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Abstract
Microglia are the brain’s resident macrophages, which guide various developmental processes crucial for brain maturation, 
activity, and plasticity. Microglial progenitors enter the telencephalic wall by the 4th postconceptional week and colonise the 
fetal brain in a manner that spatiotemporally tracks key neurodevelopmental processes in humans. However, much of what we 
know about how microglia shape neurodevelopment comes from rodent studies. Multiple differences exist between human 
and rodent microglia warranting further focus on the human condition, particularly as microglia are emerging as critically 
involved in the pathological signature of various cognitive and neurodevelopmental disorders. In this article, we review the 
evidence supporting microglial involvement in basic neurodevelopmental processes by focusing on the human species. We 
next concur on the neuropathological evidence demonstrating whether and how microglia contribute to the aetiology of 
two neurodevelopmental disorders: autism spectrum conditions and schizophrenia. Next, we highlight how recent technolo-
gies have revolutionised our understanding of microglial biology with a focus on how these tools can help us elucidate at 
unprecedented resolution the links between microglia and neurodevelopmental disorders. We conclude by reviewing which 
current treatment approaches have shown most promise towards targeting microglia in neurodevelopmental disorders and 
suggest novel avenues for future consideration.
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Introduction

Neurodevelopmental disorders (NDDs) are a group of com-
plex conditions, with an onset either early during childhood 
or later during adolescence. They result in motor, sensory, 
and cognitive impairments of varying severity across the 
lifespan [130, 192]. The term ‘neurodevelopmental’ has Rugile Matuleviciute and Elizabeth T. Akinluyi equally contributed 
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been applied broadly to encompass a set of clinically and 
causally different conditions, notably with neurological and 
psychiatric presentations such as autism spectrum conditions 
(ASCs) and schizophrenia (SZ) [134, 192]. ASCs and SZ are 
common NDDs that account for a significant disease burden, 
according to a UK-based population study [72]. This makes 
ASCs and SZ a natural starting point when investigating cel-
lular and molecular mechanisms underlying NDD pathology.

ASCs manifest in early childhood, typically present-
ing before the age of 3 years [72]. The median prevalence 
of ASCs is 1 in 100 and ASCs are 4 times more prevalent 
in males than females [215]. Diagnostic criteria for ASCs 
include persistent deficits in social communication and inter-
action, repetitive behaviours and special interests [4]. SZ 
also affects around 1 in 100 people worldwide [78]. While 
traditionally SZ was thought to affect both sexes equally, a 
meta-analysis suggested a slightly greater risk in men [85]. 
The key symptoms of this condition are classified as posi-
tive, negative, and cognitive [78]. SZ first manifests in late 
adolescence and early adulthood, with negative symptoms 
usually first to appear [78]. While ASCs and SZ are highly 
heterogenous conditions, there is overlap between their 
pathophysiological mechanisms specifically those involv-
ing the immune system.

In this context, changes in the innate immune system 
involving microglial cells have been consistently reported 
in ASCs and SZ [34, 64, 118, 125]. Circulating cytokine 
profiles are altered in patients with ASCs and SZ [37, 220]. 
Increased levels of interleukins- (IL-) 6 and IL-8 have been 
measured in the cerebrospinal fluid (CSF) of SZ patients 
[48]. Molecules linked with inflammation and immune 
function, including IL-8, as well as immunoglobulin A 
(IgA), IL-13 and macrophage migration inhibitory factor 
(MIF) amongst others, have been additionally suggested as 
potential plasma biomarkers for SZ [18, 35]. Changes to 
the cytokine landscape in NDDs may, in part, be shaped 
by environmental exposures prenatally and during early 
life. Indeed, a meta-analysis revealed that viral childhood 
infections are associated with an increased risk of psychotic 
disorders into adulthood [90]. Similarly, mothers admitted 
to hospital, particularly with bacterial infections, are at a 
greater risk of delivering a child later diagnosed with an 
ASC [216]. Multiple infections during pregnancy have also 
been associated with an increased ASC risk in the offspring 
[216]. Immune contributions to ASCs and SZ have been fur-
ther noted on a genetic level. The major histocompatibility 
complex (MHC) region includes a number of loci associated 
with SZ that were identified through genome-wide associa-
tion studies (GWAS) [162, 163]. Amongst those, variants 
of the complement component 4 (C4) genes are particularly 
notable [171]. Similarly, in the case of ASCs, associations 
between variants in human leukocyte antigen (HLA) genes 
and the condition have been identified [196].

Overall, the immune system and NDDs are tightly con-
nected. Microglia which are components of the brain’s 
innate immunity, are inherent to the pathological signature 
of NDDs. However, it remains unclear whether microglia 
directly alter neurodevelopmental trajectories leading to 
NDDs and/or if their effects are reactive to a causative insult. 
Critically, much of our knowledge of microglia in typical 
and atypical brain development derives from rodent studies 
even though there are marked differences between human 
and rodent microglia. Furthermore, cognitive impairments 
in NDDs such as SZ and ASCs involving language, thought 
processing, memory and executive deficits are characteris-
tically human [122, 182]. In this article, we first discuss 
how microglia shape basic neurodevelopmental processes by 
focusing on human-based findings. We then review the state 
of affairs and concur on the role of microglia in two main 
disorders along the neurodevelopmental continuum: ASCs 
and SZ. Finally, we review recent technological advances 
that have helped develop our understanding of microglial 
biology and discuss some promising avenues for future inter-
ventions targeting microglia in NDDs.

Microglial functions during development

The development of neural circuits in the central nervous 
system (CNS) requires the involvement of all its neuronal 
and non-neuronal cells. Amongst these, microglia—the resi-
dent macrophages of the CNS—play a crucial role in medi-
ating optimal brain development, maturation and functioning 
[145, 179]. While most of the work on microglial functions 
in the developing brain comes from rodent studies, we pri-
marily focus here on human-based findings.

Microglia originate from extraembryonic yolk sac pro-
genitors that colonise the neuroepithelium of the human 
forebrain from the 4th postconceptional week (pcw) onwards 
[119, 121, 204]. Microglial progenitors begin to proliferate 
as soon as they arrive to the developing forebrain and as 
early as the 4th pcw [121]. By the 9th pcw, they become 
immunocompetent, meaning that the cells acquire the abil-
ity to adeptly recognise and respond to immune-associated 
stimuli [94].

Microglia coexist in multiple functional and morphologi-
cal states throughout different stages of CNS development, 
transitioning from amoeboid to intermediate rod-like, and 
eventually becoming ramified [121]. These varying mor-
phologies likely correspond to specific functions notably 
associated with the neuroanatomical process or compart-
ment they inhabit or attempt to colonise, the stage of life 
(development, adulthood, or ageing), the sex of the individ-
ual, and the challenges they encounter (disease, injury, etc.) 
across life, as revealed by morphological, ultrastructural, 
epigenetic, transcriptomic, metabolomic, and proteomic 
data [9, 111, 120, 121, 149, 161]. For instance, intermediate 
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rod-shaped microglia are observed in white matter tracts, 
such as the corpus callosum and the external capsule, 
towards the end of the 30th pcw where they suggestively 
participate in axonal guidance, synaptogenesis, and neurode-
velopmental apoptosis [204]. Single-cell RNA sequencing 
(scRNA-seq) of fluorescence-activated cell sorting (FACS)-
sorted human microglia obtained from fetuses between the 
7th and 16th pcw following elective pregnancy termina-
tions, revealed a cluster of proliferative-region-associated 
microglia (PAM) which share some transcriptional signa-
ture overlap with phagocytic disease-associated microglia 
(DAM) and neurodegenerative disease microglia (MGnD) 

[94]. These microglial cells express multiple gene markers 
such as apolipoprotein E (APOE), and cluster of differentia-
tion 68 (CD68), which are associated with the DAM and 
MGnD states [88, 94, 95].

Microglia contribute to typical CNS development, and 
these cells play several roles during the prenatal and early 
postnatal stages of development and maturation. Rodent 
studies have shown that microglia participate in neurogen-
esis, oligodendrogenesis [62, 115, 174], astrogliogenesis 
[110], axonal myelination [136], as well as synapse forma-
tion [123], maturation and pruning [145] via specialized 
interactions with neuronal and non-neuronal cells (Fig. 1). 

Fig. 1   Main functions of microglia in the developing human CNS. a 
Microglia regulate the number of neuronal cells, notably by engag-
ing in active phagocytosis of progenitor cells and promoting the 
apoptosis of differentiated cells [17, 158]. b Microglia regulate neu-
ronal migratory processes within the neocortex [17]. c Microglia 
also release factors (such as insulin growth factor 1 (IGF-1), that 
support the growth and survival of neurons [17]. d Microglia impact 
onto  astrocyte differentiation via direct cell-to-cell communication, 

secretion of microglia-derived and trophic factors [5, 135]. e Micro-
glia mediate synapse elimination for instance via the engulfment of 
presynaptic inputs [119, 121]. f Microglia promote the proliferation 
and differentiation of oligodendrocyte precursor cells, and they inter-
act with oligodendrocytes to mediate their maturation and survival, as 
well as contribute to maintaining the myelination status of the CNS 
[77]
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Although studies involving human microglia can be com-
plex, research on chimeric models that involve transplant-
ing human-induced pluripotent stem cells (hiPSCs)-derived 
microglial progenitor cells [41, 66] or microglia [107] into 
the mouse brain, human brain organoids [41], and embry-
onic and fetal tissues [149] have confirmed previous findings 
in animal models. In humans, microglia have been linked 
with crucial developmental processes such as neurogenesis, 
programmed cell death and apoptotic cell clearance, neu-
ronal migration, white matter tract formation, and synaptic 
pruning [119]. The subsequent subsections outline the roles 
of microglia in shaping the developing human brain.

Neurogenesis and neuronal migration. Insights into the 
involvement of human microglia in developmental neuro-
genesis have been gleaned from various studies. These cells 
have been linked with neurogenesis from the 8th pcw to 
the 22nd pcw and neural migration from the 8th pcw to the 
30th pcw [17]. Popova et al. engrafted primary human fetal 
ionised calcium-binding adapter molecule 1 (IBA1) posi-
tive microglia from post-mortem cortical tissue into cerebral 
organoids [155]. By using CD68 staining, they showed that 
prenatal microglia exhibited active phagocytosis of progeni-
tor cells and synapses in the organoids, thereby modulating 
synaptic density and regulating the production and matura-
tion of new neurons [155]. Also, in an in vitro electrophysi-
ological study which aimed to evaluate neuronal functions 
at multiple developmental time points, microglia-like cells 
derived from hiPSCs expedited neuronal maturation by regu-
lating the development of single-cell sodium and potassium 
currents, which ultimately manifested as increased neuronal 
network activity in human cerebral organoids [21].

Developmental apoptosis. During the early develop-
mental processes of neuronal proliferation, migration and 
differentiation, neuronal precursors and neurons that are 
less active and fail to establish appropriate synaptic con-
nections undergo apoptosis [159]. In the developing human 
telencephalon, microglia are associated with early embry-
onic apoptosis and apoptotic cell clearance from the 12th 
pcw to the 16th pcw [158]. This close interaction between 
microglia and neuronal precursors provides support for their 
involvement in the formation of the telencephalon in the 
prenatal stages. Microglial clusters expressing CD68 [2], 
IBA1, CD45, and the lectin, Ricinus Communis agglutinin 
I (RCA-1) [126, 127], have been found to accumulate in the 
cortical subplate and future basal ganglia of post-mortem 
human fetal tissues. It is speculated that these clusters con-
tribute to neurodevelopmental apoptosis, as well as axonal 
guidance, and synaptogenesis [204].

Synapse formation and maturation. In humans, microglial 
cells likely participate in early cortical synaptogenesis which 
occurs in Cajal-Retzius cells, a group of early neurons cru-
cial for cortical development, as early as the 5th pcw and the 
presubplate and preplate neurons as early as the 8.5th pcw 

[92, 119, 121]. However, direct evidence about microglial 
involvement in synapse formation in humans is lacking.

Cortical folding. In addition to shaping the developing 
brain on a cellular and circuit level, there is increasing evi-
dence that microglia may also contribute on a tissue level. 
There is already some direct evidence for a change in cor-
tical structure linked to microglial activities. In humans, 
microglia are found in transient cortical structures during 
fetal brain development, such as the subplate, between 12th 
and 13th pcw [120]. It is also hypothesized that the small 
changes in cell shape that they mediate, such as progeni-
tor cell engulfment [158] and synaptic pruning and wiring 
[119], when combined, can lead to much larger changes in 
cortical organization and consequently cortical shape.

A key feature of human fetal brain development is the 
generation of the cortical folds, the gyri, and sulci, during 
the second half of gestation. This morphological change 
occurs alongside several critical developmental events, 
including neuronal migration, gliogenesis and an increase 
in microglial numbers, all of which are thought to occur 
before 26 pcw [186]. This influx of microglia has been pro-
posed to aid the cortical expansion required for the genera-
tion of cortical folds, in particular their tangential migration 
in the developing cortex [16]. Another possible mechanism 
for microglial contribution to cortical folding is their regu-
lation of basal progenitors, the neural progenitors thought 
to be responsible for the increased number of neural cells 
seen in gyrified species. Microglia were recently linked to 
a reduction in cell stress in these basal progenitors [155], 
which may facilitate their proliferative capacity and the gen-
eration of increased numbers of neurons required for corti-
cal expansion and folding. Further indication of the role of 
microglia in cortical size and shape can be found in patients 
with cortical malformations. Focal clusters of microglia 
were found in patients with Walker Warburg Syndrome, a 
rare genetic disorder, characterised by muscular dystrophy 
and brain malformations, and were associated with areas of 
type II lissencephaly, characterised by a smooth brain sur-
face with cobblestone-like irregularites, in the cortical plate 
[199]. Reactive microglia are also localized in areas of corti-
cal dysplasias [13] and clustered in areas of polymicrogyria 
in patients with Cytomegalovirus (CMV) infections [180]. 
Understanding their role in regulating typical development 
and cortical folding, and how this relates to their inflamma-
tory role in cortical malformations, will be important. This 
is especially relevant for understanding their role in NDDs 
discussed below as some patients will have cortical malfor-
mations and microglial dysfunction as part of their disorder 
as discussed later in this review.

Overall, microglia are dynamic cells that participate in 
various processes in the developing brain. Considerable dif-
ferences between humans and rodents exist highlighting the 
shortcomings in the translatability of microglial findings 
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to human neurodevelopment. We discuss these differences 
below.

Why do we need to focus on human microglia?

Compared to mouse microglia, human microglia are more 
complex morphologically and display reduced prolifera-
tion rates, as well as specific differences in genes regulating 
critical endogenous processes like inflammation and the cell 
cycle [144, 174]. A study analysing microglial heterogene-
ity across species at different stages of life, reveals that the 
human brain has a larger microglial cell volume and a lower 
neuron-to-microglia ratio than the mouse brain. Moreover, 
higher microglial density is observed in the frontal cortex 
of the mouse compared to the human, whereas microglial 
density in the human hippocampus, cerebellum, and white 
matter is higher than in the mouse among corresponding 
regions [51]. In a study employing scRNA-seq on FACS-
purified microglia, significant overlaps were found between 
the transcriptome profiles of human fetal microglia (gesta-
tional age between 12 and 22 pcws) and mouse fetal micro-
glia (E18.5), when investigating the influence of sex and 
the microbiome on microglia. However, the study specifi-
cally highlighted the absence of sexual dimorphism in the 
human versus mouse transcriptomic signatures during mid-
gestation [193]. Contrary to the observed age-dependent 
sex differences in the context of normal neurodevelopment, 
in rodents [169], a recent study employed a combination 
of techniques, including histology, advanced imaging, and 
three-dimensional reconstruction, to investigate microglial 
populations in post-mortem embryonic and fetal brain tis-
sues, using IBA1, transmembrane protein 119 (TMEM119), 
purinergic receptor P2Y12 (P2RY12), and C-X3-C motif 
chemokine receptor 1 (CX3CR1) markers to assess and char-
acterise microglial properties, reporting an extremely low or 
absent sexual dimorphism of microglial density, morphology 
and migrating capacity across human cortical development 
[121].

To further emphasize the importance of considering spe-
cies-specific factors in understanding microglial develop-
ment, a recent study employed principal component analysis 
and batch effect verification techniques to comprehensively 
analyze the developmental transcriptomes of human and 
mouse microglia [213]. The study investigated potential 
species-specific differences in microglial maturation, high-
lighting the significance of species-related factors in this 
process. The researchers utilized mouse microglia samples at 
E14.5, early post-natal stages P4/P5, a juvenile stage (P30), 
and adulthood (P100), alongside human microglia samples 
representing prenatal, pediatric, adolescent, and adult stages. 
The findings revealed distinct expression profiles between 
prenatal and post-natal microglia, and interestingly, E14.5 
and P4/P5 mouse microglia exhibited similarities with 

human prenatal cells. Notably, in mouse pups, microglia 
formed a separate cluster distinct from their juvenile and 
adult counterparts, whereas human pediatric microglia were 
closely grouped with adult and adolescent samples. Based 
on the observed discrepancy, the researchers posited the 
hypothesis that mouse pediatric microglia might experience 
a developmental delay in maturation relative to their human 
counterparts [213].

These observations highlight the importance of studying 
human or humanised models to improve our understanding 
of the roles that microglia play in human conditions such as 
ASCs and SZ amongst other NDDs.

