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ABSTRACT 
 
 
Microglia are first responders to disruptions in homeostasis and key modulators of synaptic 

refinement in the central nervous system (CNS). Alterations in microglia phenotype have been 

implicated in psychiatric disorders including autism spectrum disorder (ASD), innate high 

anxiety and depression, with little attention given to the interplay of microglia and synapses. 

Therefore, I investigated the microglial engulfment of synapses, along with the main 

pathways regulating this function, by using two mouse models for symptoms of psychiatric 

disorders: mice with innate high anxiety-related behavior (HAB) and the Neuroligin-4 

knockout (Nlgn4-KO) mouse model of ASD.  

In the first project (A), I focused on the ASD model and found reduced engulfment of synapses 

by microglia in the Nlgn4-KO hippocampus, which appeared stronger in males compared to 

females. In addition to demonstrating deficits in synaptic engulfment, I reported significant 

dysregulations in the TREM2 signaling pathway, including reduced surface expression of 

TREM2 on microglia, elevated levels of soluble TREM2, and decreased levels of APOE in the 

Nlgn4-KO hippocampus at postnatal day 90 (P90). I also demonstrated that neither the 

synaptic engulfment deficits nor the dysregulations in the TREM2 pathway were present at 

an earlier developmental time point (P15), suggesting that they occur later in development 

and contribute to an abnormal microglial response at the adult stage in the Nlgn4-KO 

hippocampus. I also addressed the changes in the synaptosome proteome, as well as in 

behavior; and reported impaired spatial learning and memory in the Nlgn4-KO male mice; 

whereas found no major changes in the synaptosome proteome in the Nlgn4-KO 

hippocampus. 
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In the second project (B), I focused on the innate high anxiety and depression model (HAB). I 

analyzed microglial heterogeneity in both sexes of HABs using single-cell RNA sequencing, 

which revealed ten distinct clusters varied by their frequency and gene expression status. I 

found striking sex-related differences, including a higher proportion of microglia clusters 

associated with phagocytosis in the HAB female compared to the HAB male. Furthermore, I 

reported that these clusters primarily upregulate the genes related to synaptic engulfment 

such as Trem2 in females. I functionally validated these findings by showing that a greater 

number of synapses were engulfed by the female HAB microglia compared to the male HAB 

in the hippocampus. I also investigated the effect of minocycline, which significantly reduced 

the engulfment of synapses by microglia in females, suggesting a sexually dimorphic recovery 

in response to the treatment. 

 

Overall, herein I have identified sex-dependent dysregulations in the microglial engulfment 

of synapses and TREM2 signaling in both models for symptoms of psychiatric disorders. I 

propose these sex-specific dysregulations as potential avenues to target microglia in a 

broader context of psychiatric disorders. 
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ZUSAMMENFASSUNG  
 
 
Mikroglia sind die ersten Zellen des zentralen Nervensystems, die auf Störungen der 

Homöostase reagieren und sie kontrollieren auch die Anzahl der Synapsen. Veränderungen 

des Mikroglia-Phänotyps wurden bei psychiatrischen Störungen wie Autismus-Spektrum-

Störungen (ASD) und Angststörungen sowohl in Tiermodellen als auch bis zu einem gewissen 

Grad bei Patienten nachgewiesen. Dem Zusammenspiel zwischen Mikroglia und Synapsen 

wurde jedoch bisher wenig Aufmerksamkeit geschenkt. Daher konzentriere ich mich in der 

vorliegenden Arbeit auf das "synaptische Pruning" anhand von zwei verschiedenen 

Mausmodellen mit psychiatrischer Symptomatik: Mäuse mit angeborenem hohem 

Angstverhalten (HAB) und das Neuroligin-4-Knockout-Mausmodell (Nlgn4-KO) für ASD.  

 

Im ersten Projekt (A) konzentriere ich mich auf das Modell für ASD und zeige ein reduziertes 

"synaptisches Pruning" durch Mikroglia im Nlgn4-KO-Hippocampus. Darüber hinaus berichte 

ich über signifikante Dysregulationen im TREM2-Signalweg, z. B. eine geringere 

Oberflächenexpression von TREM2 auf Nlgn4-KO-Mikroglia zusammen mit höheren Spiegeln 

von löslichem TREM2 und geringeren APOE-Werten im Nlgn4-KO-Hippocampus bei P90. Im 

Vergleich dazu zeigte ich bei P15 keine Defizite bei der synaptischen Aufnahme, was darauf 

hindeutet, dass Dysregulationen bei der TREM2-Signalübertragung und eine damit 

verbundene mikrogliale Reaktion erst im Nlgn4-KO-Hippocampus im Erwachsenenalter 

nachweisbar sind. Darüber hinaus habe ich bei männlichen Nlgn4-KO-Mäusen eine 

Beeinträchtigung des räumlichen Lernens und Gedächtnisses festgestellt, während es im 

Synaptosom-Proteom des Nlgn4-KO-Hippocampus keine größeren Veränderungen gab. 
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Im zweiten Projekt (B) konzentriere ich mich auf die mikrogliale Dysfunktion im 

Zusammenhang mit angeborener Angststörung und Depression. Ich habe die mikrogliale 

Heterogenität in beiden Geschlechtern von HABs mittels Einzelzell-RNA-Sequenzierung 

analysiert. Ich fand geschlechtsspezifische Unterschiede, einschließlich eines höheren Anteils 

an phagozytose-assoziierten Mikroglia-Clustern bei weiblichen HABs im Vergleich zu 

männlichen. Darüber hinaus konnte ich zeigen, dass diese Cluster in erster Linie Gene 

hochregulieren, die bei weiblichen Mäusen mit dem synaptischen "Pruning" in Verbindung 

gebracht werden, wie z. B. Trem2, was ich funktionell bestätigte, indem ich zeigte, dass 

weibliche HAB-Mikroglia im Vergleich zu männlichen HAB-Mikroglia eine größere Menge an 

Synapsen phagozytierten. Außerdem konnte ich nachweisen, dass Minocyclin die Aufnahme 

von Synapsen durch Mikroglia bei weiblichen Tieren deutlich verringert. 

 

Insgesamt habe ich hier geschlechtsabhängige Dysregulationen bei der mikroglialen 

Aufnahme von Synapsen und der TREM2-Signalgebung in beiden Modellen für Symptome 

psychiatrischer Störungen festgestellt. Ich schlage diese geschlechtsspezifischen 

Dysregulationen als potenzielle Wege vor, um Mikroglia in einem breiteren Kontext 

psychiatrischer Störungen zu beeinflussen. 
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1. INTRODUCTION 
 

1.1 Autism Spectrum Disorder 
 
 
1.1.1 History and Prevalence of Autism 

 
 

In 1943, Leo Kanner introduced "classical autism" as an unique disease concept. He reported 

eight boys and three girls, ages from two to eight, who lacked the ability to communicate 

through words, exhibited monotonous repetitions of vocalizations, and obsession with items. 

In addition, these repetitive routines were extensively resistant to change (Kanner, 1943). A 

year later, in 1944, Hans Asperger described a group of children who had no verbal 

impairment associated with the classic autism, but they used their speech skills for 

monologues about their own unique and restricted interests. These children were near to 

being categorized as normal or exceptionally intelligent, but they were unable to integrate 

into their social environment, frequently displayed difficulties with learning particular tasks, 

and exhibited stereotyped behaviors (Asperger, 1944). Because of their overlapping 

symptoms, these two kinds of autism definition were merged into the same group of 

neurodevelopmental disorders roughly thirty years later. Today, the descriptions of Kanner 

and Asperger have been extensively refined, and autism is regarded as a broad spectrum of 

behavioral manifestations with varying degrees of severity. Autism spectrum disorder (ASD) 

is a complex neurodevelopmental disorder with a spectrum of heterogeneous clinical 

symptoms and striking inter-individual differences (Guang et al., 2018). It shows three core 

behavioral manifestations: (1) an impairment in social interaction skills, (2) a lack of proper 

language and communication skills, and (3) repetitive and restricted behaviors (Guang et al., 
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2018). In addition to the different severity levels of these core symptoms, autism also displays 

a range of comorbidities such as intellectual impairment, anxiety, sleep disturbance, 

gastrointestinal, and immune dysfunction (Careaga et al., 2010; Doshi-Velez et al., 2014). ASD 

affects 1 in 44 children in the United States, and is four times more prevalent in males than in 

females, according to the CDC's Autism and Related Disorders Monitoring Network, 2018 

(Maenner et al., 2021). Such sex-related differences may be due to the interaction between 

the sex steroid system with neurodevelopment (Simantov et al., 2022), as well as due to the 

phenotype of female autism, which generates a bias due to misdiagnosis and/or even due to 

the overlooking of females given that they are more likely to conceal their social impairments 

(Hodges et al., 2020). 

 

1.1.2  Pathology and Genetics of Autism 
 
 
ASD is a complex disorder, and genetic as well as environmental factors play a role in the 

multifactorial disease etiology (Lipkin, Bresnahan & Susser, 2023). Previous clinical and 

preclinical research has advanced our understanding of the disease's origin, indicating a great 

complexity with no unifying underlying mechanism. Several clinical studies have reported 

abnormalities such as increased brain volume in children with ASD (Nickl-Jockschat et al., 

2012; Haar et al., 2016). They also revealed variations in the cerebellar connections, changes 

in the frontal and temporal lobes, as well as limbic system abnormalities (Johnson & Myers, 

2007; Stoodley et al., 2017). Increase in neural density (Casanova et al., 2002; Casanova et al., 

2006) , region-specific delay of neural growth and dysplasia have also been reported in the 

brains of individuals with ASD (Wegiel et al., 2010). These findings, along with cortical, 

hippocampal, and cerebral dysplasia, which reflect abnormal neural immaturity, migration, 
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and cellular organization (Wegiel et al., 2010), are among the most common forms of 

neurodevelopmental changes found in the brains of autistic subjects. Such changes have the 

potential to modify local connectivity and signal transduction in the reported brain regions, 

including the hippocampus and medial prefrontal cortex (mPFC) (Amaral et al., 2008; Nicolson 

et al., 2006; Richards et al., 2020). However, considering inter-personal heterogeneity, these 

findings mostly are not generalized but rather refer to a subset of patients. Given the 

behavioral phenotype, complexity, and heterogeneity of ASD, it is indeed unlikely that a single 

anatomical alteration or neuropathological hallmark underlies the origin of the disease (Masi 

et al., 2017). However, these findings still significantly contribute to our understanding of 

autism, especially concerning subgroups of individuals with such specific alterations. Recent 

findings point to two major hypotheses emerging as common etiological factors in autism. 

The first refers to the imbalance between excitation and inhibition in neural circuits, which 

might be due to alterations in the neuronal density and functionality of synaptic cell adhesion 

molecules (Wass, 2011; Gao & Penzes, 2015). The second theory proposes overconnectivity 

in specific brain regions, which has also been supported by fMRI studies (Wass, 2011; Gao & 

Penzes, 2015). Brain region-specificity of such alterations still contributes to the degree of 

heterogeneity in the autistic brains (Gao & Penzes, 2015). 

 

Autism also has a strong genetic component, with an estimated heritability ranging from 40% 

to 90%, according to several twin and family studies (Cross-Disorder Group of the Psychiatric 

Genomics Consortium et al., 2013; Gaugler et al., 2014). Recent advances in genome-wide 

association studies (GWAS) and whole exome sequencing techniques have advanced our 

knowledge of ASD susceptibility genes. Intriguingly, genes associated with ASD tend to cluster 

in specific pathways, which are predominantly associated with neural processes, such as 
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synaptogenesis and synaptic function (Gilbert & Man, 2017; Guang et al., 2018; Pinto et al., 

2014; Yuen et al., 2017) and have shown various copy number variations and point mutations 

in genes such as NRXN, NLGN, and SHANK, which converge at the synaptic function and 

specification (Wang et al., 2016, Stessman et al., 2017; Grove et al., 2019; Lim et al., 2022). 

These findings suggest that at least a part of the pathogenesis of ASD may be attributable to 

synaptic dysfunction, which can result in cognitive impairments. Other candidate genes linked 

to ASD are related to WNT signaling, MAPK signaling, as well as regulation of translational 

processes (Kumar et al., 2019). 

  

1.2 Anxiety and Depression 
 

 
1.2.1 History, Prevalence and Pathology  
 

Anxiety and depression are among the most common mental disorders in the world. They 

tend to emerge around adolescence to middle adulthood and share up to 80% comorbidity 

rate (Kalin, 2020; Klenk et al., 2011; Strand et al., 2021). Kessler et al. (2015) reported that 

45.7% of patients with a lifetime history of major depression also had a history of anxiety 

disorder. Given the effect of the COVID-19 pandemic, the recent prevalence of depression 

and anxiety symptoms was reported as 25.2% and 20.5%, respectively, higher than that 

recorded in previous years (Racine et al., 2021). 

Anxiety is originally defined as the anticipation of a future threat. It is a typical, adaptive 

feeling from an evolutionary standpoint, since it improves survival by causing individuals to 

avoid dangerous situations (Kalin, 2020). Prior to the 19th century; anxiety, depression, or 

even schizophrenia, were not widely acknowledged as ‘real’ diseases. However, since the 20th 
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century, anxiety has been classified as a psychiatric disorder (Crocq, 2015; Kalin, 2020) that is 

characterized by strong, uncontrollable feelings of worry and unfounded distress (Dieleman 

et al., 2016). The dividing line between ordinary adaptive anxiety and severe pathological 

anxiety is subject to clinical judgement. Depressive symptoms similarly include distress, lack 

of interest and pleasure in activities, as well as disruptions to physiological functions such as 

sleep (American Psychiatric Association, 2013). Extensive literature analysis has shown a 

higher prevalence of anxiety and depression in females compared to males (Kessler et al., 

2012; Strand et al., 2021; McLean et al., 2011; Bailey & Crawley, 2009; Moser et al., 2016). 

The male-to-female prevalence ratios for anxiety-related disorders are 1:1.7 for generalized 

anxiety, 1:1.5 for major depression, 1:2 for panic, and 1:2.7 for post-traumatic stress disorder 

(McLean et al., 2011; Yanguas-Casás, 2020).  

Early childhood stress such as trauma or neglect, as well as present stress exposure, are 

common nongenetic risk factors related to anxiety and comorbid depression (Weger & Sandi, 

2018; Kalin, 2020). Deficits in activation and connectivity of the ventral anterior cingulate and 

amygdala were observed both in anxiety and depression patients (Etkin & Schatzberg, 2011). 

In addition, altered brain connectivity has been reported in early trait anxiety (Kalin et al., 

2017), and studies indicate a link between synaptic pruning and anxiety-related behavior 

(Socodato et al., 2020; Bolton et al., 2022). The majority of clinical evidence, which is primarily 

limited to peripheral cytokine levels, suggests that immune dysregulation is also associated 

with the pathophysiology of anxiety and depression (Passos et al., 2015; Rao et al., 2015; 

Fontenelle et al., 2012; Hou et al., 2017). 
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1.3  Synaptic Transmission 
 

1.3.1 Synaptogenesis and Synapse Maturation 
 
 
Synapses are specialized, asymmetrical intercellular junctions that mediate the rapid 

transmission of electrical or chemical signals between neurons. Functionality of these 

specialized junctions is essential for neural processing and higher cognitive functions (Nichols 

& Newsome, 1999). Synapse formation requires the assembly of highly organized protein 

complexes involving receptors, synaptic cell adhesion molecules, soluble signaling molecules 

(released either by neurons or glia) and scaffolding proteins (Li & Sheng, 2003; Waites et al., 

2005). Chemical synapses consist of a pre-synaptic terminal that is specialized for the release 

of neurotransmitters triggered by Ca+2, and a post-synaptic terminal that is specialized for the 

reception of neurotransmitters (Südhof, 2021). Pre-synaptic specializations are majorly 

formed by axons, and post-synaptic specializations are most commonly formed on dendritic 

spines or dendritic shafts (for excitatory or inhibitory synapses, respectively) (Südhof, 2021). 

