patients with schizophrenia and 10 controls that 

showed no change in binding in various brain regions, including the prefrontal 

cortex52. Furthermore, also in a large RNA sequencing study performed on dorsolateral 

prefrontal cortex (144 patients and 196 controls) and hippocampus (83 patients and 

187 controls) TSPO expression was not increased in schizophrenia53. 

The lack of an association between the expression of TSPO and microglial genes 

related to inflammatory processes (CD163, HLA-DRA and IL1B) indicates that 

microglial immune activation is not directly linked to TSPO expression in patients 

or controls. This is further substantiated by our results on immune activated acutely 

isolated human primary microglia and mo-Mɸ. After inducing an inflammatory 

phenotype, TSPO expression remained unchanged, irrespective of cortical or white 

matter microglia. Comparable results for human microglia and mo-Mɸ have been 

found by Owen et al. and Narayan et al., showing that expression of TSPO and 

binding of TSPO ligands is increased upon activation of rodent microglia, but not 

human microglia and macrophages39,41. In contrary, stimulation of human microglia 

with IFNγ increased TSPO expression five fold40. Beckers et al. recently reported that 

TSPO only highlights pro-inflammatory rodent microglia and is not induced by anti-

inflammatory stimuli54. However, other groups have proposed an anti-inflammatory 

role for TSPO23,41. An important difference between these studies and our data is the 

fact that the microglia in the earlier mentioned studies have been in culture for 5-7 

days before supplementing the inflammatory compounds. This is in contrast with our 

culture conditions, in which we use acutely isolated microglia that were stimulated 

directly the next day after isolation. It is known that microglia change phenotype 

rapidly in culture conditions. Key microglial genes, like P2RY12 and CX3CR1, and 

genes involved in immune regulation showed decreased expression after 7 days 

of culture42. This could indicate that the induction of the inflammatory phenotype 

was less efficient in cultured microglia compared to our acutely isolated microglia. 

Furthermore, there is a clear difference between the regulation of TSPO between 

rodent and human microglia. Several reasons could account for these differences. 

For example, the expression of TLR4 is more abundant in rodent microglia compared 

to human cells55. It might therefore be possible that the LPS stimulation in rodent 

microglia is more effective in inducing TSPO expression in vitro and in vivo. 

Our results demonstrating the expression of TSPO in a variety of cell types in the CNS 

in both patients and controls are consistent with the study of Notter et al. and several 

other studies8,22. These studies showed that TSPO expression and binding of TSPO 

tracers is not restricted to microglia, but is also present in astrocytes and endothelial 

cells in the vasculature. In post-mortem brain tissue of patients with schizophrenia 

and controls we found expression of TSPO on microglia as well as astrocytes and the 

vasculature. Our results in schizophrenia and controls are in contrast to findings on 

post-mortem studies of other neuropathological conditions56. For multiple sclerosis, 

Alzheimer’s disease and ischemic stroke, it has been shown that TSPO is mainly 

expressed in microglia or macrophages38,57–59. In addition, in neurodegenerative 

disorders a positive correlation has been found between TSPO binding and 

elevated peripheral cytokine levels, which has not been established in psychiatric 

disorders14,16. These data suggest that TSPO expression is increased in microglia and 

macrophages in CNS disorders with a clear neuroinflammatory component, but not 

in conditions with subtle or absence of inflammation, including controls and patients 

with schizophrenia. 

Although data from our post-mortem study is valuable for the discussion about the 

interpretation of PET studies with TSPO ligands, it is important to mention some 

crucial differences between the two approaches. TSPO PET studies have mainly 

been conducted on early stage patients with schizophrenia, generally have more 

information on potential confounder factors and the patient and control groups 

were more homogeneous in terms of age, sex and comorbidity. Postmortem studies 

generally include patients at later stages of the disease, are influenced by many pre- 

and post-mortem confounders and information on diagnosis, symptom severity and 

potential confounding factors is often absent or unclear. Directly comparing the 

results from post-mortem and PET studies is therefore difficult. Therefore, performing 

a TSPO PET study on patients at the end stage of disease would be informative to 

compare post-mortem outcomes with PET study data.

All together our results suggest that TSPO is not a specific marker for microglial 

immune activation and that PET binding data with TSPO ligands should be interpreted 

with care. This is particularly pertinent when using PET imaging in psychiatric and 

neurologic disorders without excessive microglial activation and subtle or sporadic 

neuroinflammation, as is thought of schizophrenia. To better interpret the findings 

of PET imaging with tracers binding to TSPO in schizophrenia, we propose a more 

detailed study of the underlying cellular mechanisms of TSPO regulation and 

alterations in other TSPO-expressing cells, such as astrocytes and endothelial cells. 

Further, more research is needed into the function of TSPO in the human brain, both 

physiological and pathological. As indicated, increased TSPO expression does not 

necessarily indicate inflammatory processes, since TSPO is also related to oxidative 
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stress, apoptosis and energy production16. Moreover, a combination of TSPO and 

other neuroinflammatory markers would be helpful to elucidate the origin of the 

TSPO binding in schizophrenia in vivo. Given the differences in TSPO expression 

between human and animal model studies, we recommend greater use of human 

tissue to elucidate cellular mechanisms. Regarding the hypothesis of the presence of 

neuroinflammation and microglial activation in schizophrenia, we propose to study 

the density and morphology of microglial cells and phenotypical characteristics of 

human isolated microglia with RNAseq. In addition, these studies emphasize the need 

for the development of specific tracers to study human microglial activation in vivo, 

preferably PET tracers that are able to distinguish between different inflammatory 

subpopulations. 
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Supplementary table 1: clinicopathological information

Donor Diagnosis Sex Age 
(years)

PMD 
(minutes)

pH Cause of death Used for

93-274 SCZ F 68 620 6.5 Pneumonia and ileus 1

94-098 SCZ M 58 755 7.9 Aspiration pneumonia with acute respiratory distress 1

96-238 CON F 87 480 6.9 Cardiac failure 1

96-251 CON M 84 540 6.2 Heart failure by uremia 1

99-144 CON F 59 250 6.7 Ileus, induced by opiates and hypothyroidism 2

99-182 SCZ M 67 3900 NA Cardio-respiratory insufficiency 2

00-067 CON M 73 1485 NA NA 2

03-009 CON M 51 464 NA Bronchopneumonia 2

04-081 CON M 67 1115 6.7 Myocardial infarct (presumably) 2

05-161 SCZ F 66 670 7.2 Pancreas carcinoma 1

09-039 CON M 78 1060 6.5 Natural death, probably cardiac cause 1

09-286 SCZ M 78 200 NA Cardiac distress 2

09-300 CON F 71 430 6.3 Renal insufficiency by hypertensive nephropathy 1

09-301 CON M 92 502 6.1 Heart failure 1

10-049 SCZ M 59 750 5.9 Cardiac arrest 1

10-158 SCZ M 64 1155 7.0 Pulmonary embolism 1,2

10-360 SCZ F 79 285 6.3 Heart failure and heart fibrillation 1,2

11-028 CON F 81 265 6.7 Intestinal ischemia 1

11-039 CON F 91 255 6.5 Heart infarction 1

11-044 CON M 51 465 7.1 Starvation by refusing food and water 1

12-001 CON F 89 340 6.8 Ischemia 1

12-005 CON F 84 335 6.7 Ischemia 1

12-031 SCZ F 55 590 6.8 Euthanasia* 1,2

12-101 CON M 80 265 6.6 Euthanasia* 2

12-104 CON M 79 390 6.7 Euthanasia* 2

13-006 SCZ F 63 300 6.5 Metastatic breast cancer 1

13-056 CON M 95 435 6.6 Heart failure 3

14-005 CON M 67 540 6.5 Aortic aneurysm, asystole 3

14-015 CON M 70 380 6.6 Pneumonia with cardiogenic shock 3

14-029 CON F 78 430 6.3 Euthanasia* 2

15-089 CON F 92 465 6.7 Euthanasia* 3

16-038 CON F 85 425 6.5 Bilateral pneumonia and heart failure 3

16-046 CON F 92 411 6.6 Kidney failure and respiratory insufficiency 3

16-056 CON M 68 350 6.5 Metastasized carcinoid 3

CON = Control; SCZ = Schizophrenia; M = male; F = female; PMD = post-mortem delay; used for: 1 = mRNA expression; 2 = 
immunohistochemistry; 3= microglia isolation and stimulation; NA = not applicable; *euthanasia is legal according to Dutch law

Supplementary table 2: primer sequence for qPCR analysis

Primer Forward sequence Reverse sequence

AIF1 AGACGTTCAGCTACCCTGACTT GGCCTGTTGGCTTTTCCTTTTCTC

ACTB GTGGACATCCGCAAAGACCT TCTGCATCCTGTCGGCAAT

CD163 TTTGTCAACTTGAGTCCCTTCAC TCCCGCTACACTTGTTTTCAC

CD200R1 GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA

CX3CR1 TTGGCCTGGTGGGAAATTTGT AGGAGGTAAATGTCGGTGACACT

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

HLA-DRA CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT

IL1B TTTGAGTCTGCCCAGTTCCC TCAGTTATATCCTGGCCGCC

IL6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG

ITGAM TGCTTCCTGTTTGGATCCAACCTA AGAAGGCAATGTCACTATCCTCTTGA

SDHA GAAGCCCTTTGAGGAGCACT GTTTTGTCGATCACGGGTCT

TNF TGGAGAAGGGTGACCGACTC TCACAGGGCAATGATCCCAA

TSPO TACCGTGGCCTGGTACCA TCCCGCCATACGCAGTAGTT

Supplementary table 3: Correlation between TSPO mRNA expression of TSPO and various 

covariates. 
Spearman’s rank coefficients and p-values for the correlation between TSPO mRNA expression and 
the covariates age, PMD and pH. 

Control (N= 10) Schizophrenia (N= 8)

Grey matter White matter Grey matter White matter

rho p rho p rho p rho p

Age -0.207 0.567 -0.012 0.978 -0.643 0.119 -0.381 0.352

PMD -0.212 0.556 0.762a 0.028a  0.464 0.294 -0.071 0.867

pH -0.006 0.987 -0.311 0.453 -0.288 0.531 -0.383 0.349

PMD = post mortem delay; rho = Spearman’s rho rank coefficient; p = p-value without Bonferroni correction; a non significant after 
Bonferroni correction
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Abstract

Since many years the immune system has been suggested to play a role in the 

pathogenesis of schizophrenia (SCZ) and is under investigation as a potential 

novel target for treatment. How the immune system is involved is not clear yet. 

Neuroinflammation is hypothesized, but the concept of neuroinflammation is 

complex and misinterpreted over the years. The aim of this study is to evaluate 

the presence of neuroinflammation in SCZ based on the four classical hallmarks: 1) 

microglial activation; 2) increased cytokine levels; 3) lymphocyte recruitment and 

infiltration; and 4) gliosis and local tissue damage. We analysed these hallmarks 

in post-mortem tissue of the superior temporal gyrus of patients with SCZ and 

controls with immunochemistry and qPCR. We found no differences in microglial 

density, morphology, and in the expression of ITGAM, AIF1, HLA-DRA, and IL1B. 

Interestingly, we observed a decrease in CX3CR1 mRNA in SCZ. There were no CD3+ 

and CD20+ infiltrates in SCZ, but we observed more single CD3+ T-lymphocytes in 

the parenchyma of patients with SCZ. The number of CD3+ T-lymphocytes did not 

correlate with microglia numbers and activation. The neuropathological reports did 

not indicate blood brain barrier disruption or tissue damage. In conclusion, SCZ is not 

a neuroinflammatory disorder since the four criteria of classic neuroinflammation are 

not met. 

Introduction

Schizophrenia (SCZ) has been associated with activation of the immune system 

for many years. Therefore targeting the immune system is under investigation as a 

potential novel treatment for SCZ. A potential causal role for the immune system 

in SCZ has emerged from epidemiological and genetic studies. Birth cohort studies 

showed an increased risk for developing SCZ after perinatal and childhood infection1,2 

and for children born at the end of the winter/early spring season3. In addition, the 

prevalence of autoimmune and atopic disorders is increased in SCZ1,2. Large genetic 

studies identified genome wide significant single nucleotide polymorphisms in 

immune system related genes associated with SCZ4,5. Further analysis of these genetic 

data revealed involvement of immunological pathways in the pathogenesis of SCZ6. 

Moreover, altered levels of chemokines and cytokines, such as interleukin 1 beta (IL-

1β), interleukin 6 (IL-6), and tumour necrosis factor alpha (TNFα) are found in serum 

and cerebrospinal fluid of SCZ patients7–10. Together, these studies suggest a role for 

the immune system in the pathogenesis of SCZ. However, how the immune system is 

involved, is yet unknown.

The general hypothesis in the field is that patients with SCZ display some degree 

of neuroinflammation and that these inflammatory processes contribute to 

development and persistence of neuronal abnormalities underlying the disease11–13. 

However, classic neuroinflammation contains several aspects and the clarity of 

this concept has diminished over the years14,15. As a result many neurological and 

psychiatric diseases are nowadays referred to as neuroinflammatory disorders, even 

if just a slight alteration in one of the characteristics of inflammation is observed. 

It is becoming evident that immune molecules also have non-immune functions 

(e.g. involvement in neurodevelopment and brain homeostasis). Therefore, Estes 

and McAllister (2014) emphasized to reserve the term ‘neuroinflammation’ when the 

following four criteria of pathological neuroinflammation are met: 1) activation of 

microglia; 2) increased cytokine levels; 3) lymphocyte recruitment and infiltrates; and 

4) gliosis and local tissue damage14. Clarifying the presence of neuroinflammation in 

schizophrenia is of importance to decide whether anti-inflammatory drugs might be 

beneficial to reduce schizophrenic symptoms. 

The aim of this study is therefore to evaluate the presence of neuroinflammation in 

post-mortem brain tissue of patients with SCZ based on these classical hallmarks. We 

analysed the presence of the four hallmarks of neuroinflammation in the superior 

temporal gyrus (STG) provided by the Netherlands and Scotland brain bank. We 

quantitatively investigated microglial density and morphology, mRNA expression of 
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cytokines and microglial-related genes, and the density of T- (CD3+) and B- (CD20+) 

lymphocytes. Additionally, we explored neuropathology reports on schizophrenia 

for their notification of neuroinflammation, gliosis, or local tissue damage, examined 

blood-brain barrier (BBB) intactness and the presence of tissue damage. Our study is 

the first that systematically analysed the four hallmarks of neuroinflammation in SCZ.

Material and methods

Human brain tissue
Paraffin embedded (SCZ N=16; control N=18) and snap frozen (SCZ: N=10; control: 

N=14) post-mortem tissue of the superior temporal gyrus (STG) was provided by the 

Netherlands Brain Bank (www.brainbank.nl) and the Scotland Brain Bank (Edinburgh). 

The STG was chosen as region of interest since it has been associated with schizophrenia 

before16–18. Paraffin tissue was processed for immunochemistry, whereas snap frozen 

tissue was used for both immunochemistry and mRNA expression analysis. Informed 

consent for brain autopsy and the usage of brain tissue and accompanied clinical 

information for research purposes was obtained ante-mortem. Clinical characteristics 

of the donors are listed in table 1 and supplementary table 1. Donors with different 

stages of Alzheimer pathology (Braak, amyloid) were included in the study. Although 

microglia are immune activated in Alzheimer’s disease19, pathology was present in 

both patients and controls and further correction was not applied. The donors of 

which tissue quality was sufficient varied from experiment to experiment. Thus, the 

number of included donors in the analyses is different per experiment. Patients and 

controls did not differ on the confounder variables age, sex, post-mortem delay (PMD), 

and pH (Table 1) for microglial density and morphology and expression analysis. PMD 

was significantly different between patients and controls for T-lymphocyte density. 

However, ANCOVA analysis showed no significant interaction effect of PMD and CD3 

density. Correction for PMD is therefore not applied for further analysis. 

Haematoxylin Eosin (HE) staining 
Pre-stained HE brain sections of the STG of patients with SCZ (N=13) were provided 

by the Netherlands Brain Bank. Paraffin sections of patients with SCZ that were 

provided by the Scotland Brain bank (N=3) were deparaffinised through a xylene 

and alcohol series and stained with Mayer’s haematoxylin (Carl Roth, Karlsruhe 

Germany) for 8 minutes. Sections were rinsed with tap water for 8 minutes and 

stained with eosin (pH 5.0, Carl Roth, Karlsruhe Germany) for 2 minutes. After 

staining, the sections were dehydrated through an alcohol series and mounted in 

Entellan (Merck, Darmstadt, Germany).

Table 1: Summary of clinical information and post-mortem variables of the study

  Control (N=18) SCZ (N=16)

 Paraffin tissue
 

Age (years) 70.1 ± 13.6 67.6 ± 13.8
Sex (M:F) 13:6 10:6
PMD (minutes) 1302 ± 1762 2039 ± 1703
pH 6.55 ± 0.30 6.57 ± 0.37
  Control (N=14) SCZ (N=10)

 Frozen tissue
 
 

Age (years) 73.1 ± 17.0 64.0 ± 13.9
Sex (M:F) 8:6 4:6
PMD (minutes) 1713 ± 2093 1197 ± 1348
pH 6.53 ± 0.37 6.51 ± 0.40

 Summary of the clinical information (age and sex) and post-mortem variables (post mortem delay (PMD) and pH) of donors used in the 
study. Numbers represent mean ± standard deviation. M = male; F = female, Control = control donor; SCZ = schizophrenia.

Immunochemistry for microglia and lymphocytes
Paraffin tissue of the STG of patients with SCZ (N=16) and controls (N=18) was sectioned 

(7 μm) on the microtome (Leica Microsystems) and mounted on glass slides. Paraffin 

sections of the Scotland Brain Bank were already mounted upon arrival. Sections were 

deparaffinised via a standard xylene and alcohol series before blocking endogenous 

peroxidase activity with 1% H2O2 (Merck, Darmstadt, Germany) in phosphate-buffered 

saline (PBS) for 10 minutes. For antigen retrieval, sections were heated in 0.01 mM 

citrate (Merck, Darmstadt, Germany), 0.05% Tween-20 (Merck, Darmstadt, Germany) 

for 15 minutes. Aspecific binding was blocked in PBS supplemented with 1% normal 

horse serum (NHS, Thermo Fisher Scientific, Massachusetts, USA), 0.1% bovine serum 

albumin (BSA, Merck, Darmstadt, Germany), 0.2% TritonX (Merck, Darmstadt, Germany) 

at room temperature (RT) for 30 minutes. Polyclonal rabbit-anti-human ionized calcium-

binding adapter molecule 1 (Iba1; 1:2000, FUJIFILM Wako Chemicals, USA); polyclonal 

rabbit-anti-human CD3 (1:100, DAKO, Glostrup, Denmark) and monoclonal mouse-anti-

human CD20 (1:100, DAKO, Glostrup, Denmark) antibodies for microglia, T-lymphocytes 

and B-lymphocytes respectively, were diluted in PBS with 0.1% BSA and incubated at 

4°C overnight. The specificity of these antibodies has been demonstrated previously20,21. 

Primary antibodies were detected using the Avidin-Biotin Complex method. Biotinylated 

goat-anti-rabbit antibody (1:400, Jackson ImmunoResearch Laboratories, Inc.) and 

biotinylated horse-anti-mouse (1:400, Jackson Immunoresearch, USA) were diluted in 

PBS, 1% BSA, 1% NHS and incubated at RT for 45 minutes, followed by an incubation 

with avidin-biotin-peroxidase (AB) complex (A: 1:800, B: 1:800, Vector Laboratories) 

at RT for 30 minutes. 3,3-Diaminobenzidine (DAB, Merck, Darmstadt, Germany) was 

used to visualize microglial immunoreactivity. For CD3/CD20 staining, cell nuclei were 

counterstained with haematoxylin for 6 minutes, followed by a rinse in tap water for 

4 minutes. The sections were dehydrated through an alcohol series and mounted in 

Entellan (Merck, Darmstadt, Germany). 
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Microglia were also immunofluorescently stained with Iba1 to quantify microglia 

density relative to total cell number. Above described protocol was applied with 

small adaptations. Instead of using Avidin-Biotin-DAB complex, tissue sections 

were counterstained with secondary goat-anti-rabbit Alexa 488 (1:700, Jackson 

ImmunoResearch Laboratories, Inc.) and Hoechst (1:1000) at RT for 45 minutes. 

Sections were mounted in Mowiol.

Immunochemistry for blood-brain-barrier intactness
Snap frozen tissue of the STG of patients with SCZ (N=6) and controls (N=8) was 

sectioned (20 μm) at the cryostat and mounted on glass slides. Sections were air 

dried and incubated in 4% paraformaldehyde-PBS solution for 10 minutes. Tissue 

sections were blocked with PBS supplemented with 10% normal goat serum (NGS, 

Thermo Fisher Scientific, Massachusetts, USA) and 0.4% TritonX100? at RT for 1 hour, 

followed by incubation of primary rabbit anti-human IgG (1:2000, Merck, Germany) 

and mouse anti-human VE-Cadherin (1:100, Bioscience) in PBS with 3% NGS and 

0.4% TritonX100? at RT overnight. Next day, tissue sections were washed in PBS and 

incubated with secondary goat anti-mouse 568 (1:650, Life technology, Carlsbad, 

USA) in PBS with 1% NGS at RT for 2 hours. After washing the sections were incubated 

with DAPI (Thermo Fisher Scientific, Massachusetts, USA), washed and embedded 

with FluorSave (Merck, Darmstadt, Germany).

Microscopy and quantification
Iba1, CD3, and CD20 DAB-immunostainings were visualized with a ZEISS Imager 

M2 light microscope, whereas a Zeiss AxioScope A1 microscope was used for Iba1, 

IgG and VE-Cadherin fluorescent stainings. Microglial density and morphology was 

determined in six randomly taken pictures in both grey and white matter to incorporate 

microglial heterogeneity22, the experimenter was blinded for diagnosis. Open-source 

software ImageJ was used to quantify microglial cell numbers, their morphology and 

Iba1+-area covered. A particle analysis macro-script was used to count microglial 

density. Microglia density relative to total cell numbers was calculated by dividing 

the number of double positive nuclei (Iba1+Hoechst+), determined with the RG2B 

co-localisation plugin, by the total number of Hoechst+ nuclei. For morphology, the 

cell body-to-size-ratio was calculated23. The cell body and total perimeter of the cell 

was determined with an automated particle analysis and radius mask macro. Cell 

body-to-size ratio close to one is associated with more amoeboid microglia, whereas 

ramified microglia have a ratio closer to zero. IgG and VE-Cadherin stainings were 

visually screened on IgG presence and BBB disruption. 

The HE sections were systematically screened at 10x magnification for the presence 

of infiltrates. According to neuropathological standards, an infiltrate was defined as 

an accumulation of cells in the brain parenchyma, often seen near a vessel or in the 

perivascular space (supplementary figure 1a). Additionally, we manually counted single 

CD3+ and CD20+ cells in whole tissue sections and the experimenter was blinded for 

diagnosis. A distinction was made between CD3+ T-lymphocytes in the parenchyma, 

considered as infiltrated, and CD3+ cells in the vessel wall (supplementary figure 1b). 

Density of CD3+ and CD20+ cells was visualized by showing the number of cells per mm2.