Evidence for microglial involvement in ASCs

ASCs are a heterogeneous group of conditions, diagnosed 
based on symptoms in two core domains: the social com-
munication impairments’ domain and the stereotypical 
behaviours and restricted interests’ domain [4]. ASCs rarely 
present on their own and often, affected individuals have 
sensory anomalies in the visual, olfactory, auditory, and 
somatosensory domains as well as comorbidities such as epi-
lepsy and sleeping disorders [4]. There is no cure for ASCs, 
and early diagnosis is important to identify a treatment plan 
for comorbidities (e.g., epilepsy medication, ADHD medi-
cation, etc.), a care plan and a suitable environment/school 
for affected children to develop and thrive. ASCs are largely 
genetic but maternal factors can increase the risk of an ASC 
in the baby in a subset of cases. Factors can be immune, 
teratogenic, and infectious. Altogether, ASCs represent a 
complex set of disorders with a wide range of severities 
which remain challenging to study.

In humans, whether microglial malfunction can directly 
cause ASCs is unclear. In some neurodevelopmental con-
ditions such as paediatric leukoencephalopathies, homozy-
gous mutations in the colony-stimulating factor 1 receptor 
(CSF1R) gene lead to a permanent absence of microglia 
which corresponds to overt structural abnormalities in the 
corpus callosum, the cerebellum and the ventricles. Affected 
children have poor cognitive, motor, and sensory outcomes 
[142]. These cases place microglia at the core of certain 
developmental conditions. In ASCs, microglia are certainly 
part of the pathological signature in humans based on neuro-
pathological [128, 129, 164, 191, 201], transcriptomic [101, 
148, 202, 203], and neuroimaging findings [187] (Fig. 2). 
Neuropathologically, a chronic inflammatory profile at the 
core of which are microglia has been suggested with several 
studies lending credence to this hypothesis. This includes 
increased expression of MHC-II in the cerebellum and 
frontal cortices in ASCs [201], a primed microglial state 
inferred by a morphological shift in the temporal cortex [53] 
or an amoeboid morphology with reduced process number 
and length in the dorsolateral prefrontal cortex (DLPFC), 
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detected using IBA1 marker [129], and an upregulation of 
miR155 in microglia in the amygdala [3]. Microglial den-
sities tend to be higher, lower, or unchanged with regular 
distributions in grey matter, white matter, the DLPFC, the 
amygdala and the temporal cortex [3, 97, 128, 129], though 
spatial clustering of microglia with respect to neurons is 
altered in ASCs specifically in the DLPFC [128]. Transcrip-
tomically, earlier bulk-sequencing of cortical areas suggests 
a convergence of ASC pathology towards innate immune and 
neuronal dysfunctions [58, 148, 207]. Subsequent single-
cell analyses have identified that sets of genes, specifically, 
in upper layer projection neurons and microglia correlated 
with ASC clinical severity in children and young adults. 
Notably, genes such as FYN binding protein gene (FYB), 
spleen-associated tyrosine kinase (SYK), activator of tran-
scription and developmental regulator (AUTS2), and fork-
head box protein P2 (FOXP2) have been linked to microglial 

activation and developmental regulation in the context of 
ASCs [203]. More recent evidence, suggests that microglial 
genes, particularly those involved in immune signaling and 
phagocytosis, such as interferon alpha and beta receptor 2 
(IFNAR2) and Janus kinase 3 (JAK3), are most upregulated 
in primary sensory areas in ASCs particularly in the parietal 
lobule and the primary visual cortex [49]. Neuroimaging 
findings using positron emission tomography (PET) with 
ligands targeting translocator protein (TSPO) are unclear on 
whether it is a hypo or hyperactivation of microglia in the 
ASC brain and this may partly depend on the generation of 
radioligands used: there is increased ‘neuroinflammation’ in 
multiple brain regions, especially the cerebellum (first-gen-
eration tracer) [187] or lower reactivity in the same regions 
(second-generation tracer) [175, 223]. It should also be 
noted that questions have been raised about TSPO specificity 
to microglia, which is discussed in the next section. Though 

Fig. 2   Microglial findings in ASCs. a Lateral view of the human 
brain with the critical/sensitive windows for ASC development, 
which include the cerebellum and the neocortex [209]. b Microglial 
gene dysregulation observed in ASC samples from the prefrontal and 
cingulate [203] as well as the primary visual areas and the superior 
parietal lobule [49]. c Microglial densities (IBA1+, magenta) are 
unchanged, higher, or lower in these brain areas compared to typi-
cally developing controls (top panel). In the cerebellum and neocor-

tex, neuroinflammatory processes are heightened and microglia 
express MHC-II (brown) and cup Purkinje Calbindin+ cells in the 
cerebellum (CB+, magenta) and neurons in the neocortex (NeuN+, 
magenta) (bottom panel). Scale bars: 25  μm. d Areas of the brain 
demonstrated to show hyperactivation linked to microglial TPSO sig-
nal. Most areas show hyperactivation except the cerebellum and the 
cingulate which show both hyper and hypoactivation depending on 
the study [175, 187, 223]
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the body of evidence suggests that microglial changes are 
characteristic of the ASC brain, it is unknown what micro-
glia could be reacting to and whether microglial dysfunction 
can cause ASCs and/or exacerbate the symptoms. Therefore, 
models based on human tissues are increasingly needed to 
elucidate mechanisms and design targeted therapies, which 
we discuss in further sections of this review.

An interesting characteristic of the ASC brain is the 
increased number of dendritic spines in the cortex main-
tained throughout life compared to typical development 
[71, 150]. Here, microglia represent a potential therapeu-
tic target. Dysfunctions in microglia-expressed fractalkine 
receptor (CX3CR1) pathways, which is involved in cell–cell 
communication [145, 217] (see section on ‘Mediators of the 
fractalkine receptor and the complement system’ for a thor-
ough discussion of this pathway) and triggering receptor 
expressed on myeloid cells 2 (TREM2), involved in micro-
glial phagocytosis and immune responses [45], for example, 
result in impaired synaptic pruning in mice. Altogether, and 
from the human literature on ASCs, much remains to be 
done to better define studied cohorts in terms of heterogene-
ity in the clinical presentation and new human tissue-based 
models which will help to further the consensus on micro-
glial involvement in these disorders [91, 172]. We discuss 
the applications and developments of human-based model 
systems, like human-induced pluripotent stem cells (hiP-
SCs), for NDD research in upcoming sections of this review.

Evidence for microglial involvement in SZ

SZ is a heterogenous, complex, and chronic psychiatric con-
dition. Its key symptoms include delusions and hallucina-
tions (positive), social withdrawal and loss of motivation 
(negative), and memory issues (cognitive), first manifesting 
in late adolescence and early adulthood [78]. Antipsychotic 
drugs remain the current pharmaceutical mainstay for the 
treatment of positive symptoms in SZ and almost exclusively 
target the dopamine and serotonin pathways [84]. While 
antipsychotics have clear benefits in managing the condition, 
they tend to present with significant adverse effects, includ-
ing extrapyramidal symptoms, metabolic and endocrine 
disruption (weight gain, diabetes mellitus) among others 
[117]. More importantly, a quarter to a third of patients are 
or become resistant to treatment over time [131], highlight-
ing the need for different therapy options.

While the exact causes of SZ are largely unknown, a 
combination of genetic and environmental factors have 
been linked with an increased risk for the condition. 
Among those, the contributions of the immune system to 
the development of the disease have been highlighted in 
recent years. For example, a Swedish cohort study found 
that infections, particularly bacterial, during pregnancy 
increase the risk of early-life infections which together lead 

to increased vulnerability to psychosis [12]. Given the links 
between the immune system and SZ, it is not surprising that 
microglia have also been implicated in this condition. For 
example, overexpression of C4A in mice increases synaptic 
uptake by microglia, and leads to altered social behaviour 
and increased anxiety compared to wildtype and knockout 
animals [214], linking findings from genetic studies with 
mechanistic insights [171]. As several recent reviews have 
discussed the latest developments in using animal models in 
SZ research [7, 106, 200], for the purpose of this review, we 
will focus primarily on the evidence linking microglia and 
SZ in human studies.

Most of our understanding regarding cellular mechanisms 
of SZ pathophysiology comes from post-mortem studies of 
the human brain and microglia are no exception in this con-
text (Fig. 3). Two independent meta-analyses of such studies 
suggest that overall, there is evidence for an increase in both 
microglial surface marker expression and microglia cell den-
sity, using markers like CD68, IBA1 and HLA-DR depend-
ing on a study, in post-mortem brain tissue samples donated 
by individuals with SZ as compared to age and sex-matched 
controls [89, 197]. Later studies also found increased IBA1 
positive microglia density in the frontal and temporal corti-
cal regions and a decrease in microglial arborization across 
the board [52]. Similarly, expression of the genes in the 
complement pathway like C1qA and C4 is upregulated in 
microglia from post-mortem SZ midbrain [156] and prefron-
tal cortex [80] samples. In contrast, no changes in microglial 
marker IBA1, HEXB, and CD68 mRNA levels are observed 
in “high inflammation” SZ cohorts, as defined by cortical 
mRNA levels of cytokines and SERPINA3 [139, 222]. Some 
of these findings have been challenged by a recent random 
effect meta-analysis, which showed unaltered microglial 
density with the lack of clear morphological changes in 
SZ [176]. Furthermore, this showed decreased expression 
of CX3CR1, CSF1R, IRF8, OLR1, and TMEM119 [176]. 
Microglial heterogeneity could in part explain some of the 
contrasting findings in the post-mortem data as these cells 
exist in multiple dynamic states with different transcriptomic 
and proteomic signatures, shaped by the environmental con-
text they get exposed to in the brain throughout the lifespan 
[146]. Other factors including the use of antipsychotics and 
other medication, cause of death, comorbidities as well as 
differences in post-mortem sample preparation and storage 
may also confound the results.

Another key line of evidence linking microglial dysfunc-
tion and SZ in humans comes from neuroimaging methods, 
specifically PET (Fig. 3). PET studies using ligands target-
ing translocator protein (TSPO), which has been adopted as 
a proxy for measuring ‘neuroinflammation’ in vivo. While 
such an approach showed great promise to begin to under-
stand some of the mechanisms of SZ in vivo, findings have 
been mixed at best. Marques and colleagues analysed 12 
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studies using TSPO-PET and found a moderate increase in 
TSPO grey matter binding in SZ patients when the bind-
ing potential was used as an outcome measure rather than 
volume of distribution [108]. However, five out of the six 
studies which used binding potential as an outcome used 
the first-generation TSPO tracer [108]. In contrast, a meta-
analysis by Plaven-Sigray et al. found a decrease of TSPO 
in the patient group in studies using the second-generation 
TSPO radioligands [153]. Non-specific binding of TSPO 
ligands between patients with SZ and controls was reported 
to be similar. Therefore, this is unlikely to account for the 
conflicting findings [109]. In an attempt to reconcile this, 
Plaven-Sigray et al. conducted an individual participant 
meta-analysis with the available data from studies using 
second-generation TSPO ligands [154]. Reinforcing their 

previous conclusions and in agreement with Marques et al., 
they observed a decrease in the distribution volume, an index 
of ligand binding to TSPO, in SZ patients compared to con-
trols [154].

It should be noted, however, while TSPO-PET has 
become a proxy measure to assess microglial reactivity, lit-
tle is known about how changes in TSPO binding relate to 
disease-associated microglia phenotypes. Furthermore, con-
cerns have been raised about TSPO specificity for microglia, 
given it is also altered in other cell types, including astro-
cytes, under inflammation conditions, and neurons [140, 
141, 205].

The descriptive nature of much of the post-mortem and 
imaging studies makes it difficult to discern whether micro-
glia play a causative role in SZ. However, some suggestions 

Fig. 3   Microglial impairments in SZ. a Post-mortem studies report 
changes in microglial density [52, 89, 197], arborization and gene 
expression [80, 139, 156, 176, 222] in patients with SZ compared to 
controls. TSPO-PET shows conflicting findings, however, there is a 
suggestion of decreased TSPO binding in grey matter in patients with 
SZ [108, 109, 153, 154]. TSPO structure representation is shown on 
the top right (structure adapted from Guo et  al. [57]). HiPSC and 

patient monocyte microglia show increased IFN-γ signalling upon 
glucocorticoid exposure [211] and increased synaptic uptake com-
pared to control lines, respectively [172]. b Drawing of 3D microglial 
morphology in a control brain (left) and a schizophrenia brain (right). 
Images adapted and redrawn from De Picker et al. [31]'s original con-
focal stack images, scale bar: 10 μm
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about causative microglial roles may include the evidence 
that single nucleotide polymorphisms (SNPs) in genes 
highly expressed in CX3CR1, have been associated with 
increased SZ risk [74]. Consistent with this view, CX3CR1 
knockout in mice leads to social interaction deficits [217]. 
In addition, genome editing of CX3CR1 in hiPSC-derived 
microglia using CRISPR results in disease-associated states 
like increased microglial inflammatory responses and phago-
cytic activity [134]. Indeed, hiPSC models, particularly 
patient-derived lines, are developing to be a crucial tool to 
discern contributions of specific cell types to NDD pathol-
ogy. We highlight two specific approaches below.

Emerging state of the art models and methods 
to investigate neurodevelopmental disorders

hiPSC-derived microglia: the future of NDDs research? 
Given the caveats of post-mortem and neuroimaging-based 
studies, there is a clear need for tools that would allow to 
investigate the mechanisms of microglial dysfunction in 
NDDs in a human context. One of such options includes 
hiPSC-derived microglia. A key advantage of such a model 
system is the ability to combine the influences of genetic 
risk factors by using patient-derived hiPSCs with disease-
relevant environmental exposures to gain better insight into 
the molecular mechanisms at play. Indeed, while stem cell-
based models are used in psychiatric research, most of these 
studies primarily focus on neuronal cell types, leaving other 
cell types, including microglia, understudied [36, 170].

Multiple protocols to differentiate microglia-like cells 
from iPSCs have been published [1, 61, 116, 133]. Tran-
scriptionally, the cells produced this way appear more like 
fetal microglia. However, given the likely neurodevelopmen-
tal origin of conditions like ASCs and SZ, this may confer 
an advantage by enabling researchers to investigate how per-
turbing microglia at key developmental stages may confer an 
increased disease risk.

While hiPSC-derived microglia have been used to study 
neurodegenerative disorders [82, 177, 190], few studies to 
date have harnessed this model for SZ research. A study 
modelling early-life stress by exposing microglial precursors 
to glucocorticoids found that an increased type I interferon 
signalling and cellular senescence in the matured cells [211]. 
Another study differentiated patient iPSCs to neurons but 
derived microglia from patient monocytes instead [172]. 
They found that patient-derived microglia showed increased 
synaptic uptake in co-cultures compared to the cells, derived 
from healthy controls as measured by the uptake of postsyn-
aptic marker PSD-95 within the microglia [172].

Of course, the in vitro environment of hiPSC-derived 
microglial monocultures or co-cultures is artificial. How-
ever, such setup offers a simple system to explore cell intrin-
sic genotype effects or interactions with other cell types. 

To investigate microglia in a more physiologically relevant 
context, chimeric model systems by transplanting hiPSC-
microglia into rodent brains have been developed [43, 66, 
107]. However, species differences and the presence of host 
microglia may impact onto transplanted cell phenotypes. 
Transplantation into cerebral 3D organoids may help to 
prevent these issues. A study suggested that microglia may 
spontaneously develop within the organoids [143], however, 
this seems to result from limited mesodermal suppression 
in the model. On the other hand, a recent report proposed 
an in vivo xenotransplantation model where hiPSC-derived 
erythromyeloid progenitors are seeded to colonise human 
brain organoids, which were subsequently transplanted into 
rodent brains [168]. Transplantation appears to improve 
microglial survival in the organoids and may help to model 
typical developmental processes of microglial colonisation 
of the brain [168]. This provides a unique system to investi-
gate how human microglia may contribute to NDD pathol-
ogy, especially taking advantage of patient-derived lines.

Unifying approaches between different groups as well 
as finding ways to increase physiological model relevance 
(some suggestions have been reviewed by Hanger et al. [65] 
and Hedegaard et al. [67]) will make way for hiPSC-derived 
microglia models to become an important part of the NDD 
research toolkit, complementing other emerging techniques, 
like single-cell and spatial transcriptomics that help to facili-
tate the research of human microglia in NDDs.

Single-cell and spatial transcriptomics as novel tools for 
microglial research in neurodevelopment. In 1996, dysplas-
tic cortical neurons obtained from patients with tuberous 
sclerosis (a rare genetic condition that causes the develop-
ment of mainly benign tumours throughout the body caused 
by mutations in tuberous sclerosis 1 (TSC1), tuberous scle-
rosis 2 (TSC2), and interferon gamma (IFNγ) genes) were 
labelled in tissue sections with antibodies against neuronal 
precursors [28]. The hypothesis here was that these neurons 
retained the molecular signature of fetal neurons. Addition-
ally, with an mRNA amplification step, 20 gene transcripts 
in these labelled neurons were also detected making this 
study one of the earliest examples of single-cell technology 
which combined histopathology and transcriptomics applied 
to a disorder of cortical development. Since then, single-cell 
investigations have developed significantly and can detect 
thousands of transcripts against whole-genome analysis. 
Single-cell and spatial transcriptomics have allowed a com-
prehensive characterisation of the cellular and molecular 
heterogeneities underlying neurodevelopment [178, 221] and 
associated disorders mainly ASCs [49, 68, 203] and SZ [10, 
76]. This has led to key discoveries in neurodevelopment 
such as the identification of key windows for microglial cell 
expansion in the forebrain [121] and microglial immuno-
competence [94]. In ASCs, single-cell investigations bet-
ter defined how the presence of high-confidence risk genes 
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affects brain development in the prefrontal cortex and the 
cingulate [83, 203]. In SZ, common genomic variants for 
the condition map to selectively vulnerable neuronal popu-
lations [10, 105] especially in the DLPFC [113]. Overall, 
the above highlight the potential of single-cell and spatial 
transcriptomics in identifying, characterising, and mapping 
cell types and states pivotal to the neuropathology of neu-
rodevelopmental disorders.