During the initial phase of synapse formation, pre- and post-synaptic membranes are aligned 

and initial contact is established through the interaction of synaptic cell adhesion molecules. 

The site of synaptic vesicle fusion and neurotransmitter release at the pre-synaptic terminal 

is called as the active zone (Südhof, 2012). Following depolarization of the presynaptic 

terminal, Ca+2 influx initiates vesicle fusion with the pre-synaptic membrane and 

neurotransmitter molecules diffuse across the synaptic cleft to bind neurotransmitter 

receptors on the post-synaptic membrane (Südhof, 2012; 2013). Excitatory neurotransmitters 

enhance the likelihood that a post-synaptic neuron will depolarize and generate an action 

potential, whereas inhibitory neurotransmitters decrease this likelihood (Südhof, 2018). On 

the post-synaptic membrane, neurotransmitters bind to ionotropic (ion channels) and 
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metabotropic (G-protein coupled) receptors, which undergo confirmational changes upon 

this binding and allow ion influx across the post-synaptic neural membrane (Purves, Augustine 

& Fitzpatrick et al. 2001). Excitatory neurotransmitters generate excitatory post-synaptic 

potential (EPSP), which increase the likelihood of a post-synaptic action potential generation. 

They render the membrane potential more positive, which brings it closer to the action 

potential threshold. However, it is important to note that many neurons integrate inhibitory 

and excitatory inputs, and result in a computed signal to the next neuron without generating 

a post-synaptic action potential (Purves, Augustine & Fitzpatrick et al., 2001). In contrast, 

inhibitory post-synaptic potentials (IPSP) are induced by inhibitory neurotransmitters and 

decrease the likelihood of a post-synaptic action potential by generating a hyperpolarizing 

current, which takes the post-synaptic membrane potential away from the action potential 

threshold (Purves, Augustine & Fitzpatrick et al., 2001). The brain displays an astonishing 

diversity of synaptic connections in terms post-synaptic receptor composition, pre-synaptic 

and post-synaptic cell adhesion molecules, release probability, neurotransmitter type, and 

location of the synapses (Südhof, 2021). Four main neurotransmitter receptor families exist, 

which are tetrameric glutamate receptors (NMDAR, AMPAR, kainate receptors), pentameric 

cys-loop receptors (GABAA receptors, glycine receptors, nicotine receptors), trimeric  

receptors (ATP receptors) and G protein-coupled receptors (Südhof, 2021). Individual 

synapses are specialized to contain one type of receptor to define their response at the post-

synaptic terminals (Südhof, 2018; 2021). The formation of new synapses occurs throughout 

an organism's lifetime, but is most prominent during the early phases of nervous system 

development (Südhof, 2018). 
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1.3.2 Excitatory and Inhibitory Synaptic Architecture 
 
 
Excitatory synapses are mostly formed on dendritic spines, whereas inhibitory synapses are 

formed at the shaft of dendrites, on cell bodies, and on axon initial segments (Bourne & Harris, 

2008). On the post-synaptic side, excitatory synapses differ from inhibitory synapses in terms 

of their neurotransmitter receptors, morphology, molecular composition, and organization 

(Scheefhals & MacGillavry, 2018). Excitatory synapses display a distinctive morphological and 

functional specialization at the post-synaptic membrane: “the post-synaptic density (PSD)”, 

which is located at the apex of the dendritic spines (Sheng & Kim, 2011). Abundant PSD 

proteins include the CaMKII family (CaMKIIα + CaMKIIβ), PSD-95 family (PSD-95, PSD-93, 

SAP97), Shank/ ProSAP family (Shank1, Shank2, Shank3), Homer Family (Homer1, Homer2, 

Homer3), glutamate receptors (AMPA -GluR1, GluR2, GluR- ; NMDA -NR1,NR2A-), N-Cadherin, 

and β-Catenin (Sheng & Kim, 2011). PSD-95 is a scaffolding protein that is enriched at 

glutamatergic synapses and modulates the clustering of various neurotransmitter receptors 

to keep them in close proximity at postsynaptic terminals (Keith and El-Husseini, 2008). 

Homer and Shank as well are master scaffold proteins in the PSD that form a mesh-like matrix 

assembly structure to cluster other PSD proteins (Hayashi et al., 2009). Components of the 

excitatory synaptic architecture is summarized in the Figure 1.1. Given the crucial role of PSD 

proteins in synapse development, structure, function, and specification, it is not surprising 

that the majority of PSD gene mutations are associated with psychiatric diseases, including 

ASD, with the majority of mutations reported in the SHANK3, NLGN-1, NLGN-3, NLGN-4X, and 

NRXN-1 genes (Südhof, 2008).  
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Inhibitory synapses are primarily formed on the shaft of dendrites or surrounding the neural 

cell body (Südhof, 2018). On the contrary to the case of excitatory synapses, there is only a 

slight electron-density associated with the post-synaptic membrane (Gray, 1959).  Gephyrin, 

a post-synaptic scaffold protein, directly interacts with neurotransmitter receptors at 

inhibitory synapses such as the GABAA and glycine receptors. While gephyrin is critical for 

glycine receptor clustering at the inhibitory post-synapse, it is less crucial for GABAA receptor 

clustering (Kneussel et al., 2001; Lévi et al., 2004). GABAA receptors can also be clustered by 

mechanisms independent of gephyrin but can as well recruit gephyrin to drive inhibitory 

postsynaptic differentiation (Lévi et al., 2004; Sheng & Kim, 2011). Components of the 

inhibitory synaptic architecture is visualized in the Figure 1.1. In the view of current findings, 

protein components of the excitatory PSD have been intensively studied, whereas the 

composition and function of inhibitory post-synaptic specializations have lagged behind and 

are yet to be studied in detail (Südhof, 2018). Thus, additional research is required to further 

decipher inhibitory post-synaptic specifications, particularly considering that inhibitory 

synapses are highly dynamic to assure a precise transmission of information in the brain (Villa 

et al., 2016).  
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Figure 1.1 Schematic representation of the excitatory and inhibitory synaptic architecture 

(created by using biorender.com). 

 
 
1.3.3  Neuroligin-Neurexin Interactions and Synaptic Function 
 
 
Synaptic cell adhesion molecules (SAM) form transcellular assemblies between pre- and post-

synaptic cell surfaces to mediate synaptic alignment and contact. During this initial contact of 

axons and dendrites, the interaction of pre- and post-synaptic cell adhesion molecules 

determines synaptic formation, specificity as well as maturation (Südhof, 2017; 2018; Yuzaki, 

2018). The interaction between pre-synaptic neurexins and post-synaptic neuroligins, which 

act as calcium-dependent cell adhesion molecules, is the most thoroughly reported trans-

synaptic interaction implicated in synaptogenesis and neural transmission (Südhof, 2008). 
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Neurexins, the key pre-synaptic SAMs, interact with multiple pre-synaptic and post-synaptic 

ligands to play a key role in neural circuit assembly (Südhof, 2017). They bind to pre-synaptic 

scaffold molecules through their PDZ domain interactions that couple neurexin signaling to 

synaptic vesicle exocytosis and bring out changes in the actin cytoskeleton (Hata et al., 1996; 

Butz et al., 1998). Neurexins also have a network of interaction partners on post-synaptic 

membranes, including at least seven post-synaptic protein families, as well as adaptor 

proteins, and their interaction depends on the alternative splicing of Nrxn genes (Südhof, 

2008). There are three mammalian neurexin genes (Nrxn1-3), each of which encodes three 

splice variants: α-, β-, and γ-neurexin. These proteins share identical intracellular domains, 

but α-neurexin has a larger extracellular domain which might indicate its possible role in 

distinct extracellular interactions (Missler & Südhof, 1998). Nrxn1-3 genes show similar 

expression levels in the brain; however, α-neurexins are much more abundant than the β-

neurexins (Aoto et al., 2013; Schreiner et al., 2014; Anderson et al., 2015). Alternative splicing 

results in over a thousand neurexin isoforms, each with the potential to determine the 

specificity and function of synaptic connections (Ushkaryov & Sudhof, 1993; Ullrich, 

Ushkaryov & Südhof, 1995; Missler & Südhof, 1998). Neurexins are primarily expressed by 

neurons (Ushkaryov et al., 1992) and astrocytes (Zhang et al., 2014; Gokce et al., 2016; Tan & 

Eroglu, 2021). Considering their great potential with a variety of ligands and splice variants, 

they mediate highly complex interaction networks in the CNS (Dalva, McClelland & Kayser, 

2007; Südhof, 2008). Studies using triple Nrxn1-3 knockout mice have shown that the 

neurexin isoforms are not essential for synapse formation but are fundamental regulators of 

synaptic function (Chen et al., 2017).  
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Figure 1. 2 Interaction of presynaptic Neurexins and postsynaptic Neuroligins  (Adapted from Südhof, 

2008). 

 
 
Neuroligins (NL) are type-1 membrane proteins with a single large extracellular domain 

composed of an enzymatically inactive esterase-homology domain, a transmembrane region, 

and a short cytoplasmic tail. They are post-synaptic cell adhesion molecules that are localized 

at different synapses, and they modulate synaptic function, transduction, and specificity 

(Südhof, 2008; Liu et al., 2022). NLs, through their acetylcholine esterase-like (AChE-like) 

domain, bind to the Laminin G/Neurexin/Sex Hormone Binding Globulin (LNS) domain of 

neurexins (Südhof, 2008). The synaptogenic activity of neuroligins depends on the cis-

clustering of neuroligin molecules, and this multimerized complex then interacts with 

neurexins and clusters them (Dean et al., 2003). On the post-synaptic side, neuroligins bind 

to the post-synaptic scaffold proteins, which in turn clusters other post-synaptic proteins that 

play a role in the recruitment of the pre-synaptic machinery (Friedman et al., 2000; Gerrow 

et al., 2006; Dalva, McClelland & Kayser, 2007).  
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The ligand network of neuroligins and neurexins is highly complex considering their 

localization at different synapses, their splice variants, interaction partners as well as 

dimerization partners. For instance, the Nlgn-1-SSB+ splice variant can only bind to NRXN1-β 

but not NRXN1-α (Comoletti et al., 2006). Although the current data is limited to certain 

isoforms and subtypes of neuroligins, it can already highlight the degree of complexity by 

revealing numerous possibilities of synaptic assemblies mediated by the interaction of 

neuroligin and neurexins (Südhof, 2008). Neurexin-neuroligin interactions modulate the 

specificity and function of inhibitory or excitatory synapses based on their subtypes, splice 

variants, and different combinations with transsynaptic adhesion molecules (Dalva, 

McClelland & Kayser, 2007; Sheng & Kim, 2011).  

There are four neuroligin genes, Nlgn1 to Nlgn4, expressed in mice; and five in humans, 

including the NLGN4X and NLGNY (Ichtchenko et al., 1995; 1996; Bolliger et al., 2008). They 

are expressed by neurons, astrocytes, and oligodendrocytes (Sakers & Eroglu, 2019). Genetic 

perturbation of neuroligins results in impaired synaptic function with consequent changes in 

the functionality of neuronal networks (Südhof, 2008). Constitutive Nlgn1-2-3 triple-KO mice 

died at birth due to respiratory failure that resulted from impaired glutamatergic and 

GABAergic neurotransmission with no significant reduction in the synapse numbers 

(Varoqueaux et al., 2006). These mice displayed majorly impaired synaptic transmission, 

impaired synapse maturation, reduced neurotransmission, and a shift of excitatory to 

inhibitory balance (E/I) without an effect on the quantity of either excitatory or inhibitory 

synaptic contacts (Varoqueaux et al. 2006). This study indicates the fundamental role of 

neuroligins in synaptic function and transmission, rather than in the formation of synapses. 

Mice with conditional Nlgn1-2-3 triple-KO in a subset of neurons similarly revealed impaired 

synaptic transmission with no change in synapse numbers (Chanda et al., 2017).  
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Neuroligin-1 (NL1) predominantly localizes to glutamatergic excitatory post-synapses (Song 

et al., 1999). Nlgn1 overexpression induced accumulation of glutamatergic pre-and post-

synaptic molecules in vitro (Song et al., 1999; Budreck & Scheiffele, 2007) and enhanced the 

excitatory post-synaptic currents (EPSCs) and E/I ratio in cultured hippocampal neurons, as 

well as in acute hippocampal slices (Prange et al., 2004; Dahlhaus et al., 2010). Deletion of 

Nlgn1, on the other hand, resulted in decreased excitatory synaptic response in cultured 

neurons (Jiang et al., 2017). Moreover, Nlgn1 KO mice showed a reduction in EPSCs and 

NMDAR-mediated long-term potentiation (LTP) (Budreck et al., 2013). 

 

Neuroligin-2 (NL2) is localized to GABAergic inhibitory post-synapses (Varoqueaux et al., 

2004). Overexpression of NL2 promotes the formation of functional GABAergic synapses in 

cultured neurons (Varoqueaux et al., 2004; Chih et al., 2005; Levinson et al., 2005; Chubykin 

et al., 2007). Deletion of Nlgn2 in mice does not lead to the elimination of inhibitory synapses 

but results in impaired inhibitory synaptic transmission (Chubykin et al., 2007; Varoqueaux et 

al., 2006; Gibson et al., 2009; Zhang et al., 2015), indicating that NL2 itself is not essential for 

synaptic formation but crucial for the functional maturation of inhibitory synapses. 

 

Neuroligin 3 (NL3) is localized both at excitatory and inhibitory post-synapses depending on 

the brain region (Budreck & Scheiffele, 2007). Interestingly, Nlgn3 deletion showed no effect 

on excitatory synaptic transmission in the hippocampus (Etherton et al., 2011a), but resulted 

in selective inhibition of tonic endocannabinoid signaling in CCK-positive synapses (Földy et 

al., 2013). In the striatum, on the other hand, Nlgn3 deletion selectively impaired inhibitory 

inputs onto nucleus accumbens’ medium spiny neurons (Rothwell et al., 2014). These data 
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indicate that the effect of Nlgn3 deletion is determined by the context, neural subtype and 

the brain region.  