Gene expression analysis
Grey and white matter of snap frozen brain tissue of the STG (SCZ: N=9; control 

N=14) was dissected manually and lysed in TRIzol reagent (Thermo Fisher Scientific, 

Massachusetts, USA) to study mRNA expression of microglial general genes 

and immune-activation genes. RNA extraction and cDNA production for frozen 

brain tissue samples was performed as described before24. Quantitative real-time 

polymerase chain reaction (qPCR) was performed on a QuantStudio™ 6 Flex Real-

Time PCR System (Life Technologies Corporation, NY, USA). Per reaction, 3.5 ng input 

of cDNA was mixed with Milli-Q water, 5 µL SYBRgreen PCR Master Mix (Roche; Life 

Technologies Corporation, Grand Island, NY, USA), and 1 µL primer mix (2 pmol/mL; 

supplementary table 2) until a final volume of 11 µL. All primers were intron-spanning 

and designed with the online tool of NCBI. The following cycle conditions were used: 

50°C for 2 minutes, 95°C for 10 minutes, 40 cycles at 95°C of 15 seconds and at 60°C 

for 60 seconds. Gene expression was normalized to reference genes stable for brain 

tissue (Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-actin (ACTB), and 

Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA)) according to the 

ΔΔCT method25. Non-detectable values (ND) were incorporated in the analysis as a CT 

value of 40 and shown in the graphs.

Statistics
Statistical analysis ware performed with Graphpad software (version 7) and SPSS 

IBM 23. We used an ANCOVA analysis to study interaction effects of confounders on 

outcome variables. Non-parametric Mann-Whitney U test was performed to analyse 

differences in microglial density and morphology, lymphocyte numbers, and mRNA 

expression differences between patients with SCZ and controls. Spearman ranks 

correlation was calculated to determine the relation between microglia and cytokine 

gene expression and microglial and lymphocyte density. Bonferroni correction for 

multiple testing was applied for each experiment.
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Results

Hallmark 1: microglial density and activation
For the assessment of microglia density and morphology we used an Iba1 staining. 

Figure 1a and b show representative pictures of the Iba1 DAB- (Figure 1a) and 

fluorescent-stainings (Figure 1b) in a control donor and a patient with SCZ. In total, 

three different parameters were included in the study, all analysed with automated 

methods. The total Iba1+ area covered was not changed between SCZ and controls 

in both grey and white matter (Figure 1c). When counting the number of microglial 

cells per mm2 (Figure 1d) and the percentage Iba1+ cells over total cell number (Figure 

1e), we determined that microglial density in SCZ was not different from controls. 

To study changes in microglial morphology we analysed the perimeter of the cell 

and the cell body-to-cell-size-ratio in grey matter of the STG (Figure 1 f-g). Activated 

microglia are characterized by a small perimeter and large cell body-to-cell-size-ratio. 

We did not find a difference in the cell perimeter (Figure 1f ) and the cell body-to-

size-ratio (Figure 1g) between patients and controls. Additionally, mRNA expression 

of general microglial genes (AIF1, CX3CR1, and ITGAM, Figure 1h) was quantified in 

grey and white matter of the STG of patients and controls. None of these markers 

were increased in SCZ. Interestingly, CX3CR1 expression was significantly decreased 

in the grey matter of patients with SCZ. Linear regression analysis showed a positive 

association between AIF1 expression and CX3CR1, indicating that within each donor 

AIF1 expression is correlated with CX3CR1 expression (Figure 1i).

> Figure 1: Quantification of microglial density and morphology. 
Microglial density and morphology was determined in the superior temporal gyrus (STG) of 
patients with schizophrenia (SCZ, N=10, red circles) and controls (N=15, blue dots) with Iba1 
immunohistochemistry. a) Representative pictures of Iba1 immunostaining with DAB in controls 
and patients with SCZ. b) Fluorescent immunochemistry with Iba1-Alexa-488 (green) and Hoechst 
(blue) in controls and patients with SCZ. c) Percentage of Iba1+ area in both grey and white matter in 
patients and controls. Cell density was determined with DAB (d) and fluorescent staining (e) in grey 
and white matter. Density of fluorescent stained microglia is represented as the number of Iba1+ cells 
divided by the total cell number. Microglia morphology was determined in grey matter of the STG in 
patients and controls with the cell perimeter (f ) and cell body-to-size-ratio (g). h) mRNA expression 
of general microglial genes (AIF1, CX3CR1, ITGAM) in grey and white matter of the superior temporal 
gyrus (STG) of patients with schizophrenia (SCZ, N=10, red circles) and controls (N=14, blue dots). i) 
Linear regression analysis of mRNA expression of CX3CR1 and AIF1 in patients with SCZ (red line) and 
controls (blue line). Spearman’s rho correlation is given per linear regression. Gene expression was 
normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-actin (ACTB), and Succinate 
Dehydrogenase Complex Flavoprotein Subunit A (SDHA) using the ΔΔCT method25. Horizontal lines 
represents median and ND are non-detectable values. Bonferroni correction for multiple testing was 
applied. * p < 0.05, ** p < 0.01, *** p < 0.001.

Iba1+ cell density
fluorescent

c d e

f g

Figure 1: Quantification of microglial density and morphology
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Hallmark 2: increased cytokine levels
To determine the mRNA expression of microglial activation genes and cytokines (HLA-

DRA, IL1B and IL6, Figure 2a), we performed a qPCR analysis on mRNA isolated from 

grey and white matter of snap frozen brain tissue of the STG of patients and controls. 

mRNA expression of microglial immune activation genes HLA-DRA and IL1B was not 

different between patients and controls. We found a significant increase of IL6 in 

the grey matter of patients with SCZ (Figure 2a), mainly driven by one donor with 

high IL6 expression. After outlier removal, no significant increase of IL6 was found. 

To look specifically if microglial activation genes correlate with AIF1 expression, we 

performed a linear regression analysis. HLA-DRA was positively correlated to AIF1 

expression in patients and controls (Figure 2b). IL1B showed a positive correlation 

with AIF1 in controls (Figure 2c), whereas IL1B in patients and IL6 in both groups did 

not correlate with AIF1 (Figure 2c-d). 

Hallmark 3: lymphocyte recruitment and infiltrates
As a first screening for infiltrates, defined as an accumulation of lymphocytes, we 

explored the pathology reports of all SCZ cases of the Netherlands Brain Bank 

(N=13). An experienced neuropathologist examined HE stainings of the frontal, 

temporal, parietal, and occipital cortex, pre- and post-central gyrus, thalamus, 

pituitary gland, hippocampus, substantia nigra, red nucleus, cingulate gyrus, caudate 

nucleus, putamen, insula, amygdala, locus coeruleus, pons, and medulla oblongata. 

Ischemic changes were reported in one patient, but they were related to the cause 

of death. Perivascular lymphocytic infiltrates around a few vessels were described 

in the putamen and caudate nucleus of one schizophrenia subject with comorbid 

rheumatoid arthritis. For this case, lymphocytic in the parenchyma were described. 

Neuroinflammatory changes in other cases were not described. 

The screening of neuropathological reports was based on HE sections, and single 

infiltrating T- and B-lymphocytes would be missed with this method. Thus, we 

separately analysed the presence of lymphocytic infiltrates in paraffin embedded 

sections of the STG that were stained with CD3 or CD20 for T- and B-lymphocytes 

respectively. Figure 3 shows a representative picture of a CD3 staining in a control 

donor (Figure 3a) and a patient with SCZ (Figure 3b). As a positive control for 

lymphocyte infiltration we additionally stained a patient diagnosed with both SCZ 

and MS (Figure 3c). Only several individual CD3+ cells were found in the parenchyma of 

patients and controls, whereas the positive control donor showed many lymphocytes 

and large infiltrations. For quantification of the number of T-lymphocytes, a distinction 

was made between CD3+ lymphocytes in the vessel wall and in the parenchyma. No 

differences were found in the number of CD3+ cells in the vessel wall between patients 

and controls (Figure 3d). In contrast, a significant increase in the number of CD3+ cells 

was detected in the parenchyma of patients with SCZ. For the B-lymphocytes, only a 

few CD20+ cells were detected in total brain sections of patients and controls (data 

not shown) and were not further quantified.

To determine the relation between the number of microglia (Iba1+) and infiltrated CD3+ 

lymphocytes we performed a linear regression analysis (Figure 4). The cell density of 

Iba1+ cells per mm2 was correlated with the number of CD3+ cells per mm2 in the vessel 

wall (Figure 4a), and in the parenchyma (Figure 4b). Although a positive correlation was 

found in the vessel wall and the parenchyma between Iba1 and CD3 density in patients 

and controls, there was no significant difference between the groups. 
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Figure 2: mRNA expression and correlations of general and microglial activation genes.
a) mRNA expression of microglial activation genes (HLA-DRA, IL1B, IL6) in grey and white matter of 
the superior temporal gyrus (STG) of patients with schizophrenia (SCZ, N=10, red circles) and controls 
(N=14, blue dots). Linear regression analysis was performed on AIF1 mRNA expression and mRNA 
expression of HLA-DRA (b), IL1B (c), and IL6 (d) in patients with SCZ (red line) and controls (blue line). 
Spearman’s rho correlation is given per linear regression. Horizontal lines represents median. ND = 
non-detectable values. Bonferroni correction for multiple testing was applied. * p < 0.05, ** p < 0.01, 
*** p < 0.001.
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Figure 4: Linear regression of microglial density and CD3+ lymphocytes

Figure 4: Linear regression of microglial density and CD3+ lymphocytes. 
Linear regression analysis was performed on microglial density (number of Iba1+ cells per mm2) and CD3 density in 
the superior temporal gyrus (STG) of patients with schizophrenia (SCZ, red line) and controls (blue line). Distinction 
was made between density in the vessel wall (a) and parenchyma (b). Spearman’s rho correlation was given per 
linear regression. 
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Figure 3: Quantification of lymphocytic infiltration and recruitment. 
CD3 staining and quantification in post-mortem brain tissue of the superior temporal gyrus (STG) in patients with 
schizophrenia (SCZ) and controls. a-c) Representative CD3 stainings in a control donor (a), patient with SCZ (b), and 
patient with SCZ and multiple sclerosis (c) as positive control for lymphocyte infiltration. Black arrows represent CD3+ 
cells. Quantification of CD3 density in the vessel wall (d) and the parenchyma (e) in controls (N=14, blue dots) and 
patients with SCZ (N=15, red circles). Horizontal lines represents median. Bonferroni correction for multiple testing 
was applied. *p < 0.05.

Hallmark 4: gliosis and local tissue damage
The presence of local tissue damage was established by visually screening H&E 

stained tissue sections of the Netherlands and Scotland brain bank. We could not find 

signs of local tissue damage in patients and controls (data not shown). Since blood 

brain barrier intactness is often lost in neuroinflammatory disorders, we stained snap 

frozen tissue sections of patients with SCZ and controls with IgG and VE-Cadherin 

(Figure 5). Leakage of the BBB would result in IgG staining outside the VE-Cadherin+ 

vessels. VE-Cadherin was equally expressed in patients and controls and co-localized 

with IgG+ staining, indicating no leakage of IgG into the parenchyma and intactness 

of the BBB.

Figure 5: IgG and VE-Cadherin staining for blood-brain-barrier intactness. 
Frozen sections of the superior temporal gyrus (STG) of patients with schizophrenia (SCZ, N=6, a-c) 
and controls (N=6, d-f ) were stained for IgG (a, d, green) and VE-Cadherin (b, e, red). Co-localization 
of IgG and VE-Cadherin showed blood-brain-barrier intactness in patients (c) and controls (f ). White 
arrows show positive staining for IgG and VE-Cadherin.

Discussion

In this study we investigated the four hallmarks of neuroinflammation in post-

mortem brain tissue of the STG: 1) activation of microglia; 2) increased cytokine levels; 

3) lymphocyte recruitment and infiltrates; and 4) gliosis and local tissue damage14. 

We found no differences in microglial density and activation state. qPCR analysis 

revealed decreased expression of CX3CR1 in SCZ, but equal expression of ITGAM 

and AIF1. Regarding microglial activation and cytokine levels, similar expression of 
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HLA-DRA and IL1B were detected. CD3+ and CD20+ infiltrates were not found in SCZ, 

but slightly more single CD3+ T-lymphocytes were detected in the parenchyma of 

patients with SCZ. Staining of the BBB and analysis of the neuropathological reports 

did not indicate BBB disruption, gliosis or tissue damage. 

The absence of microglial density and activation has been described in previous 

studies. Trépanier et al. reviewed in total 21 studies, of which 15 studies performed 

immunochemistry to quantify microglial numbers in SCZ9. Most of the studies 

reported a lack of overall differences in microglial density, which is in line with our 

data. However, when other methods were included in the analysis (western blot, 

qPCR), 10/21 studies reported an increased of microglial markers. A meta-analysis 

with the same studies found an increased density of microglia26. However, one of the 

included studies that reported the largest differences between patients and controls, 

the study of Rao et al. (2013), was retracted. In total four studies assessed microglial 

morphology in SCZ as reflection of their activation state. Similar as in our study, two 

studies reported no differences in microglial morphology in the raphe nucleus27,28. 

Others found more amoeboid microglia in the temporal lobe, but only in the deeper 

cortical layers29. Additionally, they reported microglia with changed morphology, 

including cytoplasmic shrinkage and thinning, shortening, and fragmentation of 

microglial processes30. 

The heterogeneous findings on microglial density and morphological alterations 

cannot be explained by the various brain regions investigated, since studies analysing 

the same region also reported contradicting findings. One remarkable difference 

is that the studies with the most significant results were all using antibodies to 

recognize HLA-DP/DQ/DR, in contrast to studies staining with Iba1. It is known that 

HLA is more expressed on activated microglia and that the overlap between Iba1 and 

HLA-DR is limited31. Besides, Iba1 has higher specificity since it only stains ramified 

and amoeboid microglia, whereas HLA-DR also visualizes macrophages31. The density 

of Iba1+ microglia was not different between patients and controls, as was shown 

here and by others28,32. Thus, HLA-DR might stain a specific microglia population that 

is increased in SCZ and need to be studied further. In our study we found a significant 

decrease of CX3CR1 mRNA in SCZ. CX3CR1 is expressed on microglia and reacts on the 

CX3C Ligand 1 (CX3CL1) on neurons. CX3CR1-CX3CL1 signalling is highly important 

for neuron-microglia interaction and this directly influence on neurogenesis and 

social interactions in adulthood33,34. Lower expression of CX3CR1 could indicate a 

disturbance in the neuron-microglia communication in SCZ, but need to be studied 

in more detail.

Another reason for the variety of results could be differences in disease severity 

or disease characteristics. For example, higher microglial numbers or changed 

morphology is reported for individual patients or in association with suicide28,35–37. 

Also without suicidal comorbidity, microglial alterations have been found in a subset 

of the patients. Hercher et al. observed numerous activated microglia in 15% of the 

patients, whereas Comte at al. found MHC II immunoreactivity in both patients and 

controls28,35. Furthermore, increased microglial density was observed in patients with 

paranoid SCZ compared to residual SCZ and controls21. 

With qPCR we determined gene expression of microglial activation genes. No 

increased HLA-DRA expression was found in SCZ in our cohort. This is in line with 

others who found equal38,39 or even decreased40,41 mRNA expression, but our data is in 

contrast to another study that reported higher mRNA and protein levels42. Two large 

RNA sequencing studies of the dorsolateral prefrontal cortex and the hippocampus 

confirmed the absence of changes in mRNA expression of several HLA subtypes43,44. 

This would indicate that mRNA levels of HLA-related genes are not differently 

expressed in SCZ. The lack of an inflammatory profile in SCZ is further supported 

by the lack of differences between patients and controls in the expression of IL1B, 

IL6, TNF, and CD6843,44. In our first analysis we found increased expression of IL6 in 

SCZ, but this was driven by one patient. Fillman et al. reported similar individual pro-

inflammatory profiles in 14/37 patients with significant upregulation of IL6, IL8 and 

IL1B42. Together, these studies indicate that expression of pro-inflammatory cytokines 

may be present in a subgroup of patients and is not present in SCZ in general. 

In SCZ there is an absence of infiltrates (accumulation of lymphocytes), gliosis, 

and signs of neurodegeneration as was also reported by others16,21,45–47. Especially 

the absence of gliosis, an indication for previous neuroinflammation, suggests no 

neuroinflammation in SCZ47. CD3+ and, to a lesser extend, CD20+ lymphocytes 

are not only present in SCZ tissue, but single cells are also randomly distributed 

throughout the tissue. Interestingly, we observed more single CD3+ T-lymphocytes 

in the parenchyma of SCZ patients. This is in line with other reports that described 

the number of T-lymphocytes in SCZ. Busse et al. found more T- lymphocytes outside 

the vessels in the hippocampus of patients with residual SCZ compared to patients 

with paranoid SCZ and controls21. No increase in microglial density was reported 

in the same tissue, corresponding with our findings and the correlations between 

microglial and lymphocytic density. Although no discrimination was made between 

cells the vessel wall or parenchyma, Bogerts et al. detected more T-lymphocytes in 

the thalamus, cortex, cingulate gyrus and hippocampus in 15-40% of the patients 

with SCZ45. 
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Why more T-lymphocytes are present in brain tissue of patients with SCZ is not clear 

yet. Higher densities of T-lymphocytes in the CNS are often associated with BBB 

disruption. However, our results suggest that the BBB is still intact and this is in line with 

earlier reports in which the presence of vascular impairments in SCZ is debated21,4849. 

Nicotine smoking is related to increased cell proliferation of T-lymphocytes in blood50. 

We observed that nicotine abuse is more common in our patient group and that the 

donors with the highest CD3+ density in our cohort have comorbidity with smoking, 

what could account for the difference. It is known that T-lymphocytes play a role in 

the crosstalk between the immune system and neurons. They can influence neuronal 

functioning and react to circulating neurotransmitters (e.g. dopamine) by increasing 

their proliferation and migration48. Besides, T-lymphocytes can be detrimental for 

neuronal function via the induction of neurotoxicity and neuronal damage48. Since 

each type of T-lymphocyte has its own function, more specific immunostainings 

with CD4 and CD8 for T helper and cytotoxic T-cells respectively are needed to 

interpret which role they might play in the CNS of patients with SCZ. Additionally, it is 

informative to stain for IFNγ, which is secreted by T-lymphocytes and regulates T-cell 

homeostasis, in post-mortem tissue of patients with SCZ.

Previous described literature on each of the four hallmarks of neuroinflammation 

showed that there is much divergence. Several reasons may account for the 

heterogeneity. A variety of markers was applied on various brain tissues and 

quantification was performed with manual counting, which is highly sensitive for 

bias. Another important factor is the effect of pre- and post-mortem variables. Many 

studies, including our study, corrected for age, sex, and PMD. It is however likely that 

other confounders have an impact on the data, such as the cause of death, pH, and 

comorbidity (e.g. smoking). For example, only two studies looked into the effect of 

smoking on HLA-DRA expression and reported opposite findings51,52. Furthermore, it 

is suggested that there is a role for suicide in microglial density and activation and 

maybe other hallmarks as well, as was already shown for major depressive disorder27. 

Medication is one of the most challenging confounding factors in post-mortem 

analysis. Patients with SCZ use a variety of antipsychotic medications, which are 

known to have anti-inflammatory properties53,54. Unfortunately, post-mortem brain 

tissue of unmedicated patients is not available to study the effect of antipsychotics 

on microglial activation and lymphocytic recruitment. Additionally, it needs to be 

noted that with post-mortem brain tissue conclusions are based on patients that are 

suffering from SCZ for multiple years. It might be possible that neuroinflammation 

can play a role in the earlier stages of the disorder, for example trigger the onset of 

SCZ or evoke a new psychotic episode53. 

Our data and current literature confirms the absence of classic neuroinflammation 

in SCZ in post-mortem brain tissue. However, certain aspects of neuroinflammation 

were present in a subset of the patients, as was shown with increased IL6 and 

CD3+ cells in the parenchyma of individual patients. Also other studies have found 

hallmarks of neuroinflammation in a small percentage of the patients. SCZ is a 

very heterogeneous disorder with various subtypes (residual, paranoid, catatonic, 

disorganized) and a broad range of symptoms. Individual patients with SCZ can 

express one of the four hallmarks of a classic neuroinflammatory disorder. In 

these patients’ elevated cytokine levels, microglial activation or more lymphocytic 

recruitment is observed, as is seen in our study and by others. It would be interesting 

to study why certain patients display hallmarks of neuroinflammation and unravel the 

underlying mechanism. This will provide useful information for therapeutic strategies 

for individual patients with signs of neuroinflammation, since these patients might 

benefit from anti-inflammatory medication, such as Natalizumab55.