Technically, spatial transcriptomics allow users to map 
the precise anatomical locations of gene expression and the 
method can be further divided into sequencing and imaging-
based approaches (see reviews for the technical differences 

between these approaches [132, 160] and Fig. 4). Imaging-
based approaches rely on dedicated microscopes using fluo-
rescent probes to encode either individual genes directly (for 
e.g., smFISH, Table 1) or using multiple probes to encode 
genes indirectly (for e.g., MERFISH, seqFISH +, EELFISH, 
Table 1) [15, 20, 38, 157]. Sequencing-based platforms, 
however, use spatial barcoding to detect the full transcrip-
tome within a broad resolution range (220 nm to 100 μm) 
[19, 103, 165, 181]. Some methods such as Stereo-seq effec-
tively combine features of image- and sequencing-based 
approaches, resulting in an approach that is unbiased and 
of high resolution [19]. Altogether, spatial transcriptomics 

Fig. 4   Type of data acquired using spatial methods. a Immunohisto-
chemistry (IHC) of the cerebellum tagged with Calbindin for Purkinje 
cell identification, IBA1 for microglia and haematoxylin for all 
nuclei. b Spatial transcriptomics schematisation with cell populations 
approximated topographically in the same section. c In situ hybridi-
sation (ISH)/ in  situ sequencing (ISS) example in the cerebellum 
showing schematisation of transcripts against myelin basic protein. d 
Single-cell RNA seq schematisation of cell populations that can be 

identified in the cerebellum. Overall, spatial barcoding offers a lower 
resolution, whereas ISS/ISH offer a higher resolution. The complex-
ity of the data increases with the resolution. Relative to IHC, the 
number of identified cells would need to be larger going from IHC to 
spatial barcoding and ISS/ISH spatial methods, to scRNA-seq. Con-
ceptually, this would place the two spatial technologies at the heart of 
modern-day developmental science, at the intersection between his-
tology and single-cell sequencing

Table 1   Characteristics of current platforms

Most technologies that are capable of processing formalin-fixed and paraffin-embedded (FFPE) tissues are at the lower end of the resolution, 
calling for more innovation to help achieve a similar resolution as cryopreserved tissues [19, 20, 22, 24, 38, 60, 99, 103, 181, 184, 195, 206]

Technology Year Type Spot size (μm) Tissue compatibility References

Visium 2016 Spatial barcoding 55 Cryopreserved, FFPE [181]
DBit-seq 2020 Spatial barcoding 10 Cryopreserved, FFPE [103]
Nanostring 

GeoMX DSP
2019 Spatial barcoding 10 Cryopreserved, FFPE [195]

Slide-seq2 2021 Spatial barcoding 10 Cryopreserved [184]
HDST 2019 Spatial barcoding 2 Cryopreserved [206]
Seq-scope 2021 Spatial barcoding 0.6 Cryopreserved [22]
Stereo-seq 2022 Spatial barcoding 0.22 Cryopreserved [19]
FIS-SEQ 2014 ISS Amplicon limited (0.5–1 μm) Cryopreserved [99]
HybISS 2020 ISS Amplicon limited (0.5–1 μm) Cryopreserved [60]
MERFISH 2015 ISH Diffraction limited (150–300 nm) Cryopreserved [20]
oSMFISH 2018 ISH Diffraction limited (150–300 nm) Cryopreserved [24]
seqFISH +  2019 ISH Diffraction limited (150–300 nm) Cryopreserved [38]
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can reliably identify single cells and their transcriptome in 
complex tissues.

The main challenges of single-cell methods are tissue 
availability and quality, especially (Table 1) if tissues are 
formalin-fixed and paraffin-embedded (FFPE). Technical 
challenges of data sparsity, low capture efficiency and the 
exclusion of non-polyadenylated mRNA transcripts in cur-
rent analysis pipelines have been reviewed elsewhere [154]. 
Several methodologies have emerged applying spatial tran-
scriptomics to FFPE samples [11, 47, 54, 103, 152, 208]. 
While transcript quality and quantity is higher in snap-frozen 
and cryopreserved sections [132], tissue quality can vary 
and so does the RNA quality. The development of assays 
like spatial RNA integrity number (sRIN) [96] have helped 
with improving tissue quality for better assessments in the 
spatial domain. These innovations are expected to increase 
the use of spatial transcriptomics in developmental tissues 
in health and disease.

In future, spatial transcriptomics combined with cell–cell 
interaction analyses will help unravel the precise interac-
tions between microglia and other brain cell types during 
key developmental windows in humans. This can be done 
by using cell–cell communication tools such as node-centric 
expression models amongst others, specifically designed for 
spatial data [46]. Furthermore, and as microglia migrate to 
the brain rudiment early during gestation in a distinct tra-
jectory [119, 121], changes in gene expression which are 
specific to migrating microglia are currently unknown. This 
is important as microglia are highly transcriptionally heter-
ogenous with distinct identities associated with distinct spa-
tial domains [146]. Therefore, characterising the microglial 
microenvironment and its interactions with other cell types, 
including astrocytes, through transcriptomic alterations 
in NDDs could offer therapeutic opportunities [79, 102]. 
Finally, it may offer the possibility to investigate different 
microglial states simultaneously in the context of their brain 
environment. With the advent of machine learning and the 
multi-omics age, multimodal data acquisition on microglia 
will likely reveal the precise interactions of these cells with 
the neurodevelopmental landscape.

Targeting microglia to alleviate 
neurodevelopmental disorders: current state 
of affairs

Anti-inflammatory agents. It is well known that microglia 
perform contextually dependent functions, sometimes acting 
as a double-edged sword. While microglial contributions, 
for example, those discussed in the context of typical CNS 
development (see ‘Microglial function during development’ 
section) are beneficial, these immune cells are also impli-
cated in sustaining oxidative stress and inflammation in the 
context of NDDs [8, 188]. As a response to the pathological 

changes occurring at the CNS level, microglia can produce 
pro-inflammatory mediators as well as reactive oxygen and 
nitrogen species in vivo, which may lead to neuronal degen-
eration, white matter abnormalities, and decreased neuro-
genesis observed in ASCs [151], and SZ [70]. Aiming to 
target the deleterious actions of microglia in exacerbating 
CNS inflammation, several anti-inflammatory therapies have 
been proposed for the improvement of NNDs outcomes. 
For example, in a rat model of maternal immune activation 
using polyinosinic:polycytidylic acid [poly (I:C)], treatment 
with minocycline, an anti-inflammatory tetracycline which 
actively crosses the blood–brain barrier and modulates (yet 
non-specifically) microglia, improved behavioural dysfunc-
tions, rescued phagocytic activity, and reduced levels of 
TNF-α, IL-1β was observed [112]. As minocycline depletes 
host gut microbiota, it is likely that this interaction—or lack 
of it—shapes microglial responses [40]. The interactions 
between microglia and the gut microbiota are discussed 
further.

The real-time live imaging study conducted on patient-
derived microglia co-cultured with iPSCs (discussed pre-
viously) also reported that at clinically relevant doses, 
minocycline reduced excessive microglial synaptic pruning 
typically observed in the SZ brain [172]. Furthermore, the 
researchers investigated the potential link between long-
term exposure to antibiotics, specifically minocycline and 
doxycycline, and the risk of primary psychotic disorder in 
individuals aged 10–18 years and found that exposure to 
these antibiotics for at least 90 days was associated with 
a significantly decreased risk of incident psychosis [172]. 
An open-label trial in children with ASCs with a history 
of regression revealed that 6-month minocycline treatment 
reduced the serum levels of IL-8 in seven out of ten children 
recruited for the study [147]. In a double-blind, randomised 
placebo-controlled clinical trial, 16-week adjunctive mino-
cycline treatment was reported to decrease plasma levels of 
nitric oxide, without any change in IL-1β or TNF-α levels, in 
55 adult SZ patients treated with a stable dose of risperidone 
[101]. Furthermore, another study revealed that when used 
with risperidone for 3 months, minocycline improved nega-
tive symptoms which correlated with reduced serum levels 
of IL-1β, and IL-6 in 75 treatment-free adult patients with 
SZ [218]. Conversely, in another randomised, double-blind, 
placebo-controlled trial where patients with SZ received 
a daily dose of minocycline while continuing their treatment 
for a period of up to 12 months, the addition of minocycline 
did not show improvement in negative symptoms compared 
to placebo [32]. While minocycline has shown some promise 
as a potential treatment for SZ and ASCs, further investiga-
tion is needed to fully understand its effects, including anti-
inflammatory ones, in these conditions.

The therapeutic potential of second-generation antipsy-
chotics in modulating microglial activity, particularly their 
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pro-inflammatory cytokines and reactive species release, 
has been reported in several studies. Risperidone, an FDA-
approved drug for treating ASCs' symptoms in children, 
reduced plasma levels of the chemokine (C–C motif) ligand 
2 (CCL2) and eotaxin [23], and when used in combination 
with celecoxib, a non-steroidal anti-inflammatory drug in a 
randomised controlled trial, led to an improvement of ASC 
symptoms in children with severe behavioural alterations 
[6]. A dietary formulation containing the neuroprotective fla-
vonoids, luteolin, quercetin, and rutin, also decreased serum 
levels of TNF-α and IL-6, and improved social interactions 
in children with ASCs [188, 198]. While targeting micro-
glia-driven oxidative stress and pro-inflammatory cytokines 
release may show promising neuroprotective outcomes, 
as documented in humans, it is crucial to strike a balance 
between curbing excessive inflammation and maintaining 
beneficial microglial physiological functions when devising 
target strategies.

Mediators of the fractalkine receptor and the complement 
system. Although synaptic pruning by microglia is essential 
for the organisation of neuronal circuits during neurode-
velopment, excessive or insufficient pruning of synapses 
by microglia may instead participate in the pathogenesis of 
SZ [75] and ASCs [219], respectively. Mouse studies show 
that microglial synaptic engulfment notably depends on 
fractalkine (CX3CL1) and its receptor CX3CR1, which is 
highly expressed by microglia (reviewed in [212]). Frac-
talkine is a chemokine involved in regulating the immune 
system and inflammation, which has been shown to play a 
key role in synaptic plasticity and neuronal communication 
in the CNS. CX3CR1 is a principal mediator of neuron-
microglia interaction, and as already mentioned, previous 
studies have linked rare genetic variations in CX3CR1 to an 
increased risk of developing SZ and ASCs [74]. Moreover, 
a quantitative assessment of fractalkine and CX3CR1 using 
immunoblotting and polymerase chain reaction (PCR) on 
post-mortem brain samples from individuals diagnosed with 
either SZ or bipolar disorder and their age-matched non-
psychiatric controls revealed a significant reduction in levels 
of fractalkine in the prefrontal cortex of individuals with SZ 
compared to both the bipolar disorder and control groups. 
There were no significant differences in fractalkine levels 
between the bipolar disorder and control groups, suggesting 
that the alterations in fractalkine levels may represent a spe-
cific biomarker for SZ [69]. An experimental study that used 
repeated sub-anaesthetic doses of ketamine to induce schiz-
ophrenia-like cognitive deficits in rats further showed that 
cannabidiol improves cognitive impairment associated with 
schizophrenia-like behaviours while upregulating CX3CR1 
transcript levels in the prelimbic, limbinc and cingulate areas 
(the human equivalent would be the prefrontal cortex) [93]. 
These findings suggest that cannabidiol may be a potential 
target for the CX3CL1-CX3CR1 axis in future SZ therapy. 

However, clinical trials of cannabidiol at varying doses in 
patients with SZ have so far yielded conflicting results, with 
some groups demonstrating clinical improvements with can-
nabidiol on assessments [100, 114], while others reporting a 
lack of statistically significant improvement [14, 63].

In addition to CX3CR1, mouse studies also highlight 
the critical role the classical complement cascade plays in 
regulating microglial elimination of synapses during CNS 
development [44, 167], as abnormal synaptic pruning due 
to the dysregulation of specific complement system com-
ponents can perturb neurodevelopment [98, 124]. The com-
plement system is a complex network of soluble plasma 
components that play critical roles in innate immunity, the 
host’s defence, and developmental synaptic pruning [167, 
183]. The complement system is triggered through the 
classical, lectin, and alternative pathways. These pathways 
ultimately lead to the activation of complement C3 and its 
downstream components (C5–C8) [138]. Initiation of the 
classical pathway is triggered by the binding of comple-
ment C1q to immune complexes that consist of antigens 
bound to immunoglobulin antibodies. C1q binds to and 
opsonises synapses, pathogens, or cellular debris, trigger-
ing the cleavage and activation of C4 and C2, which fuse 
and drive the amplification and cleavage of C3 [138]. In 
the developing CNS, receptors for complement proteins 
are primarily expressed by microglia at varying low lev-
els depending on the stage of maturation. C3-opsonized 
synapses activate receptors on microglia, which targets 
these synapses for elimination by phagocytosis [171, 
183]. GWAS have identified genetic variants associated 
with complement component coding genes C1q, C3, and 
C4 that increase the risk for SZ [56]. In addition to genetic 
findings, studies have reported that individuals with acute 
SZ or schizoaffective disorder have increased levels of 
peripheral complement components C3, C3b, and C4 [81, 
185]. Two different studies observed a high level of com-
plement C4 and C5 in the plasma and cerebrospinal fluid 
of adult patients treated with either benzodiazepines, mood 
stabilisers or antidepressants for SZ [48, 73]. In contrast, 
a study of antipsychotic-naïve patients with first episode 
psychosis (FEP) found increased complement components 
C1q, C3b/iC3b, C4, factors B and H which were signifi-
cantly increased in patient serum but not CSF [29]. In a 
population-based study, SNPs in complement C3 were also 
observed to be strongly associated with SZ [219]. These 
observations suggest that complement system dysfunction 
may contribute to the development of SZ, and hence could 
serve as a therapeutic target. While preclinical studies have 
suggested that targeting components of the complement 
system, such as C3 [25, 26] or C1q, may be relevant for the 
treatment of neurodevelopmental disorders, there are pres-
ently no registered clinical trials examining the efficacy of 
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drugs that target the complement system for any identified 
neurodevelopmental disorder.

Modulation of the gut microbiome. Synaptic prun-
ing in the human prefrontal cortex during adolescence 
was shown to coincide with the maturation of the gut 
microbiota [2]. The microbiota plays a key role in shap-
ing the development and function of the immune sys-
tem while mounting evidence suggests that it may also 
impact onto the maturation and function of microglia and 
neural circuits. For example, alterations of microglial 
homeostasis and transcriptomic profiles were observed in 
6–10-week-old germ-free mice devoid of gut microbiota 
[40, 194]. Microglia in E18.5 embryos from germ-free 
dams also displayed an increased density among various 
brain regions, with increased numbers of cells exhibit-
ing a ramified morphology [193]. Studies have revealed 
that the brain communicates with the gut microbiome 
through the gut–brain axis. This bi-directional commu-
nication involves neuroendocrine, immune and neural 
pathways and microbiota-derived neuroactive compounds 
(neurotransmitters, metabolites and soluble by-products) 
(reviewed in [42, 50, 104]). Disruptions in the homeo-
static gut microbiota composition (known as dysbiosis) 
were found to contribute to the pathogenesis of neurode-
velopmental disorders (reviewed in [27, 104, 142]), mak-
ing the gut microbiome-microglia axis a promising target 
in neurodevelopmental disorders. For instance, ASCs are 
associated with a decrease in the diversity and abundance 
of specific Bacteroidetes, Bifidobacterium, Sutterella, and 
Prevotella species, with subsequent reductions in micro-
bial short-chain fatty acids (SCFAs), which can cross the 
blood–brain barrier to regulate microglial activity includ-
ing their release of pro-inflammatory cytokines [30, 39]. 
Likewise, a review and meta-analysis of previously pub-
lished studies indicated that patients with SZ display low 
levels of the bacteria genera Roseburia and Faecalibacte-
rium, which are crucial for maintaining intestinal barrier 
integrity, and high levels of the LPS-producing Fusobac-
terium, Lactobacillus, Megasphaera and Prevotella gen-
era [102, 137]. Microbiome-modulating therapies such as 
prebiotics [55, 87], probiotics [33, 166], synbiotics [210], 
and fecal microbiome transplantation [86] have been 
shown to improve behavioural outcomes in patients with 
ASCs and SZ (reviewed in [189] by modulating micro-
glial maturation and reactivity via various mechanisms, 
including microbiota-derived SCFAs production [210], 
via the vagus nerve [173], and through peripheral immune 
signals [40]. Overall, the precise mechanisms underly-
ing the impact of microbiome supplements on microglial 
development and maturation remain unclear, but it is con-
ceivable that they may work by modulating the various 
gut–brain microglia communication pathways [59].