 

In summary, current data suggests that neuroligin-neurexin interaction is a crucial regulator 

of synaptic maturation and function. They affect the function of synapses at multiple levels, 

from recruiting pre-synaptic and post-synaptic scaffold proteins to  modulating synaptic 

function and specificity (Dalva, McClelland & Kayser, 2007). Neuroligins mediate an intriguing 

diversity of synaptic functions in an isoform-specific manner via multiple mechanisms based 

on their splice variants, interaction partners, subcellular location, and the brain region, which 

in turn gives rise to a great degree of complexity (Südhof, 2008). Recent studies have also 

revealed the binding of MDGA1 and MDGA2 proteins to NLs, in competition with neurexins 

(Lee et al., 2013; Pettem et al., 2013; Connor et al., 2016; Kim et al., 2017; Gangwar et al., 

2017). These findings add to the existing level of complexity by showing the presence of other 

possible interaction partners of NLs amongst many others yet to be discovered. How different 

NLs are assigned to different types of synapses and how the same NLs mediate distinct, 

sometimes opposing functions, in different brain regions remain to be elucidated (Südhof, 

2008). Nlgn mutations have been linked to monogenic forms of ASD (Jamain et al., 2003; 

Laumonnier et al., 2004; Yan et al., 2005, Nakanishi et al., 2017), where shifts in the E/I 

balance have also been reported (Jamain et al., 2003; Chih et al., 2004; Laumonnier et al., 

2004). 
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1.3.3.1 Neuroligin-4 Protein:  Function and Association with ASD 
 

Neuroligin-4 (NL4) belongs to the highly conserved neuroligin family of post-synaptic neural 

cell adhesion molecules, and plays a critical role in synaptic function and maturation (Krueger-

Burg et al., 2017; Südhof, 2017). NL4 is expressed throughout the CNS (Jamain et al., 2008; 

Hoon et al., 2011), and at similar levels in all subregions of the adult hippocampus (Hammer 

et al., 2015). It is localized at both excitatory and inhibitory post-synapses, which depends on 

the brain region (Krueger et al., 2012; Hammer, 2012; Delattre et al., 2013; Unichenko et al., 

2018), just as NL3, the evolutionary closest NL4 isoform (Bolliger et al., 2008). NL4 is localized 

to inhibitory glycinergic synapses in the retina, spinal cord, and brain stem (Hoon et al., 2011; 

Zhang et al., 2018); inhibitory GABAergic synapses in the hippocampal CA3 (Hammer et al., 

2015), excitatory glutamatergic and inhibitory GABAergic synapses in the hippocampal CA1 

(Hammer, 2012). 

Nlgn4 overexpression in cultured hippocampal neurons resulted in reduced spontaneous 

mEPSCs with an increased synaptic density, indicating the formation of synapses, but this 

appears to interfere with synaptic transmission (Zhang et al., 2009; Chanda et al., 2017). On 

the other hand, expression of Nlgn4 promoted an excitatory synaptic response in rat 

hippocampal organotypic brain slices (Bemben et al., 2015). More comprehensive data came 

from in vivo studies using the Nlgn-4 KO mouse model. Nlgn-4 KO mice showed deficits of 

glycinergic synaptic transmission in the retina (Hoon et al., 2011), a reduction of GABAergic 

synaptic transmission along with aberrant γ-oscillations in the hippocampal CA3 (Hammer et 

al., 2015), and a predominantly impaired intracortical synaptic transmission along with 

reduced pre-synaptic vesicle pool size both at the GABAergic and glutamatergic synapses in 

the barrel cortex (Unichenko et al., 2018). These mice also showed an overall decrease in the 
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E/I ratio in addition to a hypo-reactive network in the somatosensory cortex (Delattre et al., 

2013). Excitatory to inhibitory ratio (E/I) is defined as the ratio of mean amplitude EPSCs to 

mean amplitude of the IPSCs. Reduced E/I was also reported in the Nlgn4-KO barrel cortex in 

addition to the somatosensory cortex (Unichenko et al., 2018; Delattre et al., 2013). Whereas 

Hammer et al. (2015) reported a slight increase, in which spontaneous(s) IPSCs were reduced 

with no change in the sEPSC in the hippocampal CA3. Interestingly, several clinical studies also 

suggest that the E/I balance is shifted towards excitation in ASD cases (Rubenstein & 

Merzenich 2003; Gogolla et al., 2009; Tang et al., 2014). Overall, knowing that neuroligins can 

regulate excitatory or inhibitory synapses depending on the brain subregions, their region-

specific functional plasticity might be the molecular machinery used to maintain the E/I ratio 

in the brain, which is disrupted in many psychiatric disorders including ASD (Cline, 2005; 

Levinson and El-Husseini, 2005; Hines et al., 2008; Jamain et al., 2003; Chih et al., 2004; 

Laumonnier et al., 2004).  

NLGN4 variants indeed comprise the most frequent ASD-linked variants, with more than 50 

mutations identified in individuals with ASD with almost 100% penetrance (Südhof, 2008; 

Kleijer et al., 2014; Chocholska et al., 2006, Laumonnier et al., 2004, Lawson-Yuen et al., 2008, 

Macarov et al., 2007, Marshall et al., 2008). The majority of these mutations are loss of 

function mutations (Zhang et al., 2009), and in parallel to this, Nlgn4-KO mouse model 

exhibited ASD-associated behavioral phenotypes, including repetitive behavior, restricted 

interests and reduced social interaction (Jamain et al., 2008; El-Kordi et al., 2013; Ju et al., 

2014). Such behavioral phenotypes were also reported in the Nlgn1-KO and Nlgn3-KO mouse 

models (Blundell et al., 2010, Shinoda et al., 2013). Magnetic resonance imaging (MRI) 

volumetry revealed reduced brain volume in Nlgn4-KO mice (Jamain et al., 2008). This data is 
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also parallel to human studies indicating reduced gray matter volume in adults with ASD (Sato 

et al., 2017). Moreover, reduced social behavior and ultrasonic vocalization were reported in 

males (Jamain et al., 2008) and females (El-Kordi et al., 2013) at P90, along with higher marble 

burying, indicating stereotyped and repetitive behavioral patterns in both sexes of the Nlgn4-

KO mice (El-Kordi et al., 2013). Similarly, pup and juvenile Nlgn4-KO mice (P8-P20) showed a 

deficiency in ultrasonic vocalization, which was more prominent in females at this 

developmental stage (Ju et al., 2014). The relation of Nlgn4 and social behavior was also 

marked by a very interesting study reporting that the Nlgn4 gene in the golden hamster 

contains a premature stop codon, which presumably results in a NL4 loss of function 

(Maxeiner et al., 2020). This indeed is a fascinating observation given that these hamsters live 

quite a solitary life as opposed to other rodents having a highly social life style (Gattermann 

et al., 2001). 

In humans, the most robust NL4 protein expression was found in the cortex and parts of the 

striatum, which are among the brain regions regulating higher cognitive functions such as 

language, social interaction, and emotions (Marro et al., 2019). In human neurons, the NL4 

protein was shown to be preferentially localized to the excitatory synapses and only to a 

subset of inhibitory synapses (Marro et al., 2019).   

Previous studies stated that the mouse Nlgn4 gene is poorly conserved compared to the 

human ortholog (Bolliger et al., 2008; Marro et al., 2019). Mouse Nlgn4 is localized to the 

telomeric pseudoautosomal region (PAR) of the sex chromosomes. Unlike Nlgn-1,2,3; the 

sequences of mouse (-m) and human (-h) Nlgn4 indeed show a substantial difference, 

indicating a lack of evolutionary conversation (Bolliger et al., 2008). However, an intriguing 

study by Maxeiner et. al. (2020) revealed that the majority of this diversification was the result 
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of increased GC content accumulation as well as highly repetitive sequences in the distinct 

coding regions and introns of the m-Nlgn4. Interestingly, distinct parts of the coding region 

remained conserved in spite of the substantial evolutionary pressure, which is known to result 

in destruction of several PAR genes (Maxeiner et al., 2020). More importantly, they compared 

the human and mouse NL4 protein structure, and reported that the insertions seem to occur 

in parts of the protein, where additional amino acid loops can be tolerated without interfering 

with the physiological function and synaptic localization of the NL4 protein (Maxeiner et al., 

2020). Therefore, discussions about the evolutionary conversation of the NL4 protein should 

be revisited considering the recent advances in the literature. 

1.3.4  Post-translational Processing of Neuroligins and ADAM10 
 

Synaptic activity can regulate the surface expression, cleavage, and phosphorylation of NLs, 

in vitro and in vivo (Hu, Luo & Xu, 2015), suggesting that it is a key factor in regulating NL 

functions (Heine et al., 2008; Shipman et al., 2011; Burton et al., 2012). For instance, 

chemically induced LTP has been shown to increase the surface levels of NL1, NL2, and NL3 in 

acute hippocampal slices and cultured neurons (Schapitz et al., 2010), indicating that the 

translocation and surface levels of these NLs are under the regulation of synaptic network 

activity. When this activity was chronically inhibited by AP5 or KN93 treatment; NL1-induced 

increases in EPSCs as well as NL2-induced elevation of IPSCs were found to be suppressed 

(Chubykin et al., 2007; Hu, Luo & Xu, 2015). In addition to these findings, network activity has 

also been shown to affect the ectodomain shedding of neuroligins. m-NL1 cleavage has been 

reported to be activity-dependent and can be induced by ligand (such as soluble Neurexin)  

binding both in vitro and in vivo in mice (Suzuki et al., 2012; Peixoto et al., 2012).  Its 

ectodomain shedding is predominantly mediated by A disintegrine and metalloproteinase 10 
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(ADAM10) and subsequent activity of 𝛾-secretase (Suzuki et al., 2012; Trotter et al., 2019). 

Similarly, m-NL3 ectodomain shedding is also regulated by neural activity in an ADAM10- 

dependent manner (Venkatesh et al., 2017).  

ADAM10 is expressed in various tissues in mice, at high levels, particularly in the brain 

(Marcinkiewicz & Seidah, 2000) and plays a critical role during development by modulating 

the organization, maintenance, and function of synapses through ectodomain-shedding of 

cell adhesion molecules (Marcinkiewicz & Seidah, 2000). Adam10-KO mice died on E9.5, 

indicating its crucial role during development (Hartmann et al., 2002). Conditional Adam10-

KO mice exhibited hippocampal neurons with fewer and abnormally shaped dendritic spines, 

impaired induction of LTP and hippocampal network activity, reduced NMDA receptor 

expression, as well as impaired spatial learning and memory, indicating the profound effect 

of ADAM10 on synaptic transduction and behavior (Prox et al., 2013). ADAM10 protein can 

be present both at pre- and post-synapses, where its exact location and proximity to the 

synaptic cleft are crucial for the targeting of neuroligins and neurexins (Prox et al., 2013). Its 

regulation is controlled at post-transcriptional, translational, and post-translational levels, 

and such regulatory steps at multiple levels allow for rapid adaptation of ADAM10 to changes 

in the microenvironment (Endres & Deller, 2017).  ADAM10 can cleave synaptic adhesion 

molecules such as N-cadherin (Warren et al., 2012), E-cadherin, CX3CL1 (Hundhausen et al., 

2003), neurexins (Borcel et al., 2016; Kuhn et al., 2016) and neuroligins (Suzuki et al., 2012; 

Kuhn et al., 2016; Venkatesh et al., 2017), including the NL4X (Yumoto et al., 2020).  

Neurons and glial cells, microglia in particular, are interdependent to regulate synapse 

functions in cooperation; and ADAM10 can modulate network activities also through glial 

cells. For instance, microglial surface protein triggering receptor expressed on myeloid cells 2 
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(TREM2) has also been identified as an ADAM10 target (Kuhn et al., 2016; Endres & Deller, 

2017), suggesting a crucial role of this protein in modulating functions of different neural and 

glial cell types in the brain. In a healthy state, there is a balance in the activity of ADAM10 and 

its processing of neural cell adhesion molecules at synapses (Endres & Deller, 2017). The levels 

and/or function of ADAM10 may be altered by changes in neuronal activity or pathological 

conditions, resulting in changes in the ectodomain shedding of the ADAM10 substrates. This 

suggests that interfering with ADAM10 activity could be an effective strategy for modulating 

synaptic function as well as behavior (Vezzoli et al., 2019). 

 

1.3.5  Synaptic Pruning Theory 
 
 
In 1979, Peter Huttenlocher systematically counted synapses in electron micrographs of post-

mortem human brains, from a new-born to a 90-year-old, and revealed that synaptic density 

in the cerebral cortex increases rapidly after birth, peaks at 1 to 2 years of age, and drops by 

about 50% during adolescence (Huttenlocher, 1979). In 1982, psychiatrist Irwin Feinberg used 

the term “synaptic pruning” to describe this reduction in synaptic density over time (Feinberg, 

1982). Later in time, these findings have been reproduced by several scientists, who stated 

the first ~2 years of life as a period of excessive synapse formation, which is followed by a ~20 

years period of net synapse elimination that leads to the loss of 40-50% of synapses during 

adolescence (Markus & Petit, 1987; Bourgeois and Rakic, 1993; Petanjek et al., 2011). 

Technological advancements such as unbiased machine learning algorithms simulating neural 

networks have confirmed the previous findings; moreover, have revealed the reduced 

pruning rate over time, with a phase of rapid and aggressive removal at the beginning of the 

development that was followed by a period of slower removal in the somatosensory cortex 
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(Navlakha et al., 2015). Neurons exhibit up to 40% synapse loss per month depending on the 

age and type of the neuron; and synapses are continuously formed and pruned throughout 

life instead of being restricted to an early developmental stage (Qiao et al., 2016; Südhof, 

2017). Four decades of research following Huttenlocher’s first findings identified several 

mechanisms underlying synaptic elimination, and suggested a key role played by microglia 

and astrocytes. 

 

1.4  Microglia: The Immune Cells of the CNS 
 
 
In 1856, Rudolf Virchow identified and defined ‘glia’ for the first time by underlining the 

importance of understanding neuroglial biology (Virchow, 1858; Kierdorf & Prinz, 2017). Later 

on, in 1913, Santiago Ramón y Cajal defined the ‘third element’ in the brain, which was 

distinct from neurons and astrocytes (Cajal, 1913). This distinct cell type was first 

comprehensively defined by Pío del Río-Hortega as microglia along with its mesodermal 

origin, distinct morphology, and phagocytic capacity (Río-Hortega 1919a-1919d; Sierra et al., 

2016 for the English translation). Following Río-Hortega’s findings; several neuropathologists 

virtually disputed the existence of microglia for years; until Blinzinger and Kreutzberg marked 

the revival of microglia research in the late 1960s (Blinzinger and Kreutzberg, 1968). 

 

Microglia are the resident macrophages and professional phagocytes of the central nervous 

system (CNS). They are present throughout the brain and the spinal cord, and make up about 

5-20% of the total glial cell population in the CNS (Lawson et al., 1990; Perry, 1998). They 

continuously survey their microenvironment in order to detect a variety of molecular cues or 

insults. Upon "activation", they can acquire highly versatile and adaptable responses either 
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to maintain CNS homeostasis or to provide an immune defense (Hannisch & Kettenmann, 

2007) (Figure 1.3). Notably, microglia activation is not a uniphasic process, but rather a 

context-dependent response modified by changes in the microenvironment (Hannisch & 

Kettenmann, 2007; Prinz & Priller, 2014. Wolf et al., 2017). The term "activation" can be 

deceptive since microglia are indeed far from being inactive prior to a challenge. Therefore, 

the term "microglia activation" has recently been revised as the "change in the functional 

phenotype in a context and stimulus-dependent manner" (Paolicelli et al., 2022). 

 

 

 

Figure 1.3 Versatile functions of microglia under homeostasis (Adapted from Salter & Stevens, 2017). 