In summary, SCZ cannot be seen as a classical neuroinflammatory disorder since not 

all four criteria are met. Therefore, we suggest using the term ‘neuroinflammation’ 

only for true neuroinflammatory disorders, like MS. 
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Supplementary table 1: clinicopathological information

Donor Diagnosis Sex Age
(years)

Braak Amyloid PMD 
(minutes)

pH Somatic 
comorbidity

Cause of 
death

Used for

93/274 SCZ F 68 1 - 620 6.45 2 1, 9 1b, 1c, 1d, 2a, 2b

96/238 Control F 87 2 - 480 6.91 5 2 2a, 2b

96/251 Control M 84 1 - 540 6.20 3 2 2a, 2b

96/373 Control M 70 0 O 450 6.40 - 3 1a

98/127 SCZ F 85 0 -  540 NA 5 2 1a, 1c, 1d

98/229 SCZ M 76 NA NA 5340 NA 3, 5, 6 2 1c, 1d

98/329 SCZ M 48 NA NA 2460 NA 6 5 1c, 1d

99/144 Control F 59 1 O 250 6.67 NA 9 1a, 1b, 1c, 1d

99/182 SCZ M 67 1 A 3900 NA -  2 1a, 1b, 1c, 1d

99/209 SCZ M 74 1 O 3120 NA 4, 5 1 1a, 1b, 1c, 1d

99/262 SCZ M 95 3 C 3600 NA 5 2 1a, 1b, 1c, 1d

00/067 Control M 73 0 O 1485 NA -  NA 1a, 1b, 1c, 1d

01/158 Control F 69 1 A 345 6.97 3 4 1a, 1b, 1c, 1d

03/009 Control M 51 0 - 464 NA  5 NA 2a, 2b

04/019 Control M 91 1 O 2360 6.61 -  NA 1a, 1c, 1d

04/021 SCZ F 92 3 O 455 6.30 5 NA 2b

04/081 Control M 67 1 B 1115 6.70 2 2 1a, 1b, 1c, 1d

05/019 Control M 74 3 C 300 6.70 - NA 1a, 1b, 1c, 1d

05/073 Control F 87 3 A 365 6.96 -  NA 1a, 1c, 1d

05/161 SCZ F 66 0 O 670 7.24 3, 5 3 1a, 1c, 1d, 2a, 2b

09/003 Control M 62 1 O 440 6.36 -  NA 1a, 1b, 1c, 1d

09/039 Control M 78 1 - 1060 6.52 5 2 2a, 2b

09/286 SCZ M 78 1 B 200 NA 5, 6 2, 4e 1a, 1b, 1c, 1d

09/300 Control F 71 1 A 4210 6.31 4d, 5 9 2a

09/301 Control M 92 4 A 505 6.14 5 2 2a, 2b

10/049 SCZ M 59 NA NA 750 5.93 -  2 2a, 2b

10/158 SCZ M 64 1 A 1155 7.00 -  2 1a, 1b, 1c, 1d, 2a, 2b

10/360 SCZ F 79 1 NA 285 6.34 5 2 1a, 1b, 1c, 1d, 2a, 2b

11/028 Control F 81 1 - 265 6.67 2, 5 9 2a, 2b

11/039 Control F 91 1 B 255 6.50 4d, 5 2 2a, 2b

11/044 Control M 51 0 - 465 7.05 -  5 2a, 2b

11/069 Control M 49 0 O 375 6.23 -  NA 1a, 1b, 1c, 1d

11/096 Control F 70 2 A 375 6.55 5 3 1a, 1b, 1c, 1d

12/001 Control F 89 2 B 340 6.75 -  8a 2a

12/005 Control F 84 2 A 336 6.68 3 8a 2a
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12/031 SCZ F 55 NA NA 590 6.82 2, 5, 6 4 1b, 1c, 1d, 2a

12/052 Control F 64 0 A 340 6.35 3 NA 1a, 1c, 1d

12/101 Control M 80 2 C 265 6.59 3 4 1d

12/104 Control M 79 2 A 390 6.71 -  NA 1a, 1b, 1c, 1d

13/006 SCZ F 63 NA NA 300 6.50 3 3 1a, 1b, 1c, 1d, 2a

13/056 Control M 95 2 B 435 6.56 -  NA 1a, 1b, 1c, 1d

14/029 Control F 78 1 A 430 6.32 3, 5 4 1b, 1c, 1d

SD015/12 Control M 70 NA NA 4400 6.90 -  2 1a, 1b, 1d, 2a

SD017/06 SCZ M 44 NA NA 2640 6.40 5 2 1a, 1b, 1c, 1d, 2a

SD019/15 Control M 50 NA NA 6180 5.70 - 2 1a, 1d, 2a

SD022/13 Control M 45 NA NA 4440 6.60 -  2 1b, 1d, 2a

SD033/07# SCZ M 70 NA NA 2700 6.28 2, 5 2 1c, 1d

SD035/08 SCZ M 50 NA NA 4500 6.10 5, 6 2 1c, 1d, 2a

Control = control donor; SCZ = donor with schizophrenia; M = male; F = female; NA = not applicable; - = absent; PMD = post-mortem 
delay; somatic comorbidity: 1 = infection < 2 weeks prior to death; 2 = auto-immune disease; 3 = cancer (in history); 4 = neuropathology; 
5 = cardiovascular (hypertension, infarct); 6 = substance abuse (alcohol, cigarettes); a = Dementia; b = Parkinson; c = ischemia/infarction; d = 
bleeding (CVA, TIA); e = encephalopathy; cause of death: 1 = infection/inflammatory; 2 = cardiorespiratory; 3 = cancer; 4 = euthanasia/palliative 
sedation*; 5 = suicide; 6 = trauma; 7 = cachexia/dehydration; 8 = brain; a = ischemia/infarction; b = bleeding (CVA, TIA); 9 = other (ileus, organ 
failure); used for: 1 = paraffin tissue; 1a = Iba1 DAB; 1b = Iba1 immunofluorescent; 1c = CD3/CD20 immunochemistry; 1d = Haematoxylin Eosin 
staining; 2 = frozen tissue; 2a = mRNA expression; 2b = BBB immunochemistry; # positive control (SCZ + multiple sclerosis); * euthanasia is legal 
according to Dutch law

Supplementary table 2: Primer sequences

Primer Forward sequence Reverse sequence

AIF1 AGACGTTCAGCTACCCTGACTT GGCCTGTTGGCTTTTCCTTTTCTC

ACTB GTGGACATCCGCAAAGACCT TCTGCATCCTGTCGGCAAT

CX3CR1 CTTACGATGGCACCCAGTGA CAAGGCAGTCCAGGAGAGTT

HLA-DRA CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT

IL6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG

IL1B TTTGAGTCTGCCCAGTTCCC TCAGTTATATCCTGGCCGCC

ITGAM TGCTTCCTGTTTGGATCCAACCTA AGAAGGCAATGTCACTATCCTCTTGA

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

SDHA GAAGCCCTTTGAGGAGCACT GTTTTGTCGATCACGGGTCT

Supplementary table 1: Continued

Supplementary figure 1: Lymphocyte staining in the vessel wall and parenchyma. 
Representative pictures of CD3+ (a) and CD20+ (b) stainings in the superior temporal gyrus (STG). White 
arrows represent positive cells in the vessel wall; black arrows show positive cells in the parenchyma. 
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20 µm
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Abstract

Genetic, epidemiological, and biomarker studies suggest that the immune system 

is involved in the pathogenesis of bipolar disorder (BD). It has therefore been 

hypothesized that immune activation of microglia, the resident immune cells of 

the brain, is associated with the disease. Only a few studies have addressed the 

involvement of microglia in BD so far and a more detailed immune profiling of 

microglial activation is lacking. Here, we applied a multi-level approach to determine 

the activation state of microglia in BD post-mortem brain tissue. We did not find 

differences in microglial density, morphology, and mRNA expression of microglial 

markers in the medial frontal gyrus (MFG) of patients with BD. Furthermore, we 

performed in depth characterization of human primary microglia isolated from fresh 

brain tissue of the MFG, superior temporal gyrus (STG), and thalamus (THA). Similarly, 

these ex vivo isolated microglia did not show elevated expression of inflammatory 

markers. Finally, challenging the isolated microglia with LPS did not result in an 

increased immune response in patients with BD compared to controls. Interestingly, 

we observed a trend towards a decreased expression of CX3CR1, consistent across 

brain tissues in total brain tissue and in acutely isolated human microglia. In 

conclusion, our study shows that microglia in post-mortem brain tissue of patients 

with BD are not immune activated. The results on CX3CR1 suggest that other key 

functions of microglia might play a role in the disease, which should be investigated 

in further studies. 

Introduction

The aetiology of bipolar disorder (BD) is still largely unknown. Several lines of 

evidence suggest that the immune system is involved in the pathogenesis of BD. 

Epidemiological studies on large birth cohorts have shown an association between 

BD and autoimmune diseases, atopic disorders, and severe childhood infections1–3. 

Additionally, genetic studies found that several genes associated with BD cluster in 

immune pathways4. Furthermore, many research groups have reported alterations in 

peripheral immune markers in BD, with increased levels of C-reactive protein (CRP) 

and several cytokines, such as IL1β, IL6, and TNFα, in blood and cerebrospinal fluid 

of patients with BD3,5–7. Besides, a decreased percentage of T-regulatory cells8–10 and 

an altered gene expression profile of circulating monocytes in the blood have been 

described8,11. 

It is not yet understood how these immune associations are involved in the 

pathogenesis of BD, but activation of microglia, the immune cells that reside in 

the brain parenchyma, has been hypothesized to play a central role12–15. Microglia 

are part of the innate immune system and have an important function in initiating 

and controlling neuroinflammation in the CNS via the secretion of pro- and anti-

inflammatory cytokines. In addition, these cells are involved in neurodevelopment 

and neuronal functioning in adulthood via promoting synaptogenesis and synaptic 

pruning16,17. Besides, microglia are involved in the regulation and production of 

serotonin of which an imbalance has been implicated in BD13. In homeostatic 

conditions microglia have a ramified morphology with highly motile protrusions 

that scan the environment for possible danger signals, such as pathogens or cell 

debris. Upon detection, microglia become immune activated. They migrate to the 

site of injury, and change their expression profile and shape to a more rounded or 

so-called ‘amoeboid’ morphology. This process is necessary to adequately respond 

to the insult via the secretion of cytokines and chemokines, antigen presentation 

of the microglia, and apoptosis of the injured cell18–20. Although microglial immune 

activation is crucial to minimize the effects of the injury, prolonged activation will 

lead to release of reactive oxygen species, which are toxic to neurons and other 

neighbouring cells21. In BD it has been hypothesized that microglia are immune 

activated, possibly induced by circulating peripheral immune factors, and result in 

CNS damage and abnormalities22,23.

However, evidence for immune activation of microglia in BD is still lacking. Five post-

mortem studies investigated the density of microglia or the expression of microglia 

markers in BD. The samples sizes ranged from 9-20 patients, different microglial 
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markers were used, and multiple brain regions were studied. None of the studies 

found an increased microglial density or elevated expression of microglial markers24–27. 

One study even found decreased mRNA expression of the microglial markers ITGAM 

(CD11b) and CD68 in the anterior cingulate cortex and prefrontal cortex28. Moreover, 

in a positron emission tomography study with the [(11)C]-(R)-PK11195 tracer, there 

was no sign for microglia activation in most regions of the brain in BD, except for the 

hippocampus29. A drawback of these studies was that most used one methodological 

approach (i.e. number of microglia, microglial mRNA expression or protein level), 

non-automated analysis and focussed on immunostainings that only give limited 

information about the diversity of microglial phenotype and function. To conclude, 

an in depth microglial immune profile examining more specific signs of microglial 

activation is still missing in BD. 

Therefore, the aim of this study was to determine whether microglia in post-

mortem brain tissue of patients with BD are immune activated. We applied a multi-

level approach and characterized microglial density, morphology, phenotype, and 

inflammatory functions in the medial frontal gyrus (MFG) of patients with BD. To 

further profile the microglia and examine their inflammatory function, we isolated 

human primary microglia from fresh post-mortem brain tissue of the MFG, superior 

temporal gyrus and thalamus. This allows us to characterize microglia outside the 

brain and assess their functions more extensively30–33. This exclusive approach has 

been used to profile microglia in neurologic disorders, such as multiple sclerosis and 

Alzheimer’s disease34–36, but has not yet been applied to psychiatric disorders. To our 

knowledge the present study is the first investigating microglial immune activation 

in ex vivo isolated human microglia in combination with immunohistochemistry and 

mRNA profiling. 

Materials & Methods

Donors
Paraffin (control N=12; BD N=16), snap frozen (control N=16; BD N=15), and fresh 

post-mortem brain tissue (control N=20; BD N=11) of patients with BD and controls 

was obtained from the Netherlands Brain Bank (www.brainbank.nl). An overview  

of the clinical characteristics and donors used per experiment is summarized in  

Table 1 and Supplementary table 1. We selected the medial frontal gyrus (MFG) as 

the main region of interest (ROI). For fresh post-mortem brain tissue we also selected 

the superior temporal gyrus (STG) and thalamus (THA). All three regions have been 

associated with BD20,37,38. Permission for brain autopsy and the usage of brain tissue 

and accompanied clinical information for research purposes was obtained per donor 

ante-mortem. Due to insufficient quality of the tissue or limited number of viable 

microglia after isolation, we could not include every donor for all downstream 

analyses. There was no significant difference between controls and patients with BD 

in age, post-mortem delay (PMD), and pH (Table 1). Only in frozen tissue, sex was 

significantly different in both grey (p = 0.004) and white matter (p = 0.008) between 

patients with BD and controls. 

Table 1: Summary of clinical information and post-mortem variables of the study

Control (N=12) BD (N=16)
Age (years) 75.6 ± 11.8 72.0 ± 10.4

Immunohistochemistry Sex (M:F) 7:5 12:4
(paraffin tissue) PMD (minutes) 566 ± 376 429 ± 176

pH 6.53 ± 0.18 6.45 ± 0.18
Control (N=16) BD (N=15)

Age (years) 75.06 ± 13.02 74.73 ± 8.04
mRNA expression Sex (M:F) 5:11* 12:3*
(frozen tissue) PMD (minutes) 429 ± 189 430 ± 183

pH 6.52 ± 0.29 6.42 ± 0.23
Control (N=16) BD (N=11)

Age (years) 79.69 ± 11.97 74.27 ± 17.78
mRNA expression Sex (M:F) 5:11 5:6
(isolated microglia) PMD (minutes) 447 ± 128 456 ± 116

pH 6.75 ± 0.32 6.67 ± 0.49
Control (N=17) BD (N=7)

Age (years) 80.94 ± 12.15 72.14 ± 19.57
Protein expression Sex (M:F) 5:12 2:5
(isolated microglia) PMD (minutes) 443 ± 120 428 ± 117

pH 6.74 ± 0.30 6.71 ± 0.54
Control (N=20) BD (N=8)

Age (years) 80.4 ± 12.0 71.38 ± 19.71
LPS response Sex (M:F) 7:13 2:6
(isolated microglia) PMD (minutes) 455 ± 142 476 ± 127

pH 6.71 ± 0.30 6.80 ± 0.57
Summary of the clinical information (age and sex) and post-mortem variables (post-mortem delay (PMD) and pH) of donors used in the 
study. Information is separated per experimental category. Numbers represent mean ± standard deviation. M = males, F = females, BD 
= bipolar disorder. *significantly different between patients with BD and controls in grey (p = 0.004) and white matter (p = 0.008).

Immunostaining and image analysis
Paraffin-embedded tissue of the MFG of patients with BD and controls was sectioned 

at 7μm. The sections were deparaffinised using a standard xylene and alcohol 

series, followed by blocking of endogenous peroxidase with PBS, 1% H2O2 (Merck, 

Germany). For antigen retrieval, sections were heated in 0.01mM citrate buffer 
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(Merck, Darmstadt, Germany), 0.05% Tween-20 (Merck, Darmstadt, Germany), pH 

= 6.0 for 15 minutes. Subsequently, aspecific binding was blocked in PBS with 1% 

normal horse serum (NHS, Thermo Fisher Scientific, Massachusetts, USA), 0.1% bovine 

serum albumin (BSA, Merck, Darmstadt, Germany), 0.2% Triton X (Merck, Darmstadt, 

Germany). Sections were incubated with a rabbit polyclonal anti-Iba1 antibody (Wako 

Pure Chemical Industries, Ltd., 1:1000) at 4°C. Next day, secondary goat-anti-rabbit 

biotin (Jackson ImmunoResearch Laboratories, Inc., 1:400) was added, followed by 

avidin-biotin-peroxidase (AB) complex (Vector Laboratories, USA). To visualize the 

microglia, the sections were incubated with a 3,3’ diaminobenzidine (DAB) substrate 

(DAKO, USA). Finally, tissue sections were dehydrated using an alcohol and xylene 

series and embedded in Entellan (Merck, Darmstadt, Germany). Per tissue section, six 

pictures were taken randomly and blinded for diagnosis from grey matter and white 

matter. Microscopic images were analysed automatically using open source software 

ImageJ. Microglial cell density was calculated with a particle analysis macro-script, 

by dividing the cell numbers by the measured area (microglia/mm2). To quantify 

microglial morphology we analysed the cell-body-to-size-ratio39. The size of the cell 

body and cell perimeter was determined with an automated particle outline analysis 

and radius circular mask macro. A cell-body-to-size-ratio close to zero is associated 

with a more ramified state, while amoeboid microglia have a cell-body-to-size-ratio 

close to one. 

Human primary microglia isolation
Human primary microglia (pMG) were isolated from fresh post-mortem brain tissue 

of the different ROIs based on an earlier established protocol30. Brain tissue was first 

mechanically dissociated through a metal sieve in a glucose- potassium-sodium 

buffer (GKN-BSA; 8.0g/L NaCl, 0.4g/L KCl, 1.77g/L Na2HPO4.2H2O, 0.69g/L NaH2PO4.H2O, 

2.0g/L D-(1)- glucose, 0.3% bovine serum albumin (BSA, Merck, Darmstadt, Germany); 

pH 7.4) and supplemented with collagenase Type I (3700 units/mL; Worthington, 

USA) and DNase I (200µg/mL; Roche, Switzerland) at 37°C for 30 minutes (THA) or 60 

minutes (MFG, STG) while shaking. The suspension was put over a 100µM cell strainer 

and washed with GKN-BSA buffer in the centrifuge (1800 rpm, slow brake, 4°C, 10 

minutes) before the pellet was resuspended in 20mL GKN-BSA buffer. 10mL of Percoll 

(Merck, Darmstadt, Germany) was added drop wise and the tissue homogenate was 

centrifuged at 4000 rpm (fast acceleration, slow brake at 4°C, 30 minutes). The middle 

layer was collected and washed with GKN-BSA buffer, followed by resuspension 

and centrifuging in a magnetic-activated cell sorting (MACS) buffer (PBS, 1% heat-

inactivated fetal cow serum (FCS), 2mM EDTA; 1500 rpm, 10°C, 10 minutes). Microglia 

were positively selected with CD11b conjugated magnetic microbeads (Miltenyi 

Biotec, Germany) according to manufacturer’s protocol. Microglia were lysed in TRIzol 

reagent (Invitrogen, USA), stained for flow cytometry or cultured in a poly-L-lysine 

(PLL; Merck, Germany) coated 96-wells flat bottom plate (Greiner Bio-One, Austria) at 

a density of 1.0 x 105 cells in a total volume of 200μL Rosswell-Park-Memorial-Institute 

medium (RPMI; Gibco Life technologies, USA) supplemented with 10% FCS, 2mM 

L-glutamine (Gibco Life technologies, USA), 1% penicillin-streptomycin (Gibco Life 

technologies, USA) and 100ng/ml IL-34 (Miltenyi Biotech, Germany). After overnight 

incubation, pMG were stimulated with 100ng/mL lipopolysaccharide (LPS) from 

Escherichia coli 0111:B4 (Merck, Germany) for 6 hours. The cells were harvested with 

TRIzol reagent and stored at -80°C for further analysis of mRNA expression. 

Gene expression analysis
Grey and white matter were manually separated from a 50µM section of frozen brain 

tissue at the cryostat and lysed with TRIzol reagent. RNA extraction, cDNA synthesis, 

and qPCR on these brain tissue samples and pMG were performed as described 

before30. Primer sequences are listed in Supplementary table 2. Absolute expression 

was calculated using the ΔΔCT method40. Expression Suite software 1.0.4 was used 

to select the most stable genes across ROIs, diagnosis, grey/white matter tissue and 

different donors for normalization. 18S ribosomal RNA (18S) and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) were most stable for whole brain tissue and 

β-Actin (ACTB) and GAPDH for directly isolated pMG. LPS stimulated pMG were 

normalized with GAPDH and a combination of ACTB and Protein Phosphatase 1 

Catalytic Subunit Alpha (PP1A). Undetermined values were set to maximum CT value 

of 40 to compare median levels of relative expression between BD and controls. 

Flow cytometry of human primary microglia
12-20 x 104 human primary microglia were stained in a v-bottom 96-wells plate 

(Greiner Bio-One, Austria) directly after isolation. pMG were washed with 100µL PBS 

with 0.5% BSA (PBA) and incubated in 25µL PBA with specific monoclonal or isotype 

control antibodies (supplementary table 3). After staining, the cells were washed with 

PBA, fixated with 4% paraformaldehyde (Riedel-de Haën, Germany) in PBS at room 

temperature and stored in the fridge for flow cytometry analysis the next day. All 

microglia samples were processed on a FACS Canto (BD Bioscience) with calibrated 

settings and similar voltage for the fluorescent channels. The geomean fluorescence 

intensity (MFI) was determined by subtracting the MFI of the isotype control from the 

MFI of the positive antigen staining.
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Statistical Analysis
Statistical analysis was done with GraphPad Prism software (version 7) and SPSS IBM 23. 

Chi-square tests and independent t-tests were used to test for sex, age, PMD, and pH 

difference. Non-parametric Mann-Whitney test was performed to analyse differences 

in microglia density, cell-body-to-cell-size ratio, gene expression, and protein levels 

between BD and controls. Bonferroni correction for multiple testing was used for the 

qPCR and flow cytometry experiments, since more than one marker was analysed per 

region in the same experiment. For all outcome measures in this study, a spearman 

ranks correlation was performed to assess whether sex, age, PMD or pH were associated 

with the outcome. In case we found a significant association (Supplementary table 4), 

an ANCOVA was applied to correct for possible confounding effects.

Results

Microglial density and morphology, and expression of microglial 
markers in total brain tissue
We analysed microglial density with immunohistochemistry using microglial 

marker ionized calcium-binding adapter molecule 1 (Iba1). Figure 1a shows four 

representative pictures of DAB-Iba1+ microglia in the grey (I, III) and white matter 

(II, IV) in the MFG of a control donor (I-II) and patient with BD (III-IV). Automated 

counting with ImageJ resulted in a similar microglial density between patients with 

BD and controls (Figure 1b). Results were validated with immunofluorescent staining, 

showing no differences in microglial number relative to total cell number in BD 

compared to controls (Supplementary figure 1a, b). A more specific sign of microglial 

immune activation is a change in morphology, which we analysed using the cell-

body-to-cell-size ratio (Supplementary figure 1c). The cell-body-to-cell-size-ratio was 

similar for patients with BD and controls in the grey (p = 0.63) and white (p = 0.72) 

matter of the MFG (Figure 1c). Furthermore, we assessed whether the expression of 

a panel of microglial-related genes is changed in both grey and white matter of the 

MFG in BD. We defined three gene categories: 1) microglial-associated (AIF1, P2Y12 

and TMEM119), 2) expressed on all myeloid cells (CD68 and ITGAM), and 3) microglial 

immune activation (HLA-DRA, IL1B and IL6) (Table 2 and Figure 1d-g). We did not find 

differences in expression between patients and controls for any of these genes. 

Phenotype and function of isolated microglia
Isolation of human primary microglia provided us with the opportunity to profile 

and characterize microglia as a pure cell population more extensively. We found no 

differences in the expression of genes involved in pro-inflammatory signalling (IL1B 

and IL6; Figure 2a,b), genes related to anti-inflammatory functioning (CD163 and 

MRC1; Figure 2c,d), and TMEM119, a microglial specific gene known for its homeostatic 

properties33,41 in the MFG (Figure 2e), STG, and THA (Supplementary figure 2). We 

analysed the expression of a panel of proteins by flow cytometry, including more 

general markers for microglia and myeloid cells (CD11b, CD11c, CD45, CD14, CD16, 

CD32, CD40, CD64, CX3CR1) and markers related to immune activation of the cells 

(CD163, CD172α, CD200R, CD206, HLA-DR, CD83, CD86) (Figure 2f-h, Supplementary 

table 5). We found a slightly, but not significantly, increased expression of HLA-DR 

(Figure 2H). Similarly, we did not find differences in protein expression, including 

HLA-DR, between controls and BD in the STG and THA (supplementary figure 4).

Table 2: mRNA expression of microglial genes in the medial frontal gyrus
 

Control BD Control BD
Gene Median IQR Median IQR p-value Median IQR Median IQR p-value

AIF1 3.05 6.35 2.19 4.75 0.68 4.78 6.81 3.28 5.88 0.43
P2Y12 0.86 3.08 0.74 1.64 0.50 1.22 2.95 1.48 1.78 0.85
TMEM119 0.27 0.73 0.23 0.38 0.78 0.39 0.75 0.19 0.48 0.43
CD68 1.31 2.89 0.58 1.44 0.30 2.88 3.69 1.25 1.69 0.10
ITGAM 0.06 0.14 0.06 0.09 0.47 0.08 0.19 0.11 0.13 0.85
IL1B 0.05 0.34 0.06 0.20 0.71 0.18 0.38 0.22 0.31 1.00
IL6 0.04 0.16 0.05 0.17 0.45 0.05 0.12 0.15 0.33 0.52
HLA-DRA 3.97 7.71 1.74 2.73 0.20 6.25 11.03 3.81 5.28 0.06
mRNA expression was determined in grey (left) and white matter (right) of the medial frontal gyrus in patients with bipolar disorder (BD, 
N=15) and controls (N=16) by qPCR. Median, interquartile range (IQR; 25–75%) and p-value is shown for microglial-associated genes 
(AIF1, P2RY12, TMEM119), genes expressed on all myeloid cells (CD68, ITGAM) and genes involved in microglial immune 
activation (IL1B, IL6, HLA-DRA). 