Conclusion

In NDDs like ASCs and SZ, we have reviewed here whether 
and how microglia contribute to the emergence of these condi-
tions. Our current mechanistic understanding is largely lack-
ing in humans as the body of evidence is largely descriptive 
including post-mortem, transcriptomic and neuroimaging stud-
ies. This is why emerging model systems like hiPSC-derived 
microglia and ex vivo models based on human primary tissues 
will allow us to investigate how microglia contribute to proper- 
and mis-wiring of cognitive circuits during development in 
humans. Such human-led models would further allow to delin-
eate the contributions of genetic background and some of the 
environmental risk factors in NDDs and test the proposed 
pathological pathways from animal work. Combined with the 
power of single cell, spatial transcriptomics, multi-omics and 
machine learning, these will help to pinpoint the cellular and 
molecular mechanisms dysregulated in NDDs more precisely. 
There is also a need to develop better PET tracers to investigate 
human microglia in vivo, given the caveats associated with 
limited cellular specificity of currently used TSPO targeting 
ligands. Improving such approaches would allow to better 
translate the mechanistic insights from cellular studies into 
clinical applications. Equipped with novel mechanistic insights 
into microglial contributions to NDDs, targeting microglia and 
their dysregulated pathways holds therapeutic potential. This 
may be particularly important in subsets of patients with ASCs 
or SZ with a marked immune system involvement. Promising 
avenues for further research and treatment advancements are 
likely to focus on anti-inflammatory therapies, the modulation 
of microglial synaptic pruning, and interventions that target 
the gut microbiome. Altogether, therapeutic strategies will be 
a balance between harnessing the beneficial roles of microglia 
while curbing excessive inflammation in NDDs.

Acknowledgements  RM is in receipt of the MRC-Sackler PhD pro-
gramme studentship as part of the MRC Centre for Neurodevelopmen-
tal Disorders (Medical Research Council MR/P502108/1). EA was a 
recipient of the International Society for Neurochemistry (ISN) Com-
mittee for Aid and Education in Neurochemistry (CAEN) 1A grant, 
and The Company of Biologists Travelling Fellowship (2021). KL 
acknowledges the Medical Research Council grant: MR/S025065/1. 
ACV acknowledges the financial support from the National Centre for 
the Replacement, Refinement and Reduction of Animals in Research 
(NC/S001506/1) and the UKRI / EH HORIZON program (10053515 
(101057390—HappyMums). The work (at King’s College London) 
was also supported by MRC Centre grant (MR/N026063/1). MET 
acknowledges the Tier 2 Canada Research Chair in Neurobiology of 
Aging and Cognition. All authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 



676	 Acta Neuropathologica (2023) 146:663–683

1 3

otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Abud EM, Ramirez RN, Martinez ES, Healy LM, Nguyen 
CHH, Newman SA et al (2017) iPSC-derived human micro-
glia-like cells to study neurological diseases. Neuron 94:278-
293.e9. https://​doi.​org/​10.​1016/j.​neuron.​2017.​03.​042

	 2.	 Agans R, Rigsbee L, Kenche H, Michail S, Khamis HJ, Paliy O 
(2011) Distal gut microbiota of adolescent children is different 
from that of adults. FEMS Microbiol Ecol 77:404–412. https://​
doi.​org/​10.​1111/j.​1574-​6941.​2011.​01120.x

	 3.	 Almehmadi KA, Tsilioni I, Theoharides TC (2020) Increased 
expression of miR-155p5 in amygdala of children with autism 
spectrum disorder. Autism Res 13:18–23. https://​doi.​org/​10.​
1002/​aur.​2205

	 4.	 American Psychiatric Association (2013) Diagnostic and Sta-
tistical Manual of Mental Disorders, Fifth Edition. American 
Psychiatric Association

	 5.	 Antony JM, Paquin A, Nutt SL, Kaplan DR, Miller FD (2011) 
Endogenous microglia regulate development of embryonic cor-
tical precursor cells. J Neurosci Res 89:286–298. https://​doi.​
org/​10.​1002/​jnr.​22533

	 6.	 Asadabadi M, Mohammadi M-R, Ghanizadeh A, Modabber-
nia A, Ashrafi M, Hassanzadeh E et al (2013) Celecoxib as 
adjunctive treatment to risperidone in children with autistic 
disorder: a randomized, double-blind, placebo-controlled trial. 
Psychopharmacology 225:51–59. https://​doi.​org/​10.​1007/​
s00213-​012-​2796-8

	 7.	 Ayyar P, Ravinder JR (2022) Animal models for the evaluation 
of antipsychotic agents. Fundam Clin Pharmacol. https://​doi.​
org/​10.​1111/​fcp.​12855

	 8.	 Barron H, Hafizi S, Andreazza AC, Mizrahi R (2017) Neuro-
inflammation and oxidative stress in psychosis and psychosis 
risk. Int J Mol Sci 18:651. https://​doi.​org/​10.​3390/​ijms1​80306​
51

	 9.	 Barry-Carroll L, Greulich P, Marshall AR, Riecken K, Fehse B, 
Askew KE, Li K, Garaschuk O, Menassa DA, Gomez-Nicola 
D (2022) Microglial colonisation of the developing brain is 
facilitated by clonal expansion of highly proliferative progeni-
tors and follows an allometric scaling. 2022.09.15.507569

	 10.	 Batiuk MY, Tyler T, Dragicevic K, Mei S, Rydbirk R, Petukhov 
V et al (2022) Upper cortical layer–driven network impairment 
in schizophrenia. Sci Adv 8:eabn8367. https://​doi.​org/​10.​1126/​
sciadv.​abn83​67

	 11.	 Bell ATF, Mitchell JT, Kiemen AL, Fujikura K, Fedor H, Gam-
bichler B, Deshpande A, Wu P-H, Sidiropoulos DN, Erbe R, 
Stern J, Chan R, Williams S, Chell JM, Zimmerman JW, Wirtz 
D, Jaffee EM, Wood LD, Fertig EJ, Kagohara LT (2022) PanIN 
and CAF transitions in pancreatic carcinogenesis revealed with 
spatial data integration. Cancer Biol

	 12.	 Blomström Å, Karlsson H, Gardner R, Jörgensen L, Mag-
nusson C, Dalman C (2016) Associations between maternal 
infection during pregnancy, childhood infections, and the risk 
of subsequent psychotic disorder—a Swedish cohort study 
of nearly 2 million individuals. Schizophr Bull 42:125–133. 
https://​doi.​org/​10.​1093/​schbul/​sbv112

	 13.	 Boer K, Spliet WGM, Van Rijen PC, Redeker S, Troost D, 
Aronica E (2006) Evidence of activated microglia in focal 

cortical dysplasia. J Neuroimmunol 173:188–195. https://​doi.​
org/​10.​1016/j.​jneur​oim.​2006.​01.​002

	 14.	 Boggs DL, Surti T, Gupta A, Gupta S, Niciu M, Pittman B 
et al (2018) The effects of cannabidiol (CBD) on cognition 
and symptoms in outpatients with chronic schizophrenia a 
randomized placebo controlled trial. Psychopharmacology 
235:1923–1932. https://​doi.​org/​10.​1007/​s00213-​018-​4885-9

	 15.	 Borm LE, Mossi Albiach A, Mannens CCA, Janusauskas J, 
Özgün C, Fernández-García D et al (2022) Scalable in situ 
single-cell profiling by electrophoretic capture of mRNA 
using EEL FISH. Nat Biotechnol. https://​doi.​org/​10.​1038/​
s41587-​022-​01455-3

	 16.	 Budday S, Steinmann P, Kuhl E (2015) Physical biology of 
human brain development. Front Cell Neurosci. https://​doi.​org/​
10.​3389/​fncel.​2015.​00257

	 17.	 Bystron I, Blakemore C, Rakic P (2008) Development of the 
human cerebral cortex: boulder Committee revisited. Nat Rev 
Neurosci 9:110–122. https://​doi.​org/​10.​1038/​nrn22​52

	 18.	 Chan MK, Krebs M-O, Cox D, Guest PC, Yolken RH, Rahmoune 
H et al (2015) Development of a blood-based molecular bio-
marker test for identification of schizophrenia before disease 
onset. Transl Psychiatry 5:e601–e601. https://​doi.​org/​10.​1038/​
tp.​2015.​91

	 19.	 Chen A, Liao S, Cheng M, Ma K, Wu L, Lai Y et al (2022) Spa-
tiotemporal transcriptomic atlas of mouse organogenesis using 
DNA nanoball-patterned arrays. Cell 185:1777-1792.e21. https://​
doi.​org/​10.​1016/j.​cell.​2022.​04.​003

	 20.	 Chen KH, Boettiger AN, Moffitt JR, Wang S, Zhuang X (2015) 
Spatially resolved, highly multiplexed RNA profiling in single 
cells. Science 348:aaa6090. https://​doi.​org/​10.​1126/​scien​ce.​
aaa60​90

	 21.	 Chiaradia I, Lancaster MA (2020) Brain organoids for the 
study of human neurobiology at the interface of in vitro and 
in vivo. Nat Neurosci 23:1496–1508. https://​doi.​org/​10.​1038/​
s41593-​020-​00730-3

	 22.	 Cho C-S, Xi J, Si Y, Park S-R, Hsu J-E, Kim M et al (2021) 
Microscopic examination of spatial transcriptome using Seq-
Scope. Cell 184:3559-3572.e22. https://​doi.​org/​10.​1016/j.​cell.​
2021.​05.​010

	 23.	 Choi JE, Widjaja F, Careaga M, Bent S, Ashwood P, Hendren 
RL (2014) Change in plasma cytokine levels during risperidone 
treatment in children with autism. J Child Adolesc Psychophar-
macol 24:586–589. https://​doi.​org/​10.​1089/​cap.​2013.​0108

	 24.	 Codeluppi S, Borm LE, Zeisel A, La Manno G, Van Lunteren JA, 
Svensson CI et al (2018) Spatial organization of the somatosen-
sory cortex revealed by osmFISH. Nat Methods 15:932–935. 
https://​doi.​org/​10.​1038/​s41592-​018-​0175-z

	 25.	 Colonna M, Butovsky O (2017) Microglia function in the central 
nervous system during health and neurodegeneration. Annu Rev 
Immunol 35:441–468. https://​doi.​org/​10.​1146/​annur​ev-​immun​
ol-​051116-​052358

	 26.	 Cong Q, Soteros BM, Huo A, Li Y, Tenner AJ, Sia GM (2022) 
C1q and SRPX2 regulate microglia mediated synapse elimina-
tion during early development in the visual thalamus but not 
the visual cortex. Glia 70:451–465. https://​doi.​org/​10.​1002/​glia.​
24114

	 27.	 Cowan M, Petri WA (2018) Microglia: Immune Regulators of 
Neurodevelopment. Front Immunol 9

	 28.	 Crino PB, Trojanowski JQ, Dichter MA, Eberwine J (1996) 
Embryonic neuronal markers in tuberous sclerosis: Single-cell 
molecular pathology. Proc Natl Acad Sci 93:14152–14157. 
https://​doi.​org/​10.​1073/​pnas.​93.​24.​14152

	 29.	 Cropley VL, Kittel M, Heurich M, Föcking M, Leweke FM, 
Pantelis C (2023) Complement proteins are elevated in blood 
serum but not CSF in clinical high-risk and antipsychotic-naïve 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neuron.2017.03.042
https://doi.org/10.1111/j.1574-6941.2011.01120.x
https://doi.org/10.1111/j.1574-6941.2011.01120.x
https://doi.org/10.1002/aur.2205
https://doi.org/10.1002/aur.2205
https://doi.org/10.1002/jnr.22533
https://doi.org/10.1002/jnr.22533
https://doi.org/10.1007/s00213-012-2796-8
https://doi.org/10.1007/s00213-012-2796-8
https://doi.org/10.1111/fcp.12855
https://doi.org/10.1111/fcp.12855
https://doi.org/10.3390/ijms18030651
https://doi.org/10.3390/ijms18030651
https://doi.org/10.1126/sciadv.abn8367
https://doi.org/10.1126/sciadv.abn8367
https://doi.org/10.1093/schbul/sbv112
https://doi.org/10.1016/j.jneuroim.2006.01.002
https://doi.org/10.1016/j.jneuroim.2006.01.002
https://doi.org/10.1007/s00213-018-4885-9
https://doi.org/10.1038/s41587-022-01455-3
https://doi.org/10.1038/s41587-022-01455-3
https://doi.org/10.3389/fncel.2015.00257
https://doi.org/10.3389/fncel.2015.00257
https://doi.org/10.1038/nrn2252
https://doi.org/10.1038/tp.2015.91
https://doi.org/10.1038/tp.2015.91
https://doi.org/10.1016/j.cell.2022.04.003
https://doi.org/10.1016/j.cell.2022.04.003
https://doi.org/10.1126/science.aaa6090
https://doi.org/10.1126/science.aaa6090
https://doi.org/10.1038/s41593-020-00730-3
https://doi.org/10.1038/s41593-020-00730-3
https://doi.org/10.1016/j.cell.2021.05.010
https://doi.org/10.1016/j.cell.2021.05.010
https://doi.org/10.1089/cap.2013.0108
https://doi.org/10.1038/s41592-018-0175-z
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.1002/glia.24114
https://doi.org/10.1002/glia.24114
https://doi.org/10.1073/pnas.93.24.14152


677Acta Neuropathologica (2023) 146:663–683	

1 3

first-episode psychosis. Brain Behav Immun 113:136–144. 
https://​doi.​org/​10.​1016/j.​bbi.​2023.​07.​004

	 30.	 Dan Z, Mao X, Liu Q, Guo M, Zhuang Y, Liu Z et al (2020) 
Altered gut microbial profile is associated with abnormal metab-
olism activity of Autism Spectrum Disorder. Gut Microbes 
11:1246–1267. https://​doi.​org/​10.​1080/​19490​976.​2020.​17473​29

	 31.	 De Picker LJ, Victoriano GM, Richards R, Gorvett AJ, Lyons S, 
Buckland GR et al (2021) Immune environment of the brain in 
schizophrenia and during the psychotic episode: a human post-
mortem study. Brain Behav Immun 97:319–327. https://​doi.​org/​
10.​1016/j.​bbi.​2021.​07.​017

	 32.	 Deakin B, Suckling J, Barnes TRE, Byrne K, Chaudhry IB, Daz-
zan P et al (2018) The benefit of minocycline on negative symp-
toms of schizophrenia in patients with recent-onset psychosis 
(BeneMin): a randomised, double-blind, placebo-controlled trial. 
Lancet Psychiatry 5:885–894. https://​doi.​org/​10.​1016/​S2215-​
0366(18)​30345-6

	 33.	 Dickerson FB, Stallings C, Origoni A, Katsafanas E, Savage 
CLG, Schweinfurth LAB et al (2014) Effect of probiotic sup-
plementation on schizophrenia symptoms and association with 
gastrointestinal functioning: a randomized, placebo-controlled 
trial. Prim Care Companion CNS Disord 16:26294. https://​doi.​
org/​10.​4088/​PCC.​13m01​579

	 34.	 Dinesh AA, Islam J, Khan J, Turkheimer F, Vernon AC (2020) 
Effects of antipsychotic drugs: cross talk between the nervous 
and innate immune system. CNS Drugs 34:1229–1251. https://​
doi.​org/​10.​1007/​s40263-​020-​00765-x

	 35.	 Domenici E, Willé DR, Tozzi F, Prokopenko I, Miller S, McK-
eown A et al (2010) Plasma protein biomarkers for depression 
and schizophrenia by multi analyte profiling of case-control col-
lections. PLoS ONE 5:e9166. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00091​66

	 36.	 Dubonyte U, Asenjo-Martinez A, Werge T, Lage K, Kirkeby A 
(2022) Current advancements of modelling schizophrenia using 
patient-derived induced pluripotent stem cells. Acta Neuropathol 
Commun 10:183. https://​doi.​org/​10.​1186/​s40478-​022-​01460-2

	 37.	 Dunleavy C, Elsworthy RJ, Upthegrove R, Wood SJ, Aldred S 
(2022) Inflammation in first-episode psychosis: the contribu-
tion of inflammatory biomarkers to the emergence of negative 
symptoms, a systematic review and meta-analysis. Acta Psychiatr 
Scand 146:6–20. https://​doi.​org/​10.​1111/​acps.​13416

	 38.	 Eng C-HL, Lawson M, Zhu Q, Dries R, Koulena N, Takei Y et al 
(2019) Transcriptome-scale super-resolved imaging in tissues by 
RNA seqFISH+. Nature 568:235–239. https://​doi.​org/​10.​1038/​
s41586-​019-​1049-y

	 39.	 Erny D, Dokalis N, Mezö C, Castoldi A, Mossad O, Staszewski 
O et al (2021) Microbiota-derived acetate enables the metabolic 
fitness of the brain innate immune system during health and 
disease. Cell Metab 33:2260-2276.e7. https://​doi.​org/​10.​1016/j.​
cmet.​2021.​10.​010

	 40.	 Erny D, Hrabě de Angelis AL, Jaitin D, Wieghofer P, Stasze-
wski O, David E et al (2015) Host microbiota constantly control 
maturation and function of microglia in the CNS. Nat Neurosci 
18:965–977. https://​doi.​org/​10.​1038/​nn.​4030

	 41.	 Fagerlund I, Dougalis A, Shakirzyanova A, Gómez-Budia M, 
Pelkonen A, Konttinen H et al (2022) Microglia-like cells pro-
mote neuronal functions in cerebral organoids. Cells 11:124. 
https://​doi.​org/​10.​3390/​cells​11010​124

	 42.	 Farzi A, Fröhlich EE, Holzer P (2018) Gut microbiota and the 
neuroendocrine system. Neurotherapeutics 15:5–22. https://​doi.​
org/​10.​1007/​s13311-​017-​0600-5

	 43.	 Fattorelli N, Martinez-Muriana A, Wolfs L, Geric I, De Strooper 
B, Mancuso R (2021) Stem-cell-derived human microglia trans-
planted into mouse brain to study human disease. Nat Protoc 
16:1013–1033. https://​doi.​org/​10.​1038/​s41596-​020-​00447-4

	 44.	 Faust TE, Gunner G, Schafer DP (2021) Mechanisms governing 
activity-dependent synaptic pruning in the developing mam-
malian CNS. Nat Rev Neurosci 22:657–673. https://​doi.​org/​10.​
1038/​s41583-​021-​00507-y