Microglia can actively modulate immune defense and inflammation but also promote tissue 

repair and remodeling, which is regulated by the molecular cues and signals that microglia 

are exposed to (Hannisch & Kettenmann, 2007; Wolf et al., 2017). In addition to their immune 
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function, microglial cells can recognize a wide variety of  signals originating from homeostatic 

to pathological conditions, including the changes in the neural integrity. They sense pre-

synaptic synaptic release by their various neurotransmitter receptors and modify their 

function (Färber & Kettenmann, 2008; Pocock & Kettenmann, 2007). Microglia control 

neurogenesis (Sierra et al., 2010), neural differentiation (Aarum et al., 2003), and affect the 

wiring of the developing embryonic brain (Squarzoni et al., 2014). They dynamically interact 

with synapses, and modulate synaptic elimination by engulfing synaptic structures (Tremblay 

et al., 2010; Stevens et al., 2007). In the prenatal brain, they regulate the growth of 

dopaminergic axons (Squarzoni et al., 2014) and in the postnatal brain, they are required for 

the remodeling of neural circuits as well as for maintaining the homeostasis (Paolicelli et al., 

2011; Schafer et al., 2012). Microglia are distinct from perivascular, meningeal, and choroid 

plexus macrophages despite their large transcriptional overlap with perivascular 

macrophages, which is considerably more than between microglia and circulating monocytes 

(Goldmann et al., 2016). 

 

Unlike macroglia and neurons emerging from neuroectoderm, microglia are of mesenchymal 

origin. They are derived from the embryonic yolk sac in mice (Ginhoux et al., 2010) and follow 

a step-wise maturation process before they infiltrate to the brain. Runx1+/ CD45-/ c-kit+ 

erythromyeloid progenitor cells are the extraembryonic yolk sac-derived progenitors of 

microglia (Kierdorf et al., 2013a). They have the potential to give rise to microglia and 

macrophages, both in vitro and in vivo, under defined conditions (Kierdorf et al., 2013a). 

These progenitor cells develop into CD45+/c-kitlow/CX3CR1- immature committed cells, which 

migrate to the developing brain through the blood stream from embryonic day (E) 8.5 in mice, 

before the blood-brain barrier (BBB) is firmly established (E13.5 to E14.5) (Ginhoux et al., 
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2013; Matcovitch-Natan et al, 2016). In the developing brain, these cells mature into CD45+/c-

kit-/CX3CR1+ microglia with ramified morphology (Ginhoux et al., 2013; Matcovitch-Natan et 

al., 2016). Therefore, microglial cells already colonize the brain while other glial cells, such as 

astrocytes and oligodendrocytes, are not yet present at this early developmental stage 

(Squarzoni et al., 2014; Tay et al., 2017c; Matcovitch-Natan et al., 2016).  After this voyage of 

microglia-progenitors to the brain is completed, and the BBB is fully constructed; the only 

source of microglia under homeostasis is self-renewal (Mildner et al., 2007; Ginhoux et al., 

2013). As the CNS develops, microglia increasingly adapt to acquire diverse physiological 

functions, which are crucial for a normal brain development. Individual microglia are long-

lived in healthy adults, with a turnover rate of 0.08% per day (Réu et al., 2017). Continued 

activation of the receptor for colony-stimulating factor 1 (CSF-1R), a crucial receptor for the 

development of microglia and macrophages, is required for the maintenance of microglia in 

the CNS (Ginhoux et al., 2010; Erblich et al., 2011; Salter & Stevens, 2017). New microglia are 

generated through self-renewal from local pools; therefore, microglia maintenance is 

independent of circulating monocytes (Sheng et al., 2015; Hashimoto et al., 2013; Bruttger et 

al., 2015). Nevertheless, it has also been reported that phagocytes with morphological 

resemblance to microglia can be derived from bone-marrow (BM) cells or circulating 

monocytes, which then contribute to the pathology under inflammatory conditions in case of 

a pathological insult (Mildner et al., 2007; Priller et al., 2001; Simard et al., 2006). Priller et al. 

(2001) were among the first to explore the long-term fate of myeloid cells in the mouse CNS 

following bone marrow (BM) transplantation using GFP-labelled hematopoietic cells. Similar 

to other groups, they were able to detect parenchymal microglia expressing GFP in the 

cerebellum, striatum, and hippocampus many weeks after the transplantation (Priller et al., 

2001). 
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Microglia exhibit widely differing functions depending on the stage of life, the pathological 

insult at play, or the molecular cues received. Morphology, density, and gene expression of 

microglia have been reported to depend on age, brain region, sex, and context of homeostasis 

or disease (Masuda et al., 2019; Lenz et al., 2013; Butovsky et al., 2015; Hanamsagar et al., 

2017; Guneykaya et al., 2018, Hammond et al., 2019).  Different CNS regions contain 'adapted' 

microglia that display a context-dependent functional response, which is tuned to the 

molecular cues they receive in distinct brain regions and/or via contacts they establish with 

different cells of the CNS (Masuda et al., 2019). Local cues in the microenvironment or 

interactions with various neuronal subtypes and glial cells can explain this heterogeneity to a 

certain extent. Nevertheless, the possibility of microglial cells having intrinsic differences 

before infiltrating the CNS cannot be ruled out (Stratoulias et al., 2019). Thanks to recent 

advancements in single-cell technologies, microglia prove a remarkable heterogeneity also at 

the transcriptomic level (Hammond et al., 2019; Masuda et al., 2019). Although these findings 

are descriptive in terms of the state of microglia at a certain time and context, it is also 

questionable whether transcriptome and/or proteome heterogeneity translates to cellular 

heterogeneity (Okawa et al., 2018) or whether they just describe distinct molecular states 

within the same subpopulation. Defining a snapshot state of microglia by taking advantage of 

the recent transcriptomics technologies is indeed valuable; however, it is crucial to 

complement these findings with functional analyses of microglia to define varying 

subpopulations within the CNS. 
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1.4.1  Microglia and Synaptic Pruning 
 
 
Mounting evidence indicates a fundamental role of microglia in normal brain development 

and wiring through modulating synaptic formation, maturation (Hoshiko et al., 2012; Ueno et 

al., 2013; Miyamoto et al., 2016), and regulation of synaptic pruning in physiological and 

pathological conditions (Stevens et al.,2007; Paolicelli et al., 2011; Schafer et al., 2012; Kim et 

al., 2017). In vivo, two-photon imaging studies of mice have revealed that GFP-labeled 

microglia continuously survey their local environment, and their fine processes continuously 

contact neurons, axons, and dendritic spines (Davalos et al., 2005; Nimmerjahn  et al., 2005). 

It is anticipated that resident microglia can scan the entire brain volume within a matter of 

just few hours (Nimmerjahn  et al., 2005). Microglial processes make direct and transient 

contacts with synaptic terminals; and several research groups have reported the presence of 

pre- and post-synaptic components inside microglial lysosomes, suggesting an active 

involvement of microglia in synaptic pruning (Tremblay et al., 2010; Paolicelli et al., 2011; 

Schafer et al., 2012; Filipello et al., 2018). For synaptic pruning and remodeling, microglia use 

their immune-phagocytic functions (Kettenmann, Kirchhoff & Verkhratsky, 2013). 

Phagocytosis is a complex process involving three primary steps: target recognition, 

engulfment, and digestion. Microglia sense “find me” signals before migrating toward the 

target, where they next detect “eat me” signals to initiate phagocytosis. The development of 

phagocytic cups is the initial step, which is followed by the engulfment and digestion of the 

target in lysosomes (Brown & Neher, 2014). Apart from phagocytosis, trogocytosis has also 

been reported in microglia, where they engulf only pre-synaptic material without forming the 

phagocytic cup in hippocampal organotypic brain slices (Weinhard et al., 2018). Contact of 

microglia with post-synaptic terminals, on the other hand, only resulted in the remodeling of 
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dendritic spines (Weinhard et al., 2018). Depletion of microglia at P19 or P30 revealed a 

significant decrease in synapse elimination and formation (Parkhurst et al., 2013). The neural 

activity appears critical to determine which synapses are to be preserved and which to be 

tagged for elimination. Since microglia have dynamic contacts with synapses, they sense the 

local synaptic release through their neurotransmitter receptors and engulf synapses that 

display lower activity (Schafer et al., 2013). However, neuronal activity is not the only factor 

that regulates microglia-mediated synaptic pruning, which also depends on the 

developmental stage, brain region, and the pathological insult (Paolicelli & Ferretti, 2017; 

Geloso et al., 2021; Mordelt and de Witte, 2023).  

 

The most important and extensively studied pathways that mediate microglia-dependent 

synaptic engulfment are the complement pathway (Stevens et al., 2007), TREM2 pathway 

(Filipello et al., 2018), IL33-R signaling pathway (Vainchtein et al., 2018), SIRPα-mediated 

pathway (Ding et al., 2021; Lehrman et al., 2018), and Fractalkine pathway (Paolicelli et al., 

2011).  

 

First reported in the retinogeniculate system, complement signaling is one mechanism that 

microglia use together with astrocytes to identify and locate the unwanted synapses in the 

postnatal developmental. They recognize and engulf synapses tagged by complement 

cascade proteins, C1qb, and the downstream C3, through complement receptor 3 (CR3) in 

the visual thalamus (Stevens et al., 2007; Stephan, Barres & Stevens, 2012; Gomez-Arboledas, 

Acharya & Tenner, 2021).  
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In the hippocampus, different complement-independent mechanisms of synapse elimination 

have also been reported. During post-natal development, microglia eliminate excessive 

synapses via recognition of fractalkine (CX3CL1), which is secreted by neurons as a “find 

me/eat me” signal that can be recognized by the microglial CX3CR1. In parallel, Cx3cr1-KO 

mice display impairments in synaptic pruning and also in social behavior (Paolicelli et al., 2011; 

Zhan et al., 2014). 

 

Another synaptic elimination mechanism is the TREM2-mediated phagocytosis of the synaptic 

components during periods of circuitry refinement in the hippocampus (Filipello et al., 2018). 

Trem2-KO mice show impaired synaptic engulfment and increased synaptic density in the 

hippocampus, along with reduced social interaction (Filipello et al., 2018). Another study 

reported that phosphatidylserine (PS) detection by microglia, especially through microglial 

TREM2, is another mechanism for the removal of synapses, which expose PS on their surface 

and signal microglia to engulf them in the hippocampus (Scott-Hewitt et al., 2020). 

 

The IL-1 family cytokine Interleukin-33 (IL-33) is another molecular cue driving microglial 

engulfment of synapses. IL33 secreted by neurons (Nguyen et al., 2020) and by astrocytes 

represents a signal to microglia to engulf synapses in the thalamus, spinal cord, and 

hippocampus (Vainchtein et al., 2018; Nguyen et al., 2020). 

 

SIRPα-mediated signaling also modulates microglia-synapse interaction through recognition 

of CD47, which is a “don’t eat me” signal (Lehrman et al., 2018). In the retinogeniculate 

system, the interaction between CD47, which is expressed on the plasma membrane of 

neurons, and microglial SIRPα inhibit synaptic engulfment. This interaction might represent a 
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mechanism to "tag" and protect the necessary synapses from elimination (Lehrman et al., 

2018; Ding et al., 2021). 

 

Impairments in one or more of these mechanisms result in aberrant wiring of neural circuits 

or alter the homeostasis between excitatory and inhibitory synapses. Such dysregulations 

were discussed for the pathophysiology of neuropsychiatric disorders such as schizophrenia 

and autism spectrum disorder (Gupta et al., 2014, Sellgren et al., 2019), which supports the 

prominent role of microglia function in the context of “synaptopathies”. 

 

Astrocytes also establish close contact at pre- and post-synaptic terminals, and form the 

"tripartite synapse". They are also involved in synaptic refinement during development and 

adulthood through mechanisms distinct from microglia. For instance, they can regulate the 

deposition of C1q on neurons, thereby activating microglial recognition of the synapses 

(Chung et al., 2015a; 2015b). In addition to astrocytes and pre- and post-synaptic neurons, 

microglia make up the “fourth component” of the “quad-partite synapse” (Paolicelli & Gross, 

2011; Schafer et al., 2013) (Figure 1.4). 
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Figure 1.4 Schematic representation of the quad-partite synapse (created by using biorender.com). 

 
1.4.1.1     Particular Emphasis on the Triggering Receptor Expressed on Myeloid Cells 2 

(TREM2) Pathway 

 
TREM2 is an innate immune receptor expressed by myeloid cells, such as macrophages, 

neutrophils, and also by microglia in the CNS. In the brain, TREM2 signaling induces a reactive 

microglia state and mediates several crucial microglial functions, such as survival, 

inflammation, phagocytosis, actin remodeling, cellular metabolism, and synaptic pruning 

(Brown & St. George-Hyslop, 2022; Filipello et al., 2022). TREM2 receptor-mediated signaling 

is induced by a ligand binding to the TREM2  ectodomain. Several classes of polyanionic 

molecules bind to the TREM2 ectodomain, such as bacterial components, anionic and 

zwitterionic lipids, myelin, apolipoprotein E (ApoE), and lipoprotein particles (Filipello et al., 

2022). Upon ligand binding, TREM2 receptor signaling starts through association of the DAP12 

(TYROBP) and DAP10 adaptor proteins with the intracellular C-terminus domain of surface 
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TREM2. The TREM2 cytoplasmic domain and DAP12 intracellular complex then activate 

multiple downstream signaling molecules that result in the activation of mitogen-activated 

protein kinase (MAPK)-mediated cascades among other pathways (Filipello et al., 2022). The 

plasma membrane levels of TREM2 are tightly regulated and show a rapid turnover. TREM2 

undergoes ectodomain shedding by ADAM10 and ADAM17, which release soluble TREM2 

(sTREM2) into the extracellular space, following which it becomes detectable in the 

cerebrospinal fluid (CSF) and peripheral blood (Piccio et al., 2008; Wunderlich et al., 2013). 

This proteolytic shedding of surface TREM2 can negatively regulate the TREM2 signaling 

(Filipello et al., 2022), and the residual TREM2 C-terminal fragment is degraded by γ-secretase 

(Wunderlich et al., 2013).  ADAM17 is also involved in TREM2 ectodomain shedding in THP1 

and CHO cell lines (Feuerbach et al., 2017), whereas ADAM10 plays a role in human 

macrophages, HEK293 cells, and murine microglia (Schlepckow et al., 2017; Thornton et al., 

2017).  

 

Another mechanism to generate sTREM2 is the translation of the alternative splicing product 

of the Trem2 gene (TREM2Δe2), which encodes for the soluble form of TREM2 instead of the 

surface-bound form (Del-Aguila et al., 2019; Filipello et al., 2022). Whether the ectodomain 

shedding and alternative splicing mechanisms work independently or in cooperation remains 

elusive. Notably, rapid turnover of TREM2 suggests either that TREM2 levels on the cell 

membrane must be tightly regulated or that sTREM2 has a certain cellular function and 

TREM2 might as well serve this function as a precursor of the functional sTREM2 (Brown & St 

George-Hyslop, 2022). sTREM2 has been shown to activate microglia (Zhong et al., 2017; 

2019; Sheng et al., 2021), by an unknown mechanism, and it may also act as a decoy receptor, 

which can competitively bind to the TREM2 ligands and may negatively regulate TREM2 
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signaling (Filipello et al., 2022). Rare genetic variants of TREM2 are associated with an 

increased risk for Alzheimer’s disease (Jonsson et al., 2013). On the other hand, the role and 

regulation of TREM2 signaling have not been addressed enough in the context of psychiatric 

disorders. Importantly, since TREM2 signaling results in an activated state of microglia (Zhong 

et al., 2017; 2019; Sheng et al., 2021), as well as is required for synapse elimination in a normal 

brain (Filipello et al., 2018), its role and regulation in various psychiatric disorders needs 

further investigation. 