To determine inflammatory responsiveness, we challenged the isolated human 

microglia with LPS and determined the mRNA expression levels of cytokines. 

Elevated expression of these markers in BD relative to controls would suggest 

increased (primed) immune activity of the cells. In contrast, less expression could 

indicate ‘silenced’ microglia in which sustained immune activation results in a 

blunted inflammatory response. We found that microglia from BD and controls both 

responded to LPS with increased expression of IL1B, IL6, and TNF (Figure 2i). The effect 

was not significantly different between microglia of patients with BD and controls. 

The same was observed in microglia from the STG and THA (Supplementary figure 4).
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Figure 1: Microglial density and morphology, and expression of microglial markers in total 

brain tissue. 
(a-c) The medial frontal gyrus of patients with bipolar disorder (BD) and controls was stained for 
microglial marker ionized calcium-binding adapter molecule (Iba1) to analyse microglial density and 
morphology. a) Representative pictures are shown of microglia in grey (I, III) and white (II, IV) matter of 
controls (I-II) and patients with BD (III-IV). b) The number of microglia (microglia/mm2) was quantified 
in grey and white matter in controls (N=12, blue dots) and patients with BD (N=16, red circles). c) 
Quantification of microglial morphology shown as the cell-body-to-size-ratio of microglia in patients 
with BD (N=16) and controls (N=12). (d-g) mRNA expression of microglial markers AIF1 and TMEM119, 
myeloid marker ITGAM and HLA-DRA in patients with BD (N=15) and controls (N=16) was determined 
using qPCR. Gene expression was normalized to 18S ribosomal RNA (18S) and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) using the ΔΔCT method. Graphs show median expression 
levels and non-parametric testing with Bonferroni correction for multiple testing was performed. ND 
= number of non-detected samples.
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Figure 2: Phenotype and function of isolated microglia. 
Human microglia were isolated from the medial frontal gyrus of controls (N=13, blue dots) and 
patients with bipolar disorder (BD, N=9, red circles). a-e) After isolation mRNA expression of pro-
inflammatory genes (IL1B (a) and IL6 (b)), anti-inflammatory genes (CD163 (c) and MRC1 (d)), 
and the microglial specific gene TMEM119 (e) was determined in patients with BD and controls 
using qPCR. Gene expression was normalized to β-Actin (ACTB) and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) using the ΔΔCT method. ND = number of non-detected samples. f-h) 
Protein expression of isolated microglia from controls (N=16) and patients with BD (N=6) was 
characterized by flow cytometry. The mean fluorescent intensity (MFI) is determined for CD11b (f ), 
CD45 (g) and HLA-DR (h). i) Inflammatory response of isolated microglia from controls (N=18) and 
patients with BD (N=6) after 6 hours of stimulation with lipopolysaccharide (LPS) was determined 
by measuring mRNA expression of IL1B, IL6 and TNF. The fold change was calculated by dividing 
mRNA expression of the LPS stimulated sample by mRNA expression of the non-stimulated sample 
of the same subject. The dotted line represents baseline mRNA expression of non-stimulated cells. 
Graphs show median expression levels and non-parametric testing with Bonferroni correction for 
multiple testing was performed.
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Expression of CX3CR1 in total brain tissue and isolated microglia
The chemokine receptor CX3CR1 showed a non-significant but consistent disease-

related effect in different experiments and ROIs. In total brain tissue we found small 

decreases of CX3CR1 mRNA expression (Figure 3a), especially in the white matter. In 

microglia isolated from post-mortem brain tissue these changes were more abundant 

(Figure 3b-d). The decreased expression was not only present in the MFG (Figure 3b), 

but also seen in human microglia isolated from the STG (Figure 3c) and THA (Figure 

3d). Besides, CX3CR1 protein levels were also lower in the STG and THA (Figure 3f-g). 

Discussion

The aim of this study was to elucidate whether microglia are immune activated in 

patients with BD, as is hypothesised by many studies12–15,22,23. We performed the most 

extensive, multi-level study to date in characterizing microglial inflammation in BD. 

We did not find any support for microglial immune activation, since we did not find 

differences in microglial density, morphology, and the expression of mRNA levels 

genes related to microglial function in fixed and frozen brain tissue. The absence of 

an immune activated phenotype of microglia in BD was confirmed by the lack of 

upregulation of inflammatory markers in ex vivo isolated human microglia on mRNA 

and protein level. Moreover, challenging human microglia of patients with BD with 

LPS did not result in an altered immune phenotype compared to control microglia. 

Altogether, the results of post-mortem studies, including ours, are consistent and do 

not support the hypothesis that microglia are immune activated in BD. 

Our findings are in line with previous post-mortem studies that investigated microglial 

immune activation in BD by quantifying microglial cell numbers24–27. The results are 

also in agreement with four recent post-mortem RNA sequencing studies on different 

brain regions in BD42–45. The largest study, including 34 patients with BD and 35 

controls, reported no difference in mRNA and cytokine expression of several immune 

markers in BD46. In two smaller studies several microglial immune activation markers 

were downregulated, albeit not significant after correction for multiple testing43,44. 

Only one study reported enrichment of several immune pathways45. However, none 

of the activation markers that were examined in our present study were significantly 

different between BD and controls in that study. 

The hypothesis of immune activation as driving force in BD was mainly based on 

studies that have described immune alterations in the periphery5–7. This is in contrast 

to our results showing no microglial activation in the CNS, but could be explained 
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Figure 3: Expression of CX3CR1 in total brain tissue and isolated microglia. 
a) mRNA expression of CX3CR1 was determined in grey and white matter of the medial frontal gyrus in 
controls (N=16) blue dots) and patients with bipolar disorder (BD, N=15, red circles) by qPCR. Gene 
expression was normalized to 18S ribosomal RNA (18S) and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) using the ΔΔCT method. ND = number of not-detected samples. b-d) Gene expression of CX3CR1 
in microglia isolated from the medial frontal gyrus (MFG; b), superior temporal gyrus (STG; c) and thalamus 
(THA; d) from controls (N=14) and patients with BD (N=10). Gene expression was normalized to β-Actin 
(ACTB) and succinate dehydrogenase complex flavoprotein subunit A (SDHA) using the ΔΔCT method. ND 
= number of non-detected samples. e-g) Mean fluorescent intensity (MFI) of CX3CR1 is quantified in the 
medial frontal gyrus (MFG; e), superior temporal gyrus (STG; f ) and thalamus (THA; g) from controls (N=16) 
and patients with BD (N=8) by flow cytometry. Graphs show median expression levels and non-parametric 
testing with Bonferroni correction for multiple testing was performed. 
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in several ways. An important point is the difference in age between the patients 

in post-mortem studies and peripheral studies, with lower mean age in the latter. 

Therefore we are only able to draw conclusions on microglial immune activation 

in the late phases of the disease. To further understand the relationship between 

peripheral immune alterations in BD and microglial activation an interesting follow-

up study would be to analyse peripheral markers in serum and relate this to markers 

for microglial activation in the same post-mortem brain donors. At the same time, 

it is important to look at other explanations for the observed peripheral immune 

alterations in BD. Immune biomarkers in blood are very sensitive to changes in life-

style, such as smoking, BMI, diet, stress and sleep problems47,48. We should therefore 

include the possibility that the peripheral changes actually reflect behavioural 

consequences and not the cause of the disease. On the other hand, this does not 

explain the increased prevalence of immune-related disorders in BD. Other immune-

mediated mechanisms should therefore be investigated, such as autoimmunity and 

the role of non-inflammatory immune pathways in the brain that are for instance 

involved in glia-neuron communication49.

It is becoming more evident that microglia have many more functions than controlling 

inflammation. Microglia are for example actively participating in modifying synapses 

in the brain50,51. Several molecules have been described to be important for the 

communication between neurons and microglia, including fractalkine (CX3CL1), 

which is expressed by neurons and its receptor (CX3CR1) by microglia52. CX3CR1 

is important for microglial migration, the motility of microglial processes, immune 

activation, synaptic plasticity, and controlling synaptic transmission in physiological 

conditions50,51,53,54. In our study we found a consistent trend across brain tissues 

towards decreased expression of CX3CR1 in microglia isolated from patients with 

BD, similar as found in one of the RNA sequencing studies43. Evidence showed that 

CX3CR1 is involved in non-immune related mechanisms that are also affected in BD55. 

These CX3CR1 regulated mechanisms are, for example, inhibition of glutamate in the 

hippocampus, increasing GABA activity at serotonergic neurons and regulation of 

synaptic plasticity. Furthermore, in an animal model for depression it was shown that 

prenatal stress leads to decreased expression of CX3CR1 in the brain56. Furthermore, 

CX3CR1-/- mice show alterations in brain connectivity and behaviour, elevated 

cytokine and corticosterone levels, and more HPA-axis activity57–59. In addition, it was 

shown that hormonal, metabolic and behavioural responses to chronic and acute 

stress were affected in these mice60,61. Since all of these biological systems have been 

associated with BD62, we speculate that a lower CX3CR1 expression in BD, could play 

an important role in the pathogenesis of this disease. 

The multi-level approach used in this study contributed to a more detailed 

understanding of microglial activation in BD. Microglial heterogeneity was taken 

into account by making a distinction between microglia in grey and white matter 

brain tissue and by analysing isolated microglia from three brain regions. We applied 

different techniques to frozen, paraffin, and acutely isolated microglia to elucidate 

whether microglial immune activation is present. Additionally, we used scripted and 

automated analyses in our study, which is more accurate and unbiased compared to 

visual analysis or manual counting. A drawback of this study is the limited sample 

size per experiment (minimal six donors per condition). The availability of fresh post-

mortem brain tissue is sparse, especially for psychiatric disorders. Moreover, the 

heterogeneity of the BD donors in our cohort and pre- and post-mortem confounders 

may have influenced our results. For some of our outcome measures, we found a 

significant correlation with one of the confounders age, sex, pH or PMD. However, 

correction for these factors resulted in similar findings. Controlling for medication 

was very difficult, due to the high variability of medication received by the donors. 

We did study the effect of corticosteroids on mRNA and protein expression and could 

not find a correlation (data not shown). No information was available about state 

of the disease ((hypo)mania or depression) during time of death of the donor. This 

might be an important factor, since monocyte-induced-microglia generated from 

patients with BD during a manic or depressed stated have been shown to express a 

different immune profile63. 

In summary, the present study provides an overview of the immune state of microglia 

in BD. By using a multi-level approach, microglia were extensively profiled in post-

mortem brain tissue of the MFG. Microglia in BD did not display any characteristics 

indicating immune activation. The data on CX3CR1 expression suggest that other 

microglial functions important for BD pathogenesis, such as the response to stress 

and their role in synaptic plasticity, could be affected. 
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Supplementary table 1: clinicopathological information of donors included in the study (1 of 3)

NBB 
number

Diagnosis Sex Age
(years)

Braak Amyloid PMD 
(minutes)

pH Medication
24h         3 months       ever used

Somatic 
comorbidity

Cause of 
death

Used 
for 

96/067 Control F 70 1 NA NA NA NA NA  1

96/238 Control F 87 2 O 480 6.91 NA NA 2 2

96/251 Control M 84 1 NA 540 6.20 3 2 2

96/373 Control M 70 0 O 450 6.4 NA AI 3 3 1

97/171 BD F 90 3 B 390 NA AD MS NA 2 1, 2

99/258 BD M 68 1 A 355 6.82 NA AD, MS 4c 2 1, 2

00/182 BD M 73 2 B 315 6.38 NA AP AC, AD, 
MS

4, 4c 7 2

00/142 Control M 73 0 O 1485 NA NA NA NA NA  2 1

00/244 BD M 70 1 O 290 6.26 NA NA AC, AP,  
MS

4 2, 9 1, 2

01/144 Control F 81 3 C 425 6.30 NA AP, AD, 1, 4a, 4c 1 1, 2

02/031 BD M 68 1 O NA 6.64 NA AP, AD, 
MS

4c 8b 1, 2

04/081 Control M 67 1 B 1115 6.70 NA NA  2 1

05/106 Control M 67 5 C 250 6.4 B, O AP, AI 4a 7 1

06/061 BD M 70 3 C 383 6.53 B, O AD, AP, MS 1 6 1

06/235 BD F 80 1 B 570 6.33 AB, AC, 
AD

AI MS 2 2 1, 2

08/270 BD M 71 1 O 385 6.49 NA AD MS 3, 4b 3 1

09/039 Control M 78 1 O 1060 6.52 AC, B AD 4d 2 2

09/300 Control F 71 1 A 430 6.31 O 4c 9 2

11/028 Control F 81 1 O 265 6.67 B, O AI 2 9 2

11/039 Control F 91 1 B 255 6.50 NA 4c 2 2

11/044 Control M 51 0 O 465 7.05 NA NA NA 5, 7 1, 2

11/069 Control  M 49 0 O 375 6.23 AI AI AI 1,3 4 2

11/072 Control  F 76 2 O 435 6.87 B, O AI 2, 3 3, 9 2

11/096 Control F 70 2 A 375 6.55 AP, B, O AD, AI 3 1, 2, 7 1

12/001 Control F 89 2 B 340 6.75 B, O 1 1, 2 2

12/002 Control M 55 0 B 435 NA B, O NA 9 2

12/005 Control F 84 2 A 336 6.68 AP, B, O AC 3, 4c 2 1,2

12/048 BD M 81 NA NA 400 6.70 AC, AD, AI, 
MS

1, 3, 4b 4 1, 2

12/049 Control F 70 2 A 455 6.03 NA AC 3 3, 7 2

12/059 Control F 78 2 A 275 6.41 B, O 3 1 2

12/101 Control M 80 2 C 265 6.59  O 3 4 1

12/104 Control M 79 2 A 390 6.71 NA 4 1

12/110 BD M 87 3 O 195 6.39 B, O AC 4c 1 1, 2

12/127 BD M 68 5 C 295 6.47 B, O AC, AD, AP, 
MS

4 7 1, 2

13/038 BD M 72 1 A 275 6.40 AP, B, O AD, MS NA  8, 9 1, 2

13/056 Control M 95 2 B 435 6.56 O 3 2 1, 5

14/005 Control M 67 NA NA 540 6.48 NA NA NA NA 5

14/020 Control F 93 3 O 395 6.12 B, O NA 2 1

14/029 Control F 78 1 A 430 6.32 AD, B, O NA NA 3, 4c 4 1

14/041 BD F 79 2 B 480 6.31 B, O AC, AI, AP, 
MS

2 9 1, 2

14/069 Control M 73 NA NA 265 7.00 NA NA NA NA 5

14/070 BD M 66 1 B 455 5.83 AP, B, O AD, MS AC 3 3 2

15/027 Control F 76 2 NA 285 6.40 AP, B, O 2, 3 3 2

15/031 BD F 51 0 NA 270 6.23 B, O AP, MS MS 3 8b 1

15/044 BD M 83 1 A 925 6.50 NA AD 4c 5 1, 2

15/069 BD M 64 0 O 485 6.37 AB, 
AP, B

AC MS 1, 4c 1, 7 1, 2

15/075 BD M 58 NA NA 555 NA AD AD AD NA 1, 2 1, 3, 5

15/077 BD M 72 1 A 595 6.47 NA AC, AD AI, MS NA 1, 2 1, 2, 3

15/087 Control F 75 NA NA 550 6.57 NA 4 3, 4, 5

15/089 Control F 92 NA NA 465 6.71 NA 4 4, 5

15/101 BD F 92 NA NA NA NA AP, AD 4a, 4d 2 3, 5

15/107 BD F 77 NA NA NA NA AP, B, O AD, MS 2 9 3, 4, 5

16/024 BD F 88 NA NA 600 6.26 AP, B, O AD 3 7 3, 4, 5

16/027 Control M 70 NA NA 525 6.35 NA NA NA NA 3 3, 4, 5

16/033 BD M 85 NA NA 525 6.28 AD, MS 4 3, 4

16/038 Control F 85 NA NA 425 6.52 NA NA NA   1 3, 4, 5

16/046 Control F 92 NA NA 411 6.60 9 3, 4, 5

16/056 Control M 68 NA NA 350 6.50 AP, B, O 3 3, 4, 5

16/065 BD F 93 NA NA 310 7.55 AP MS 2, 3 2 3, 4, 5

16/067 Control M 89 NA NA 492 6.59 NA NA NA 2 4

16/078 Control F 84 NA NA 460 7.50 NA NA NA 9 3, 4, 5

16/080 Control M 83 NA NA 305 7.12 AI 3 4 3, 4, 5

16/116 Control F 81 NA NA 315 NA 8a 3, 4, 5

16/137 Control M 77 NA NA 765 6.46 3 2 3, 4, 5

17/003 Control F 96 NA NA 315 6.71 O 4a 7 3, 4, 5

17/004 BD F 45 NA NA 450 6.93 AP NA  3, 4, 5

17/005 Control F 60 NA NA 330 7.07 AD AI   4 3, 4, 5

Supplementary table 1: clinicopathological information of donors included in the study (2 of 3)
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17/009 BD F 46 NA NA 345 NA AB, AC, 
MS

AD   4 3, 4, 5

17/043 Control M 80 NA NA 570 NA 4a 9 3

17/078 Control F 88 NA NA 600 6.66 2, 4b, 4d 2 3, 4, 5

17/097 Control F 83 NA NA 410 6.75 AI AI 2 4 3, 4, 5

17/102 Control F 98 NA NA 365 6.92 AP 4 3, 4, 5

17/124 Control F 55 NA NA 450 NA AC, AD   4 3, 5

17/128 BD M 90 NA NA 380 NA AI, MS 4a, 4d 9 3

17/148 BD M 71 NA NA 340 6.54 AC, AP, 
MS

4a 4 3, 4, 5

NBB = Netherlands brain bank. Control = control donor; BD = donor with bipolar disorder; M = male; F = female; NA = not applicable; PMD = post-mortem 
delay; medication: If medication was used 24 hours prior to death, it has not been reported again at 3 months or ever used. If medication is used 3 months 
prior to death, it has not been reported again at ever used. AB = antibiotics (only reported at 24h); AC = anticonvulsants; AD = antidepressants; AI = anti-
inflammatory (corticosteroids); AP = antipsychotics; B = benzodiazepines (only reported at 24h); MS = mood stabilizers; O = opiates (only reported at 24h); 
somatic comorbidity: 1 = infection < 2 weeks prior to death; 2 = auto-immune disease; 3 = cancer (in history); 4 = neuropathology; a = Dementia; b = 
Parkinson; c = ischemia/infarction; d = bleeding (CVA, TIA); cause of death: 1 = infection/inflammatory; 2 = cardiorespiratory; 3 = cancer; 4 = euthanasia/
palliative sedation*; 5 = suicide; 6 = trauma; 7 = cachexia/dehydration; 8 = brain;  a = ischemia/infarction; b = bleeding (CVA, TIA); 9 = other (ileus, organ 
failure); used for: 1 = immunochemistry (paraffin tissue); 2 = mRNA expression (frozen tissue); 3 = mRNA expression (isolated microglia); 4 = protein 
expression (isolated microglia); 5 = LPS response (isolated microglia); * euthanasia is legal according to Dutch law.

Supplementary table 2: primer sequence for qPCR analysis

Primer Forward sequence Reverse sequence

18S TAGTCGCCGTGCCTACCAT CCTGCTGCCTTCCTTGGA

ACTB GTGGACATCCGCAAAGACCT TCTGCATCCTGTCGGCAAT

AIF1 AGACGTTCAGCTACCCTGACTT GGCCTGTTGGCTTTTCCTTTTCTC

CD68 CTTCTCTCATTCCCCTATGGACA GAAGGACACATTGTACTCCACC

CD163 TTTGTCAACTTGAGTCCCTTCAC TCCCGCTACACTTGTTTTCAC

CX3CR1 CTTACGATGGCACCCAGTGA CAAGGCAGTCCAGGAGAGTT

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

HLA-DRA CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT

IL1B TTTGAGTCTGCCCAGTTCCC  TCAGTTATATCCTGGCCGCC 

IL6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG

ITGAM TGCTTCCTGTTTGGATCCAACCTA AGAAGGCAATGTCACTATCCTCTTGA

MRC1 TGCAGAAGCAAACCAAACCTGTAA CAGGCCTTAAGCCAACGAAACT

P2RY12 TTTGTGTGTCAAGTTACCTCCG CTGGTGGTCTTCTGGTAGCG

SDHA GAAGCCCTTTGAGGAGCACT GTTTTGTCGATCACGGGTCT

TMEM119 CTTCCTGGATGGGATAGTGGAC GCACAGACGATGAACATCAGC

Supplementary table 1: clinicopathological information of donors included in the study (2 of 3) Supplementary table 3: flow cytometry antibodies and isotype controls

Antibody Label Clone Species Manufacturer

CD11c FITC 3.9 mouse Thermo Fisher Scientific

CD16 FITC LNK16 mouse BIO RAD

CD32 FITC 6C4 mouse Thermo Fisher Scientific

CD45 FITC 2D1 mouse Thermo Fisher Scientific

CD200R FITC OX108 mouse BIO RAD

CD11b PE ICRF44 mouse Thermo Fisher Scientific

CD40 PE 5C3 mouse Thermo Fisher Scientific

CD83 PE HB15e mouse Thermo Fisher Scientific

CD86 PE IT2.2 mouse Thermo Fisher Scientific

CD163 PE eBioGHI/61 mouse Thermo Fisher Scientific

CD14 APC 61D3 mouse Thermo Fisher Scientific

CD64 APC 10.1 mouse Thermo Fisher Scientific

CD172α APC 15-414 mouse Thermo Fisher Scientific

CD206 APC 19.2 mouse BD biosciences

CX3CR1 APC 2A9-1 rat Thermo Fisher Scientific

HLA-DR APC LN3 mouse Thermo Fisher Scientific

IgG1 FITC mouse Thermo Fisher Scientific

IgG1 APC mouse Thermo Fisher Scientific

IgG2a APC mouse Thermo Fisher Scientific

IgG2b APC rat Thermo Fisher Scientific

IgG2b PE mouse Biolegend

IgG1 PE mouse Biolegend

IgG2b APC mouse Biolegend

Thermo Fisher Scientific, Massachusetts, USA; BIO RAD, California, USA; BD biosciences, New Jersey, USA; Biolegend, California, USA.