	 45.	 Filipello F, Morini R, Corradini I, Zerbi V, Canzi A, Michalski 
B et al (2018) The microglial innate immune receptor TREM2 is 
required for synapse elimination and normal brain connectivity. 
Immunity 48:979-991.e8. https://​doi.​org/​10.​1016/j.​immuni.​2018.​
04.​016

	 46.	 Fischer DS, Schaar AC, Theis FJ (2023) Modeling inter-
cellular communication in tissues using spatial graphs of 
cells. Nat Biotechnol 41:332–336. https://​doi.​org/​10.​1038/​
s41587-​022-​01467-z

	 47.	 Foley JW, Zhu C, Jolivet P, Zhu SX, Lu P, Meaney MJ et al 
(2019) Gene expression profiling of single cells from archival 
tissue with laser-capture microdissection and Smart-3SEQ. 
Genome Res 29:1816–1825. https://​doi.​org/​10.​1101/​gr.​234807.​
118

	 48.	 Gallego JA, Blanco EA, Husain-Krautter S, Madeline Fagen E, 
Moreno-Merino P, del Ojo-Jiménez JA et al (2018) Cytokines 
in cerebrospinal fluid of patients with schizophrenia spectrum 
disorders: new data and an updated meta-analysis. Schizophr Res 
202:64–71. https://​doi.​org/​10.​1016/j.​schres.​2018.​07.​019

	 49.	 Gandal MJ, Haney JR, Wamsley B, Yap CX, Parhami S, Emani 
PS et al (2022) Broad transcriptomic dysregulation occurs across 
the cerebral cortex in ASD. Nature 611:532–539. https://​doi.​org/​
10.​1038/​s41586-​022-​05377-7

	 50.	 Ge T, Yao X, Zhao H, Yang W, Zou X, Peng F et al (2021) 
Gut microbiota and neuropsychiatric disorders: Implications for 
neuroendocrine-immune regulation. Pharmacol Res 173:105909. 
https://​doi.​org/​10.​1016/j.​phrs.​2021.​105909

	 51.	 Geirsdottir L, David E, Keren-Shaul H, Weiner A, Bohlen SC, 
Neuber J et al (2019) Cross-species single-cell analysis reveals 
divergence of the primate microglia program. Cell 179:1609-
1622.e16. https://​doi.​org/​10.​1016/j.​cell.​2019.​11.​010

	 52.	 Gober R, Ardalan M, Shiadeh SMJ, Duque L, Garamszegi SP, 
Ascona M et al (2022) Microglia activation in postmortem brains 
with schizophrenia demonstrates distinct morphological changes 
between brain regions. Brain Pathol 32:e13003. https://​doi.​org/​
10.​1111/​bpa.​13003

	 53.	 Grabert K, Michoel T, Karavolos MH, Clohisey S, Baillie JK, 
Stevens MP et al (2016) Microglial brain region−dependent 
diversity and selective regional sensitivities to aging. Nat Neu-
rosci 19:504–516. https://​doi.​org/​10.​1038/​nn.​4222

	 54.	 Gracia Villacampa E, Larsson L, Mirzazadeh R, Kvastad L, 
Andersson A, Mollbrink A et al (2021) Genome-wide spatial 
expression profiling in formalin-fixed tissues. Cell Genomics 
1:100065. https://​doi.​org/​10.​1016/j.​xgen.​2021.​100065

	 55.	 Grimaldi R, Cela D, Swann JR, Vulevic J, Gibson GR, Tzortzis 
G et al (2017) In vitro fermentation of B-GOS: impact on faecal 
bacterial populations and metabolic activity in autistic and non-
autistic children. FEMS Microbiol Ecol 93:fiw233. https://​doi.​
org/​10.​1093/​femsec/​fiw233

	 56.	 Gu X, Dou M, Su W, Jiang Z, Duan Q, Cao B et al (2022) Iden-
tifying novel proteins underlying schizophrenia via integrating 
pQTLs of the plasma, CSF, and brain with GWAS summary data. 
BMC Med 20:474. https://​doi.​org/​10.​1186/​s12916-​022-​02679-5

	 57.	 Guo Y, Kalathur RC, Liu Q, Kloss B, Bruni R, Ginter C et al 
(2015) Structure and activity of tryptophan-rich TSPO proteins. 
Science 347:551–555. https://​doi.​org/​10.​1126/​scien​ce.​aaa15​34

	 58.	 Gupta S, Ellis SE, Ashar FN, Moes A, Bader JS, Zhan J et al 
(2014) Transcriptome analysis reveals dysregulation of innate 
immune response genes and neuronal activity-dependent genes 
in autism. Nat Commun 5:5748. https://​doi.​org/​10.​1038/​ncomm​
s6748

https://doi.org/10.1016/j.bbi.2023.07.004
https://doi.org/10.1080/19490976.2020.1747329
https://doi.org/10.1016/j.bbi.2021.07.017
https://doi.org/10.1016/j.bbi.2021.07.017
https://doi.org/10.1016/S2215-0366(18)30345-6
https://doi.org/10.1016/S2215-0366(18)30345-6
https://doi.org/10.4088/PCC.13m01579
https://doi.org/10.4088/PCC.13m01579
https://doi.org/10.1007/s40263-020-00765-x
https://doi.org/10.1007/s40263-020-00765-x
https://doi.org/10.1371/journal.pone.0009166
https://doi.org/10.1371/journal.pone.0009166
https://doi.org/10.1186/s40478-022-01460-2
https://doi.org/10.1111/acps.13416
https://doi.org/10.1038/s41586-019-1049-y
https://doi.org/10.1038/s41586-019-1049-y
https://doi.org/10.1016/j.cmet.2021.10.010
https://doi.org/10.1016/j.cmet.2021.10.010
https://doi.org/10.1038/nn.4030
https://doi.org/10.3390/cells11010124
https://doi.org/10.1007/s13311-017-0600-5
https://doi.org/10.1007/s13311-017-0600-5
https://doi.org/10.1038/s41596-020-00447-4
https://doi.org/10.1038/s41583-021-00507-y
https://doi.org/10.1038/s41583-021-00507-y
https://doi.org/10.1016/j.immuni.2018.04.016
https://doi.org/10.1016/j.immuni.2018.04.016
https://doi.org/10.1038/s41587-022-01467-z
https://doi.org/10.1038/s41587-022-01467-z
https://doi.org/10.1101/gr.234807.118
https://doi.org/10.1101/gr.234807.118
https://doi.org/10.1016/j.schres.2018.07.019
https://doi.org/10.1038/s41586-022-05377-7
https://doi.org/10.1038/s41586-022-05377-7
https://doi.org/10.1016/j.phrs.2021.105909
https://doi.org/10.1016/j.cell.2019.11.010
https://doi.org/10.1111/bpa.13003
https://doi.org/10.1111/bpa.13003
https://doi.org/10.1038/nn.4222
https://doi.org/10.1016/j.xgen.2021.100065
https://doi.org/10.1093/femsec/fiw233
https://doi.org/10.1093/femsec/fiw233
https://doi.org/10.1186/s12916-022-02679-5
https://doi.org/10.1126/science.aaa1534
https://doi.org/10.1038/ncomms6748
https://doi.org/10.1038/ncomms6748


678	 Acta Neuropathologica (2023) 146:663–683

1 3

	 59.	 Gwak M-G, Chang S-Y (2021) Gut-brain connection: micro-
biome, gut barrier, and environmental sensors. Immune Netw 
21:e20. https://​doi.​org/​10.​4110/​in.​2021.​21.​e20

	 60.	 Gyllborg D, Langseth CM, Qian X, Choi E, Salas SM, Hils-
cher MM et al (2020) Hybridization-based in situ sequencing 
(HybISS) for spatially resolved transcriptomics in human and 
mouse brain tissue. Nucleic Acids Res 48:e112–e112. https://​
doi.​org/​10.​1093/​nar/​gkaa7​92

	 61.	 Haenseler W, Sansom SN, Buchrieser J, Newey SE, Moore CS, 
Nicholls FJ et al (2017) A highly efficient human pluripotent 
stem cell microglia model displays a neuronal-co-culture-specific 
expression profile and inflammatory response. Stem Cell Rep 
8:1727–1742. https://​doi.​org/​10.​1016/j.​stemcr.​2017.​05.​017

	 62.	 Hagemeyer N, Hanft K-M, Akriditou M-A, Unger N, Park 
ES, Stanley ER et al (2017) Microglia contribute to normal 
myelinogenesis and to oligodendrocyte progenitor maintenance 
during adulthood. Acta Neuropathol (Berl) 134:441–458. 
https://​doi.​org/​10.​1007/​s00401-​017-​1747-1

	 63.	 Hallak JEC, Machado-de-Sousa JP, Crippa JAS, Sanches RF, 
Trzesniak C, Chaves C et al (2010) Performance of schizo-
phrenic patients in the Stroop Color Word Test and electroder-
mal responsiveness after acute administration of cannabidiol 
(CBD). Braz J Psychiatry 32:56–61. https://​doi.​org/​10.​1590/​
S1516-​44462​01000​01000​11

	 64.	 Han VX, Patel S, Jones HF, Dale RC (2021) Maternal immune 
activation and neuroinflammation in human neurodevelopmen-
tal disorders. Nat Rev Neurol 17:564–579. https://​doi.​org/​10.​
1038/​s41582-​021-​00530-8

	 65.	 Hanger B, Couch A, Rajendran L, Srivastava DP, Vernon AC 
(2020) Emerging developments in human induced pluripotent 
stem cell-derived microglia: implications for modelling psy-
chiatric disorders with a neurodevelopmental origin. Front 
Psychiatry 11:789. https://​doi.​org/​10.​3389/​fpsyt.​2020.​00789

	 66.	 Hasselmann J, Coburn MA, England W, Velez DXF, Shabestari 
SK, Tu CH et al (2019) Development of a chimeric model 
to study and manipulate human microglia in vivo. Neuron 
103:1016-1033.e10. https://​doi.​org/​10.​1016/j.​neuron.​2019.​
07.​002

	 67.	 Hedegaard A, Stodolak S, James WS, Cowley SA (2020) Hon-
ing the Double-Edged Sword: Improving Human iPSC-Micro-
glia Models. Front Immunol 11

	 68.	 Herrero MJ, Velmeshev D, Hernandez-Pineda D, Sethi S, Sor-
rells S, Banerjee P et al (2020) Identification of amygdala-
expressed genes associated with autism spectrum disorder. Mol 
Autism 11:39. https://​doi.​org/​10.​1186/​s13229-​020-​00346-1

	 69.	 Hill SL, Shao L, Beasley CL (2021) Diminished levels of the 
chemokine fractalkine in post-mortem prefrontal cortex in 
schizophrenia but not bipolar disorder. World J Biol Psychiatry 
22:94–103. https://​doi.​org/​10.​1080/​15622​975.​2020.​17554​51

	 70.	 Howes OD, McCutcheon R (2017) Inflammation and the neural 
diathesis-stress hypothesis of schizophrenia: a reconceptual-
ization. Transl Psychiatry 7:e1024–e1024. https://​doi.​org/​10.​
1038/​tp.​2016.​278

	 71.	 Hutsler JJ, Zhang H (2010) Increased dendritic spine densities 
on cortical projection neurons in autism spectrum disorders. 
Brain Res 1309:83–94. https://​doi.​org/​10.​1016/j.​brain​res.​2009.​
09.​120

	 72.	 iPSYCH-SSI-Broad Autism Group, St Pourcain B, Robinson EB, 
Anttila V, Sullivan BB, Maller J et al (2018) ASD and schizo-
phrenia show distinct developmental profiles in common genetic 
overlap with population-based social communication difficulties. 
Mol Psychiatry 23:263–270. https://​doi.​org/​10.​1038/​mp.​2016.​
198

	 73.	 Ishii T, Hattori K, Miyakawa T, Watanabe K, Hidese S, Sasay-
ama D et al (2018) Increased cerebrospinal fluid complement C5 
levels in major depressive disorder and schizophrenia. Biochem 

Biophys Res Commun 497:683–688. https://​doi.​org/​10.​1016/j.​
bbrc.​2018.​02.​131

	 74.	 Ishizuka K, Fujita Y, Kawabata T, Kimura H, Iwayama Y, Inada 
T et al (2017) Rare genetic variants in CX3CR1 and their contri-
bution to the increased risk of schizophrenia and autism spectrum 
disorders. Transl Psychiatry 7:e1184–e1184. https://​doi.​org/​10.​
1038/​tp.​2017.​173

	 75.	 Izuo N, Nitta A (2021) New insights regarding diagnosis and 
medication for schizophrenia based on neuronal synapse-micro-
glia interaction. J Pers Med 11:371. https://​doi.​org/​10.​3390/​
jpm11​050371

	 76.	 Jaffe AE, Gao Y, Deep-Soboslay A, Tao R, Hyde TM, Wein-
berger DR et al (2016) Mapping DNA methylation across devel-
opment, genotype and schizophrenia in the human frontal cortex. 
Nat Neurosci 19:40–47. https://​doi.​org/​10.​1038/​nn.​4181

	 77.	 Jakovcevski I, Filipovic R, Mo Z, Rakic S, Zecevic N (2009) 
Oligodendrocyte development and the onset of myelination in 
the human fetal brain. Front Neuroanat 3

	 78.	 Jauhar S, Johnstone M, McKenna PJ (2022) Schizophrenia. The 
Lancet 399:473–486. https://​doi.​org/​10.​1016/​S0140-​6736(21)​
01730-X

	 79.	 Jay TR, Saucken VE, Muñoz B, Codocedo JF, Atwood BK, Lamb 
BT et al (2019) TREM2 is required for microglial instruction 
of astrocytic synaptic engulfment in neurodevelopment. Glia. 
https://​doi.​org/​10.​1002/​glia.​23664

	 80.	 Jenkins AK, Lewis DA, Volk DW (2023) Altered expression of 
microglial markers of phagocytosis in schizophrenia. Schizophr 
Res 251:22–29. https://​doi.​org/​10.​1016/j.​schres.​2022.​12.​005

	 81.	 Ji E, Boerrigter D, Cai HQ, Lloyd D, Bruggemann J, O’Donnell 
M et al (2022) Peripheral complement is increased in schizo-
phrenia and inversely related to cortical thickness. Brain Behav 
Immun 101:423–434. https://​doi.​org/​10.​1016/j.​bbi.​2021.​11.​014

	 82.	 Jin L, di Lucente J, Ruiz Mendiola U, Tang X, Zivkovic AM, 
Lebrilla CB et al (2023) The role of FUT8 -catalyzed core fuco-
sylation in Alzheimer’s amyloid-β oligomer-induced activation 
of human microglia. Glia. https://​doi.​org/​10.​1002/​glia.​24345

	 83.	 Jin X, Simmons SK, Guo A, Shetty AS, Ko M, Nguyen L et al 
(2020) In vivo Perturb-Seq reveals neuronal and glial abnormali-
ties associated with autism risk genes. Science 370:eaaz6063. 
https://​doi.​org/​10.​1126/​scien​ce.​aaz60​63

	 84.	 Johnsen E, Kroken RA (2012) Drug treatment developments in 
schizophrenia and bipolar mania: latest evidence and clinical 
usefulness. Ther Adv Chronic Dis 3:287–300. https://​doi.​org/​
10.​1177/​20406​22312​462275

	 85.	 Jongsma HE, Turner C, Kirkbride JB, Jones PB (2019) Interna-
tional incidence of psychotic disorders, 2002–17: a systematic 
review and meta-analysis. Lancet Public Health 4:e229–e244. 
https://​doi.​org/​10.​1016/​S2468-​2667(19)​30056-8

	 86.	 Kang D-W, Adams JB, Coleman DM, Pollard EL, Maldonado J, 
McDonough-Means S et al (2019) Long-term benefit of Micro-
biota Transfer Therapy on autism symptoms and gut microbiota. 
Sci Rep 9:5821. https://​doi.​org/​10.​1038/​s41598-​019-​42183-0

	 87.	 Kao AC-C, Safarikova J, Marquardt T, Mullins B, Lennox BR, 
Burnet PWJ (2019) Pro-cognitive effect of a prebiotic in psycho-
sis: a double blind placebo controlled cross-over study. Schizophr 
Res 208:460–461. https://​doi.​org/​10.​1016/j.​schres.​2019.​03.​003

	 88.	 Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-
Szternfeld R, Ulland TK et al (2017) A unique microglia type 
associated with restricting development of Alzheimer’s disease. 
Cell 169:1276-1290.e17. https://​doi.​org/​10.​1016/j.​cell.​2017.​05.​
018