 

 1.5  Inflammation and Psychiatric Disorders 
 

 
Infections (Boksa, 2010) and stress (Merlot et al., 2008) , identified as triggers of acute and 

chronic inflammatory responses, have been linked to high susceptibility to mental disorders. 

Human epidemiological studies demonstrate associations between exposure to early-life 

stress and the increased likelihood of developing neuropsychiatric disorders later in life 

(MacMillan et al., 2001), including depression (Agid et al., 1999; St Clair et al., 2015) and ASD 

(Kinney et al., 2008). Similarly, prenatal infections that occur during the first and second 

trimesters of human pregnancy elevate the risk of schizophrenia (Brown et al., 2004; 2012) 

and ASD (Atladóttir et al., 2010; Di Marco et al., 2016; Brown et al., 2012).  

 

There is a complex relationship between neuropsychiatric disorders and inflammation.  

Evolutionarily, there are a number of behaviors adapted to allocate energy resources to 

combat sickness and inflammatory response. These behaviors are called as “sickness 

behavior” in general; and include drowsiness, anhedonia, anxiety, diminished social 

engagement, lower locomotor activity, and reduced exploration in rodents (Dantzer et al., 



   

 38 

2008) and in humans (Harrison et al., 2009). The mechanism by which sickness behavior 

relates to neuro-immune interactions still remains poorly known. Yet, the existence of these 

sets of behaviors is a great evolutionary adaptation to preserve energy in favor of an effective 

immune response during an infectious disease and inflammation (Peters, 2006; Dantzer et al., 

2008). Interestingly, several key characteristics of major depressive disorder, such as reduced 

social exploration and anhedonia, closely resemble to sickness behavior (Maes, 1993; Maes 

et al. 1993; Maes et al., 2012). This observation led to hypotheses that if inflammation has 

the potential to induce such short-term behavioral changes, then the chronicity of this 

inflammation could potentially induce a long-lasting phenotype of such behavioral 

alterations, which can be considered as a depressive phenotype. In particular, if the subjects 

are already genetically predisposed or have been exposed to a negative environment (Dantzer 

et al., 2008), inducing a depressive phenotype would even be more probable under 

inflammatory conditions. Observations of higher peripheral levels of proinflammatory 

cytokines in major depressive disorder (MDD) patients support this notion (Dowlati et al., 

2010). Moreover, some treatment strategies, such as Interferon alpha (IFN-𝛼) treatment for 

hepatitis C, are associated with the risk of severe depressive symptoms, supporting further 

the link between inflammatory phenotype and depressive behavior (Udina et al., 2012). PET 

studies have demonstrated an increase in TSPO ligand binding in the cortex of depressed 

patients (Richards et al., 2018). Moreover, multiple brain regions, primarily the cerebral 

cortex, amygdala, and hippocampus, have been reportedly showed higher TSPO ligand 

binding, indicating a response to inflammatory stimuli, in some individuals with ASD (Suzuki 

et al., 2013; Tay et al., 2018). These findings, therefore, suggest a proinflammatory profile in 

the brains of MDD and ASD patients. Several studies demonstrated persistent behavioral 

symptoms being associated with inflammatory response (Zheng et al., 2021; DiSabato et al., 
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2016; Rosenblat et al., 2014; Shultz et al., 2012). Furthermore, anti-inflammatory agents, such 

as minocycline, demonstrated a promising potential to treat such behavioral symptoms 

(Chaudhry et al., 2012; Soczynska et al., 2017; Köhler et al., 2014; Nettis et al., 2021), 

suggesting that modulation of inflammation affects behavior. The COVID-19 pandemic has 

recently provided an additional evidence that even systemic inflammation and the 

accompanying cytokine storm can influence memory, cognition, and behavior, sometimes 

triggering or exacerbating mental disorders (Rogers et al., 2020; Xiong et al., 2020; Kempuraj 

et al., 2020).  

 

Microglia are sentinels in the CNS and can induce a pro-inflammatory or anti-inflammatory 

response depending on the assault (Kettenmann & Hanisch, 2007). Given that the mounting 

evidence indicates a critical link between inflammation and psychiatric disorders, the role of 

microglia in neuroinflammation and thus the effect of inflammation on microglia became the 

focus of the psychoneuroimmunology research.  

 

1.5.1  Microglia in Psychiatric Disorders 
 
 
There is a limited understanding of the pathogenic mechanisms behind psychiatric disorders, 

which are evidently highly complex and heterogeneous. Genome-wide association studies 

(GWAS) have identified the association of immunological, neural, and synaptic pathways with 

a number of psychiatric disorders (The Network and Pathway Analysis Subgroup of the 

Psychiatric Genomics Consortium, 2015). Microglia have been the focus of several studies of 

psychiatric disorders, as they relate to all three of these pathways through their versatile 

functions in the CNS. Dysregulations in the microglia phenotype have been reported in both 
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preclinical and post-mortem human studies, including those on autism, anxiety and 

depression, Rett syndrome, obsessive-compulsive disorder, and schizophrenia (Mattei et al., 

2017; Fillman et al., 2013; Dean et al., 2013; Frick et al., 2013; Steiner et al.,2008; Vargas et 

al., 2005; Morgan et al., 2010; Uranova et al., 2010; Bayer et al.,1999). Moreover, prenatal 

inflammation has been shown to shift the transcriptomic profile of early postnatal microglia 

towards adult signature, suggesting that many crucial microglia functions at those critical 

early stages of development can be affected in response to inflammation (Matcovitch-Natan 

et al., 2016). This study reports the impact of inflammation on microglia, which can have a 

variety of functional consequences that contribute to abnormal brain wiring and a 

proinflammatory response, both of which are linked to psychiatric disorders (Tay et al., 2017). 

Therefore, microglia are suggested to play a potential role in the start and/or progression of 

neuropsychiatric disorders via abnormal homeostasis maintenance, which in turn affects 

numerous brain functions (Salter & Stevens, 2017 ; Tay et al., 2017). 

 

1.5.1.1  Microglial Dysregulation in Autism 
 
 
Studies on post-mortem brains of individuals with autism have revealed altered expression of 

microglia-specific genes, including markers related to an inflammatory state (Voineagu et al., 

2011; Gupta et al., 2014; Suzuki et al., 2013), as well as microglia with primed morphology 

(Morgan et al., 2010). In addition to human studies, impaired microglial function in mice has 

also been shown to induce behavioral abnormalities associated with the symptoms of 

schizophrenia, obsessive-compulsive disorder, and ASD (Chen et al., 2010; Derecki et al., 

2012; Zhan et al., 2014). Maternal immune activation (MIA) is also associated with an elevated 

risk for autism (Tay et al., 2017) and various studies have reported microglial alterations in 
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the brains of offspring including changes in transcriptome, phagocytic capacity, motility, and 

morphology, in response to MIA (Sominsky et al., 2012; Mattei et al., 2017; Ozaki et al., 2020; 

Hayes et al., 2021). Notably, such microglial alterations can drive neuroinflammation but 

could also be a secondary, non-causal responses to neuroinflammation and neuronal death. 

Nevertheless; such alterations, whether caused directly or indirectly, impede microglia from 

carrying out their normal physiological functions, and this may have deleterious effects on 

neurogenesis, synaptogenesis, the wiring of brain circuits, and ultimately, behavior (Tay et al., 

2017). Yet, it still is crucial to understand if the microglia are merely reacting to abnormal 

changes in the brain environment or if they play a causative role contributing to the 

underlying pathophysiology of autism. 

 

1.5.1.2  Microglial Dysregulation in Anxiety and Depression 
 
 
Many studies have shown abnormalities of peripheral cytokine levels in patients with 

depression, raising the question of whether there is a primary immunological reason 

underlying the pathology of MDD (Frick et al., 2013). Investigations using post-mortem brains 

of patients, who committed suicide have indicated elevated IBA-1-positive microglia density 

compared to the healthy controls (Steiner et al., 2008; Morgan et al., 2010; Torres-Platas et 

al., 2014). Stress-induced anxiety in rodents was also linked to increased microglia density, as 

well as altered morphology -toward ameboid- and elevated phagocytosis in the hippocampus, 

along with the secretion of proinflammatory cytokines such as IL-1𝛽, IL-6, and TNF-𝛼 (Wohleb 

et al., 2018; Tynan et al., 2010). Neonatal exposure of rats to LPS was shown to induce 

increased anxiety-like behavior and microglial activation in adulthood (Sominsky et al., 2012), 

suggesting a link between inflammation, microglia phenotype and behavior. Mice with innate 
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high anxiety (HAB) also showed microglial dysregulations in the hippocampus such as the 

higher density and a higher CD68 immunoreactivity of microglia (Rooney et al., 2020). These 

studies, therefore, show that both stress-induced and innate high anxiety indicate an altered 

status of microglia along with dysregulations in the neuroimmune system. Overall, the current 

literature suggests a link between microglial dysregulation and high anxiety, as well as 

depression; however, it is not yet clear how these alterations contribute to the 

neuropathology of these psychiatric disorders. 

 
 
 1.6  Aim of the Present Study  
 

In the light of recent reports highlighting the potential role of microglia in psychiatric 

disorders, the primary objective of the present study was to investigate how synaptic 

engulfment by microglia is regulated in mouse models of autism and innate high anxiety & 

depression, as well as what sort of dysregulations may drive an aberrant synaptic engulfment 

by microglia in these mouse models displaying psychiatric symptoms. The present 

dissertation consists of two independent projects, in which the contexts of autism (A) and 

anxiety & depression (B) were independently studied.  

 
 
 
 
PROJECT (A) 
 

A growing body of data implicates synaptopathy as an underlying reason for ASD; however, 

research on the interaction of microglia and synapses in ASD models is insufficient. We 

previously reported aberrant microglial function and phenotype in the Nlgn4-KO mouse, a 

model of ASD, along with significant sex-linked differences in microglia motility, morphology 
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and antigen presentation potential, which were profoundly altered in males in the 

hippocampus (Guneykaya et al., 2023). Taking into account the changes observed in microglial 

phenotype, as well as the role of microglia in synaptic refinement, herein I asked a major 

question of how microglia-synapse interaction is affected in the Nlgn4-KO model; and I mainly 

focused on microglial engulfment of synapses along with the investigation of main pathways 

involved in their cross-talk.  

 

In the present study, 

 

1. I investigated microglial engulfment of synapses in the Nlgn4-KO hippocampus using in 

vitro and ex vivo assays, both for vGLUT1+ excitatory synapses and for total 

synaptosomes. 

2. I examined the TREM2, CX3CR1, IL33R, SIRP𝛼, and complement signaling pathways to 

highlight potential targets underlying aberrant synaptic engulfment by microglia in the 

Nlgn4-KO hippocampus. 

3. I reported (1) and (2) at two different developmental stages (P15 and P90) to present 

the effect of development on microglial engulfment of synapses along with the main 

pathways regulating this function in the Nlgn4-KO hippocampus. 

4. I examined the effect of the absence of NL4 in the hippocampal synaptosome 

proteome. 

5. I investigated the behavioral phenotype of Nlgn4-KO mice by particularly focusing on 

spatial learning and memory, considering its potential relevance to microglial pruning 

of synapses in the hippocampus.  
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2A  Materials & Method 
 

2A.1  Animals  
 
All mice of both sexes used for the current study were on a C57BL/6N genetic background 

and were handled according to the governmental and internal regulations. Nlgn4-KO mice 

were generously provided to our group by Prof. Nils Brose (Max-Planck-Institute for 

Experimental Medicine, Göttingen). The mice were group-housed in ventilated cages under 

standard laboratory conditions with 12:12 light/dark cycle and with access to food and water.  

 

2A.2  Ethics Statement 
 
All animal-handling procedures were performed in accordance with the German Animal 

Protection Law and were approved by the Regional Office for Health and Social Services in 

Berlin (Landesamt für Gesundheit und Soziales, Berlin, Germany, G0434/17). Mice were 

sacrificed with an overdose of pentobarbital (Narcoren, Vetmedica GmbH, catalog no. 

11336163) with intraperitoneal injection followed by decapitation. 

 

2A.3  Flow Cytometry Analysis of Cell Surface Markers 
 
Mice were intracardially perfused with 15ml ice-cold calcium- and magnesium-free 

Dulbecco's phosphate-buffered saline (DPBS). Hippocampi were dissected on a cooled, 

smooth glass platform and placed in ice-cold Hibernate-A medium (ThermoFisher Scientific, 

catalog no. A1247501). Mechanical dissociation protocol for cell isolation was adapted from 

Mattei et al., 2020 and carried out at 4°C using a Dounce homogenizer, with 30 gentle strokes 

using a loose pestle, until the hippocampi were completely homogenized in the Hibernate-A 

medium. The homogenates were then centrifuged at 400g for 10 minutes at 4°C, and the 
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pellet was dissolved in 1.5 ml DPBS. Myelin debris were removed via percoll gradient 

centrifugation by gently overlaying 2 ml PBS on the cell suspension including 22 % Percoll (GE 

Healthcare, catalog no.17-0891-01) in 2 ml final volume, and centrifuged for 10 minutes at 

3000 g with full acceleration and no breaks. Myelin cloud and rest of the supernatant were 

gently removed. The pellets were washed once with 1 ml DPBS and centrifuged at 300g for 5 

minutes at 4°C. The supernatant was discarded, and the total cell pellets were stained by 

using monoclonal anti-mouse antibodies: CD45 (BD, catalog no 559864, 1/100), CD11b 

(ThermoFisher Scientific, catalog no. 25-0112-82, 1/100), IL33R (ThermoFisher Scientific, 

catalog no. 12-9335-82, 1/100), TREM2 (R&D Systems, catalog no. FAB17291C, 1/200), 

CX3CR1 (BioLegend, catalog no. 149019, 1/100), SIRPα (ThermoFisher Scientific, catalog no. 

12-1721-82, 1/100), CD16/CD32 (1/200, ThermoFisher Scientific, catalog no. 14-0161-82)  for 

30 min at 4°C. Cells were washed once at 300g 5 min at 4ºC, supernatant was discarded, and 

the pellet were resuspended in 250 μl FACS buffer (DPBS with 0.2% BSA). Data were 

immediately acquired on BD Fortessa flow cytometer and main fluorescence intensity (MFI) 

values were analyzed with FlowJo v10 (BD Bioscience). 

 

2A.4  Microglial Engulfment of vGLUT1+ Synapses  
 
Intracellular vGLUT1 staining protocol was adapted from Brioschi et al., 2020 with minor 

modifications provided below. The mechanical dissociation protocol (Mattei et al., 2020) for 

cell isolation, which is described above, was strictly followed. Upon percoll gradient 

centrifugation, total cell pellets were stained with fixable live/dead staining (ThermoFisher 

Scientific, catalog no. L34969, 1/1000 in DPBS) for 30 min at 4°C, and followingly stained for 

the microglial surface markers CD45 (BD, catalog no. 559864, 1/100), CD11b (ThermoFisher 

Scientific, catalog no. 25-0112-82, 1/100), Ly6C (BD, catalog no. 553104), and Ly6G (BD, 
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catalog no. 551460). Stained samples were fixed and permeabilized using the BD 

Cytofix/Cytoperm kit according to manufacturer’s instructions (catalog no. 554714). 

Following fixation, intracellular staining for vGLUT1 Synaptic marker (Miltenyi Biotech, catalog 

no. 130-120-764, 1/200 in 1x BD Permeabilization Buffer) was performed for 1h at 4°C. 