171170

6

Supplementary table 4: Spearman rho correlations of confounding variables gender, age, PMD 

and pH (1 of 2)

Gender Age PMD pH

Spearman 
rho

N Spearman 
rho

N Spearman 
rho

N Spearman 
rho

N

Immunohistochemistry
(paraffin tissue)

medial frontal 
gyrus

microglial density -.317* 53 0.170 53 0.021 51 -0.189 49

microglial morphology 0.248 49 0.301 49 0.222 47 0.170 45

mRNA expression 
(frozen tissue) 

medial frontal 
gyrus

AIF1 -0.262 57 0.114 57 -0.222 55 0.258 54

P2Y12 0.084 57 0.070 57 -0.065 55 0.292 54

TMEM119 -0.155 57 0.099 57 -0.281 55 0.293 54

CD68 -0.260 57 0.232 57 -0.217 55 0.326 54

ITGAM -0.213 57 0.177 57 -0.336 55 0.288 54

IL1B -0.299 57 0.181 57 -0.251 55 .376* 54

IL6 -0.348 57 0.238 57 -0.092 55 0.044 54

HLA-DRA -0.301 57 0.153 57 -0.100 55 0.363 54

CX3CR1 -0.020 60 0.057 60 -0.132 58 .467** 57

mRNA expression 
(isolated microglia) 

medial frontal 
gyrus

IL1B -0.007 22 0.152 22 0.506 20 0.400 15

IL6 0.197 22 -0.022 22 0.312 22 0.397 20

CD163 0.007 22 0.223 22 .578* 20 0.407 15

MRC1 -0.095 22 -0.092 22 0.342 20 -0.421 15

TMEM119 -0.182 22 -0.265 22 -0.193 20 -0.293 15

CX3CR1 -0.197 22 -0.115 22 -0.209 20 -0.207 15

superior 
temporal gyrus

IL1B 0.138 22 -0.044 22 .550* 22 0.257 17

IL6 -0.444 22 -0.168 22 0.285 22 0.191 17

CD163 0.342 22 0.142 22 .643** 22 -0.037 17

MRC1 0.095 22 -0.287 22 0.199 22 -0.363 17

TMEM119 -0.153 22 0.032 22 -0.410 22 0.007 17

CX3CR1 -0.309 23 -0.266 23 -0.081 22 -0.147 17

thalamus

IL1B -0.464 20 -0.008 20 0.365 19 0.107 15

IL6 -0.060 19 -0.382 19 0.528 18 0.253 14

CD163 0.300 20 0.434 20 0.341 19 -0.386 15

MRC1 -0.080 19 -0.257 19 0.353 18 -0.323 14

TMEM119 0.000 19 -0.112 19 -0.347 18 -0.248 14

CX3CR1 -0.259 19 -0.457 19 -0.091 18 0.218 14

Supplementary table 4: Spearman rho correlations of confounding variables gender, age, PMD 

and pH (2 of 2)

Gender Age PMD pH

Spearman 
rho

N Spearman 
rho

N Spearman 
rho

N Spearman 
rho

N

protein expression 
(isolated microglia)

medial frontal 
gyrus

CD11b 0.208 22 0.084 22 -0.119 21 0.451 19

CD45 0.392 22 -0.089 22 0.248 21 -0.028 19

HLA-DR 0.254 22 0.180 22 0.198 21 0.447 19

CX3CR1 0.115 22 -0.024 22 0.205 21 0.353 19

superior 
temporal gyrus

CD11b 0.026 24 0.061 24 -0.270 23 0.182 21

CD45 0.370 24 0.134 24 0.204 23 -0.013 21

HLA-DR 0.230 24 0.292 24 -0.010 23 0.247 21

CX3CR1 0.217 24 0.138 24 0.044 23 -0.009 21

thalamus

CD11b 0.157 23 -0.048 23 -0.338 22 0.147 20

CD45 0.157 23 0.273 23 -0.079 22 -0.127 20

HLA-DR -0.043 23 0.064 23 0.001 22 0.190 20

CX3CR1 0.128 23 -0.061 23 0.023 22 0.344 20

LPS response 
(isolated microglia)

medial frontal 
gyrus

IL1B 0.030 23 -0.083 23 -.708** 21 0.389 17

IL6 0.269 23 -0.317 23 -0.474 21 0.396 17

TNF -0.090 23 0.039 23 -.543* 21 0.482 17

superior 
temporal gyrus

IL1B 0.194 12 0.063 12 -0.500 11 0.213 10

IL6 0.075 11 -0.410 11 -0.100 11 0.067 10

TNF 0.324 12 -0.359 12 -0.218 11 -0.006 10

thalamus

IL1B -0.315 17 0.304 17 -0.263 15 0.509 13

IL6 -0.063 17 0.122 17 -0.465 15 0.619 13

TNF 0.031 17 0.133 17 -0.395 15 0.503 13
Spearman rho correlations, p-values and number of donors included (N) of the four confounding variables (gender, age, post-mortem delay 
(PMD) and pH) on different experiments in the study. Significant values after Bonferroni correction for multiple testing are highlighted in 
red. In case of significant associations, ANCOVA was applied for further analysis to correct the confounding effect.
* p<0.05; ** p<0.01
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Supplementary table 5: mean fluorescent intensity (MFI) of isolated microglia

Medial frontal gyrus (MFG) Superior temporal gyrus (STG) Thalamus (THA)
Marker Control (N=16) BD (N=6) p-value Control (N=16) BD (N=8) p-value Control (N=15) BD (N=8) p-value

CD11b 500.5 ± 131.1 628.5 ± 799.5 0.37 620.5 ± 120.7 442.5 ± 179.3 0.98 429.0 ± 163.3 847.5 ± 324.2 0.64

CD11c 327.0 ± 46.6 212.5 ± 113.1 0.18 299.5 ± 60.9 291.0 ± 185.4 0.78 359.0 ± 51.1 372.0 ± 99.7 0.69

CD14 178.5 ± 70.1 178.0 ± 309.5 0.96 113.0 ± 70.4 89.5 ± 66.3 0.66 165.9 ± 70.8 241.0 ± 143.1 0.38

CD16 55.5 ± 33.7 0.0 ± 40.0 0.08 86.5 ± 38.8 19.0 ± 34.6 0.11 82.0 ± 45.3 41.0 ± 55.0 0.60

CD32 407.0 ± 152.9 654.0 ± 1120.0 0.36 368.5 ± 156.4 179.5 ± 1212.0 0.70 474.0 ± 216.2 515.9 ± 951.8 0.55

CD40 0.0 ± 5.6 0.0 ± 1.7 0.34 0.0 ± 12.5 0.0 ± 4.0 0.98 0.0 ± 5.6 0.0 ± 8.2 0.67

CD45 661.5 ± 107.9 823.5 ± 348.9 0.64 718.5 ± 136.6 852 ± 245.4 0.70 847 ± 85.9 882.5 ± 237.4 0.64

CD64 1781.0 ± 498.2 1532.0 ± 106.2 0.64 1460.0 ± 355.7 1251.0 ± 473.7 0.47 2135.0 ± 382.5 1115.0 ± 781.0 0.50

CD83 0.0 ± 33.9 0.0 ± 0.8 0.34 0.0 ± 47.4 0.0 ± 6.7 0.33 0.0 ± 67.5 0.5 ± 2.3 0.89

CD86 59.5 ± 18.8 103.5 ± 68.3 0.41 86.0 ± 19.2 68.5 ± 55.9 0.87 80.0 ± 28.2 116.0 ± 51.15 0.68

CD163 0.0 ± 0.7 0.0 ± 2.8 0.69 0.0 ± 0.7 0.0 ± 2.5 0.77 0.0 ± 2.9 0.0 ± 1.4 >0.99

CD172α 634.0 ± 89.4 551.0 ± 115.3 0.56 511.0 ± 94.3 286.0 ± 125.4 0.45 893.0 ± 155.8 603.0 ± 179.6 0.86

CD200R 211.5 ± 166.0 150.0 ± 205.2 0.58 230.0 ± 223.0 453.5 ± 579.5 0.32 133.0 ± 166.5 296.0 ± 208.1 0.73

CD206 0.0 ± 56.3 1.5 ± 3.5 >0.99 0.0 ± 6.9 0.0 ± 4.1 0.81 0.0 ± 12.7 0.0 ± 20.1 0.93

CX3CR1 679.0 ± 78.3 885.5 ± 165.1 0.06 571.0 ± 76.5 202.5 ± 83.5 0.09 466.0 ± 84.8 324.0 ± 120.0 0.69

HLA-DR 863.5 ± 299.2 1883.0 ± 705.2 0.33 738.0 ± 319.2 1151.0 ± 253 0.88 1389.0 ± 283.2 1158.0 ± 417.9 0.97

Protein expression of isolated microglia from the medial frontal gyrus, superior temporal gyrus and thalamus from controls and patients with bipolar disorder 
(BD), determined by flow cytometry. Mean fluorescent intensity is visualized as mean ± standard error of the mean. Non-parametric testing was used to test 
differences between controls and patients with BD. 

 

Supplementary figure 1: Microglial density and morphological analysis. 
Microglial density and morphological analysis in the medial frontal gyrus of patients with bipolar 
disorder (BD) and controls in both grey and white matter. a) Immunofluorescent staining was perfor-
med additionally to determine the number of microglia relative to total cell number (I). Staining pro-
cedure was highly similar as for DAB-immunostained microglia, with the usage of donkey anti-rabbit 
Alexa 488 (1:700) and Hoechst (1:1000) as secondary antibody. An automated macro script was used 
to quantify the number of microglia (Iba1+Hoechst+; II) or total cell number (Hoechst+; III). Square 
shows zoom-in of a single cell. b) Quantification of the number of microglia relative to total cell num-
ber in grey and white matter of patients with BD (red circles) and controls (blue dots), displayed as the 
ratio of microglia divided by the total cell number. c) Visual representation of the automated analysis 
with ImageJ to determine microglial morphology in controls (I-III) and patients with BD (IV-VI). The 
threshold was adjusted to generate a cell body mask (II, V) and a cell size mask (III, VI), representing 
the cell body and cell size respectively.
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Supplementary figure 2: mRNA expression profile of isolated microglia from superior temporal 
gyrus and thalamus. mRNA expression was determined in microglia isolated microglia from the 
superior temporal gyrus (a-e) and thalamus (f-j) in patients with bipolar disorder (BD, red circles) and 
controls (blue dots). mRNA expression of IL1B (a, f ), IL6 (b, g), CD163 (c, h), MRC1 (d, i) and TMEM119 
(e, j) by qPCR. Distinction was made between pro-inflammatory genes IL1B (a, f ) and IL6 (b, g), anti-
inflammatory genes CD163 (c, h) and MRC1 (d, i), and the microglial specific gene TMEM119 (e, j). 
mRNA expression was normalized to β-Actin (ACTB) and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) using the ΔΔCT method. ND = number of non-detected samples.
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Supplementary figure 3: Protein expression profile of isolated microglia from superior temporal 

gyrus and thalamus. 
Protein expression, determined by flow cytometry, of microglia isolated from the superior temporal gyrus 
(a-c) and thalamus (d-f ) from controls (N=16, blue dots) and patients with bipolar disorder (BD, N=8, red 
circles). Mean fluorescent intensity (MFI) is shown for CD11b (a, d), CD45 (b, e) and HLA-DR (c, f ).

Supplementary figure 4: LPS response of isolated microglia from superior temporal gyrus and 

thalamus.
LPS response of human primary microglia isolated from the superior temporal gyrus (STG; a) 
and thalamus (THA; b) in controls (blue dots) and patients with bipolar disorder (BD, red circles). 
mRNA expression of IL1B, IL6 and TNF expression is determined with qPCR. The fold change was 
calculated by dividing mRNA expression of the LPS stimulated sample by mRNA expression of the 
non-stimulated sample of the same subject. The dotted line represents baseline mRNA expression 
of non-stimulated cells.
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Abstract

Genetic, epidemiological, and post-mortem studies suggest a role for microglia in 

the pathogenesis of major depressive disorder (MDD). However, studies assessing 

microglia involvement in the disorder are inconsistent and an in depth profile of 

microglia in MDD is lacking. Here, we studied the phenotype and functionality of 

microglia directly isolated from post-mortem tissue of patients with MDD and control 

donors. Four regions were included: medial frontal gyrus (MFG), superior temporal 

gyrus (STG), thalamus (THA), and subventricular zone (SVZ). Protein expression of a 

panel of 14 myeloid markers was assessed by flow cytometry. Decreased expression 

of CD14 and CD32 was found in the MFG and SVZ respectively. Microglial immune 

responses were determined by culturing microglia with pro- and anti-inflammatory 

compounds. The response of microglia was largely similar between patients and 

controls. We only found increased expression of MRC1 after dexamethasone treatment 

of microglia isolated from the MFG. Additionally, we performed a transcriptomic 

analysis of MDD and control microglia. 194 differentially expressed genes were 

detected. 188 genes were downregulated and 6 genes upregulated. Pathway analyses 

showed an associated with pathways involved in cell cycle and cell division, which 

were significantly downregulated in MDD. Together our data indicate that microglia 

in MDD are not immune activated, but that the phenotype of microglia in MDD is 

changed. The functional consequences of these changes in phenotype need to be 

further elucidated in future studies.

Introduction

Major depressive disorder (MDD) is a common and severe mental disorder affecting 

300 million people worldwide1. MDD is characterized by periods of depressed 

mood, anhedonia, loss of energy, change in appetite, sleep disturbances, depressive 

thoughts that can include thoughts of death or suicide, and cognitive problems (lack 

of attention and indecisiveness)2. Females are twice as often diagnosed with MDD 

compared to males and their episodes are more reoccurring3. Several genetic and 

environmental risk factors have been identified for MDD. Environmental factors and 

psychosocial stressors, such as smoking, drug abuse, and traumatic experiences are 

very common. Disturbances of neurotransmitter systems, including the monoamines, 

glutamate, and GABA, are related to MDD2. Current successful pharmacotherapy 

focuses on restoring these neurotransmitter imbalances. Furthermore, the 

hypothalamic–pituitary–adrenal (HPA) axis, the neuroendocrine system important 

for the regulation of stress and the immune system, is dysregulated in MDD and is 

suggested to contribute to MDD pathogenesis. Additionally, reduced volume and 

neuronal atrophy are observed in the prefrontal cortex (PFC) and the hippocampus4. 

How genetic and environmental factors lead to neurotransmitter dysregulation and 

why a subgroup of patients is not responsive is still largely unknown. 

The immune system has been proposed to be an important contributor to MDD 

pathology. Clinical indications include the high comorbidity of MDD with chronic 

inflammatory diseases, like diabetes and cardiovascular diseases4. Additionally, 

viral infections (e.g. influenza) can induce sickness behaviour that overlap with 

depressive symptoms, such as social withdrawal, decreased food intake, and 

anhedonia. Moreover, pronounced depressive and cognitive symptoms, similar as 

observed in MDD, can be induced by the administration of interferon alpha (IFNα) 

and glucocorticoids5–8. In patients with MDD, alterations are found in leukocytes, 

with increased expression of immune-related genes in monocytes, defective T-cell 

functioning, decreased numbers of CD4+ T-helper (Th) cells, and impaired maturation 

of natural killer cells, Th2 cells, and Th17 cells9–11. In blood and cerebrospinal fluid (CSF) 

of patient with MDD altered levels of cytokines and chemokines, such as interleukin 1 

beta (IL-1β), interleukin 6 (IL-6), and TNFα are found12,13. Moreover, both increased and 

decreased mRNA expression and protein levels (e.g. IL1B, IL6, IFN) are found in post-

mortem brain tissue of the PFC and ACC14–17. Besides, RNA sequencing on the PFC 

of 22 MDD suicide patients and 9 non-suicidal MDD patients shows downregulation 

of immune related pathways and microglial cellular functions18. Furthermore, 

genome wide association studies (GWAS) reported an association between MDD 

and single nucleotide polymorphisms in several immune-related genes, including 
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tumour necrosis factor-alpha (TNF) and interferon regulatory factor 1 (IRF1)19–22. The 

most recent and largest GWAS found 44 loci associated with MDD, including loci in 

the major histocompatibility complex, a region that contains important genes for 

the regulation of the immune system. The associated genes grouped together in a 

pathway related to cytokine and immune response22. 

How the immune system is involved in MDD at the mechanistic level is still unknown. 

A role for microglia, the immune cells of the brain, is suggested. Microglia are highly 

dynamic cells and fulfil various functions in the brain23,24. They are most known for 

their role in the regulation of central nervous system (CNS) immunity. Microglia scan 

the environment for pathogens and other cellular debris that can be harmful for the 

brain. In case of threat, microglia become immune activated, release inflammatory 

cytokines such as IL-6, IL-1β, IFNγ, and TNFα, and eliminate the pathogen via 

phagocytosis. Besides immune control, microglia are important in surveillance 

and shaping brain networks via their close connection with neurons. They support 

neurogenesis, axon growth, and neuronal survival. Besides, microglia eliminate 

dysfunctional synapses during neurodevelopment and later in life25,26. In MDD it is 

thought that microglia may get immune activated. This activation can be induced in 

several ways, for example due to the hyperactivation of the HPA-axis, changes in the 

CNS, or the elevated levels of inflammatory cytokines. It is proven that prolonged 

secretion of these cytokines causes damage to astrocytes, oligodendrocytes, and 

neurons. The cytokines stimulate excessive glutamate release and decrease the 

synthesis of brain derived neurotrophic factor (BDNF), which is involved in neuronal 

repair27. Additionally, microglial immune activation promotes the metabolism of 

kynurenine from tryptophan, thereby directly hindering the synthesis of serotonin 

in the brain28. All these processes induce stress and will disturb the neurotransmitter 

balance in the brain, thereby possibly inducing depressive symptoms. 

So far, microglial alterations in MDD have been studied using post-mortem brain tissue 

and positron emission tomography (PET) imaging. PET studies found an elevation of 

the total translocator protein (TSPO) distribution volume in several brain regions in 

MDD, suggesting increased microglial density4,29,30. With immunohistochemistry, a 

higher density of HLA-DR+ or QUIN+ microglia was also found in the hippocampus, 

anterior cingulate cortex (ACC), dorsolateral PFC, and the thalamus of post-mortem 

brain tissue of patients with MDD31–33. Additionally, increased density of Iba1+ cells is 

reported around the blood vessels of patients with MDD, indicating specific microglial 

activation around the vasculature34,35. When focussing on microglial morphology as 

a reflection of their activation state, one study found more primed microglia (early 

stage of activation) in de ACC34, whereas no differences in the number of homeostatic 

or immune activated microglia are found in the dorsolateral PFC35. Interestingly, 

the previous reported differences in microglial numbers and reactivity are only 

found in cohorts that included patients with MDD that committed suicide. Studies 

that included non-suicidal MDD patients could not find differences in microglial 

density36,37 or showed a decreased density of HLA-DR+ microglia37. This might suggest 

a specific role for microglia in suicide or more severe subtypes of MDD. Besides 

human studies, animal work supports the contribution of microglia in depression. 

Especially in the social defeat model, which induces stress and leads to depressive- 

and anxiety related behaviour in the animals, increased Iba1 immunoreactivity and 

elevated mRNA expression of IL1B, IL6, and TNF have been found38.

In summary, previous post-mortem and PET studies suggest that microglia are 

changed in MDD, even though the results are heterogeneous. However, these types 

of studies are not informative about the way the phenotype and immune function 

of microglia is altered in MDD. In addition, most studies have been performed on 

only one brain region and used a single technique and microglial marker. So far, 

an in depth profiling of microglia in MDD across different brain regions is lacking. 

Here, we studied the phenotype and functionality of microglia directly isolated from 

four different brain regions post-mortem. The microglial immune phenotype was 

investigated by analysing the protein levels of general and immune-related markers 

of microglia isolated from patients with MDD and controls. Additionally, the immune 

responsiveness of MDD microglia in relation to several stressors was tested. Finally, 

an in-depth transcriptomic analysis was performed on microglia isolated from two 

brain regions of patients with MDD and controls.

Material and Methods

Donors
Fresh post-mortem brain tissue of MDD patients and controls was obtained from 

the Netherlands Brain Bank (www.hersenbank.nl). We selected the medial frontal 

gyrus (MFG), superior temporal gyrus (STG), thalamus (THA), and subventricular 

zone (SVZ) as regions of interest (ROI). Impaired cognitive functioning observed 

in MDD is associated with the frontal and temporal cortex39–41. Subcortical limbic 

areas, including the thalamus, have been implicated in MDD before41. Additionally, 

we included the SVZ due to its close proximity to the lateral ventricle, which is in 

close contact with the CSF42. Informed consent of each donor was obtained during 

life. Clinical characteristics of the included donors are summarized per experiment in 

Table 1 and more extensively in Supplementary table 1. Age was significant different 
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between patients and controls for all three experiments. Correction for age was 

therefore applied in all analyses.

Table 1: summary of clinical information and post-mortem variables of the study

Control (N=17) MDD (N=18)

Flow cytometry

Age (years)** 83.11 ± 10.40 62.78 ± 21.75

Sex (M:F) 6:11 7:11

PMD (minutes) 448 ± 122 499 ± 191

pH 6.75 ± 0.29 6.55 ± 0.41

Control (N=21) MDD (N=17)

ex vivo 
responsiveness

Age (years)** 79.90 ± 11.12 61.59 ± 22.86

Sex (M:F) 8 : 13 7:10

PMD (minutes) 440 ± 120 496 ± 189

pH 6.72 ± 0.29 6.60 ± 0.36

Control (N=12) MDD (N=10)

RNA sequencing

Age (years)** 79.58 ± 13.14 54,20 ± 18.91

Sex (M:F) 4:8 5:5

PMD (minutes) 452 ± 141 559 ± 220

pH 6.72 ± 0.25 6.59 ± 0.40
Summary of the clinical information (age and sex) and post-mortem variables (post-mortem delay (PMD) and pH) of donors used in the 
study. Information is separated per experimental category. Numbers represent mean ± standard deviation. M = males, F = female, MDD 
= major depressive disorder. **significant different (p<0.01) between controls and patients with MDD.

Human primary microglia isolation
Human primary microglia (pMG) were isolated from fresh post-mortem brain tissue 

of the medial frontal gyrus (MFG), superior temporal gyrus (STG), thalamus (THA), 

and subventricular zone (SVZ) of MDD patients and controls according to an earlier 

described protocol (Bötcher et al. 2018, in press). In short, fresh post-mortem brain 

tissue of these four brain regions was mechanically and enzymatically dissociated 

with collagenase and DNase (MFG, STG (60 minutes), THA (30 minutes)) or 0.2% trypsin 

and 30 mg DNase (SVZ, 30 and 10 minutes respectively) at 37°C. After dissociation, 

0.2% fetal calf serum (FCS) was added to the SVZ only. A Percoll (Amersham, Merck, 

Germany) gradient was generated to separate the microglia from myelin and cellular 

debris. The middle layer enriched for microglia was washed twice and microglia were 

pulled down with CD11b conjugated magnetic beads (Miltenyi Biotec, Germany). 

Microglia were directly lysed with 500 μl TRIzol reagent (Invitrogen, USA) for 

characterization with quantitative polymerase chain reaction (PCR) or with 200 μl 

RLT buffer (Qiagen, Germany) for RNA sequencing analysis. Additionally, microglia 

were stained for flow cytometry analysis and cultured to study microglia ex vivo 

responsiveness. 

Flow cytometry
12-20 x 104 human pMG were stained for flow cytometry in a v-bottom 96-wells plate 

directly after isolation. Microglia were washed with 100 μl PBA (PBS supplemented 

with 0,5% bovine serum albumin (Merck, Germany)) and stained in 25 μl PBA with 

monoclonal antibodies and isotype controls (Supplementary table 2) for 30 minutes. 

Cells were washed twice with 100 μl PBA and fixated with 4% paraformaldehyde 

(Riedel-de-Haën, Germany). The samples were processed on a FACS Canto (BD 

Bioscience) with calibrated settings and similar voltage for the fluorescent channels. 

Protein levels are represented as geomean fluorescence intensity (geoMFI) in which 

the geoMFI of the isotype control was subtracted from the geoMFI of the positive 

antigen staining.