	 89.	 van Kesteren CFMG, Gremmels H, de Witte LD, Hol EM, Van 
Gool AR, Falkai PG et al (2017) Immune involvement in the 
pathogenesis of schizophrenia: a meta-analysis on postmortem 
brain studies. Transl Psychiatry 7:e1075–e1075. https://​doi.​org/​
10.​1038/​tp.​2017.4

https://doi.org/10.4110/in.2021.21.e20
https://doi.org/10.1093/nar/gkaa792
https://doi.org/10.1093/nar/gkaa792
https://doi.org/10.1016/j.stemcr.2017.05.017
https://doi.org/10.1007/s00401-017-1747-1
https://doi.org/10.1590/S1516-44462010000100011
https://doi.org/10.1590/S1516-44462010000100011
https://doi.org/10.1038/s41582-021-00530-8
https://doi.org/10.1038/s41582-021-00530-8
https://doi.org/10.3389/fpsyt.2020.00789
https://doi.org/10.1016/j.neuron.2019.07.002
https://doi.org/10.1016/j.neuron.2019.07.002
https://doi.org/10.1186/s13229-020-00346-1
https://doi.org/10.1080/15622975.2020.1755451
https://doi.org/10.1038/tp.2016.278
https://doi.org/10.1038/tp.2016.278
https://doi.org/10.1016/j.brainres.2009.09.120
https://doi.org/10.1016/j.brainres.2009.09.120
https://doi.org/10.1038/mp.2016.198
https://doi.org/10.1038/mp.2016.198
https://doi.org/10.1016/j.bbrc.2018.02.131
https://doi.org/10.1016/j.bbrc.2018.02.131
https://doi.org/10.1038/tp.2017.173
https://doi.org/10.1038/tp.2017.173
https://doi.org/10.3390/jpm11050371
https://doi.org/10.3390/jpm11050371
https://doi.org/10.1038/nn.4181
https://doi.org/10.1016/S0140-6736(21)01730-X
https://doi.org/10.1016/S0140-6736(21)01730-X
https://doi.org/10.1002/glia.23664
https://doi.org/10.1016/j.schres.2022.12.005
https://doi.org/10.1016/j.bbi.2021.11.014
https://doi.org/10.1002/glia.24345
https://doi.org/10.1126/science.aaz6063
https://doi.org/10.1177/2040622312462275
https://doi.org/10.1177/2040622312462275
https://doi.org/10.1016/S2468-2667(19)30056-8
https://doi.org/10.1038/s41598-019-42183-0
https://doi.org/10.1016/j.schres.2019.03.003
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1038/tp.2017.4
https://doi.org/10.1038/tp.2017.4


679Acta Neuropathologica (2023) 146:663–683	

1 3

	 90.	 Khandaker GM, Zimbron J, Dalman C, Lewis G, Jones PB (2012) 
Childhood infection and adult schizophrenia: a meta-analysis of 
population-based studies. Schizophr Res 139:161–168. https://​
doi.​org/​10.​1016/j.​schres.​2012.​05.​023

	 91.	 Khodosevich K, Sellgren CM (2023) Neurodevelopmental disor-
ders—high-resolution rethinking of disease modeling. Mol Psy-
chiatry 28:34–43. https://​doi.​org/​10.​1038/​s41380-​022-​01876-1

	 92.	 Kostović I (2020) The enigmatic fetal subplate compartment 
forms an early tangential cortical nexus and provides the frame-
work for construction of cortical connectivity. Prog Neurobiol 
194:101883. https://​doi.​org/​10.​1016/j.​pneur​obio.​2020.​101883

	 93.	 Kozela E, Krawczyk M, Kos T, Juknat A, Vogel Z, Popik P 
(2020) Cannabidiol improves cognitive impairment and reverses 
cortical transcriptional changes induced by ketamine, in schizo-
phrenia-like model in rats. Mol Neurobiol 57:1733–1747. https://​
doi.​org/​10.​1007/​s12035-​019-​01831-2

	 94.	 Kracht L, Borggrewe M, Eskandar S, Brouwer N, de Sousa C, 
Lopes SM et al (2020) Human fetal microglia acquire homeo-
static immune-sensing properties early in development. Science 
369:530–537. https://​doi.​org/​10.​1126/​scien​ce.​aba59​06

	 95.	 Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El 
Fatimy R et al (2017) The TREM2-APOE pathway drives the 
transcriptional phenotype of dysfunctional microglia in neuro-
degenerative diseases. Immunity 47:566-581.e9. https://​doi.​org/​
10.​1016/j.​immuni.​2017.​08.​008

	 96.	 Kvastad L, Carlberg K, Larsson L, Villacampa EG, Stuckey A, 
Stenbeck L et al (2021) The spatial RNA integrity number assay 
for in situ evaluation of transcriptome quality. Commun Biol 
4:57. https://​doi.​org/​10.​1038/​s42003-​020-​01573-1

	 97.	 Lee AS, Azmitia EC, Whitaker-Azmitia PM (2017) Developmen-
tal microglial priming in postmortem autism spectrum disorder 
temporal cortex. Brain Behav Immun 62:193–202. https://​doi.​
org/​10.​1016/j.​bbi.​2017.​01.​019

	 98.	 Lee JD, Coulthard LG, Woodruff TM (2019) Complement dys-
regulation in the central nervous system during development and 
disease. Semin Immunol 45:101340. https://​doi.​org/​10.​1016/j.​
smim.​2019.​101340

	 99.	 Lee JH, Daugharthy ER, Scheiman J, Kalhor R, Yang JL, Fer-
rante TC et  al (2014) Highly multiplexed subcellular RNA 
sequencing in situ. Science 343:1360–1363. https://​doi.​org/​10.​
1126/​scien​ce.​12502​12

	100.	 Leweke FM, Piomelli D, Pahlisch F, Muhl D, Gerth CW, Hoyer 
C et al (2012) Cannabidiol enhances anandamide signaling and 
alleviates psychotic symptoms of schizophrenia. Transl Psychia-
try 2:e94–e94. https://​doi.​org/​10.​1038/​tp.​2012.​15

	101.	 Li M, Santpere G, Imamura Kawasawa Y, Evgrafov OV, Gulden 
FO, Pochareddy S et al (2018) Integrative functional genomic 
analysis of human brain development and neuropsychiatric risks. 
Science 362:e7615. https://​doi.​org/​10.​1126/​scien​ce.​aat76​15

	102.	 Liu JCW, Gorbovskaya I, Hahn MK, Müller DJ (2021) The gut 
microbiome in schizophrenia and the potential benefits of prebi-
otic and probiotic treatment. Nutrients 13:1152. https://​doi.​org/​
10.​3390/​nu130​41152

	103.	 Liu Y, Yang M, Deng Y, Su G, Enninful A, Guo CC et al (2020) 
High-spatial-resolution multi-omics sequencing via deterministic 
barcoding in tissue. Cell 183:1665-1681.e18. https://​doi.​org/​10.​
1016/j.​cell.​2020.​10.​026

	104.	 Lukens JR, Eyo UB (2022) Microglia and neurodevelopmental 
disorders. Annu Rev Neurosci 45:425–445. https://​doi.​org/​10.​
1146/​annur​ev-​neuro-​110920-​023056

	105.	 Major Depressive Disorder Working Group of the Psychiatric 
Genomics Consortium, Skene NG, Bryois J, Bakken TE, Breen 
G, Crowley JJ et al (2018) Genetic identification of brain cell 
types underlying schizophrenia. Nat Genet 50:825–833. https://​
doi.​org/​10.​1038/​s41588-​018-​0129-5

	106.	 Malik JA, Yaseen Z, Thotapalli L, Ahmed S, Shaikh MF, Anwar 
S (2023) Understanding translational research in schizophrenia: 
a novel insight into animal models. Mol Biol Rep. https://​doi.​org/​
10.​1007/​s11033-​023-​08241-7

	107.	 Mancuso R, Van Den Daele J, Fattorelli N, Wolfs L, Balusu S, 
Burton O et al (2019) Stem-cell-derived human microglia trans-
planted in mouse brain to study human disease. Nat Neurosci 
22:2111–2116. https://​doi.​org/​10.​1038/​s41593-​019-​0525-x

	108.	 Marques TR, Ashok AH, Pillinger T, Veronese M, Turkheimer 
FE, Dazzan P et al (2019) Neuroinflammation in schizophrenia: 
meta-analysis of in vivo microglial imaging studies. Psychol Med 
49:2186–2196. https://​doi.​org/​10.​1017/​S0033​29171​80030​57

	109.	 Marques TR, Veronese M, Owen DR, Rabiner EA, Searle GE, 
Howes OD (2021) Specific and non-specific binding of a tracer 
for the translocator-specific protein in schizophrenia: an [11C]-
PBR28 blocking study. Eur J Nucl Med Mol Imaging 48:3530–
3539. https://​doi.​org/​10.​1007/​s00259-​021-​05327-x

	110.	 Marsters CM, Nesan D, Far R, Klenin N, Pittman QJ, Kurrasch 
DM (2020) Embryonic microglia influence developing hypotha-
lamic glial populations. J Neuroinflammation 17:146. https://​doi.​
org/​10.​1186/​s12974-​020-​01811-7

	111.	 Masuda T, Sankowski R, Staszewski O, Böttcher C, Amann 
L, Sagar SC et al (2019) Spatial and temporal heterogeneity of 
mouse and human microglia at single-cell resolution. Nature 
566:388–392. https://​doi.​org/​10.​1038/​s41586-​019-​0924-x

	112.	 Mattei D, Ivanov A, Ferrai C, Jordan P, Guneykaya D, Buonfigl-
ioli A et al (2017) Maternal immune activation results in complex 
microglial transcriptome signature in the adult offspring that is 
reversed by minocycline treatment. Transl Psychiatry 7:e1120. 
https://​doi.​org/​10.​1038/​tp.​2017.​80

	113.	 Maynard KR, Collado-Torres L, Weber LM, Uytingco C, Barry 
BK, Williams SR et al (2021) Transcriptome-scale spatial gene 
expression in the human dorsolateral prefrontal cortex. Nat Neu-
rosci 24:425–436. https://​doi.​org/​10.​1038/​s41593-​020-​00787-0

	114.	 McGuire P, Robson P, Cubala WJ, Vasile D, Morrison PD, Bar-
ron R et al (2018) Cannabidiol (CBD) as an adjunctive therapy 
in schizophrenia: a multicenter randomized controlled trial. Am 
J Psychiatry 175:225–231. https://​doi.​org/​10.​1176/​appi.​ajp.​2017.​
17030​325

	115.	 McNamara NB, Munro DAD, Bestard-Cuche N, Uyeda A, Bogie 
JFJ, Hoffmann A et al (2023) Microglia regulate central nervous 
system myelin growth and integrity. Nature 613:120–129. https://​
doi.​org/​10.​1038/​s41586-​022-​05534-y

	116.	 McQuade A, Coburn M, Tu CH, Hasselmann J, Davtyan H, 
Blurton-Jones M (2018) Development and validation of a sim-
plified method to generate human microglia from pluripotent 
stem cells. Mol Neurodegener 13:67. https://​doi.​org/​10.​1186/​
s13024-​018-​0297-x

	117.	 Megan Maroney P (2020) An Update on Current Treatment Strat-
egies and Emerging Agents for the Management of Schizophre-
nia. 26

	118.	 Meltzer A, Van de Water J (2017) The role of the immune sys-
tem in autism spectrum disorder. Neuropsychopharmacology 
42:284–298. https://​doi.​org/​10.​1038/​npp.​2016.​158

	119.	 Menassa DA, Gomez-Nicola D (2018) Microglial dynamics dur-
ing human brain development. Front Immunol 9

	120.	 Menassa DA, Kopić J, Junaković A, Kostović I, Krsnik Ž (2023) 
Microglial characterization in transient human neurodevelop-
mental structures. Dev Neurosci 45:1–7. https://​doi.​org/​10.​1159/​
00052​8911

	121.	 Menassa DA, Muntslag TAO, Martin-Estebané M, Barry-Car-
roll L, Chapman MA, Adorjan I et al (2022) The spatiotempo-
ral dynamics of microglia across the human lifespan. Dev Cell 
57:2127-2139.e6. https://​doi.​org/​10.​1016/j.​devcel.​2022.​07.​015

https://doi.org/10.1016/j.schres.2012.05.023
https://doi.org/10.1016/j.schres.2012.05.023
https://doi.org/10.1038/s41380-022-01876-1
https://doi.org/10.1016/j.pneurobio.2020.101883
https://doi.org/10.1007/s12035-019-01831-2
https://doi.org/10.1007/s12035-019-01831-2
https://doi.org/10.1126/science.aba5906
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1038/s42003-020-01573-1
https://doi.org/10.1016/j.bbi.2017.01.019
https://doi.org/10.1016/j.bbi.2017.01.019
https://doi.org/10.1016/j.smim.2019.101340
https://doi.org/10.1016/j.smim.2019.101340
https://doi.org/10.1126/science.1250212
https://doi.org/10.1126/science.1250212
https://doi.org/10.1038/tp.2012.15
https://doi.org/10.1126/science.aat7615
https://doi.org/10.3390/nu13041152
https://doi.org/10.3390/nu13041152
https://doi.org/10.1016/j.cell.2020.10.026
https://doi.org/10.1016/j.cell.2020.10.026
https://doi.org/10.1146/annurev-neuro-110920-023056
https://doi.org/10.1146/annurev-neuro-110920-023056
https://doi.org/10.1038/s41588-018-0129-5
https://doi.org/10.1038/s41588-018-0129-5
https://doi.org/10.1007/s11033-023-08241-7
https://doi.org/10.1007/s11033-023-08241-7
https://doi.org/10.1038/s41593-019-0525-x
https://doi.org/10.1017/S0033291718003057
https://doi.org/10.1007/s00259-021-05327-x
https://doi.org/10.1186/s12974-020-01811-7
https://doi.org/10.1186/s12974-020-01811-7
https://doi.org/10.1038/s41586-019-0924-x
https://doi.org/10.1038/tp.2017.80
https://doi.org/10.1038/s41593-020-00787-0
https://doi.org/10.1176/appi.ajp.2017.17030325
https://doi.org/10.1176/appi.ajp.2017.17030325
https://doi.org/10.1038/s41586-022-05534-y
https://doi.org/10.1038/s41586-022-05534-y
https://doi.org/10.1186/s13024-018-0297-x
https://doi.org/10.1186/s13024-018-0297-x
https://doi.org/10.1038/npp.2016.158
https://doi.org/10.1159/000528911
https://doi.org/10.1159/000528911
https://doi.org/10.1016/j.devcel.2022.07.015


680	 Acta Neuropathologica (2023) 146:663–683

1 3

	122.	 Mestas J, Hughes CCW (2004) Of mice and not men: differences 
between mouse and human immunology. J Immunol 172:2731–
2738. https://​doi.​org/​10.​4049/​jimmu​nol.​172.5.​2731

	123.	 Miyamoto A, Wake H, Ishikawa AW, Eto K, Shibata K, Murako-
shi H et al (2016) Microglia contact induces synapse formation in 
developing somatosensory cortex. Nat Commun 7:12540. https://​
doi.​org/​10.​1038/​ncomm​s12540

	124.	 Mohd Asyraf AJ, Nour El Huda AR, Hanisah MN, Norsidah 
KZ, Norlelawati AT (2022) Relationship of selective comple-
ment markers with schizophrenia. J Neuroimmunol 363:577793. 
https://​doi.​org/​10.​1016/j.​jneur​oim.​2021.​577793

	125.	 Mondelli V, Vernon AC, Turkheimer F, Dazzan P, Pariante CM 
(2017) Brain microglia in psychiatric disorders. Lancet Psychia-
try 4:563–572. https://​doi.​org/​10.​1016/​S2215-​0366(17)​30101-3

	126.	 Monier A, Adle-Biassette H, Delezoide A-L, Evrard P, Gressens 
P, Verney C (2007) Entry and distribution of microglial cells in 
human embryonic and fetal cerebral cortex. J Neuropathol Exp 
Neurol 66:372–382. https://​doi.​org/​10.​1097/​nen.​0b013​e3180​
517b46

	127.	 Monier A, Evrard P, Gressens P, Verney C (2006) Distribution 
and differentiation of microglia in the human encephalon during 
the first two trimesters of gestation. J Comp Neurol 499:565–582. 
https://​doi.​org/​10.​1002/​cne.​21123

	128.	 Morgan JT, Chana G, Abramson I, Semendeferi K, Courchesne 
E, Everall IP (2012) Abnormal microglial–neuronal spatial 
organization in the dorsolateral prefrontal cortex in autism. Brain 
Res 1456:72–81. https://​doi.​org/​10.​1016/j.​brain​res.​2012.​03.​036

	129.	 Morgan JT, Chana G, Pardo CA, Achim C, Semendeferi K, 
Buckwalter J et al (2010) Microglial activation and increased 
microglial density observed in the dorsolateral prefrontal cortex 
in autism. Biol Psychiatry 68:368–376. https://​doi.​org/​10.​1016/j.​
biops​ych.​2010.​05.​024

	130.	 Morris-Rosendahl DJ, Crocq M-A (2020) Neurodevelopmental 
disorders—the history and future of a diagnostic concept. Dia-
logues Clin Neurosci 22:65–72. https://​doi.​org/​10.​31887/​DCNS.​
2020.​22.1/​macro​cq

	131.	 Mørup MF, Kymes SM, Åström DO (2020) A modelling 
approach to estimate the prevalence of treatment-resistant schizo-
phrenia in the United States. PLoS ONE 15:e0234121. https://​
doi.​org/​10.​1371/​journ​al.​pone.​02341​21

	132.	 Moses L, Pachter L (2022) Museum of spatial transcrip-
tomics. Nat Methods 19:534–546. https://​doi.​org/​10.​1038/​
s41592-​022-​01409-2

	133.	 Muffat J, Li Y, Yuan B, Mitalipova M, Omer A, Corcoran S et al 
(2016) Efficient derivation of microglia-like cells from human 
pluripotent stem cells. Nat Med 22:1358–1367. https://​doi.​org/​
10.​1038/​nm.​4189

	134.	 Murai N, Mitalipova M, Jaenisch R (2020) Functional analysis of 
CX3CR1 in human induced pluripotent stem (iPS) cell-derived 
microglia-like cells. Eur J Neurosci 52:3667–3678. https://​doi.​
org/​10.​1111/​ejn.​14879

	135.	 Nakanishi M, Niidome T, Matsuda S, Akaike A, Kihara T, Sugi-
moto H (2007) Microglia-derived interleukin-6 and leukaemia 
inhibitory factor promote astrocytic differentiation of neural 
stem/progenitor cells: Microglia and NSPC differentiation. Eur J 
Neurosci 25:649–658. https://​doi.​org/​10.​1111/j.​1460-​9568.​2007.​
05309.x