Samples were acquired on FACS ARIA II (BD Bioscience) and microglia population was gated 

as CD11b++/ CD45+/ Ly6C-/ Ly6G-/ Viable cells. Spleen macrophages were used as negative 

control, which enabled us to quantify the percentage of vGLUT1 positive microglia residing 

above the spleen threshold gate. We also validated the specificity of our vGLUT1 antibody by 

using Vglut-IRES-Cre/ChR2-YFP mice, which were used as a positive control for the binding of 

the vGLUT1-FACS antibody. YFP is expressed by the glutamatergic neurons of these mice, 

indicating that the YFP positive population should also be vGLUT1 positive. We detected 

98.7% of the YFP+ population as vGLUT1 positive by using our staining protocol, which 

validates the efficiency of our antibody (Figure 2A.1). Detecting no positive events in spleen 

as a biological negative control, and using an isotype as a technical negative control, we 

confirmed that the vGLUT1 antibody used in the synaptic engulfment assay is specific. Gating 

strategy to define microglia is given in Figure 2A.3. Raw data were analyzed with FlowJo v10 

(BD Bioscience). MFI of vGLUT1-PE was analyzed by gating on CD11b++/ CD45+/ Ly6C-/ Ly6G-/ 

Viable population to quantify the engulfment of vGLUT1+ synapses by microglia. 
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Figure 2A. 1 Representative FACS plots demonstrating the gating strategy to test the specificity and 

efficiency of the vGLUT1 antibody. 

Gating strategy to define the YFP+ population from the hippocampus of Vglut-IRES-Cre//ChR2-YFP mice 

that were used as a positive control for testing the efficiency of the vGLUT1 FACS antibody. Compared 

to the Isotype control (a); 98.7% of YFP positive cell fraction is detected as vGLUT1 positive (b). 
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Figure 2A. 2 Representative FACS plots demonstrating the gating strategy to define spleen 

macrophages. 

Spleen was used as a negative control in the experiments to test the microglial engulfment of synapses 

in the hippocampus, per experimental run. FACS plots given above define the spleen macrophages as 

CD11b++/ CD45++/ Viable population. This population was used to set a threshold gate to quantify 

vGLUT1+ microglia in the brain samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2A. 3 Representative FACS plots indicating the gating strategy to define microglia as CD11b++/ 

CD45+/ Viable population. 

CD11b++/ CD45+/ Viable population was used to analyze vGLUT1-MFI as well as to quantify the 

percentage of vGLUT1+ microglia in the hippocampus based on the spleen threshold gate. Gray 

histogram defines the vGLUT1-MFI from the spleen macrophages and red histogram defines the 

vGLUT1-MFI from the hippocampal microglia. The gate indicated on the histogram starts at the level, 

where the vGLUT1-MFI from the spleen terminates (~104) and is used to analyze the vGLUT1 positive 

fraction in the brain samples. 

Cells
23,8

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

20210219- Pruning_Nl4 4 hippocampus_011.fcs
Ungated
174893

Single Cells
77,9

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K
FS

C
-H

20210219- Pruning_Nl4 4 hippocampus_011.fcs
Cells
41566

Comp-APC-A, Comp-YFP-A subset
97,0

0 103 104 105

Comp-APC-A

0

102

103

104

105

C
om

p-
YF

P-
A

20210219- Pruning_Nl4 4 hippocampus_011.fcs
Comp-APC-A, Comp-PE-Cy7-A subset
7957

Q1
0

Q2
25,8

Q3
74,2

Q4
0

0 103 104 105

Comp-PE-Cy7-A

0

-10 3

103

104

105

C
om

p-
PE

-A

20210219- Pruning_Nl4 4 hippocampus_011.fcs
Comp-APC-A, Comp-YFP-A subset
7717

Comp-APC-A, Comp-PE-Cy7-A subset
24,6

0 103 104 105

Comp-APC-A

0

103

104

105

C
om

p-
PE

-C
y7

-A

20210219- Pruning_Nl4 4 hippocampus_011.fcs
Single Cells
32362

Comp-PE-A+
25,6

Comp-PE-A-
74,4

0-103 103 104 105

Comp-PE-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
NL4 Female Pruning_20210507_spleen2_002.fcs Comp-YFP-A, Comp-PE-Cy7-A subset 15754 
20210219- Pruning_Nl4 4 hippocampus_011.fcs Comp-APC-A, Comp-YFP-A subset 7717 

FSC-A 

SS
C-

A
 

FSC-A 

FS
C-

H
 

CD45 
CD

11
b 

vG
lu

t1
 

FSC-A vGlut1 

N
or

m
.to

.M
od

e 

FSC-A 

V
ia

bi
lit

y 



   

 49 

2A.5  Total Synaptosome Isolation and pHrodoTM Red Labeling 
 
Hippocampal synaptic terminals were freshly isolated for each experiment, using Syn-PER 

Synaptic Protein Extraction Reagent (Thermo Fisher Scientific, catalog no. 87793) as 

recommended by the manufacturer. One tablet protease inhibitor was supplemented per 10 

ml Syn-PER reagent (Roche, catalog no. 5892970001). Hippocampi from WT and Nlgn4-KO 

mice were dissected on ice-cold glass platform and homogenized by using a Dounce tissue 

grinder by ~30  gentle strokes. The homogenate was centrifuged at 1200g for 10 min, and the 

pellet was discarded. The supernatant was centrifuged at 15,000g for 20 min and the 

synaptosomal pellet was resuspended in 0.1M Na2CO3.  0.25 mM pHrodoTMRed 

(ThermoFisher Scientific, catalog no. P36600) was used to label synaptosomes at room 

temperature for 1.5 h with gentle agitation. After seven times of washing with PBS to remove 

unbound excessive pHrodoTMRed, synaptosomes were pelleted at full speed for 1 min and 

immediately snap frozen using liquid nitrogen.  

For the tandem mass tag (TMT) mass spectrometry from synaptosomes, we used a different 

approach for the isolation of synaptosomes, since this approach has been proven to work 

better in mass spectrometry compared to the other isolation methods (Hoernberg et al., 

2021; unpublished data). In this approach, we used Krebs buffer (118.5 mM NaCl, 2.5 mM 

CaCl2, 1.18 mM KH2PO4,1.18 mM MgSO4, 3.8 mM MgCl2, 24.9 mM NaHCO3, 212,7 mM glucose 

in distilled H2O). One tablet protease inhibitor was supplemented per 10 ml Krebs buffer 

(Roche, catalog no. 5892970001). Hippocampi from WT and Nlgn4-KO mice were dissected 

on ice-cold glass platform and homogenized by using a Dounce tissue grinder by ~13 gentle 

strokes in ice-cold Krebs buffer. Homogenate were further processed by using a syringe with 

18G needle, and filtered first through a special soft filter (Merck Millipore, catalog no. 

NY1H02500) with 100 µm pore size. The resulting filtrate was again filtered through another 
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special filter (Merck Millipore, catalog no. NY0502500) with 5 µm pore size; and the final 

filtrate was centrifuged for 10 min at 1,000 x g, 4°C. Neuro-synaptosome pellet were collected 

and resuspended in 500 µL Krebs buffer supplemented with protease inhibitor. Samples were 

centrifuged for another round for 10 min at 1,000 x g, 4°C and the pellet were collected and 

lysed in Krebs buffer supplemented with 25mM HEPES, 2% SDS, and protease inhibitor. 

Samples were then boiled at 95°C for 3 minutes, and cooled down to 4°C. They were next 

transferred to the proteomics core facility of the Max Delbrück Center for Molecular Medicine 

to perform the mass spectrometry experiments. 

 

2A.6  Mass Spectrometry and Proteomics Data Analysis 
 
Proteomes of neuro-synaptosomes were analyzed using TMT (ThermoFisher Scientific) 

isobaric labels combined with deep fractionation as described by Mertins et al., 2018. Pellets 

were lysed in SDS buffer (25mM HEPES, 2% SDS, protease and phosphatase inhibitors) and 

boiled at 95°C for 3 minutes. Peptides were cleaned-up and digested with trypsin using the 

SP3 protocol as previously described (Hughes et al., 2014). 100 µg of each peptide  sample 

was subjected to TMT pro 18-plex (ThermoFisher Scientific) labelling with randomized 

channel assignments. Quantitation across two TMT plexes was achieved by including an 

internal reference derived from a mixture of all samples. Samples were fractionated into 24 

fractions using an UltiMate 3000 Systems (ThermoFisher Scientific) and measured on an 

Exploris 480 orbitrap mass spectrometer connected to an EASY-nLC system 1200 system. 

Analysis was performed using MaxQuant version 2.1.4.0 (Cox et al., 2008) with MS2-based 

reporter ion quantitation. Carbamidomethylation was set as a fixed modification and 

acetylated N-termini as well as oxidized methionine as variable modifications. A PIF filter with 

a threshold value of 0.5 was applied, and a Uniprot mouse database (2022-03) plus common 
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contaminants were used for database search. Corrected log2-transformed reporter ion 

intensities were normalized to the internal reference samples and further normalized using 

median-MAD normalization before applying two-sample moderated t-tests (limma, Ritchie et 

al., 2015). P-values were adjusted using the Benjamini-Hochberg procedure. 

 

2A.7  In vitro Synaptosome Engulfment Assay 
 
Under deep anesthesia, 13 weeks old mice were transcardially perfused with DPBS. 

Hippocampi were dissected on a cooled glass platform, and placed in ice-cold Hibernate-A 

medium supplemented with B27 (ThermoFisher, catalog no. A1247501). Enzymatic 

dissociation was carried out using Worthington’s papain dissociation kit (catalog no. 

LK003150) based on the manufacturer’s instructions. Myelin debris were removed via percoll 

gradient centrifugation by overlaying 2 ml PBS on cell suspension including 500 ul, 22 % 

Percoll in 2 ml final volume and centrifuged for 10 minutes at 3000 g with full acceleration 

and no breaks. Myelin cloud and rest of the supernatant were removed, and the pellet were 

washed in ice-cold MACS-buffer (PBS, 2% bovine serum albumin) and stained with anti-mouse 

CD11b magnetic beads (1/20 , Miltenyi Biotech, catalog no. 130-049-601) at 4oC for 20 

minutes. Total cells were passed through MS MACS columns (Miltenyi Biotech, catalog no. 

130-042-201). The flow through was discarded and the cells were flushed out of the column 

using a plunger into 1 ml Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher, catalog 

no. 11965092) and pelleted down by centrifugation at 300g, 6 minutes. Resulted pellet were 

resuspended in DMEM complete (10% FBS and 0.1% Penicillin/Streptavidin), and seeded in 

24-well culture plates at a density of 2.5 x 104 cells per well. After 1.5 h at 37oC, medium was 

gentle taken out and cells were supplied with 500 μl fresh DMEM per well, supplemented 

with 1/50 synaptosomes per well, and incubated for 2h at 37oC.  For analyses, cells were 
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washed 3 times with DPBS, detached using 500 μl trypsin solution (ThermoFisher Scientific, 

catalog no. R001100), were stained with CD16/CD32 (1/200, ThermoFisher Scientific, catalog 

no. 14-0161-82) and kept for 10 minutes on ice. This step was followed by staining with 1/100 

CD11b, 1/100 CD45 at 4oC for 20 minutes. After the incubation, data were acquired using  BD 

Aria II, and were analyzed using FlowJo v10 (BD Bioscience).  

We defined the microglia population as CD11b++/CD45+ subset (Figure 2A.4), and tested the 

efficiency of our protocol by using 100 μM UDP to simulate microglia for 3 hours to induce 

phagocytosis (Koizumi et al.2007). After 3 hours, we compared the engulfment of 

pHRodoTMRed-labeled total synaptosomes by microglia in the presence and absence of UDP. 

By showing a higher microglial pHRodoTMRed-MFI from the UDP condition, we preliminary 

validated that our protocol works efficiently to detect changes in the microglial phagocytosis 

of synaptic material (Figure 2A.5). 

 

 

 

 

 

 

Figure 2A. 4 Representative FACS plots demonstrating the gating strategy to define single/ CD11b++/ 

CD45+  microglia. CD11b++/ CD45+ subpopulation was gated to analyze MFI of pHrodoTMRed to quantify 

engulfment of pHrodoTMRed-labeled synaptosomes by microglia. High number of events on the SSC-A 

axis indicates synaptosomes, which are located at SSC-A /FSC-A low axis. 
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Figure 2A. 5 Representative plot comparing the pHRodoTMRED-MFI from different conditions. 

WT microglia fed with unstained WT synaptosomes showed the lowest pHRodoTMRED-MFI (grey dot, 

normalized MFI=1), which gradually increase when the same microglia were fed with pHRodoTMRED-

labeled synaptosomes (purple dot, normalized MFI=50.32), then when stimulated with UDP and 

followingly fed with pHRodoTMRED-labeled synaptosomes (red dot, normalized MFI=63.04). Each dot 

represents the same microglia at three different conditions (fed with unstained synaptosomes, fed with 

pHRodoTMRED-labeled synaptosomes, stimulated with UDP and then fed with pHRodoTMRED-labeled 

synaptosomes). pHRodoTMRED MFI values detected in microglia were normalized to that of unstained 

synaptosomes prior to plotting.  

 

2A.8  Protein Isolation and Enzyme-linked immunosorbent assay (ELISA)  

Hippocampi were dissected from the WT and Nlgn4-KO mice, and hippocampal lysates were 

prepared in TRIS-HCl buffer (50 mM TRIS-HCl, 0.6M NaCl, 0.2% TritonX-100, 0.5% BSA, 1 tablet 

per 10 ml protease inhibitor Roche, catalog no. 5892970001) using FastPrep-24 classical 

instrument (MP Biomedicals). Hippocampal lysates were centrifuged at full speed (20815 g) 

for 30 minutes at 4ºC. Supernatant was collected and the total protein concentration was 

determined by using BCA assay (Pierce, ThermoFisher Scientific, catalog no. 23225). The 

enzyme-linked immunosorbent assay (ELISA; Figure 2.5) for complement component 3 (C3) 

(GenWay, catalog no. GWB-7555C7), for complement C1q subcomponent subunit B (C1QB) 

(Creative Biolabs, catalog no. CTK-031), fractalkine (CX3CL1) (R&D Systems, catalog no. 

MCX310), complement component 4A (C4A) (Assay Genie, catalog no. MODL00181), 
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Interleukin-33 (IL33) (ThermoFisher Scientific, catalog no. BMS6025), apolipoprotein E (APOE) 

(Assay Genie, catalog no. MOFI00648), TYRO protein tyrosine kinase-binding protein 

(TYROBP/ DAP12) (Assay Genie, catalog no. MOEB1092), soluble triggering receptor 

expressed on myeloid cells 2 (sTREM2) (MBS, catalog no. MBS7270015) were performed with 

1⁄2 diluted hippocampal protein samples based on the manufacturers’ instructions. A 

Disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) enzyme activity 

assay (ANASpec, catalog no. AS-72226) was performed with the same hippocampal protein 

samples based on the manufacturer’s instructions. Quantification of absorption and 

fluorescence values were detected using TECAN InfiniteR200 plate reader, and analyzed using 

a standard curve constructed by using the known concentrations versus absorption values of 

the respective targets.  