Microglia ex vivo responsiveness 
Human pMG were cultured at a density of 10 x 104 cells in 200 μL Rosswell-Park-

Memorial-Institute medium (RPMI; Gibco Life technologies, USA) with 10% FCS, 2 mM 

L-glutamine (Gibco Life technologies, USA), 1% penicillin-streptomycin (Gibco Life 

technologies, USA), and 100 ng/ml IL-34 (Miltenyi Biotech, Germany) in a 96-wells 

flat bottom plate (Greiner Bio-One) coated with poly-L-lysine (PLL; Merck, Germany). 

After overnight incubation, microglial medium was supplemented with 100 ng/mL 

lipopolysaccharide (LPS) from Escherichia coli 0111:B4 (Merck, Germany) for 6 hours 

or with 1 μM dexamethasone (Merck, USA for 72 hours. Microglia were lysed with 500 

μl TRIzol reagent and stored at -80 until further usage. 

Gene expression analysis
For RNA extraction, 100 μl chloroform was added to 500 μl TRIzol and centrifuged 

at 12000 rcf at 7°C for 15 minutes. Upper aqueous phase was equally mixed with 

isopropanol, 1 μl glycogen as carrier was added and centrifuged (maximum speed 

at 4°C for 60 minutes). The cell pellet was washed twice with 75% ethanol and 

dissolved in 8 μl RNase-free water. NanoDrop 2000 (Thermo Scientific, USA) was 

used to measure the RNA concentration. 40 ng RNA was reverse transcribed with the 

QuantiTect Reverse Transcription kit (Qiagen, Germany) according to manufacturers 

protocol. For qPCR analysis, an input of 3.5 ng cDNA was supplemented with water, 

5 μl SYBRgreen PCR mix, and 1 μl primer mix (2 pmol/mL; Supplementary table 3) to 

a volume of 11 μl. A QuantStudio 6 Flex Real-Time PCR system (Applied Biosystems, 

USA) was used with the following cycle conditions: 50°C for 2 minutes, 95°C for 10 
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minutes, 40 cycles at 95°C for 15 seconds, and 60°C for 60 seconds. Absolute gene 

expression was calculated with the ΔΔCT method43. The most stable genes across ROIs, 

diagnosis, and different donors for normalization was determined with Expression 

Suite software 1.0.4. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used 

to normalize stimulated pMG. The fold change of stimulated microglia was calculated 

by dividing mRNA expression of the stimulated sample by the mRNA expression of 

the non-stimulated sample.

RNA sequencing
Total RNA of directly isolated pMG of MFG and STG of patients with MDD (N=10) 

and controls (N=12) were extracted with a RNeasy mini kit (Qiagen, Germany) in 

combination with a RNase-Free DNase Set (Qiagen, Germany) for additional DNA 

removal, according to manufacturers protocol. RNA integrity numbers (RIN) were 

determined with a RNA 6000 Pico Kit (Agilent Technologies, USA) on a BioAnalyzer 

(Agilent Technologies, USA). Samples with RIN ≥6.5 were included in the study. 10 

ng of RNA was reversed transcribed with poly-A enrichment and amplified with the 

SMART-Seq® v4 Ultra® Low Input RNA Kit for sequencing (Takara Bio, USA), according 

to manufacturers protocol. To generate cDNA fragments of 200–500 base pair size, 

samples were sheared with the following conditions: peak power 175, duty 10%, and 

burst cycle 200 for 5 minutes. Size selection was performed with SPRIselect reagent 

(Beckman Coulter, USA) with a ratio of 0.5:1 SPRI beads to amplified cDNA, followed 

by 1:1 ratio purification with the Agencourt AMPure XP Kit (Beckman Coulter, USA). 

Quality control (QC) of the samples resulted in an elimination of six samples due 

to low quality and concentration. RNA sequencing libraries were generated of the 

remaining 34 samples according to the Low Input Library Prep Kit v2 (Takara Bio, 

USA) with 7 amplification cycles. Samples were purified and pooled for sequencing. 

Sequencing was performed with a depth of 30 million reads per sample on an illumina 

platform (illumina, USA). 

Differential expression and pathway analysis
For automatic read alignment, QC, and quantitative analysis of the sequencing gene 

expression, the RAPiD pipeline was applied. STAR aligner53 version 2.5 was used to 

align the sequences along the ensemble hg38 reference genome. Aligned files were 

analysed with RNA-seQC in order to evaluate the quality of the data. For quantification, 

featureCounts54 was applied. Additionally, kallisto was run as an alternate to the 

STAR – featureCounts combination. Exonic and intergenic rate was normal, mapped 

reads ranged from 20-70 million reads per sample, and ribosomal rate was below 

0.05% (Supplementary figure 3a-d). Due to low mapped reads, two samples were 

excluded. The mapped reads of the remaining 32 samples were normalized for each 

gene by the total number of counts across all genes and gene length, resulting in 

transcripts per kilobase million (TPM) for analyses. Principal component analyses 

(PCA) on both kallisto and featureCounts data were performed to identify potential 

outliers and understand confounding variables. To further assess variance, the R 

package variancePartition, which utilizes a linear mixed model, was applied to give 

insight in contribution of the various covariates. For differential expression analyses, 

we corrected for age, sex, batch, post-mortem delay (PMD), and pH. Since DESeq2 

is specifically designed for small sample sizes, this package was used to extract the 

differential expressed genes (DEGs) between MDD and controls. To gain power to find 

DEGs related to disease status, MFG and STG were pooled. Genes were selected with 

the following cut-off: p<0.001 (FDR<0.05) and 2LogFoldChange -1/+1. Gene Ontology 

(GO) pathway analysis was performed with the online available Gene Set Enrichment 

Analysis (GSEA) tool of the BROAD institute (http://software.broadinstitute.org/gsea/

index.jsp). 

Statistical analysis 
Statistical analysis was performed with SPSS IBM 23 and Graphpad software  

(version 7). Confounder effects on microglial protein expression and functionality 

were analysed with an ANCOVA. ANOVA was performed to study region specific 

protein expression differences. Non-parametric Mann-Whitney U test was used to 

analyse differences in protein expression and inflammatory functionality between 

patients with MDD and controls. Microglial inflammatory response per sample was 

analysed with a Wilcoxon matched-pairs signed rank test. For each experiment 

Bonferroni correction for multiple testing was applied.

Results

Protein expression in primary microglia
First, we determined the protein expression of primary microglia isolated from 

patients with MDD (N=18) and controls (N=17) of four brain regions (MFG, STG, 

THA, and SVZ; Figure 1). We investigated a panel of 14 myeloid markers. Based on 

the FSC-SSC plot, the microglia were separated from the cell debris (Figure 1a I) and 

discriminated from autofluorescent cells (Figure 1a II). CD11b (Figure 1b) and CD45 

(Figure 1c) expression was not different between patients with MDD and controls, 

irrespective of brain region. Microglial activation markers, such as HLA-DR and 

CD200R, were equal expressed between patients and controls (Supplementary table 

4). For two markers we observed a significant decrease in protein expression in MDD. 

CD14 was lower expressed in the MFG (Figure 1d), whereas CD32 showed a decrease 
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< Figure 1: protein profile of microglia in major depressive disorder. 
Protein expression with flow cytometry was determined in microglia isolated from controls (blue dots, 
N=17) and patients with major depressive disorder (MDD, red circles, N=17) in four brain regions: 
medial frontal gyrus (MFG), superior temporal gyrus (STG), thalamus (THA), and subventricular 
zone (SVZ). a) Gating strategy for human microglia. Microglia are separated from death cells (I) and 
distinguished from high autofluorescent cells (II). Protein expression of CD11b (b), CD45 (c), CD14 (d), 
CD32 (e), CD11c (f ), and CD163 (g) in patients with MDD and controls. Horizontal lines show median 
expression and non-parametric testing with Bonferroni correction was applied. *p< 0.05, **p<0.01, 
***p<0.001, ****p<0.0001.
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Figure 2: Microglial inflammatory response after treatment with LPS. 
Microglia of controls (blue dots) and patients with major depressive disorder (MDD, red circles) were 
isolated from post-mortem brain tissue of four different regions: medial frontal gyrus (MFG, a), superior 
temporal gyrus (STG, b), thalamus (THA, c), and subventricular zone (SVZ, d). mRNA expression of IL1B, 
IL6, and TNF was determined by qPCR after 6 hours of stimulation with lipopolysaccharide (LPS). Gene 
expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) with the ΔΔCT 
method. Fold change was calculated by dividing mRNA expression of the LPS stimulated sample 
by the mRNA expression of the non-stimulated sample of the same donor. Dotted line represents 
baseline mRNA expression of the non-stimulated samples. Horizontal lines show median expression 
and non-parametric testing with Bonferroni correction was applied.
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in the SVZ (Figure 1e). Additionally, we found region-specific differences in both 

patients and controls. Significant lower expression of CD11c was noticed in the SVZ, 

whereas higher expression of CD163 was found in the MFG compared to the other 

brain regions.

Inflammatory response not altered in MDD microglia
Isolated microglia of patients with MDD (N=17) and controls (N=21) of the four brain 

regions were challenged with compounds to study their responsiveness. LPS mimics 

a bacterial infection and will induce inflammation via the toll like receptor 4 (TLR4)44. 

After culturing microglia with LPS for 6 hours we observed increased mRNA expression 

of IL1B, IL6, and TNF, indicating an inflammatory response (Supplementary figure 1). 

However, the fold change in mRNA expression of these genes was not different 

between patients with MDD and controls in the MFG (Figure 2a), STG (Figure 2b), THA 

(Figure 2c), and SVZ (Figure 2d).

Although MDD microglia displayed a normal pro-inflammatory phenotype, we were 

also interested if there is a difference in the induction of an anti-inflammatory response 

by glucocorticoids. Microglia were cultured with dexamethasone for 72 hours  

(Figure 3). Dexamethasone is known to dampen inflammation and decrease the 

production of inflammatory cytokines (e.g. TNFα and IL-6)45. As expected we found an 

increased expression of CD163, CD200R1, and MRC1 upon stimulation (Supplementary 

figure 2). The fold change was not different between patients and controls (MFG, 

Figure 3a; STG, Figure 3b; THA, Figure 3c; SVZ, Figure 3d). After correction for age, 

MRC1 was significantly upregulated in the MFG only (Figure 3a).

Transcriptomic profiling of MDD microglia
The similar expression of microglial activation proteins and microglial responsiveness 

to LPS and dexamethasone suggests the absence of an inflammatory profile in MDD. 

To provide a more in-depth phenotype of microglia we performed RNA sequencing 

on microglia isolated from the MFG and STG of patients with MDD (N=10) and controls 

(N=12). First, we checked for enrichment of classic microglial genes in our samples 

(Supplementary figure 4a). As expected we found high expression of microglial genes 

(e.g. P2RY12, CX3CR1, SPI1) and low expression of genes specific for oligodendrocytes 

(e.g. OLIG2, MOG) and neurons (SST, RELN). Although some samples show low express 

GFAP, characteristic for astrocytes, other astrocytic genes (ALDH1L1, AQP4) were 

barely expressed in the same samples. Moreover, the expression of GFAP was still 

negligible compared to the expression of microglial genes. pH, PMD, age, sex, and 

batch were selected as covariates based on the VariancePartition analysis and were 

included as covariates for further analyses (Supplementary figure 4b). 

To extract differential expressed genes (DEGs) between patients and controls we ran 

DESeq2 on the MFG and STG combined to gain power (global analysis). In total, we 

found 194 DEGs, with upregulation of six genes and downregulation of 188 genes in 

MDD (Figure 4a). Table 2 shows the most significant up- and downregulated genes. 

Upregulated genes are FPR3, KCNAB1, RARG, GPNMB, CNTNAP2, and TMEM37. The 

ten most downregulated genes are C1orf162, PEAK3, HIST2H2BF, SLC11A1, SAPCD2, 

CKAP2L, KIF23, CDC20, TOP2A, and BCL2A1. We plotted the TPMs for the three most 

significantly DEGs of the global analysis (Figure 4b-d) and MFG and STG separately 

(Figure 4e-g) to investigate region specific gene expression. C1orf162, (Figure 4b) 

PEAK3 (Figure 4c), and HIST2H2BF (Figure 4d) were all significantly downregulated in 

MDD. Region specific analyses showed a downregulation of C1orf162 in both MFG and 

STG (Figure 4e), whereas PEAK3 was downregulated in the MFG specifically (Figure 

4f ). Although HIST2H2BF was significantly downregulated in the global analysis, 

Dexamethasone
Medial frontal gyrusa

CD163 CD200R1 MRC1 CD163 CD200R1 MRC1

CD163 CD200R1 MRC1 CD163 CD200R1 MRC1

Figure 3 - microglia responsiveness after 72h stimulation
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Figure 3: Microglial inflammatory response after treatment with dexamethasone. 
Microglia of controls (blue dots) and patients with major depressive disorder (MDD, red circles) 
were isolated from post-mortem brain tissue of four different regions: medial frontal gyrus (MFG, 
a), superior temporal gyrus (STG, b), thalamus (THA, c), and subventricular zone (SVZ, d). mRNA 
expression of CD163, CD200R, and MRC1 was determined by qPCR after 72 hours of stimulation with 
dexamethasone. Gene expression was normalized to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) with the ΔΔCT method. Fold change was calculated by dividing mRNA expression of the LPS 
stimulated sample by the mRNA expression of the non-stimulated sample of the same donor. Dotted 
line represents baseline mRNA expression of the non-stimulated samples. Horizontal line shows 
median expression and non-parametric testing with Bonferroni correction was applied. *p<0.05.
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no differences were found in the region specific analyses (Figure 4g). Finally we 

performed a Gene Ontology (GO) pathway analysis. The most significantly associated 

pathways were cell cycle and cell division (Figure 4h).

< Figure 4: Transcriptomic profiling of microglia in major depressive disorder. 
RNA sequencing was performed on microglia isolated from post-mortem tissue of the medial frontal 
gyrus (MFG) and superior temporal gyrus (STG) of controls (N = 12) and patients with major depressive 
disorder (MDD, N = 10). a) Volcano plot of the 194 significant differential expressed genes (DEGs, red 
dots) between MDD and control microglia in the MFG and STG with FDR<0.05 and Log2FoldChange 
-1/+1. b-g) Dot plots of the three most significant DEGs in the global analysis (C1orf162 (e), PEAK3 
(f ), and HIST2H2BF (g)) and per brain region separately (g-i) in controls (blue dots) and patients with 
MDD (red circles). Horizontal lines represent median and non-parametric analysis with Bonferroni 
correction was applied. *p<0.05, **p<0.01, ***p<0.001. h) Gene Ontology (GO) pathway analysis 
of the ten most significant downregulated pathways. Bars show significance of the pathway as –
log10(pvalue), were as the green squares represent the –Log10(FDR) significance of the pathway.

Table 2: Top 10 most significant differential expressed genes

Gene Ensembl ID Log2FoldChange p value padj

Up
re

gu
lat

ed

FPR3 ENSG00000187474 1.045681 0.000368 0.028541

KCNAB1 ENSG00000169282 1.651754 0.000611 0.036743

RARG ENSG00000172819 1.349352 0.000842 0.043125

GPNMB ENSG00000136235 1.330604 0.000934 0.045834

CNTNAP2 ENSG00000174469 1.760360 0.001022 0.048165

TMEM37 ENSG00000171227 1.053047 0.001056 0.048769

Do
wn

re
gu

lat
ed

C1orf162 ENSG00000143110 -1.338210 4.14E-10 5.18E-06

PEAK3 ENSG00000188305 -1.435680 1.93E-09 1.21E-05

HIST2H2BF ENSG00000203814 -1.479440 3.44E-09 1.44E-05

SLC11A1 ENSG00000018280 -1.988480 1.09E-08 3.01E-05

SAPCD2 ENSG00000186193 -3.315910 1.20E-08 3.01E-05

CKAP2L ENSG00000169607 -3.810800 2.24E-08 4.68E-05

KIF23 ENSG00000137807 -3.278840 4.41E-08 7.88E-05

CDC20 ENSG00000117399 -3.956750 5.84E-08 9.14E-05

TOP2A ENSG00000131747 -4.419630 8.58E-08 0.000119

BCL2A1 ENSG00000140379 -2.321530 2.17E-07 0.000226
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Discussion

The aim of this study was to profile microglia isolated from four different brain regions 

of patients with MDD. We studied their protein expression, immune responsiveness, 

and transcriptomic signature. Upregulation of proteins related to immune activation 

was not found. Significant lower expression was observed for CD14 and CD32. 

Additionally, we found region specific differences in the expression of CD163 and 

CD11c, irrespective of diagnosis. The immune response of MDD microglia was 

not different from control microglia after culturing with LPS. MRC1 was increased 

in the MFG in MDD after dexamethasone stimulation, but this was not consistent 

across brain areas. Transcriptomic analysis showed no change in immune-regulatory 

pathways, but a clear downregulation of pathways involved in cell cycle and cell 

division. 

Flow cytometry analysis showed downregulation of CD14 and CD32 in the MFG and 

SVZ respectively. Also in our transcriptomic analysis of the MFG and STG both genes 

were downregulated, but did not reach significance. CD14 is normally upregulated 

directly after isolation, indicative of microglial activation46, and regulates microglial 

responsiveness to LPS. For example, CD14- microglia are a 1000-fold more reactive 

to LPS compared to CD14+ microglia47. The decreased CD14 expression in MDD 

microglia would suggest a higher sensitivity to LPS. However, we observed similar 

responsiveness of MDD microglia after culturing with LPS as control microglia. 

Additionally, we found a decreased protein expression of CD32. CD32 is a type II FC 

receptor which belongs to the immunoglobulin gene superfamily and is a marker 

that has been associated with pro-inflammatory activation of microglia48. We did 

not find a decrease of other markers related to this type of activation in the SVZ, 

such as the other FC markers CD16 and CD64. CD32 is most known as mediator 

of phagocytosis49,50, but its role in microglia is still largely unknown. To further 

investigate alterations in microglial phagocytic activity, specific phagocytosis assays 

need to be performed.

Region-specific protein expression was observed in microglia isolated from post-

mortem tissue. This is a reflection of the microglial heterogeneity in the brain, as 

was seen before in human (Bötcher et al. 2018, in press) and rodent microglia51,52 

with mass cytometry (CyTOF). In our study we found lower expression of CD11c in 

the SVZ and higher expression of CD163 in the MFG compared to the other regions. 

Currently, we are validating our region-specific expression of CD11c and CD163 with 

CyTOF data.

Our transcriptomic analysis of isolated microglia resulted in a total of 194 DEGs 

of which 188 genes were downregulated and only six genes upregulated in MDD 

microglia compared to controls. Only limited information is available of the top three 

most significant DEGs. Both C1orf162 (Chromosome 1 Open Reading Frame 162) 

and PEAK3 (PEAK Family Member 3) are associated with chromosome open reading 

frames, whereas HIST2H2BF (Histone Cluster 2 H2B Family Member F) is a histone 

gene involved in chromatin accessibility. A dysregulation of histone modification has 

been associated with MDD and depressive behaviour before53–55. Reduced acetylation 

of histone H3 and histone H4 were found in mice after stress exposure55. Moreover, 

increased histone methylation in the mouse forebrain resulted in less depressive 

behaviour, including reduced anhedonia, helplessness, and depressive-like 

behaviour56. Also, post-mortem studies found a link with altered histone acetylation 

in patients with MDD. For example, more accessibility of the BDNF promotor with the 

histone mark H3K27me3 was observed in patients with MDD that use antidepressant 

medication55. Our findings imply an altered phenotype of MDD microglia specifically 

in processes vulnerable to epigenetic factors, such as histone modification. Currently 

taken steps are the separate DEG analyses of the MFG and STG to identify brain region 

specific microglial transcriptomic profiles.

Gene ontology showed that pathways involved in cell cycle and cell division were 

significantly downregulated in MDD. Especially genes associated with mitotic cell 

cycle and sister chromatid segregation are lower expressed. Cyclins and cyclin-

dependent protein kinases are highly important for successful cell division57 and 

were significantly downregulated in our study. These data suggest that proliferation 

is impaired in microglia of patients with MDD. In microglia, proliferation and self-

renewal are very dynamic processes that is normally in balance with apoptosis, as 

is shown before in mice58. More research is needed to study whether self-renewal 

is decreased in MDD microglia or that it is a reflection of earlier CNS pathology. 

To study cell proliferation more specifically, immunochemistry on post-mortem 

tissue of patients with MDD with Iba1 and Ki67 or PCNA, visualizing microglia and 

proliferating cells respectively, is needed. Besides, cell cycle can be studied more 

specifically in the ex vivo microglia with flow cytometry or CyTOF antibodies against 

proteins involved in different stages of cell division. This has been showed before and 

could give information about region-specific microglial profiles additionally (Bötcher 

et al. 2018, in press). Additionally, immunostainings with apoptotic markers, such 

as cleaved caspase-3, need to be performed, since decreased proliferation and self-

renewal might be related to increased apoptosis of microglia58.
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Although the fourth most significant DEG (SLC11A1) is associated with the 

susceptibility to infectious and inflammatory diseases, such as tuberculosis and 

rheumatoid arthritis, no inflammatory pathways were differentially regulated 

between patients and controls. This is in contrast with a sequencing study on blood 

cells of MDD patients that found enrichment of IL-6 and natural killer cell activation 

pathways59. This might indicate that the peripheral immune system is upregulated, 

which is in line with the increased cytokine levels found by others12,13, but that the 

CNS immune system is not altered in terms of inflammatory pathways. 

Here, we provided an extensive profile of microglia isolated from post-mortem 

tissue of patients with MDD. Whereas microglia in MDD have mainly been studied 

with immunochemistry, we used a multi-level approach that contained various 

techniques. We assessed microglial protein expression, immune responsiveness upon 

stimulatory treatment, and their transcriptomic profile. Besides, we studied microglia 

isolated from four different brain regions of the human brain. This provided us with 

the opportunity to investigate the general phenotype of microglia in MDD, but also 

their heterogeneity across the brain. 

Limitations of this study include the potential contribution of confounders. In this 

study we corrected for several confounding factors (age, sex, PMD, and pH). However, 

many other covariates could be of importance. For example, medication could have an 

impact on microglial phenotype and suppress their immune activity60. Also smoking 

is known to be associated with inflammation, with both immunosuppressive as 

immunostimulatory effects. Since the patients with MDD used a wide range of different 

antidepressants and smoking was often not reported, correction for these variables was 

not possible. In addition, we observed substantial variation in the clinical phenotyping 

of patients with MDD. Whereas MDD is for some donors the main diagnosis, others 

had major psychiatric comorbidities. Also there was variability in the disease phase of 

the patients. To study the effect of microglia on prolonged depressive episodes, more 

donors need to be included with MDD as main diagnosis. A role for suicide in relation to 

microglial density was proposed by Schnieder et al., who found more Iba1+ cells in the 

white matter of the prefrontal cortex of patients with MDD who committed suicide35. 