	136.	 Nemes-Baran AD, White DR, DeSilva TM (2020) Fractalkine-
dependent microglial pruning of viable oligodendrocyte progeni-
tor cells regulates myelination. Cell Rep 32:108047. https://​doi.​
org/​10.​1016/j.​celrep.​2020.​108047

	137.	 Nikolova VL, Smith MRB, Hall LJ, Cleare AJ, Stone JM, Young 
AH (2021) Perturbations in gut microbiota composition in psy-
chiatric disorders: a review and meta-analysis. JAMA Psychiat 
78:1343–1354. https://​doi.​org/​10.​1001/​jamap​sychi​atry.​2021.​
2573

	138.	 Nimgaonkar VL, Prasad KM, Chowdari KV, Severance EG, 
Yolken RH (2017) The complement system: a gateway to gene–
environment interactions in schizophrenia pathogenesis. Mol 
Psychiatry 22:1554–1561. https://​doi.​org/​10.​1038/​mp.​2017.​151

	139.	 North HF, Weissleder C, Fullerton JM, Webster MJ, Weickert CS 
(2022) Increased immune cell and altered microglia and neuro-
genesis transcripts in an Australian schizophrenia subgroup with 
elevated inflammation. Schizophr Res 248:208–218. https://​doi.​
org/​10.​1016/j.​schres.​2022.​08.​025

	140.	 Notter T, Coughlin JM, Gschwind T, Weber-Stadlbauer U, Wang 
Y, Kassiou M et al (2018) Translational evaluation of transloca-
tor protein as a marker of neuroinflammation in schizophrenia. 
Mol Psychiatry 23:323–334. https://​doi.​org/​10.​1038/​mp.​2016.​
248

	141.	 Notter T, Schalbetter SM, Clifton NE, Mattei D, Richetto J, 
Thomas K et al (2021) Neuronal activity increases translocator 
protein (TSPO) levels. Mol Psychiatry 26:2025–2037. https://​
doi.​org/​10.​1038/​s41380-​020-​0745-1

	142.	 Oosterhof N, Chang IJ, Karimiani EG, Kuil LE, Jensen DM, 
Daza R et al (2019) Homozygous mutations in CSF1R cause 
a pediatric-onset leukoencephalopathy and can result in con-
genital absence of microglia. Am J Hum Genet 104:936–947. 
https://​doi.​org/​10.​1016/j.​ajhg.​2019.​03.​010

	143.	 Ormel PR, Vieira de Sá R, van Bodegraven EJ, Karst H, Har-
schnitz O, Sneeboer MAM et al (2018) Microglia innately 
develop within cerebral organoids. Nat Commun 9:4167. 
https://​doi.​org/​10.​1038/​s41467-​018-​06684-2

	144.	 Owen DR, Narayan N, Wells L, Healy L, Smyth E, Rabiner EA 
et al (2017) Pro-inflammatory activation of primary microglia 
and macrophages increases 18 kDa translocator protein expres-
sion in rodents but not humans. J Cereb Blood Flow Metab 
37:2679–2690. https://​doi.​org/​10.​1177/​02716​78X17​710182

	145.	 Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Pan-
zanelli P et al (2011) Synaptic pruning by microglia is neces-
sary for normal brain development. Science 333:1456–1458. 
https://​doi.​org/​10.​1126/​scien​ce.​12025​29

	146.	 Paolicelli RC, Sierra A, Stevens B, Tremblay M-E, Aguzzi A, 
Ajami B et al (2022) Microglia states and nomenclature: a field 
at its crossroads. Neuron 110:3458–3483. https://​doi.​org/​10.​
1016/j.​neuron.​2022.​10.​020

	147.	 Pardo CA, Buckley A, Thurm A, Lee L-C, Azhagiri A, Nev-
ille DM et al (2013) A pilot open-label trial of minocycline 
in patients with autism and regressive features. J Neurodev 
Disord 5:9. https://​doi.​org/​10.​1186/​1866-​1955-5-9

	148.	 Parikshak NN, Luo R, Zhang A, Won H, Lowe JK, Chandran 
V et al (2013) Integrative functional genomic analyses impli-
cate specific molecular pathways and circuits in autism. Cell 
155:1008–1021. https://​doi.​org/​10.​1016/j.​cell.​2013.​10.​031

	149.	 Penna E, Cunningham CL, Saylor S, Kreutz A, Tarantal AF, 
Martínez-Cerdeño V et al (2021) Greater number of microglia 
in telencephalic proliferative zones of human and nonhuman 
primate compared with other vertebrate species. Cereb Cortex 
Commun 2:tgab053. https://​doi.​org/​10.​1093/​texcom/​tgab0​53

	150.	 Penzes P, Cahill ME, Jones KA, VanLeeuwen J-E, Woolfrey 
KM (2011) Dendritic spine pathology in neuropsychiatric dis-
orders. Nat Neurosci 14:285–293. https://​doi.​org/​10.​1038/​nn.​
2741

	151.	 Petrelli F, Pucci L, Bezzi P (2016) Astrocytes and microglia and 
their potential link with autism spectrum disorders. Front Cell 
Neurosci 10

	152.	 Pierre LT (2021) Spatial Transcriptomics: Birth of GeoMx® 
Digital Spatial Profiler. In: NanoString. https://​nanos​tring.​com/​
blog/​pione​ers-​in-​spati​al-​trans​cript​omics-​the-​birth-​of-​geomx-​
dsp/. Accessed 6 Apr 2023

	153.	 Plavén-Sigray P, Matheson GJ, Collste K, Ashok AH, Cough-
lin JM, Howes OD et al (2018) Positron emission tomography 

https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.1038/ncomms12540
https://doi.org/10.1038/ncomms12540
https://doi.org/10.1016/j.jneuroim.2021.577793
https://doi.org/10.1016/S2215-0366(17)30101-3
https://doi.org/10.1097/nen.0b013e3180517b46
https://doi.org/10.1097/nen.0b013e3180517b46
https://doi.org/10.1002/cne.21123
https://doi.org/10.1016/j.brainres.2012.03.036
https://doi.org/10.1016/j.biopsych.2010.05.024
https://doi.org/10.1016/j.biopsych.2010.05.024
https://doi.org/10.31887/DCNS.2020.22.1/macrocq
https://doi.org/10.31887/DCNS.2020.22.1/macrocq
https://doi.org/10.1371/journal.pone.0234121
https://doi.org/10.1371/journal.pone.0234121
https://doi.org/10.1038/s41592-022-01409-2
https://doi.org/10.1038/s41592-022-01409-2
https://doi.org/10.1038/nm.4189
https://doi.org/10.1038/nm.4189
https://doi.org/10.1111/ejn.14879
https://doi.org/10.1111/ejn.14879
https://doi.org/10.1111/j.1460-9568.2007.05309.x
https://doi.org/10.1111/j.1460-9568.2007.05309.x
https://doi.org/10.1016/j.celrep.2020.108047
https://doi.org/10.1016/j.celrep.2020.108047
https://doi.org/10.1001/jamapsychiatry.2021.2573
https://doi.org/10.1001/jamapsychiatry.2021.2573
https://doi.org/10.1038/mp.2017.151
https://doi.org/10.1016/j.schres.2022.08.025
https://doi.org/10.1016/j.schres.2022.08.025
https://doi.org/10.1038/mp.2016.248
https://doi.org/10.1038/mp.2016.248
https://doi.org/10.1038/s41380-020-0745-1
https://doi.org/10.1038/s41380-020-0745-1
https://doi.org/10.1016/j.ajhg.2019.03.010
https://doi.org/10.1038/s41467-018-06684-2
https://doi.org/10.1177/0271678X17710182
https://doi.org/10.1126/science.1202529
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1186/1866-1955-5-9
https://doi.org/10.1016/j.cell.2013.10.031
https://doi.org/10.1093/texcom/tgab053
https://doi.org/10.1038/nn.2741
https://doi.org/10.1038/nn.2741
https://nanostring.com/blog/pioneers-in-spatial-transcriptomics-the-birth-of-geomx-dsp/
https://nanostring.com/blog/pioneers-in-spatial-transcriptomics-the-birth-of-geomx-dsp/
https://nanostring.com/blog/pioneers-in-spatial-transcriptomics-the-birth-of-geomx-dsp/


681Acta Neuropathologica (2023) 146:663–683	

1 3

studies of the glial cell marker translocator protein in patients 
with psychosis: a meta-analysis using individual participant data. 
Biol Psychiatry 84:433–442. https://​doi.​org/​10.​1016/j.​biops​ych.​
2018.​02.​1171

	154.	 Plavén-Sigray P, Matheson GJ, Coughlin JM, Hafizi S, Lauri-
kainen H, Ottoy J et al (2021) Meta-analysis of the glial marker 
TSPO in psychosis revisited: reconciling inconclusive findings 
of patient-control differences. Biol Psychiatry 89:e5–e8. https://​
doi.​org/​10.​1016/j.​biops​ych.​2020.​05.​028

	155.	 Popova G, Soliman SS, Kim CN, Keefe MG, Hennick KM, Jain 
S et al (2021) Human microglia states are conserved across 
experimental models and regulate neural stem cell responses in 
chimeric organoids. Cell Stem Cell 28:2153-2166.e6. https://​doi.​
org/​10.​1016/j.​stem.​2021.​08.​015

	156.	 Purves-Tyson TD, Robinson K, Brown AM, Boerrigter D, 
Cai HQ, Weissleder C, Owens SJ, Rothmond DA, Shannon 
Weickert C (2020) Increased macrophages and C1qA, C3, C4 
transcripts in the midbrain of people with schizophrenia. Front 
Immunol 11

	157.	 Raj A, van den Bogaard P, Rifkin SA, van Oudenaarden A, Tyagi 
S (2008) Imaging individual mRNA molecules using multiple 
singly labeled probes. Nat Methods 5:877–879. https://​doi.​org/​
10.​1038/​nmeth.​1253

	158.	 Rakic S, Zecevic N (2000) Programmed cell death in the devel-
oping human telencephalon. Eur J Neurosci 12:2721–2734. 
https://​doi.​org/​10.​1046/j.​1460-​9568.​2000.​00153.x

	159.	 Rakic S, Zecevic N (2003) Early oligodendrocyte progenitor cells 
in the human fetal telencephalon. Glia 41:117–127. https://​doi.​
org/​10.​1002/​glia.​10140

	160.	 Rao A, Barkley D, França GS, Yanai I (2021) Exploring tissue 
architecture using spatial transcriptomics. Nature 596:211–220. 
https://​doi.​org/​10.​1038/​s41586-​021-​03634-9

	161.	 Ratz M, von Berlin L, Larsson L, Martin M, Westholm JO, 
La Manno G et al (2022) Clonal relations in the mouse brain 
revealed by single-cell and spatial transcriptomics. Nat Neurosci 
25:285–294. https://​doi.​org/​10.​1038/​s41593-​022-​01011-x

	162.	 Ripke S, Neale BM, Corvin A, Walters JTR, Farh K-H, Holmans 
PA et al (2014) Biological insights from 108 schizophrenia-asso-
ciated genetic loci. Nature 511:421–427. https://​doi.​org/​10.​1038/​
natur​e13595

	163.	 Ripke S, Sanders AR, Kendler KS, Levinson DF, Sklar P, Hol-
mans PA et al (2011) Genome-wide association study identifies 
five new schizophrenia loci. Nat Genet 43:969–976. https://​doi.​
org/​10.​1038/​ng.​940

	164.	 Rodriguez JI, Kern JK (2011) Evidence of microglial activation 
in autism and its possible role in brain underconnectivity. Neuron 
Glia Biol 7:205–213. https://​doi.​org/​10.​1017/​S1740​925X1​20001​
42

	165.	 Rodriques SG, Stickels RR, Goeva A, Martin CA, Murray E, 
Vanderburg CR et al (2019) Slide-seq: a scalable technology for 
measuring genome-wide expression at high spatial resolution. 
Science 363:1463–1467. https://​doi.​org/​10.​1126/​scien​ce.​aaw12​
19

	166.	 Santocchi E, Guiducci L, Prosperi M, Calderoni S, Gaggini M, 
Apicella F, Tancredi R, Billeci L, Mastromarino P, Grossi E, 
Gastaldelli A, Morales MA, Muratori F (2020) Effects of probi-
otic supplementation on gastrointestinal, sensory and core symp-
toms in autism spectrum disorders: a randomized controlled trial. 
Front Psychiatry 11

	167.	 Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly 
AR, Yamasaki R et al (2012) Microglia sculpt postnatal neural 
circuits in an activity and complement-dependent manner. Neu-
ron 74:691–705. https://​doi.​org/​10.​1016/j.​neuron.​2012.​03.​026

	168.	 Schafer ST, Mansour AA, Schlachetzki JCM, Pena M, Ghas-
semzadeh S, Mitchell L et al (2023) An in vivo neuroimmune 

organoid model to study human microglia phenotypes. Cell 
186:2111-2126.e20. https://​doi.​org/​10.​1016/j.​cell.​2023.​04.​022

	169.	 Schwarz JM, Sholar PW, Bilbo SD (2012) Sex differences in 
microglial colonization of the developing rat brain. J Neurochem 
120:948–963. https://​doi.​org/​10.​1111/j.​1471-​4159.​2011.​07630.x

	170.	 Seah C, Huckins LM, Brennand KJ (2022) Stem cell models for 
context-specific modeling in psychiatric disorders. Biol Psychia-
try. https://​doi.​org/​10.​1016/j.​biops​ych.​2022.​09.​033

	171.	 Sekar A, Bialas AR, de Rivera H, Davis A, Hammond TR, Kami-
taki N et al (2016) Schizophrenia risk from complex variation of 
complement component 4. Nature 530:177–183. https://​doi.​org/​
10.​1038/​natur​e16549

	172.	 Sellgren CM, Gracias J, Watmuff B, Biag JD, Thanos JM, 
Whittredge PB et al (2019) Increased synapse elimination by 
microglia in schizophrenia patient-derived models of synaptic 
pruning. Nat Neurosci 22:374–385. https://​doi.​org/​10.​1038/​
s41593-​018-​0334-7

	173.	 Sgritta M, Dooling SW, Buffington SA, Momin EN, Francis 
MB, Britton RA et al (2019) Mechanisms underlying microbial-
mediated changes in social behavior in mouse models of autism 
spectrum disorder. Neuron 101:246-259.e6. https://​doi.​org/​10.​
1016/j.​neuron.​2018.​11.​018

	174.	 Shigemoto-Mogami Y, Hoshikawa K, Goldman JE, Sekino Y, 
Sato K (2014) Microglia enhance neurogenesis and oligoden-
drogenesis in the early postnatal subventricular zone. J Neurosci 
34:2231–2243. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1619-​13.​
2014

	175.	 Simpson D, Gharehgazlou A, Da Silva T, Labrie-Cleary C, 
Wilson AA, Meyer JH et al (2022) In vivo imaging translo-
cator protein (TSPO) in autism spectrum disorder. Neuropsy-
chopharmacology 47:1421–1427. https://​doi.​org/​10.​1038/​
s41386-​022-​01306-4

	176.	 Snijders GJLJ, van Zuiden W, Sneeboer MAM, Berdenis van 
Berlekom A, van der Geest AT, Schnieder T et al (2021) A 
loss of mature microglial markers without immune activation 
in schizophrenia. Glia 69:1251–1267. https://​doi.​org/​10.​1002/​
glia.​23962

	177.	 Solomon S, Sampathkumar NK, Carre I, Mondal M, Chennell 
G, Vernon AC et al (2022) Heterozygous expression of the Alz-
heimer’s disease-protective PLCγ2 P522R variant enhances Aβ 
clearance while preserving synapses. Cell Mol Life Sci 79:453. 
https://​doi.​org/​10.​1007/​s00018-​022-​04473-1

	178.	 Sorrells SF, Paredes MF, Cebrian-Silla A, Sandoval K, Qi D, 
Kelley KW et  al (2018) Human hippocampal neurogenesis 
drops sharply in children to undetectable levels in adults. Nature 
555:377–381. https://​doi.​org/​10.​1038/​natur​e25975

	179.	 Squarzoni P, Oller G, Hoeffel G, Pont-Lezica L, Rostaing P, Low 
D et al (2014) Microglia modulate wiring of the embryonic fore-
brain. Cell Rep 8:1271–1279. https://​doi.​org/​10.​1016/j.​celrep.​
2014.​07.​042

	180.	 Squier W, Jansen A (2014) Polymicrogyria: pathology, fetal ori-
gins and mechanisms. Acta Neuropathol Commun 2:80. https://​
doi.​org/​10.​1186/​s40478-​014-​0080-3

	181.	 Ståhl PL, Salmén F, Vickovic S, Lundmark A, Navarro JF, 
Magnusson J et al (2016) Visualization and analysis of gene 
expression in tissue sections by spatial transcriptomics. Science 
353:78–82. https://​doi.​org/​10.​1126/​scien​ce.​aaf24​03

	182.	 Stephan M, Volkmann P, Rossner MJ (2019) Assessing behav-
ior and cognition in rodents, nonhuman primates, and humans: 
where are the limits of translation? Dialogues Clin Neurosci 
21:249–259. https://​doi.​org/​10.​31887/​DCNS.​2019.​21.3/​mross​ner