 

 

Figure 2A. 6 Schematic representation of the enzyme-linked immunosorbent assay (ELISA) (created by 

using biorender.com). 
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2A.9     Morris Water Maze 
 
Nlgn4-KO and WT animals were subjected to Morris Water Maze (MWM) training, separated 

by 2 individual phases, which are acquisition (first 3 days) and reversal learning (last 2 days) 

to test for the cognitive flexibility. The commonly used protocol of six trials of training per day 

(Wolfer et al., 1997) was applied, and each trial lasted for 2 minutes. The pool, 112 cm in 

diameter, was sealed with non-toxic ecological paint and contained opaque water at the room 

temperature. Mice were subjected to the water maze containing a submerged escape 

platform that is 1 cm below the water surface. Latencies to reach the platform were compared 

between trials, and were recorded with an automatic video tracking system. The data was 

analyzed by ANY-maze video tracking program (Stoelting Co., Ireland). 

 
2A.10     Statistical Analysis 
 
Data analyses were performed with GraphPad Prism 8.0 software (GraphPad Software Inc., 

USA). A 95% confidence interval was used for statistical evaluation, and P < 0.05 was 

considered as statistically significant in all sampled groups. Data are presented as 

means ± standard error of the mean (S.E.M.). The respective statistical tests are mentioned in 

the figure legends. 
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3A  RESULTS 
 
 
3A.1 Lower percentage of vGLUT1+ microglia observed in the hippocampus of Nlgn4-

KO  males 

 
We previously reported major dysregulations in the state and function of microglia in the 

Nlgn4-KO hippocampus (Guneykaya et al., 2023). In light of the reported status of microglia 

as well as that of synapses due to loss of NL4, we first examined engulfment of vGLUT1+ 

synapses by microglia and found lower engulfment in the Nlgn4-KO hippocampus, only in 

males (Figure 3A.1). Subsequently, we quantified the percentage of vGLUT1+ microglia in the 

Nlgn4-KO hippocampus and showed a significantly lower percentage only in males (Figure 

3A.1 e). 
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Figure 3A. 1 Lower engulfment of vGLUT1+ synapses by microglia is detected in the NL4-/- male 

hippocampus. 

(a) Gating strategy to define microglia as CD11b++/CD45+/ Viable subpopulation in the hippocampus.  

(b and c) Representative histograms indicating vGLUT1 fluorescence signal from the hippocampal 

microglia of WT (line) and NL4-/- (dashes) male (grey) and female (red) mice. Spleen (light blue) is used 

as a negative control for each experiment, and at least 100k cells were recorded per sample.  

(d)  % vGLUT1+ microglia is found significantly less in NL4-/- hippocampus of males compared to WT (2-

way ANOVA with Šídák's multiple comparisons test, male: nWT=15 nNL4-/-
 =15, p=0.0102; female: nWT=11 

nNL4-/-=14, p=0.465; grey bar: WT male, grey-filled bar: NL4-/- male; red bar: WT female, red-filled bar: 

NL4-/- female). Data are represented as mean ± SEM, and each dot indicates 1 mouse. Significant sex 

differences are indicated with dashes between NL4-/- male and NL4-/- female (pWTm/f =0.599; pNL4-/-

m/f=0.022).  

(e) Engulfment ability of NL4-/- and WT microglia was calculated by the vGLUT1-MFI signal of 

CD11b++/CD45+/Viable microglia in the hippocampus. NL4-/- male microglia show significantly lower 

vGLUT1+ MFI signal compared to WT. Data are represented as mean ± SEM, and each dot indicates 1 

mouse. Significant sex differences are indicated with dashes between groups (2-way ANOVA with 

Šídák's multiple comparisons test, male: nWT=15 nNL4-/-=15, p=0.028; female: nWT=11 nNL4-/-=14, p=0.685, 

sex differences; pWTm/f =0.03,  p 
NL4-/-m/f =0.0001  *P < 0.05; **P < 0.01; ***P < 0.001, NL4-/-  indicates 

Nlgn4-KO on the presented plots).  

 
 
 
3A.2  Microglia from the Nlgn4-KO hippocampus phagocyte less synaptosomes 
 
 
Since we observed a male-specific reduction in the synapse engulfment by microglia, as 

shown in Figure 3A.1, we next focused only on males and examined the engulfment of total 

synaptosomes instead of vGLUT1+ synapses in particular. For this purpose, we fed 

pHrodoTMRed-labeled synaptosomes to freshly isolated microglia from the Nlgn4-KO and WT 

hippocampus. In order to compare the phagocytic function, we first supplied WT and Nlgn4-

KO microglia with the same WT synaptosomes (Figure 3A.2 a[d]) and detected impaired 

phagocytosis by Nlgn4-KO microglia (Figure 3A.2 d). This data indicates that phagocytosis by 
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microglia towards synaptosomes is impaired in the Nlgn4-KO hippocampus. We also fed the 

same WT microglia either with WT or Nlgn4-KO synaptosomes (Figure 3A.2 a[e])  to address 

the effect originated only by the synaptosomes. Our data indicate that Nlgn4-KO derived 

synaptosomes are less efficiently engulfed by WT microglia, indicating a poor cross-talk 

between them (Figure 3A.2 e). This poor cross-talk indicated in the Figure 3A.2 e primarily is 

a result of synaptic composition of the Nlgn4-KO hippocampus, considering that phagocytosis 

by microglia towards WT synaptosomes is not hindered. We, therefore, report that both the 

engulfment of synaptosomes by microglia and the synapse-derived molecules signaling 

microglia to phagocyte are compromised in the Nlgn4-KO model. When Nlgn4-KO-derived 

synaptosomes were fed to WT and Nlgn4-KO microglia (Figure 3A.2 a[f]), as well as when 

synaptosomes of both origins were fed to Nlgn4-KO microglia (Figure 3A.2a[g]), we observed 

no significant difference in their engulfment (Figures 3A.2 f and g). 
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Figure 3A. 2 NL4-/- microglia engulf synaptosomes less efficiently compared to WT microglia. 

(a)Graphical illustration of four different experimental designs to detect engulfment of synaptosomes 

by microglia. (a[d])Freshly isolated microglia from WT and NL4-/- hippocampus are fed with the same 

WT synaptosomes. (a[e]) Freshly isolated microglia from WT hippocampus are fed either with WT or 

NL4-/- synaptosomes. (a[f]) Freshly isolated microglia from WT and NL4-/- hippocampus are fed with the 

same NL4-/- synaptosomes. (a[g]) Freshly isolated microglia from NL4-/- hippocampus are fed either with 

WT or NL4-/- synaptosomes (WT microglia= grey, NL4-/- microglia= blue, WT synaptosomes= light grey, 

NL4-/- synaptosomes= light blue). 

(b) Representative FACS plots indicating the gating strategy to define CD11b++/CD45+ microglia 

population.  

(c) Histogram comparing pHrodoTMRed fluorescence intensity of WT (grey line), NL4-/- (light blue 

dashed-line) microglia fed with the pHrodoTMRed-stained WT synaptosomes. WT microglia fed with 

unstained synaptosomes are used as a negative control (grey-filled).  

(d) NL4-/- hippocampal microglia show lower pHrodoTMRed MFI compared to WT microglia when they 

both are fed with the same WT-derived synaptosomes (circle: WT microglia fed with WT synaptosomes; 

dot: NL4-/- microglia fed with WT synaptosomes; Unpaired t test with Welch’s correction, nWT=9; nNL4-/-

=9; p=0.009). 

(e) WT hippocampal microglia show lower levels of pHrodoTMRed+ MFI when fed with NL4-/- 

synaptosomes (circle: WT microglia fed with WT synaptosomes; dot: WT microglia fed with NL4-/- 

synaptosomes; Unpaired t test with Welch’s correction, male: n=9, p=0.001)  

(f and g). Microglia isolated from NL4-/- hippocampus do not differ from WT when they both are fed 

with either NL4-/-[f]  or WT[g]  synaptosomes (circle[f]: WT microglia fed with NL4-/- synaptosomes; 

dot[f] : NL4-/-  microglia fed with NL4-/- synaptosomes;  circle[g]: NL4-/-  microglia fed with WT 
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synaptosomes; dot[g]: NL4-/- microglia fed with NL4-/- synaptosomes). pHrodoTMRed+ MFI values from 

each sample are normalized to the MFI of microglia fed with unstained synaptosomes and presented 

as fold-change relative to WT microglia for all given datasets. Each dot indicates one mouse and data 

is presented as mean ± SEM on all plots (Unpaired t-test with Welch’s correction, nWT=9 nNL4-/-=9, 

pf=0,94, pg=0.103, *P < 0.05; **P < 0.01; ***P < 0.001; NL4-/-  indicates Nlgn4-KO on the presented 

plots). 

 

3A.3  Nlgn4-KO male shows major dysregulations in the TREM2 signaling pathway in 

the hippocampus  

 
We reported two complementary observations so far to indicate less engulfment of both 

vGLUT1+ synapses and total synaptosomes by Nlgn4-KO microglia. These results clearly 

indicate an impaired state of synaptic engulfment in the hippocampus of Nlgn4-KO compared 

to WT. According to several studies, signaling via TREM2, CX3CR1, IL33R, SIRPα, and 

complement proteins are primarily implicated as the pathways that control microglia-

mediated synaptic engulfment (Filipello et al., 2019; Paolicelli et al., 2011; Vainchtein et al., 

2018; Stevens et al., 2007; Ding et al., 2021). To determine which pathways might be 

responsible for the observed microglial phenotype, we next examined the dynamics of these 

pathways in the Nlgn4-KO hippocampus. We checked the expression CD11b subunit of C3 

receptor (CR3), IL33 receptor (IL33R), SIRPα, Fractalkine receptor (CX3CR1) and TREM2 on 

microglia in the WT and Nlgn4-KO hippocampus along with their interaction partners C3, 

C1QB, C4A, IL33, and CX3CL1 (Figure 3A.3). We found a significantly lower surface expression 

of TREM2 by Nlgn4-KO microglia compared to WT (Figure 3A.4 b-c). Amongst all investigated 

pathways, the lower expression of TREM2 might explain the pattern of the observed, lower 

synaptic engulfment-related phenotype of the Nlgn4-KO microglia (Figure 3A.3, Figures 3A.4 

c and 3A.4 d). Therefore, we next examined the other key regulators in the TREM2 pathway 

that involve APOE, sTREM2, and TYROBP. We reported higher levels of soluble TREM2 (Figure 
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3A.4 e), lower levels of APOE (Figure 3A.4 f), yet, found no difference in TYROBP (Figure 3A.4 

g) in the Nlgn4-KO hippocampus. Together, these findings point to major dysregulations in 

the TREM2 signaling in the hippocampus of Nlgn4-KO males, which is consistent with the 

previously described impairments in the synaptic engulfment shown in the Figure 

3A.1. Except for the TREM2 surface expression, the only significant difference was found in 

CD11b (C3R) expression, which shows higher expression on Nlgn4-KO microglia compared to 

the WT, (Figure 3A.3 a and b) and this was not reflected on the function of microglial 

engulfment of synapses. 

Since sTREM2 can be generated via cleavage of surface TREM2 by the ADAM10 enzyme or via 

alternative splicing of the Trem2 gene (Filipello et al., 2022), we next tested the ADAM10 

enzyme and reported lower enzymatic activity in the Nlgn4-KO hippocampus in comparison 

to the WT (Figure 3A.4 h).  The concentration of ADAM10, on the other hand, did not show a 

significant difference in the WT and Nlgn4-KO hippocampus (Figure 3A.4 k). Thus, rather than 

processing of the surface TREM2 by ADAM10, our data support the alternative splicing route 

as the driving source of the elevated levels of sTREM2 in the Nlgn4-KO hippocampus. 
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Figure 3A. 3 Targets in the pathways driving microglia-mediated synaptic pruning do not show a 

significant difference between WT and NL4-/- hippocampus except for the higher expression of CD11b 

by the NL4-/- microglia. 

(a) Representative overlayed histogram comparing fluorescence intensity of CD11b subunit of the CR3 

from WT and NL4-/- microglia (Histograms: grey line: WT male, grey-filled dashes: NL4-/-, light grey-

filled: unstained control).  

(b) Comparison of CD11b (CR3 subunit) MFI of freshly isolated microglia from the hippocampus of WT 

and NL4-/- mice. Bar plots indicate a significantly higher level of CD11b MFI in NL4-/-microglia compared 

to the WT (Unpaired t test with Welch’s correction, CR3:  nWTmale=5 nNL4-/-male=5, p=0.007).  

(c) Comparison of CX3CR1 MFI from freshly isolated hippocampal microglia indicates no significant 

difference comparing WT and NL4-/- (Unpaired t test with Welch’s correction:  nWTmale=13, nNL4-/-male=14, 

p=0.777).  

(d) Comparison of IL33R MFI from freshly isolated hippocampal microglia of WT and NL4-/- mice. Bar 

plots indicate no significant difference comparing WT and NL4-/- (Unpaired t test with Welch’s 

correction, nWTmale=14, nNL4-/-male=14, p=0.188). 

(e) Comparison of SIRPα MFI from freshly isolated hippocampal microglia of WT and NL4-/- mice. Bar 

plots indicate no significant difference comparing WT and NL4-/-(Unpaired t-test with Welch’s 

correction;  nWTmale=5, nNL4-/-male=5, p=0.606).  

(f/ g/ h/ I /j) Bar plot showing no significant difference in the protein expression levels of C3, C4A, 

C1QB, CX3CL1, IL33 in the WT and NL4-/- hippocampus. Data is normalized to the total protein 

concentration per sample and represented as mean ± SEM. (Unpaired t test with Welch’s correction, 

nWT=6 nNL4-/-=6, pC3=0.292, pC4A=0.896, pC1QB=0.946, pCX3CL1=0.688, pIL33=0.357, *P < 0.05; **P < 0.01; 

***P < 0.001; NL4-/-  indicates Nlgn4-KO on the presented plots). 
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Figure 3A. 4 NL4-/- males show major dysregulations in the TREM2 signaling pathway. 

(a) Gating strategy to analyze TREM2 fluorescence intensity on CD11b++/CD45+ microglia population.  

(b) Representative overlayed histograms comparing fluorescence intensity of TREM2 from WT and NL4-

/- microglia (grey line: WT male, grey-filled dashes: NL4-/- male, light grey-filled: unstained control).  

(c) Comparison of TREM2 MFI from freshly isolated hippocampal microglia (CD11b++/CD45+) of WT and 

NL4-/- mice. Bar plots indicate a significant decrease of TREM2 MFI in NL4-/- male microglia. Each dot 

indicates one mouse and data is presented as mean ± SEM (Unpaired t-test with Welch’s correction: 

nWT=13 nNL4-/-=17, p=0.016).  

(d) Increase in sTREM2 levels is shown in the NL4-/- male hippocampus compared to the WT male. Data 

is normalized to the total protein concentration per sample and represented as mean ± SEM. (Unpaired 

t-test with Welch’s correction: nWT=7 nNL4-/-=6, p=0.017). 

(e) APOE protein level is significantly lower in the NL4-/- hippocampus. Data is normalized to the total 

protein concentration per sample and represented as mean ± SEM (Unpaired t-test with Welch’s 

correction: nWT=8 nNL4-/-=8, p=0.04).  

(f) No difference is detected in the expression levels of TYROBP (DAP12) in the hippocampus of NL4-/-

compared to WT controls. Data is normalized to the total protein concentration per sample and 

represented as mean ± SEM.  (Unpaired t-test with Welch’s correction: nWT=6 nNL4-/-=6, p=0.35).  
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(g) ADAM10 enzyme activity in the hippocampus is lower in the NL4-/- compared to WT. Final cleaved 

substrate (5-FAM /QXLTM520) concentration is quantified to assess enzymatic activity between WT and 

NL4-/- samples (Fluorescence signal originates from the cleaved substrate, processed by the ADAM10).  