In our cohort we include one patient with suicide. This donor did not display a different 

microglial profile in comparison to other MDD microglia. 
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Supplementary table 1: Clinicopathological information of donors included in the study

Age PMD Medication Somatic Cause 
Donor Diagnosis Sex (years) (minutes) pH <24 hours ever used comorbidity of death  Used for

14/005 Control M 67 540 6.48 NA NA NA NA 2

14/069 Control M 73 265 7.00 NA NA NA NA 2

15/087 Control F 75 550 6.57     5 4 1, 2, 3

15/089 Control F 92 465 6.71       4 1, 2

16/027 Control M 70 525 6.35 NA NA NA 3 1, 2, 3

16/028 MDD F 94 475 6.19 O AD, AP 4a, 5 4 1, 2

16/038 Control F 85 425 6.52 NA NA   1 2

16/046 Control F 92 411 6.60     5 8 1, 2

16/049 MDD M 47 355 6.67   AD, AP 5 4 1, 2, 3

16/056 Control M 68 350 6.50 B, O, AP   5 3 1, 2

16/067 Control M 89 492 6.59 NA NA 5 2 1, 2, 3

16/078 Control F 84 460 7.50 NA NA 3 8 1, 2

16/080 Control M 83 305 7.12     3, 5 4 1, 2, 3

16/082 MDD F 68 385 6.30       NA 1, 2

16/110 MDD F 69 970 6.28 AD, B    6 2 1, 2, 3

16/111 MDD F 58 440 5.61 AP, B     8 1

16/112 MDD F 77 520 6.77 AD, B, O MS 5, 6 4 1, 2, 3

16/116 Control F 81 315 NA     5 4a 1, 2, 3

16/117 MDD M 50 580 6.80 B AD, AP 1 4 1, 2, 3

16/118 MDD M 38 375 6.79       4 1, 2, 3

16/137 Control M 77 765 6.46     3, 5 2 1, 2, 3

17/003 Control F 96 315 6.71 O   4a, 5 6 1, 2, 3

17/005 Control F 60 330 7.07   AD   4 1, 2, 3

17/017 MDD F 67 520 7.07 B AD, AP 5 4 1, 2

17/029 MDD F 23 515 NA   AD, AP 6 4 1, 2, 3

17/032 MDD M 48 765 6.76       NA 1, 2, 3

17/043 Control M 80 570 NA     4a, 5 8 2

17/074 MDD F 85 270 6.93 AD, B   4d 4 1, 2, 3

17/078 Control F 88 600 6.66     2, 5, b,4d 2 1, 2, 3

17/094 MDD M 62 NA 5.71   AD 4a, 4c, 5, 6 7a 1, 2, 3

17/097 Control F 83 410 6.75     2, 5 4 1, 2, 3

17/099 MDD F 74 380 6.96   AD, AP 2, 6 4 1, 2

17/102 Control F 98 365 6.92   AP 5 4 1, 2, 3

17/124 Control F 55 450 NA   AC, AD   4 2, 3

17/136 MDD F 43 680 NA       5 2, 3
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18/010 MDD M 21 535 6.73         1, 2

18/018 Control F 82 330 6.48       1 2

18/021 Control M 92 530 6.89         1

18/023 MDD F 68 785 6.66         1

18/074 MDD F 90 235 6.62         1, 2

18/079 MDD M 91 370 6.42         1, 2
Control = control donor; MDD = major depressive disorder donor; M = male; F = female; PMD = post-mortem delay; medication: A 
D = antidepressants (SSRI, MAO, TCA); AP = antipsychotic; B = benzodiazepines; AI = anti-inflammatory (dexamethasone, prednisolone); 
MS = mood stabilizer (lithium); AC = anticonvulsant; O = opiates; AB = antibiotics; CAN = cancer; somatic comorbidity: 1 = infection 
< 2 weeks; 2 = auto-immune disease; 3 = cancer history; 4 = neuropathology; 5 = cardiovascular (hypertension, infarct); 6 = substance 
abuse (smoking, drugs); a = dementia; b = Parkinson; c = ischemia/infarction; d = bleeding (CVA, TIA); cause of death: 1 = infection/
inflammatory; 2 = cardiorespiratory; 3 = cancer; 4 = euthanasia/palliative sedation*; 5 = suicide; 6 = cachexia/dehydration; 7 = brain;  
8 = other (ileus, organ failure); a = ischemia/infarction; used for: 1 = protein expression (flow cytometry); 2 = microglia responsiveness  
(ex vivo microglia)); 3 = transcriptomic analysis (RNA sequencing); NA = not applicable; * euthanasia is legal according to Dutch law.

Supplementary table 2: flow cytometry antibodies and isotype controls

Antibody Label Clone Species Manufacturer

CD11c FITC 3.9 mouse Thermo Fisher Scientific

CD16 FITC LNK16 mouse BIO RAD

CD32 FITC 6C4 mouse Thermo Fisher Scientific

CD45 FITC 2D1 mouse Thermo Fisher Scientific

CD200R FITC OX108 mouse BIO RAD

CD11b PE ICRF44 mouse Thermo Fisher Scientific

CD40 PE 5C3 mouse Thermo Fisher Scientific

CD83 PE HB15e mouse Thermo Fisher Scientific

CD86 PE IT2.2 mouse Thermo Fisher Scientific

CD163 PE eBioGHI/61 mouse Thermo Fisher Scientific

CD14 APC 61D3 mouse Thermo Fisher Scientific

CD64 APC 10.1 mouse Thermo Fisher Scientific

CD172α APC 15-414 mouse Thermo Fisher Scientific

CD206 APC 19.2 mouse BD biosciences

CX3CR1 APC 2A9-1 rat Thermo Fisher Scientific

HLA-DR APC LN3 mouse Thermo Fisher Scientific

IgG1 FITC mouse Thermo Fisher Scientific

IgG1 APC mouse Thermo Fisher Scientific

IgG2a APC mouse Thermo Fisher Scientific

IgG2b APC rat Thermo Fisher Scientific

IgG2b PE mouse Biolegend

IgG1 PE mouse Biolegend

IgG2b APC mouse Biolegend

Thermo Fisher Scientific, Massachusetts, USA; BIO RAD, California, USA; BD biosciences, New Jersey, USA; Biolegend, California, USA.

Supplementary table 1: Continued Supplementary table 3: primer sequence for qPCR analysis

Primer Forward sequence Reverse sequence

CD163 TTTGTCAACTTGAGTCCCTTCAC TCCCGCTACACTTGTTTTCAC

CD200R1 GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA

CX3CR1 CTTACGATGGCACCCAGTGA CAAGGCAGTCCAGGAGAGTT

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

IL1B TTTGAGTCTGCCCAGTTCCC  TCAGTTATATCCTGGCCGCC 

IL6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG

MRC1 TGCAGAAGCAAACCAAACCTGTAA CAGGCCTTAAGCCAACGAAACT

TNF TGGAGAAGGGTGACCGACTC TCACAGGGCAATGATCCCAA
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Supplementary figure 1: Microglial immune response after LPS treatment for individual 

samples. 
Inflammatory responsiveness was studied in microglia isolated from the medial frontal gyrus, 
superior temporal gyrus, thalamus, and subventricular zone of controls (blue dots) and patients with 
major depressive disorder (MDD, red circles). mRNA expression of IL1B (a), IL6 (b), and TNF (c) was 
determined in unstimulated (-/-) and 6 hour lipopolysaccharide (LPS) stimulated microglia. Gene 
expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) with the ΔΔCT 
method. Wilcoxon matched-pairs signed rank test and Bonferroni correction were applied. *p<0.05, 
**p<0.01. 
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Supplementary figure 2: Microglial immune response after dexamethasone treatment for 

individual samples. 
Inflammatory responsiveness was studied in microglia isolated from the medial frontal gyrus, superior 
temporal gyrus, thalamus, and subventricular zone of controls (blue dots) and patients with major 
depressive disorder (MDD, red circles). mRNA expression of CD163 (a), CD200R1 (b), and MRC1 (c) 
was determined in unstimulated (-/-) and 72 hour dexamethasone (Dex) stimulated microglia. Gene 
expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) with the ΔΔCT 
method. Wilcoxon matched-pairs signed rank test and Bonferroni correction were applied. *p<0.05, 
**p<0.01, ***p<0.001. 
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Supplementary figure 3: Quality control of sequenced microglial samples.
RNA sequencing was performed on microglia isolated from the medial frontal gyrus and superior 
temporal gyrus of controls (N=12) and patients with major depressive disorder (MDD, N=10). Quality 
control of the samples is displayed as exonic rate (a), intergenic rate (b), mapped reads (c), and 
ribosomal RNA rate (rRNA rate, d). Samples are organized horizontally.
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< Supplementary figure 4: Microglial enrichment and confounder analysis in sequenced 

microglia. 
a) Heat plot of microglial, astrocytic, oligodendrocytic, and neuronal genes in the sequenced 
samples. Gene enrichment is displayed as purple, where as low gene expression is yellow. Samples 
are organized horizontally. b) VariancePartition plot to determine the influence of confounders on the 
sequencing analysis. Different confounders are aligned on the x-axis.
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The involvement of the immune system has been implicated in the aetiology of 

schizophrenia (SCZ), bipolar disorder (BD), and major depressive disorder (MDD). 

Epidemiological, imaging, and genomic studies provided solid evidence for an 

association of immunology and psychiatry. Although previous research supports 

immune alterations in SCZ, BD, and MDD, less is known about how the immune 

system is involved in causing brain dysfunction in these disorders. Since microglia are 

the immune cells of the central nervous system (CNS), it is hypothesized that these 

cells contribute to the pathophysiology of SCZ, BD, and MDD. Therefore, the aim of 

this thesis was to elucidate the role of microglia, and more specifically their immune 

activating properties, in SCZ, BD, and MDD by using a multi-level approach. 

8.1 Profiling isolated human microglia
To study microglia in psychiatric disorders, we established a protocol to isolate human 

microglia from post-mortem human brain tissue. This enabled us to study microglia 

of psychiatric patients, who donated their brain after death for research, ex vivo and 

define their immune activation signature and functionality with various experimental 

methods. In chapter 2 we characterized the phenotype of the isolated microglia of 

donors without a psychiatric disorder. We compared these microglia with monocytes, 

monocyte-derived macrophages (mo-MΦ), monocyte-derived microglia-like cells, 

and microglial cell lines. We showed that the isolated human post-mortem microglia 

are a distinct and unique population, that differs in their gene expression and protein 

profile from monocytes, mo-MΦ, and monocyte-derived microglia-like cells. In vitro, 

these isolated microglia maintained their immune functions as they responded 

to external inflammatory compounds, such as lipopolysaccharide (LPS) and 

dexamethasone. An important finding was that ex vivo microglia are phenotypically 

very different from monocyte-derived microglia-like cells and cell lines. Several key 

microglial genes, such as P2RY12, TREM2, and MERTK, were low expressed in these cells, 

indicating important phenotypic differences. Our data emphasize the importance of 

using isolated human microglia in research and that validation of results from other 

microglia models with these primary cells is recommended. 

To further characterize the isolated human microglia, a proteomic profile of these cells 

was generated with mass cytometry (CyTOF) (chapter 3). We developed a specific 

cryopreservation protocol for microglia, which provided us with the opportunity 

to perform protein analysis from different donors at the same time. We showed 

that post-mortem isolated microglia can be distinguished from peripheral myeloid 

cells and from microglia isolated from biopsy material. With the multidimensional 

power of CyTOF, we were able to study microglial heterogeneity. Specific microglial 

phenotypic signatures were found in various brain regions. For example, microglia of 

cortical brain regions were very distinct of microglia from subcortical areas (thalamus 

and subventricular zone). This study confirmed the diversity in microglial signature 

across the human brain. Others already reported on microglial heterogeneity in 

the murine brain, but this was so far not shown in humans1–3. The brain consists of 

different brain regions, each with its own cell type composition and tasks that need to 

be executed. Our results suggest that microglia adopt different phenotypes to fulfil 

the demands of these specific brain areas. This information provides the opportunity 

to study phenotypic alterations in region-specific microglia region, since the core 

signature of these cells is now established. The next step would be to perform single 

cell RNA sequencing of similar brain regions and overlay this with CyTOF data of 

the same donors. With this approach, a map of microglial heterogeneity across the 

human brain can be generated, providing information about mRNA expression and 

protein markers for each microglial subset. Such an atlas would greatly enhance the 

interpretation of changes in microglial mRNA and protein expression profiles that 

are found in neurodegenerative and psychiatric disorders, thereby opening the 

possibility to localize specific molecular targets for therapeutic interventions. 

8.2 TSPO as reflection of immune activation in schizophrenia
In vivo, microglia can only be visualised with positron emission tomography (PET) 

using radioligands that bind to the translocator 18kDa protein (TSPO). In SCZ this 

method has been applied often to investigate microglial activation. However, the 

results are very conflicting, with studies reporting both increased and decreased TSPO 

binding. Besides, it was shown that TSPO expression and binding is not restricted to 

microglia only4–7. Thus, we studied whether TSPO expression is altered in SCZ and 

whether it can be used as a valid marker to measure human microglial activation in 

SCZ (chapter 4). Quantitative PCR analysis revealed similar expression of TSPO mRNA, 

general microglial markers, and microglial activation genes in brain tissue of patients 

with SCZ and controls. This implies that microglia in SCZ are not immune activated. 

Immunochemistry confirmed the presence of TSPO on microglia, astrocytes and the 

vasculature of patients with SCZ. The expression of TSPO in PET studies is therefore 

not a reflection of solely microglia, but more a representation of TSPO binding to cells 

of the CNS in general. Although current PET analysis is taking endothelial binding 

into account, no correction method for astrocytic and neuronal binding is applied. 

Thus, it is not accurate of current PET studies to relate to microglial activation with 

TPSO binding as outcome measurement.

It was also unclear whether TSPO expression is changed under inflammatory 

circumstances. In our study, we did not find an upregulation of TSPO mRNA and 

protein expression after induction of an inflammatory phenotype in isolated 
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microglia and mo-Mɸ. This implies that TSPO expression is not reflecting the 

activation state of human microglia. Altered TSPO expression was found rodent 

microglia activated with LPS or in combination with other inflammatory compounds 

(IFNγ, IL-4, dexamethasone). However, mixed results were obtained for human 

microglia or other myeloid cell types8–12. It is important to note that the microglia 

in these studies were in culture for 5-7 days, which might account for difference 

in responsiveness. It is clear that human and rodent microglia are phenotypically 

different from each other13. Despite executing similar functions in the brain, they vary 

in their morphology and transcriptome. For example, the expression of membrane 

bound molecules to recognize pathogens (e.g. TLR4) is more abundant in rodents. 

Since LPS response is mediated via TLR4, rodent microglia might be more capable of 

increasing TSPO expression after LPS stimulation. 

8.3 Lack of neuroinflammation in schizophrenia
Since the immune system is associated with SCZ, it has been hypothesized that 

neuroinflammation contributes to SCZ pathology. In current literature microglial 

activation is often used interchangeable with the term ‘neuroinflammation’. In chapter 
5 we studied the presence of the four hallmarks of classical neuroinflammation in 

SCZ: activation of microglia; increased cytokine levels; lymphocyte recruitment 

and infiltrates; and gliosis and local tissue damage. In post-mortem brain tissue 

of the Netherlands Brain Bank we studied the occurrence of the four hallmarks of 

neuroinflammation. We concluded that SCZ does not fulfil the four criteria and thus is 

not a neuroinflammatory disorder. In contrast with other studies we did not find signs 

of increased microglial density or activation in SCZ14–17. These results are supported 

by RNA sequencing studies on large cohorts that did not find upregulation of genes 

related to microglial density and activation18,19. This is an important finding, since 

previous studies suggested that microglia are highly activated in SCZ20,21. Excessive 

microglial activation was thought to impair to neurogenesis and increase the 

elimination of spines, resulting in the decreased dendritic spine density observed 

in SCZ. Although we and others did not find microglial activation in SCZ16,17,22–25, this 

does not mean that microglia do not contribute to SCZ pathogenesis. Our post-

mortem analysis is a reflection of microglia in late-stages of the disease. In addition, it 

is not yet understand which microglial phenotypes are involved in synaptic pruning. 

It is possible that immune activation was present during development and could 

account for decreased spine density. Also, fewer spines might be generated during 

development or the spines could be less functional and might thus be removed or 

pruned in SCZ. However, this can never be studied in post-mortem tissues. 

Even though the blood-brain barrier was still intact, we observed more CD3+ 

T-lymphocytes in the parenchyma of patients with SCZ, which was also shown by 

others25,26. T-lymphocytes play a role in the crosstalk between neurons and the 

immune system and are able to induce neurotoxicity and neuronal damage27. This 

would suggest a role for T-lymphocytes in the neuronal loss in SCZ. However, nicotine 

smoking is known to influence T-lymphocyte proliferation in blood28. Since smoking 

is more common in our patient group compared to controls, this might account 

for the difference. Elevated cytokine expression, lymphocytic infiltrates, and tissue 

damage were not observed in SCZ. 

Both in our own analysis of the tissue as well as in neuropathological reports no signs 

of neuroinflammation were found. This has important implications for the current 

clinical trials. Various studies are currently investigating anti-inflammatory medication 

as an add-on strategy in schizophrenia, with the aim of targeting an underlying 

neuroinflammatory process. Our data challenges this view and questions whether 

treatment with anti-inflammatory medication will be beneficial for patients with SCZ 

in general. It has to be noted that our group was too small to rule out the possibility 

that neuroinflammation is present in subgroups of patients with SCZ. If these would be 

present, these subgroups may benefit from anti-inflammatory treatment. Therefore 

it would be very informative to study the predisposition of certain patients with SCZ 

for neuroinflammation. This will make therapeutic interventions more personalized 

and effective.

8.4 Absence of microglial activation in bipolar disorder and major 
depressive disorder
In the final two chapters, microglia isolated form fresh post-mortem brain tissue of 

patients with BD (chapter 6) and MDD (chapter 7) were characterized regarding 

their inflammatory state. For both disorders we used a multi-level approach in 

which a combination of mRNA expression, protein profiling and in vitro functionality 

was applied. Besides, we included multiple brain regions to study microglial 

heterogeneity and functionality across brain areas. Chapter 6 showed the lack of 

an inflammatory profile of microglia in BD: no increase in microglial density and 

change in morphology was observed. In addition, mRNA expression of general 

microglial genes was not changed and protein analyses confirmed the absence of 

an activation state in patients with BD. Since many studies found alterations in the 

peripheral immune system29–31, we hypothesized that these cytokines could enter 

the CNS, activate microglia, and affect CNS functioning. The recent discovery of a 

meningeal lymphatic system in the brain32, undermining the idea of the brain as 

an immune privileged organ, made this hypothesis more feasible. To our surprise, 
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we could not find changes in microglial immune activation. This questions whether 

cytokines can be exchanged freely between the brain and the periphery and to what 

extend they can influence microglial functioning in BD. We know that peripheral 

cytokines can interfere with CNS homeostasis and microglia functioning. However, 

this is often accompanied with leakage of the blood-brain barrier (BBB), as is seen in 

neuroinflammatory disorders33,34. Although disruption of the BBB is proposed in BD, 

no solid evidence is available yet34. From our data we can conclude that, irrespective 

of BBB intactness, microglia of patients with BD respond similar to inflammatory 

compounds as microglia of controls, indicating that peripheral cytokines do not affect 

them. Thus, microglia in BD are not primed or blunted regarding their inflammatory 

response and are still capable of executing their immune regulatory functions in the 

brain. 

Finally, we performed a proteomic and transcriptomic analysis on microglia isolated 

from patients with MDD (chapter 7). The overall protein profile of MDD microglia 

was not deviant from control microglia, except for a decreased expression of CD14 

and CD32. CD14 is normally upregulated directly after isolation, indicative of 

microglial activation35. Besides, CD14 is regulating microglial responsiveness to LPS. 

It was shown that CD14- microglia react more strongly to LPS compared to CD14+ 

microglia36. This would suggest a higher sensitivity of MDD microglia after treatment 

with LPS. However, we observed similar responsiveness of MDD microglia compared 

to controls after LPS administration. This implies that the decreased expression of 

CD14 is not affecting LPS sensitivity. Additionally, we found a decreased expression 

of CD32. CD32 is a type II FC receptor and a known mediator of phagocytosis37. 

This would indicate that phagocytic activity by CD32 might be dampened in MDD. 

Phagocytic assays need to be performed to elucidate whether there is indeed a 

diminished phagocytosis in MDD. Besides differences between MDD and controls, 

we found region-specific protein expression, with lower expression of CD11c in the 

subventricular zone and higher expression of CD163 in the medial frontal gyrus 

compared to the other three tissues. More research with for example CyTOF is needed 

to elucidate the variation of protein expression across brain regions. Transcriptomic 

analysis revealed 194 differential expressed genes (DEGs) between microglia of 

patients with MDD and controls. 188 genes were downregulated genes and only six 

genes were upregulated. The top three significant DEGs were al downregulated in 

MDD and associated with histone modification and chromatin accessibility. Besides, 

pathway analyses showed decreased expression of pathways involved in cell cycle and 

cell division. This implies that microglia are not immune altered, but that they are still 

phenotypically changed in MDD. The next steps that we are currently performing are 

replication and validation of these results using immunostainings and quantitative 

PCR. Future steps will be to further understand how the changes in MDD microglial 

phenotypes related to changes in function.

8.5 Current perspective on microglial activation in psychiatric 
disorders
In the last decade many researchers studied the inflammatory role of microglia 

in psychiatric disorders. With PET-imaging microglia were studied in vivo with 

tracers binding to TSPO, cytokine levels were measured in blood and CSF, and 

post-mortem studies determined microglial density and morphology, mRNA and 

protein expression, and transcriptomic profiles. Despite all these efforts, there is 

still no consensus whether microglia are immune activated in SCZ, BD, and MDD. 

Where some of the earlier studies reported increased microglial densities, cytokine 

levels, and an inflammatory phenotype of the cells, more recent studies, including 

ours, could not support these findings. This thesis contributes to the discussion by 

providing information about the immune phenotype of microglia directly isolated 

from post-mortem tissue of psychiatric patients.

There are several reasons that could have contributed to the inconsistency of the 

results. First of all, the inclusion of many different brain regions that investigated 

in the different studies, including cortical (e.g. PFC, temporal cortex), limbic (e.g. 

hippocampus, amygdala), subcortical (e.g. thalamus), and white matter areas (e.g. 

SVZ). These regions fulfil divergent functions in the brain and different microglial 

phenotypes per brain area are determined in chapter 3. Increased microglial density 

in one brain region does not necessarily indicate that there is immune activation in 

the whole brain and vice versa. Until now there is no study available that investigated 

microglia in SCZ, BD, and MDD in a wide range of brain areas, which would 

provide a better overview of microglial immune activation in psychiatric disorders. 

Furthermore, there is diversity in the type of marker that is used to study microglia. 

In immunochemistry, microglia were visualized with multiple antibodies, for example 

HLA-DR, CD68, Iba1, and QUIN. It was shown that the specificity of these antibodies 

to stain microglia is different and that some markers only label a certain microglial 

population (e.g. CD68 for phagocytic microglia)38. The combination of different brain 

regions and a variety of markers makes it complicated to make assumptions from 

these earlier studies regarding microglial activation.

Transcriptomic analysis on post-mortem brain tissue provides a good alternative to 

investigate microglial activation in psychiatric disorders at a large scale. A drawback 

of transcriptomic studies is that the post-mortem brain tissue used for the analysis is 

not perfused and therefore also includes peripheral myeloid cells, such as monocytes, 
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lymphocytes, granulocytes, and dendritic cells. These peripheral cells express similar 

markers as microglia, including ITGAM, CD14, HLA-DRA, and CD45. When interpreting 

transcriptomic studies (e.g. RNA sequencing) of total brain tissue, it is therefore 

important to focus on differences in the expression of specific microglial genes (e.g. 