	183.	 Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson 
KS, Nouri N et al (2007) The classical complement cascade 
mediates CNS synapse elimination. Cell 131:1164–1178. https://​
doi.​org/​10.​1016/j.​cell.​2007.​10.​036

https://doi.org/10.1016/j.biopsych.2018.02.1171
https://doi.org/10.1016/j.biopsych.2018.02.1171
https://doi.org/10.1016/j.biopsych.2020.05.028
https://doi.org/10.1016/j.biopsych.2020.05.028
https://doi.org/10.1016/j.stem.2021.08.015
https://doi.org/10.1016/j.stem.2021.08.015
https://doi.org/10.1038/nmeth.1253
https://doi.org/10.1038/nmeth.1253
https://doi.org/10.1046/j.1460-9568.2000.00153.x
https://doi.org/10.1002/glia.10140
https://doi.org/10.1002/glia.10140
https://doi.org/10.1038/s41586-021-03634-9
https://doi.org/10.1038/s41593-022-01011-x
https://doi.org/10.1038/nature13595
https://doi.org/10.1038/nature13595
https://doi.org/10.1038/ng.940
https://doi.org/10.1038/ng.940
https://doi.org/10.1017/S1740925X12000142
https://doi.org/10.1017/S1740925X12000142
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.cell.2023.04.022
https://doi.org/10.1111/j.1471-4159.2011.07630.x
https://doi.org/10.1016/j.biopsych.2022.09.033
https://doi.org/10.1038/nature16549
https://doi.org/10.1038/nature16549
https://doi.org/10.1038/s41593-018-0334-7
https://doi.org/10.1038/s41593-018-0334-7
https://doi.org/10.1016/j.neuron.2018.11.018
https://doi.org/10.1016/j.neuron.2018.11.018
https://doi.org/10.1523/JNEUROSCI.1619-13.2014
https://doi.org/10.1523/JNEUROSCI.1619-13.2014
https://doi.org/10.1038/s41386-022-01306-4
https://doi.org/10.1038/s41386-022-01306-4
https://doi.org/10.1002/glia.23962
https://doi.org/10.1002/glia.23962
https://doi.org/10.1007/s00018-022-04473-1
https://doi.org/10.1038/nature25975
https://doi.org/10.1016/j.celrep.2014.07.042
https://doi.org/10.1016/j.celrep.2014.07.042
https://doi.org/10.1186/s40478-014-0080-3
https://doi.org/10.1186/s40478-014-0080-3
https://doi.org/10.1126/science.aaf2403
https://doi.org/10.31887/DCNS.2019.21.3/mrossner
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1016/j.cell.2007.10.036


682	 Acta Neuropathologica (2023) 146:663–683

1 3

	184.	 Stickels RR, Murray E, Kumar P, Li J, Marshall JL, Di Bella DJ 
et al (2021) Highly sensitive spatial transcriptomics at near-cel-
lular resolution with Slide-seqV2. Nat Biotechnol 39:313–319. 
https://​doi.​org/​10.​1038/​s41587-​020-​0739-1

	185.	 Su J, Feng X, Chen K, Fang Z, Zhang H (2022) Plasma com-
plement component 4 alterations in patients with schizophre-
nia before and after antipsychotic treatment. Asian J Psychiatry 
73:103110. https://​doi.​org/​10.​1016/j.​ajp.​2022.​103110

	186.	 Subramanian L, Calcagnotto ME, Paredes MF (2020) Cortical 
malformations: lessons in human brain development. Front Cell 
Neurosci 13:576. https://​doi.​org/​10.​3389/​fncel.​2019.​00576

	187.	 Suzuki K, Sugihara G, Ouchi Y, Nakamura K, Futatsubashi M, 
Takebayashi K et al (2013) Microglial activation in young adults 
with autism spectrum disorder. JAMA Psychiat 70:49. https://​doi.​
org/​10.​1001/​jamap​sychi​atry.​2013.​272

	188.	 Taliou A, Zintzaras E, Lykouras L, Francis K (2013) An open-
label pilot study of a formulation containing the anti-inflamma-
tory flavonoid luteolin and its effects on behavior in children 
with autism spectrum disorders. Clin Ther 35:592–602. https://​
doi.​org/​10.​1016/j.​clint​hera.​2013.​04.​006

	189.	 Tan Q, Orsso CE, Deehan EC, Kung JY, Tun HM, Wine E et al 
(2021) Probiotics, prebiotics, synbiotics, and fecal microbiota 
transplantation in the treatment of behavioral symptoms of 
autism spectrum disorder: a systematic review. Autism Res 
14:1820–1836. https://​doi.​org/​10.​1002/​aur.​2560

	190.	 Tang YM, Pulimood NS, Stifani S (2022) Comparing the char-
acteristics of microglia preparations generated using different 
human iPSC-based differentiation methods to model neuro-
degenerative diseases. ASN Neuro 14:17590914221145104. 
https://​doi.​org/​10.​1177/​17590​91422​11451​05

	191.	 Tetreault NA, Hakeem AY, Jiang S, Williams BA, Allman E, 
Wold BJ et al (2012) Microglia in the cerebral cortex in autism. 
J Autism Dev Disord 42:2569–2584. https://​doi.​org/​10.​1007/​
s10803-​012-​1513-0

	192.	 Thapar A, Cooper M, Rutter M (2017) Neurodevelopmental 
disorders. Lancet Psychiatry 4:339–346. https://​doi.​org/​10.​
1016/​S2215-​0366(16)​30376-5

	193.	 Thion MS, Donovan L, Aymeric S, Jinmiao C (2018) Micro-
biome influences prenatal and adult microglia in a sex-specific 
manner. Cell 172:500-516.e16. https://​doi.​org/​10.​1016/j.​cell.​
2017.​11.​042

	194.	 Thion MS, Ginhoux F, Garel S (2018) Microglia and early 
brain development: an intimate journey. Science 362:185–189. 
https://​doi.​org/​10.​1126/​scien​ce.​aat04​74

	195.	 Toki MI, Merritt CR, Wong PF, Smithy JW, Kluger HM, Syri-
gos KN et al (2019) High-plex predictive marker discovery for 
melanoma immunotherapy-treated patients using digital spatial 
profiling. Clin Cancer Res 25:5503–5512. https://​doi.​org/​10.​
1158/​1078-​0432.​CCR-​19-​0104

	196.	 Torres AR, Sweeten TL, Johnson RC, Odell D, Westover JB, 
Bray-Ward P, Ward DC, Davies CJ, Thomas AJ, Croen LA, 
Benson M (2016) Common Genetic Variants Found in HLA 
and KIR Immune Genes in Autism Spectrum Disorder. Front 
Neurosci 10

	197.	 Trépanier MO, Hopperton KE, Mizrahi R, Mechawar N, Bazi-
net RP (2016) Postmortem evidence of cerebral inflammation 
in schizophrenia: a systematic review. Mol Psychiatry 21:1009–
1026. https://​doi.​org/​10.​1038/​mp.​2016.​90

	198.	 Tsilioni I, Taliou A, Francis K, Theoharides TC (2015) Children 
with autism spectrum disorders, who improved with a luteolin-
containing dietary formulation, show reduced serum levels of 
TNF and IL-6. Transl Psychiatry 5:e647–e647. https://​doi.​org/​
10.​1038/​tp.​2015.​142

	199.	 Ulfig N, Steinbrecher A, Stoltenburg-Didinger G, Rezaie P 
(2008) Differential activation of mononuclear phagocytes in cer-
ebellar malformation associated with Walker-Warburg syndrome. 

Neuropathology 28:333–340. https://​doi.​org/​10.​1111/j.​1440-​
1789.​2007.​00856.x

	200.	 Uliana DL, Zhu X, Gomes FV, Grace AA (2022) Using ani-
mal models for the studies of schizophrenia and depression: The 
value of translational models for treatment and prevention. Front 
Behav Neurosci 16

	201.	 Vargas DL, Nascimbene C, Krishnan C, Zimmerman AW, Pardo 
CA (2005) Neuroglial activation and neuroinflammation in the 
brain of patients with autism. Ann Neurol 57:67–81. https://​doi.​
org/​10.​1002/​ana.​20315

	202.	 Velmeshev D, Perez Y, Yan Z, Valencia JE, Castaneda-Castel-
lanos DR, Schirmer L et al (2022) Single-cell analysis of pre-
natal and postnatal human cortical development. Neuroscience 
598:200

	203.	 Velmeshev D, Schirmer L, Jung D, Haeussler M, Perez Y, Mayer 
S et al (2019) Single-cell genomics identifies cell type–specific 
molecular changes in autism. Science 364:685–689. https://​doi.​
org/​10.​1126/​scien​ce.​aav81​30

	204.	 Verney C, Monier A, Fallet-Bianco C, Gressens P (2010) Early 
microglial colonization of the human forebrain and possible 
involvement in periventricular white-matter injury of preterm 
infants. J Anat 217:436–448. https://​doi.​org/​10.​1111/j.​1469-​
7580.​2010.​01245.x

	205.	 Vicente-Rodríguez M, Mancuso R, Peris-Yague A, Simmons 
C, NIMA Consortium, Wlazly D et al (2023) Pharmacological 
modulation of TSPO in microglia/macrophages and neurons in 
a chronic neurodegenerative model of prion disease. J Neuroin-
flammation 20:92. https://​doi.​org/​10.​1186/​s12974-​023-​02769-y

	206.	 Vickovic S, Eraslan G, Salmén F, Klughammer J, Stenbeck L, 
Schapiro D et al (2019) High-definition spatial transcriptomics 
for in situ tissue profiling. Nat Methods 16:987–990. https://​doi.​
org/​10.​1038/​s41592-​019-​0548-y

	207.	 Voineagu I, Wang X, Johnston P, Lowe JK, Tian Y, Horvath 
S et al (2011) Transcriptomic analysis of autistic brain reveals 
convergent molecular pathology. Nature 474:380–384. https://​
doi.​org/​10.​1038/​natur​e10110

	208.	 Wang F, Flanagan J, Su N, Wang L-C, Bui S, Nielson A et al 
(2012) RNAscope. J Mol Diagn 14:22–29. https://​doi.​org/​10.​
1016/j.​jmoldx.​2011.​08.​002

	209.	 Wang SS-H, Kloth AD, Badura A (2014) The cerebellum, sensi-
tive periods, and autism. Neuron 83:518–532. https://​doi.​org/​10.​
1016/j.​neuron.​2014.​07.​016

	210.	 Wang Y, Li N, Yang J-J, Zhao D-M, Chen B, Zhang G-Q et al 
(2020) Probiotics and fructo-oligosaccharide intervention modu-
late the microbiota-gut brain axis to improve autism spectrum 
reducing also the hyper-serotonergic state and the dopamine 
metabolism disorder. Pharmacol Res 157:104784. https://​doi.​
org/​10.​1016/j.​phrs.​2020.​104784

	211.	 Wei J, Arber C, Wray S, Hardy J, Piers TM, Pocock JM (2022) 
Human myeloid progenitor glucocorticoid receptor activation 
causes genomic instability, type 1 IFN—response pathway acti-
vation and senescence in differentiated microglia; an early life 
stress model. Glia. https://​doi.​org/​10.​1002/​glia.​24325

	212.	 Wolf Y, Yona S, Kim K-W, Jung S (2013) Microglia, seen from 
the CX3CR1 angle. Front Cell Neurosci 7

	213.	 Yaqubi M, Groh AMR, Dorion M-F, Afanasiev E, Luo JXX, 
Hashemi H et al (2023) Analysis of the microglia transcrip-
tome across the human lifespan using single cell RNA sequenc-
ing. J Neuroinflammation 20:132. https://​doi.​org/​10.​1186/​
s12974-​023-​02809-7

	214.	 Yilmaz M, Yalcin E, Presumey J, Aw E, Ma M, Whelan CW 
et al (2021) Overexpression of schizophrenia susceptibility factor 
human complement C4A promotes excessive synaptic loss and 
behavioral changes in mice. Nat Neurosci 24:214–224. https://​
doi.​org/​10.​1038/​s41593-​020-​00763-8

https://doi.org/10.1038/s41587-020-0739-1
https://doi.org/10.1016/j.ajp.2022.103110
https://doi.org/10.3389/fncel.2019.00576
https://doi.org/10.1001/jamapsychiatry.2013.272
https://doi.org/10.1001/jamapsychiatry.2013.272
https://doi.org/10.1016/j.clinthera.2013.04.006
https://doi.org/10.1016/j.clinthera.2013.04.006
https://doi.org/10.1002/aur.2560
https://doi.org/10.1177/17590914221145105
https://doi.org/10.1007/s10803-012-1513-0
https://doi.org/10.1007/s10803-012-1513-0
https://doi.org/10.1016/S2215-0366(16)30376-5
https://doi.org/10.1016/S2215-0366(16)30376-5
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.1126/science.aat0474
https://doi.org/10.1158/1078-0432.CCR-19-0104
https://doi.org/10.1158/1078-0432.CCR-19-0104
https://doi.org/10.1038/mp.2016.90
https://doi.org/10.1038/tp.2015.142
https://doi.org/10.1038/tp.2015.142
https://doi.org/10.1111/j.1440-1789.2007.00856.x
https://doi.org/10.1111/j.1440-1789.2007.00856.x
https://doi.org/10.1002/ana.20315
https://doi.org/10.1002/ana.20315
https://doi.org/10.1126/science.aav8130
https://doi.org/10.1126/science.aav8130
https://doi.org/10.1111/j.1469-7580.2010.01245.x
https://doi.org/10.1111/j.1469-7580.2010.01245.x
https://doi.org/10.1186/s12974-023-02769-y
https://doi.org/10.1038/s41592-019-0548-y
https://doi.org/10.1038/s41592-019-0548-y
https://doi.org/10.1038/nature10110
https://doi.org/10.1038/nature10110
https://doi.org/10.1016/j.jmoldx.2011.08.002
https://doi.org/10.1016/j.jmoldx.2011.08.002
https://doi.org/10.1016/j.neuron.2014.07.016
https://doi.org/10.1016/j.neuron.2014.07.016
https://doi.org/10.1016/j.phrs.2020.104784
https://doi.org/10.1016/j.phrs.2020.104784
https://doi.org/10.1002/glia.24325
https://doi.org/10.1186/s12974-023-02809-7
https://doi.org/10.1186/s12974-023-02809-7
https://doi.org/10.1038/s41593-020-00763-8
https://doi.org/10.1038/s41593-020-00763-8


683Acta Neuropathologica (2023) 146:663–683	

1 3

	215.	 Zeidan J, Fombonne E, Scorah J, Ibrahim A, Durkin MS, Saxena 
S et al (2022) Global prevalence of autism: a systematic review 
update. Autism Res 15:778–790. https://​doi.​org/​10.​1002/​aur.​
2696

	216.	 Zerbo O, Qian Y, Yoshida C, Grether JK, van de Water J, Croen 
LA (2015) Maternal infection during pregnancy and autism spec-
trum disorders. J Autism Dev Disord 45:4015–4025. https://​doi.​
org/​10.​1007/​s10803-​013-​2016-3

	217.	 Zhan Y, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, 
Pagani F et al (2014) Deficient neuron-microglia signaling results 
in impaired functional brain connectivity and social behavior. Nat 
Neurosci 17:400–406. https://​doi.​org/​10.​1038/​nn.​3641

	218.	 Zhang L, Zheng H, Wu R, Zhu F, Kosten TR, Zhang X-Y et al 
(2018) Minocycline adjunctive treatment to risperidone for nega-
tive symptoms in schizophrenia: association with pro-inflamma-
tory cytokine levels. Prog Neuropsychopharmacol Biol Psychia-
try 85:69–76. https://​doi.​org/​10.​1016/j.​pnpbp.​2018.​04.​004

	219.	 Zhang S, Zhou N, Liu R, Rao W, Yang M, Cao B et al (2018) 
Association between polymorphisms of the complement 3 gene 
and schizophrenia in a Han Chinese population. Cell Physiol 
Biochem 46:2480–2486. https://​doi.​org/​10.​1159/​00048​9654

	220.	 Zhao H, Zhang H, Liu S, Luo W, Jiang Y, Gao J (2021) Associa-
tion of peripheral blood levels of cytokines with autism spectrum 
disorder: a meta-analysis. Front Psychiatry 12

	221.	 Zhong S, Zhang S, Fan X, Wu Q, Yan L, Dong J et al (2018) A 
single-cell RNA-seq survey of the developmental landscape of 
the human prefrontal cortex. Nature 555:524–528. https://​doi.​
org/​10.​1038/​natur​e25980

	222.	 Zhu Y, Webster MJ, Murphy CE, Middleton FA, Massa PT, Liu 
C, Dai R, Weickert CS (2022) Distinct phenotypes of inflam-
mation associated macrophages and microglia in the prefrontal 
cortex schizophrenia compared to controls. Front Neurosci 16

	223.	 Zürcher NR, Loggia ML, Mullett JE, Tseng C, Bhanot A, Richey 
L et al (2021) [11C]PBR28 MR–PET imaging reveals lower 
regional brain expression of translocator protein (TSPO) in 
young adult males with autism spectrum disorder. Mol Psychia-
try 26:1659–1669. https://​doi.​org/​10.​1038/​s41380-​020-​0682-z

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/aur.2696
https://doi.org/10.1002/aur.2696
https://doi.org/10.1007/s10803-013-2016-3
https://doi.org/10.1007/s10803-013-2016-3
https://doi.org/10.1038/nn.3641
https://doi.org/10.1016/j.pnpbp.2018.04.004
https://doi.org/10.1159/000489654
https://doi.org/10.1038/nature25980
https://doi.org/10.1038/nature25980
https://doi.org/10.1038/s41380-020-0682-z

	Microglial contribution to the pathology of neurodevelopmental disorders in humans
	Abstract
	Introduction
	Microglial functions during development
	Why do we need to focus on human microglia?
	Evidence for microglial involvement in ASCs
	Evidence for microglial involvement in SZ
	Emerging state of the art models and methods to investigate neurodevelopmental disorders
	Targeting microglia to alleviate neurodevelopmental disorders: current state of affairs

	Conclusion
	Acknowledgements 
	References