P2RY12, PROS1, MERTK39). Furthermore, the presence of T- and B-lymphocytes cannot 

be studied, since no distinction is made between lymphocytes in the vasculature 

and the parenchyma, as is observed in SCZ16,25. Currently, there are several RNA 

sequencing studies performed on post-mortem brain tissue of patients with SCZ, 

BD, and MDD. Whereas the sample sizes differed between the studies, with the 

largest cohorts for SCZ, none found alterations in the expression of genes involved 

in the immune system18,19,48–52,40–47. The data presented in this thesis is in line with the 

sequencing studies with lacking evidence of immune activated microglia. Although 

the sample size of our cohort is relatively small, we used a multi-level approach, which 

is more extensive compared to the already published studies. Besides, we are the 

first who isolated microglia directly from post-mortem brain tissue of patients with 

a psychiatric disorder. The microglia of these patients provided us with the unique 

opportunity to characterize them extensively as a single population. We determined 

microglial density and morphology, flow cytometry determined protein expression, 

mRNA expression, and microglial immune responsiveness in the same brain tissue. 

All these different methods failed in detecting immune activation of microglia in the 

three disorders. 

PET imaging studies and post-mortem studies have a different approach to 

investigate microglia, each with its own strengths and limitations. TSPO PET studies 

could provide information on microglial functioning in vivo, including the early stages 

of disease, but the specificity of currently used TSPO PET tracers is under debate. On 

the other hand, post-mortem studies provide the possibility to assess microglia in 

much more detail. However, they are only able to study microglia at the end stage of 

the disorder. It is known that aging influences microglia in the brain53,54. It is possible 

that the microglial deficits in the disorder in our studies are now masked due to aging 

effects. Furthermore, microglia can play a role during the acute stages of the disorder, 

which can only be detected with PET. Post-mortem studies can provide information 

about the influence of chronic psychiatric disorders on microglia. In addition, many 

potential pre- and post-mortem confounders could affect the results from post-

mortem studies. All together, this makes direct comparison of microglial activation in 

PET data and post-mortem data highly complicated. Development of more specific 

microglial PET tracers is needed to answer the question if microglia are altered in vivo, 

since in post-mortem tissue we and others did not find sigs of activation after many 

years of sickness. 

Altogether, literature and our studies hint towards a non-immune activated 

phenotype of microglia in SCZ, BD, and MDD. However, it is still possible that the 

immune system still contributes to the disorder in individual patients. Increased 

microglial density24,55,56, altered cell morphology57,58, elevated cytokine levels (e.g. 

IL-6, IL-1β)44, and more CD3+ T-lymphocytes16,25 were found in a subpopulation of 

the patients. Also suicide may be associated with changes in microglial density and 

morphology16,56,59,60. More research is needed to specifically investigate the role of 

microglia and inflammation in these patients. 

8.6 Microglia in psychiatric disorders: the end?
In this thesis we conclude that microglial activation is absent in SCZ, BD, and 

MDD. We show that microglia in these disorders are not different in their density, 

morphology, gene expression, protein profile, and inflammatory responsiveness 

compared to control microglia (Figure 1). The suggested hypothesis (for figure, see 

chapter 1) that constantly activated microglia are the source of brain dysfunctioning 

and psychopathology in psychiatric diseases should therefore be adjusted. Although 

no aberrant inflammatory phenotype was detected in these disorders, this does not 

mean that microglia are fully homeostatic and do not contribute to the pathogenesis 

of SCZ, BD, and MDD. Microglia play a role in many more CNS processes than solely 

immune regulation. The next paragraphs will provide an overview of the aspects in 

which microglia can still contribute to the disorders.

8.6.1 Microglia interaction with other cells 
During homeostasis, microglia are in constant contact with other cell types, including 

neurons. Both a loss of communication between microglia and neurons and a deficit 

from the neuronal side can induce homeostatic disturbances and neuronal stress. In 

this thesis we also studied the expression of general microglial markers, indicative 

for overall microglial functioning. We noticed some alterations in the phenotype of 

microglia, but not related to their immune response. The most pronounced finding 

was a decreased expression of the fractalkine receptor (CX3CR1) in SCZ and BD 

(Figure 1, number 6). Previous studies already reported lower levels of CX3CR1 in 

blood and brain tissue of patients with SCZ61. Furthermore, CX3CR1 was implicated 

as a potential risk gene in BD62. CX3CR1 is expressed in microglia, whereas neurons 

present the CX3CR1 ligand (CX3CL1) on their membrane63. In microglia, CX3CR1 is 

involved in the regulation of motility and migration of the processes. Moreover, it 

plays a role in synaptic plasticity and controlling synaptic transmission in physiological 

conditions64–67. CX3CR1-CX3CL1 functioning is highly important for accurate 

communication between microglia and neurons. In conditions without danger or 

pathology, CX3CR1-CX3CL1 interaction keeps microglia silent and reduces neuronal 
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Figure 1: New view of microglia in psychiatric disorders. Microglia in healthy controls are 
homeostatic (left). They display a ramified morphology; regulate cytokine expression when needed 
(1), phagocytose pathogens, such as bacteria and death cells (2), are involved in neurogenesis and 
synaptic stripping (3), and regulate several neurotransmitter systems in the brain (4). Although 
immune activated microglia with excessive cytokine expression were expected, microglia in 
schizophrenia (SCZ), bipolar disorder (BD), and major depressive disorder (MDD) (right) were highly 
similar compared to microglia in healthy controls. They have normal cytokine expression (5) and 
their morphology is ramified (6). Our and other studies do suggest that neuron-microglia interaction 
might be disturbed in SCZ, BD, and MDD, which needs to be elucidated in future studies.
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death64,68. With a loss of this signalling, microglia will become immune activated. 

Regarding to their morphology, microglia of CX3CR1-/- mice are unable to adopt 

a hyperramified phenotype under stress conditions, as was observed in wild type 

mice69. Interestingly, CX3CR1 deficiency resulted in less amyloid beta deposition in an 

Alzheimer’s mouse model70. Patients with SCZ had similar levels of cortical amyloid 

beta compared to elderly controls. Compared to patients with Alzheimer’s disease, 

even reduced amyloid levels were reported71. The same was observed in BD, with 

lower levels of soluble amyloid protein in the CSF of patients compared to controls. 

This suggests a protective function for CX3CR1 in amyloid deposition in SCZ and BD. 

Besides morphological alterations of microglia, a deficiency of CX3CR1 or the 

ligand leads to increased production of pro-inflammatory cytokines, like IL-1β and 

reactive oxygen species. This will induce disturbances in brain homeostasis and 

lead to cell toxicity and excessive cell death64,72. Our data does not show a complete 

loss of CX3CR1. This is in line with the fact that we do not detect high levels of 

pro-inflammatory cytokines, as was reported in CX3CR1-/- mice. Besides immune 

regulatory and interaction functions, CX3CR1 is able to regulate neurotransmitter 

levels (e.g. glutamate, serotonin) via the inhibition or activation of specific neurons. 

This emphasizes that CX3CR1 alterations can directly influence the neurotransmitter 

system, resulting in neurotransmitter imbalances found in SCZ, BD, and MDD. We 

hypothesize that the decrease of factalkine-CX3CR1 interaction, as is observed in SCZ 

and BD, is not leading to microglial activation, but can disturb the neurotransmitter 

system and brain homeostasis.

8.6.2 Microglia and effect on neurogenesis
The promotion of neurogenesis and the role in synaptic pruning during development 

is one of the main functions of microglia. It is known that microglial immune activation 

during CNS development has direct consequences on neurogenesis. Alterations were 

found in the dopaminergic, serotonergic, GABAergic, and glutamatergic system in the 

offspring of animals in the maternal immune activation (MIA) model. More apoptosis 

of neurons and glia were observed in multiple brain regions and neurogenesis 

was impaired73–75. These CNS deficits highly resemble the pathology observed in 

psychiatric patients, with alterations in synaptic spine density and volume loss. 

Our results and previous studies suggest that microglia in post-mortem studies are 

not immune activated, which challenges the view that overactivation of these cells 

is the cause of the spine loss. However, these results do not exclude the possibility 

that microglia activation during development contributes to neuronal abnormalities 

underlying SCZ, BD, and MDD. It is possible that these neuronal deficits are not 
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primarily be caused by microglia activation, but that microglia are still involved in the 

pathological process. For example, alterations in the complement system have been 

associated with SCZ. The complement system is involved in the opsonisation and 

clearance of pathogens and important for synaptic pruning. Increased copy numbers 

of complement factor 4 A (C4A) increase the risk for SCZ and increased expression 

of C4 is observed in post-mortem tissue of five brain regions of patients with SCZ76. 

It is thought that C4 contributes to the pruning of C1q opsonized synapses by 

complement receptors on the microglia. In this case, microglia just fulfil their job 

by eliminating tagged synapses. However, it is still unclear whether the diminished 

spine density in SCZ is a consequence of increased C4 expression or that microglial 

activation throughout life resulted in fewer spines.

8.7 Methodological considerations
All experimental work in this thesis has been performed with post-mortem brain 

tissue. Post-mortem material is currently the main strategy to study the cellular and 

molecular basis of psychiatric disorders. We used the tissue for multiple purposes: 

RNA extraction, protein analysis, and the isolation of primary microglia. There are 

various brain banks all over the world, collecting brain tissue of controls and patients 

with psychiatric and neurological disorders. However, the amount of available post-

mortem samples is still limited for psychiatric disorders and many studies perform 

their experiments on the same tissue. 

Most brain tissue studied in this thesis was provided by the Netherlands brain 

bank (NBB). Tissue of this brain bank was not evaluated for microglial changes or 

neuroinflammation yet. In 2012 the NBB started a novel program to recruit and 

phenotype donors with psychiatric disorders77. As a result of this program the number 

of registered donors with psychiatric disorders largely increased. This initiative 

enabled the studies using fresh post-mortem tissue described in chapter 5 and 6. In 

addition, a large benefit of the NBB is their pre-mortem donor registration program, 

which results in a relatively short post-mortem delay (PMD) and tissue can therefore 

be collected and distributed among researchers quickly. It was shown that various 

factors, including post-mortem delay, have a negative impact on RNA and protein 

quality of total brain tissue78. To study the quality of isolated microglia, analysis for 

the effect of ante- and post-mortem variables in 100 brains of the NBB revealed that 

PMD and time before starting the isolation did not influence microglial yields. No 

assumptions were made regarding RNA quality or protein integrity. On the other 

hand, pH negatively influenced microglia viability79. To limit the effect of PMD, donors 

with PMD over 12 hours were not included in our study and as soon as possible after 

autopsy. However, RNA and tissue quality remained a limiting factor in our studies 

and contributed to the fact that not all donors could be used for each experiment 

(e.g. immunostainings, mRNA analysis, microglial isolations). 

Besides the influence of pH and PMD on the quality of the tissue and microglial 

numbers, many other confounding factors have been associated to affect post-

mortem tissue and brain functioning. One of the external factors is substance abuse 

(e.g. smoking, alcohol, drugs). Substance abuse is very common among psychiatric 

patients and is related to increased suicide, earlier disease onset and more psychotic 

symptoms80. Furthermore, substance abuse has direct effect on brain functioning 

and neurobiology. For example, smoking will lead to thinning of the cortex and 

decreased brain volume81,82. Another confounder is medication. Psychiatric patients 

are using a wide range of different types of medicine, including antidepressants, 

mood stabilizers (e.g. lithium), antipsychotics, and cardiovascular medication. 

Although no correlation has been found between medication and changes in brain 

structure83, studies suggest that they could have anti-inflammatory effects that 

might influenced microglial morphology and functioning84. Additionally, the cause 

of death, and especially suicide, might have a great impact on the brain and quality 

of the tissue. Lack of oxygen due to suffocation and medication overdose negatively 

influences cell viability and tissue quality. Since suicide is more common among 

psychiatric patients, this is an important confounder for microglial research. In our 

cohort we were able to include age, gender, PMD and pH as covariates. A confounder 

analysis was performed when significant differences between the groups were 

found. Unfortunately, type of medication, cause of death, and somatic comorbidity 

could not be included due to the large variability for these covariates. Our study was 

lacking power to take all these confounders into account. Suicide as cause of death 

was barely present in our cohort. Although we have a lot of donors with euthanasia, 

the impact on the brain of this event is likely different from suicide due to its more 

controlled manner. Moreover, the underlying neurobiology of a successful suicide 

attempt might be different from considered euthanasia.

To isolate microglia, the cells were positively selected with magnetic CD11b beads. 

This method is quick and efficient to extract microglia from fresh post-mortem 

brain tissue, but questions are raised regarding microglial purity. Besides microglia, 

other myeloid populations present in the CNS, like perivascular macrophages and 

resident monocytes, are also expressing CD11b85. With the use of CD11b beads, there 

is a possibility that both microglia and other myeloid cells are extracted from the 

tissue. To control for purity, all samples were screened with flow cytometry for the 

presence of other myeloid cells. These cells are CD11b+/CD45high, whereas microglia 

have a CD11b+/CD45low profile. However, the possibility of resident or infiltrated 
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myeloid cells in our sample cannot be ruled out. A more pure microglia population 

can be achieved with flow cytometry cell sorting. A drawback of this technique is 

that the sorting will affect cell viability. Since cell death is already increased in culture 

conditions after isolation, this effect is even larger with sorted microglia. For time 

purposes and to increase microglial yield, we chose to use the magnetic beads over 

cell sorting.

8.8 Future directions
Although increased immune activation of microglia is not underlying psychiatric 

pathogenesis, other non-immune functions of microglia can still contribute to the 

disorders. Future studies to unravel the biological mechanism underlying SCZ, BD 

and MDD should focus more on microglia-neuron communication, the specific role 

of microglia in neurogenesis and synaptic pruning, and the effect of genetic and 

environmental factors on these cells.

To increase sample size and incorporate post-mortem tissue of multiple brain banks 

is one of the most important tasks for future researchers. Until now, microglial 

research in psychiatric disorders is performed with relatively small sample sizes, 

transcriptomic studies for SCZ excluded. Due to the large diversity among the 

patients, current sample sizes of post-mortem tissue are too small to cover the full 

range of the disorders and to adequately control for possible confounders. Only 

recently new initiatives were taken to collect more post-mortem tissue of psychiatric 

patients77. The benefit of the NBB is the recruitment of patients during life, which is 

in contrast to other brain banks. This resulted in better availability and quality of the 

clinical information of the donors included in the cohort. To increase the sample size 

of post-mortem tissue, better communication and exchange of brain tissue among 

brain banks worldwide should be established. Only when joining forces the cohorts 

will be diverse enough to investigate microglia in subpopulations of patients with 

SCZ, BD, and MDD on a larger scale.

Besides larger cohorts, better screening of the patients is necessary. SCZ, BD, and 

MDD are very heterogeneous disorders with a variety of symptoms. Clinical records 

are not always up to date and often self-diagnosis is present. For MDD specifically, 

we experienced that it was difficult to make a distinction between MDD comorbid 

depressive symptoms when evaluating the clinical post-mortem reports. Additionally, 

it is important to study microglia in relation to suicide. To make this possible, more 

clinical information is needed regarding suicidal thoughts and/or suicide attempts. 

With the availability of this information, subgroups among patients can be made. 

Another interesting approach would be to look specifically at the overlapping factors 

of SCZ, BD, and MDD, instead of the diagnosis itself. For example, all three disorders 

display cognitive deficits; BD and MDD overlap in their depressive episodes, and 

SCZ and BD share the manic phases. With this approach microglial alterations can 

be directly related to symptomatology instead of overall pathology. This will provide 

more information about the direct influence of microglia in these disorders and 

hopefully result in more personalized and symptom specific medication.

The role of microglia in psychiatric disorders is only established recently. More 

knowledge about their functionality and phenotype of these cells is gained every 

day, but still a lot of questions remain. One of the most intriguing characteristics 

of microglia is their diversity across the brain. Even though microglial differences 

are proposed between cortical, subcortical, grey, and white matter areas, no clear 

profile of microglia for each brain region is available yet. Our CyTOF data showed 

that this is now feasible. Furthermore, we know that microglia can migrate to the 

site of injury. However, it needs to be elucidated if they stay in their own niche or 

will cross the border and adopt the phenotype of that specific brain area. To answer 

these questions, a large microglial characterization per brain region is needed. Thus, 

microglia should be isolated from multiple brain regions simultaneously and profiled 

on a transcriptomic and proteomic level with RNA sequencing and CyTOF. 

There are many fundamental questions regarding the role of microglia in psychiatric 

disorders that are still not fully understood yet. For example, it is unclear to what 

extend microglia contribute to the diminished spine density observed in post-

mortem tissue. Although some questions can be studied with post-mortem isolated 

microglia, it is impossible to investigate microglia in neurodevelopment and culture 

conditions will change their phenotype86. Cerebral organoids highly resemble the 

developing human brain and maintain the natural environment of the microglia87,88. 

SCZ, BD, and MDD have a strong genetic component, which makes these disorders 

suitable to create an in vitro model with patient derived cells. This model will provide 

us with the opportunity to study the contribution of genetics and epigenetics to the 

disorders, the communication of microglia with other cell types, and the influence of 

environmental factors on microglia, such as medication and nutrition.

Finally, it needs to be emphasized that post-mortem tissue is of high value to study 

psychiatric disorders. However, SCZ, BD, and MDD are very complex, with multiple 

risk factors and a broad range of symptoms. Animal models are only able to mimic a 

subset of the symptoms (e.g. depressive behaviour, cognitive problems) and cannot 

cover the complete psychiatric syndrome. The use of post-mortem brain tissue is 
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therefore unavoidable. The combination of in vivo PET imaging, in vitro cell models 

such as microglia-containing brain organoids, and post-mortem tissue will be the 

best approach to finally understand the role of microglia in SCZ, BD, and MDD.
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Nederlandse samenvatting

Al meer dan een eeuw wordt er gesuggereerd dat het immuunsysteem betrokken is 

bij het ontstaan van schizofrenie (SCZ), bipolaire stoornis (BD) en depressie (MDD). 

Onderzoekers vonden veranderingen in belangrijke genen van het immuunsysteem 

en een verhoging van chemokines en cytokines, belangrijke immuunstoffen in het 

lichaam, in patiënten. Het is duidelijk dat het immuunsysteem een rol speelt bij 

deze drie stoornissen, maar niet exact op welke manier. Dit proefschrift is gefocust 

op microglia, de immuuncellen van het brein. Deze cellen zijn essentieel voor het 

bestrijden van ziekten en het opruimen van afval in het brein. Daarnaast zijn ze 

nauw betrokken bij de ontwikkeling van de hersenen, onder andere door het 

elimineren van foutieve of overbodige neuronen en het stimuleren van de groei van 

nieuwe neuronen. Tot nu toe is nog vrij weinig bekend in hoeverre zij bijdragen aan 

het ontstaan van SCZ, BD en MDD, maar er wordt gesuggereerd dat de microglia 

overactief zijn, resulterend in de psychische klachten. 

Het belangrijkste doel was om de microglia in deze drie stoornissen zo goed mogelijk 

in kaart te brengen en te onderzoeken of deze cellen anders zijn in hersenweefsel 

van patiënten ten opzichte van controles, oftewel mensen zonder een psychiatrische 

stoornis. Voor dit proefschrift is gebruikt gemaakt van een bijzondere techniek, 

waarbij microglia uit het brein van overleden patiënten en controles werden gehaald 

waarna ze gekarakteriseerd konden worden. Wij hebben laten zien dat de geïsoleerde 

microglia verschillen van andere immuuncellen, zoals monocyten, en dat ze hun 

immuuneigenschappen behouden zodra ze uit het brein gehaald zijn (hoofdstuk 2). 

Ook ontwikkelden wij een methode waarbij de eiwitexpressie van de cellen direct na 

het isoleren bewaard bleef en later ontrafeld kon worden. Dit had als grote voordeel 

dat de samples eerst allemaal verzameld en later tegelijk geanalyseerd konden 

worden, waarbij technische variatie tussen de samples geminimaliseerd werd. Hierbij 

ontdekten wij onder andere dat de eiwitexpressie van microglia specifiek is voor het 

hersengebied waaruit ze geïsoleerd worden (hoofdstuk 3). 

Microglia in levende mensen worden momenteel vooral gevisualiseerd met behulp 

van het eiwit TSPO. Echter, verschillende onafhankelijke onderzoeken rapporteerden 

verhoogde, verlaagde, of zelfs gelijke expressie van TSPO in patiënten met SCZ. 

In post-mortem weefsel vonden wij dat de expressie van TSPO vergelijkbaar was 

tussen patiënten met SCZ en controles (hoofdstuk 4). Ook bleek dat TSPO niet 

direct gerelateerd was aan immuunactivatie van microglia. Dit betekent dat TSPO 

mogelijk geen goede marker is om microglia te meten in het brein van patiënten 

met SCZ. Daarnaast ontkrachtten wij de hypothese dat SCZ een neuroinflammatoire 

ziekte is (hoofdstuk 5). Wij vonden geen verschil in het aantal microglia of tekenen 

van immuunactivatie in patiënten met SCZ. Echter, meer T-lymfocyten werden 

geobserveerd in het parenchym van patiënten, wat mogelijk gerelateerd is aan 

veranderingen in genen die betrokken zijn bij de interferon response, een belangrijke 

cytokine voor het immuunsysteem.

In zowel BD als MDD vonden wij geen aanwijzingen dat microglia een 

immuungeactiveerd profiel hadden. In BD was het aantal microglia in patiënten 

en controles gelijk, hadden ze geen geactiveerde morfologie, oftewel ronde 

vorm, en was de eiwit- en genexpressie vergelijkbaar (hoofdstuk 6). Een grote 

transcriptoomanalyse is uitgevoerd op microglia geïsoleerd uit het brein van 

patiënten met MDD en controles (hoofdstuk 7). In totaal kwamen 194 genen 

verschillend tot expressie in de patiënten ten opzichte van de controles. Hiervan was 

de expressie van 188 genen verminderd en zes genen verhoogd. De genen met het 

grootste expressieverschil tussen patiënten en controles spelen voornamelijk een rol 

bij celdeling en celcyclus, processen die allemaal verlaagd waren in MDD. In beide 

ziektebeelden bleek microglia activatie niet de grote boosdoener, maar dragen zij 

mogelijk op een andere manier bij aan BD en MDD. 

Aan de hand van dit proefschrift werd geconcludeerd dat de microglia in SCZ, BD 

en MDD niet immuun geactiveerd zijn. Dit hoeft echter niet te betekenen dat deze 

cellen niet betrokken zijn bij de stoornissen. Naast immuunregulatie zijn microglia 

ook betrokken bij vele andere processen in het brein. Zo zijn er aanwijzingen dat 

de communicatie tussen neuronen en microglia verstoord is. Dit heeft mogelijk 

directe invloed op het behoud of de eliminatie van neuronen en de regulatie van 

neurotransmitters. Om de onderliggende biologie van SCZ, BD en MDD te ontrafelen 

zal toekomstig onderzoek zich moeten focussen op de communicatie tussen 

microglia en neuronen, hun specifieke rol in neuronale ontwikkeling en het effect 

van genetische- en omgevingsfactoren op de microglia.
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