(h) No difference is detected in the expression levels of ADAM10 in the hippocampus of NL4 -/- 

compared to WT controls. Data is normalized to the total protein concentration per sample and 

represented as mean ± SEM. (Unpaired t-test with Welch’s correction: nWT=5 nNL4-/-=5, p=0.64). Data 

are shown as mean ± SEM and each dot indicates one mouse. (*P < 0.05; **P < 0.01; ***P < 0.001 

taken for all datasets; NL4-/-  indicates Nlgn4-KO on the plots). 

 

 

3A.4  Dysregulations in the ADAM10 activity start early in development without an 

impact on the TREM2 pathway and microglial engulfment of synapses 

 
We reported major dysregulations in the TREM2 pathway in the Nlgn4-KO adult 

hippocampus, which we hypothesize to be connected to the lower microglial engulfment of 

synapses. Therefore, we next investigated whether dysregulations in the TREM2 pathway 

emerge early in development by checking the expression of surface TREM2, sTREM2, 

ADAM10, as well as enzymatic activity of ADAM10 in the Nlgn4-KO hippocampus at P15.  We 

found no changes in the expression of surface TREM2 and sTREM2 in the NL4-/- hippocampus 

(Figure 3A.5 a and b). Yet, similar to the adult stage, our findings indicate a decrease in the 

ADAM10 activity, but not in concentration (Figure 3A.5 c and d), suggesting that the 

dysregulation of enzyme activity starts early in development. In addition, we compared the 

microglial expression of CD11b, SIRPα, and IL33R between WT and Nlgn4-KO microglia at P15, 

and did not observe any significant differences (Figure 3A.5 e, f and h). However, we detected 

a significantly lower expression of CX3CR1 in the Nlgn4-KO microglia, which may have a 

potential effect on microglial function at this earlier developmental time point (P15) (Figure 

3A.5 g). 



   

 65 

 

 

 

 

 

 

 

 

 

 

Figure 3A. 5 Dysregulation in the ADAM10 enzymatic activity starts early in development at P15. 

(a) Expression levels of surface TREM2 was analyzed by quantifying TREM2 MFI signal on freshly 

isolated microglia (CD11b++/CD45+) and no difference was found comparing WT and NL4-/- 

hippocampus (Unpaired t test with Welch’s correction, TREM2: nWT=8 nNL4-/-=8 p=0.19). 

(b) sTREM2 protein levels measured in the hippocampus indicate no difference in NL4-/- and WT. 

sTREM2 data is normalized to the total protein concentration per sample and presented as mean ± 

SEM on bar plots (Unpaired t-test with Welch’s correction, sTREM2: nWT=8 nNL4-/-=8 p=0.067).  

(c) ADAM10 enzyme in NL4-/- hippocampus shows a significantly lower activity compared to age-

matching WT. Final cleaved substrate (5-FAM /QXLTM520) concentration is quantified to compare 

enzymatic activity between WT and NL4-/- samples (nWT=8 nNL4-/-=7 p=0.003).  

(d) Expression levels of the ADAM10 enzyme in NL4-/- hippocampus shows no significant difference 

compared to age-matching WT. Data is normalized to the total protein concentration per sample and 

presented as mean ± SEM on bar plots (nWT=6 nNL4-/-=6 p=0.65). 
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(e) Expression level of SIRPα is analyzed by quantifying SIRPα MFI signal from freshly isolated microglia. 

No difference was detected comparing WT and NL4-/- male hippocampus (Unpaired t-test with Welch’s 

correction, SIRPα: nWT=9 nNL4-/-=9 p=0.584).  

(f) Expression level of CR3 is analyzed by quantifying MFI signal of the CD11b subunit of CR3 on freshly 

isolated microglia. No significant difference was found comparing WT and NL4-/- male hippocampus 

(Unpaired t-test with Welch’s correction, C3-R: nWT=9 nNL4-/-=9 p=0.273).  

(g) Expression level of CX3CR1 is analyzed by quantifying CX3CR1 MFI signal on freshly isolated 

microglia and found lower in NL4-/- hippocampus compared to WT (Unpaired t test with Welch’s 

correction, CX3CR1: nWT=9 nNL4-/-=9 p= <0.0001).  

(h) Expression level of IL33R is analyzed by quantifying IL33R MFI signal on freshly isolated microglia. 

No difference was detected comparing WT and NL4-/- male hippocampus (Unpaired t-test with Welch’s 

correction, IL33R: nWT=9 nNL4-/-=9 p=0.141; *P < 0.05; **P < 0.01; ***P < 0.001 for all datasets; NL4-/-  

indicates Nlgn4-KO on the presented plots). 

 

 

3A.5  Microglial engulfment of synapses is not affected in the Nlgn4-KO 

hippocampus at P15  

 
Microglia from Nlgn4-KO hippocampus did not exhibit a difference in the expression of TREM2 

and sTREM2, yet showed lower levels of CX3CR1 at P15. Therefore, we next investigated 

whether the synaptic engulfment by microglia at this stage was affected. First, we examined 

whether there was any difference in the engulfment of vGLUT1+ synapses in the 

hippocampus; and found that neither the percentage of vGLUT1+ microglia nor the 

engulfment of vGLUT1+ synapses by microglia in the Nlgn4-KO hippocampus were affected 

(Figure 3A.6 a and b). We next checked the engulfment of total synaptosomes by microglia, 

which as well showed no difference in the Nlgn4-KO hippocampus compared to the WT 

(Figure 3A.6 c). Therefore, we conclude that impaired engulfment of synapses by microglia 

develops gradually over time and becomes evident at P90, which coincides with 

significant dysregulations in the TREM2 pathway in the Nlgn4-KO hippocampus.  
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Interestingly,  when WT microglia were fed either with WT or Nlgn4-KO derived 

synaptosomes, there was no significant difference in their engulfment, contrary to what was 

reported at P90 (Figure 3A.6 d and 3A.2 e). When Nlgn4-KO synaptosomes were fed to 

microglia from either WT or Nlgn4-KO hippocampus, we similarly did not report any 

significant difference. Likewise, when synaptosomes from WT or Nlgn4-KO hippocampus 

were fed to Nlgn4-KO microglia, we also did not find any difference in the microglial 

engulfment of synaptosomes from both groups (Figure 3A.6 e and f). 
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Figure 3A. 6 Microglial engulfment of synapses is not affected in the NL4-/- hippocampus at P15. 

(a and b) Bar plots show the percentage of vGLUT1+ microglia (CD11b++/CD45+/Viability-) and vGLUT1-

MFI comparing synaptic engulfment in the WT and NL4-/- hippocampus that show no significant 

difference. Each dot indicates one mouse and data is shown as mean ± SEM (Unpaired t test with 

Welch’s correction, male: nWT=9 nNL4-/-=9, p=0.376).  

(c) Freshly isolated microglia from WT and NL4-/- hippocampus were fed with the same WT 

synaptosomes, and no significant difference was detected in the pHrodoTMRed MFI of microglial cells 

(circle: WT microglia fed with WT synaptosomes; dot: NL4-/- microglia fed with WT  synaptosomes; 

Unpaired t test with Welch’s correction, male: n=5, p=0.14). 

(d) Freshly isolated microglia from WT hippocampus were fed either with WT or NL4-/- synaptosomes, 

and no significant difference was detected in the pHrodoTMRed MFI of microglial cells (circle: WT 

microglia fed with WT synaptosomes; dot: WT microglia fed with NL4-/- synaptosomes, Unpaired t test 

with Welch’s correction, male: n=5, p=0.87). 

(e) Freshly isolated microglia from WT and NL4-/- hippocampus were fed with the same NL4-/- 

synaptosomes, and no significant difference was detected in the pHrodoTMRed MFI analyzed from 

microglial cells (circle: WT microglia fed with NL4-/- synaptosomes; dot: NL4-/- microglia fed with NL4-/- 

synaptosomes, Unpaired t test with Welch’s correction, male: n=5, p=0.38).  

(f) Freshly isolated microglia from NL4-/- hippocampus were fed either with WT or NL4-/- synaptosomes, 

and no significant difference was detected in the pHrodoTMRed MFI analyzed from microglial cells 

(circle: NL4-/- microglia fed with WT synaptosomes; dot: NL4-/- microglia fed with NL4-/- synaptosomes, 

Unpaired t test with Welch’s correction, male: n=5, p=0.79). pHrodoTMRed+ MFI values from each 

sample are normalized to the MFI of microglia fed with unstained synaptosomes and presented as 

relative to WT microglia for all given datasets. Each dot indicates one mouse and data is presented as 

mean ± SEM for all given datasets. (Statistical significance was shown as *P < 0.05; **P < 0.01; 

***P < 0.001; NL4-/-  indicates Nlgn4-KO on the presented plots). 

 

3A.6 ADAM10 enzymatic activity is not affected at P3 in the Nlgn4-KO hippocampus  

 

Since we reported impaired enzymatic activity of ADAM10 at P15, where microglial 

engulfment of synapses and TREM2 signaling were not affected, we next traced back to other 

developmental stages to find out where does the dysregulation in ADAM10 enzymatic activity 

starts. Based on our findings, we hypothesized a potential direct effect of NL4 levels on the 



   

 69 

ADAM10 enzymatic activity; therefore, we picked P3, where expression of NL4 protein in the 

WT hippocampus is the lowest compared to later developmental time points (Jamain et al., 

2008). We investigated the enzymatic activity and expression levels of ADAM10 at P3, and 

found no significant difference between WT and Nlgn4-KO (Figure 3A.7 a and b). 

 

 

 

 

 

 

 

 
 

Figure 3A. 7 ADAM10 enzymatic activity is not affected at P3 in the NL4-/- hippocampus. 

(a) Expression levels of ADAM10 in the hippocampus indicated no significant difference between the 

NL4-/- and WT at P3. ADAM10 protein levels are normalized to the total protein concentration per 

sample and presented as mean ± SEM on bar plots (Unpaired t-test with Welch’s correction, nWT=5 nNL4-

/-=4 p=0.38)  

(b) ADAM10 enzyme in NL4-/- hippocampus shows no significant difference in the activity compared to 

age-matching WT at P3. Final cleaved substrate (5-FAM /QXLTM520) concentration was quantified to 

compare enzymatic activity between WT and NL4-/- samples (nWT=5 nNL4-/-=4 p=0.17). Each dot indicates 

one mouse and data is presented as mean ± SEM for all given datasets. (Statistical significance was 

shown as *P < 0.05; **P < 0.01; ***P < 0.001; NL4-/-  indicates Nlgn4-KO on the presented plots). 

 
3A.7  NL4 deficiency does not have a major effect on the synaptosome proteome 
 
 
We hypothesize two potential mechanisms explaining why WT microglia engulf significantly 

lower amounts of synaptosomes derived from the Nlgn4-KO hippocampus compared to WT 

ADAM10#

WT NL4-/-

0.5

1.0

1.5

Su
bs

tra
te

 (u
M

)

ns

ADAM10

WT NL4-/-

0.1

0.2

0.3

pg
/µ

g

ns

ADAM10

WT NL4-/-

0.1

0.2

pg
/µ

g

ns

ADAM10

WT NL4-/-

0.1

0.2
pg

/µ
g

ns

ADAM10# ADAM10#

WT NL4-/-

0.5

1.0

1.5

Su
bs

tra
te

 (u
M

)

ns

ADAM10

WT NL4-/-

0.1

0.2

0.3

pg
/µ

g

ns

ADAM10

WT NL4-/-

0.1

0.2

pg
/µ

g

ns

ADAM10

WT NL4-/-

0.1

0.2

pg
/µ

g

ns

ADAM10 a b 



   

 70 

at P90 (Figure 3A.2 e). The absence of NL4 may either directly impair the cross-talk of 

microglia and synapses or affect the expression of other synaptic proteins that may signal 

microglia to phagocyte, resulting in an indirect effect of NL4 on microglia. To test the second 

hypothesis, we performed tandem mass tag (TMT) mass spectrometry by using hippocampal 

synaptosomes from the WT and Nlgn4-KO mice at P90, and analyzed relative protein 

abundances. Three proteins, one of which was NL4, were differentially regulated between 

WT and Nlgn4-KO hippocampus. Only NNT and WDFY1 proteins showed significantly lower 

expression in the Nlgn4-KO hippocampus compared to the WT, among 8214 proteins 

detected in total (Figure 3A.8), suggesting no major difference between the WT and Nlgn4-

KO synaptosome proteomes. 
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Figure 3A. 8 NL4 absence does not have a major effect on the synaptosome proteome of the Nlgn4-KO 

hippocampus. 

Volcano plot indicates significantly lower expression of NNT (Log2-FC: 15.69; Adj.p value= 9.73E-06), 

WDFY1 (Log2-FC: 14.22; Adj.p value= 0.0018) and NLGN4l (Log2-FC: 9.43; Adj.p value= 0.006) proteins 

in the Nlgn4-KO hippocampal synaptosomes compared to the WT (nWT=4 nNlgn4-KO=4, P90). 

 

3A.8  Nlgn4-KO  mice show impaired spatial memory and cognitive flexibility 
 
 
We have, so far, provided proof of an impaired synaptic engulfment by microglia along with 

significant dysregulations in the TREM2 pathway in the Nlgn4-KO hippocampus (P90). We 

further reported lower enzymatic activity of ADAM10, which plays a key role in synaptic 

plasticity in the brain (Endres & Deller, 2017; Vezzoli et al., 2019). We, therefore, next tested 

whether these findings at the cellular level may have a potential behavioral translation. Given 

the critical role of the hippocampus in memory (Fortin, Agster & Eichenbaum, 2002), we 

employed the Morris Water Maze (MWM) test to assess spatial memory and cognitive 

flexibility of the Nlgn4-KO mice. Within the first three days of acquisition, the mice learned 

how to use spatial cues to find a submerged platform in an open swimming area (Figure 3A.9 

a). Nlgn4-KO mice performed relatively poorly throughout the acquisition phase compared to 

the WT, indicating impaired spatial learning (Figure 3A.9 b, P1). When the platform position 

was reversed from P1 to P2, when the mice had to start looking for the new place of the 

platform and learn the P2 position in the same environment, Nlgn4-KO mice performed again 

significantly worse than the WT, indicating an impaired cognitive flexibility (Figure 3A.9 b, 

P2). We, therefore, report also the behavioral phenotype of the Nlgn4-KO mice by focusing 

on learning and memory in parallel to our molecular and cellular findings focusing on 

microglial engulfment of synapses in the hippocampus.  
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Figure 3A. 9 NL4-/- mice show impaired spatial memory and cognitive flexibility. 

(a) Schematic representation of the Morris water maze (MWM) setup (created by using 

biorender.com). 

(b) Male NL4-/- mice (P90) used significantly longer time to find the submerged platform in the 

acquisition phase (P1), and showed an impaired performance during the reversal training (P2) 

(Repeated 2-way ANOVA individually for acquisition and reversal parts (nWT=29 nNL4-/-=30; day1 : 

p<0.001  t = 4.716, day2: p<0.05  t=2.592, day4: p<0.05 t=2.324, day5: p<0.01 t=3.014; NL4-/-  indicates 

Nlgn4-KO on the presented plots). 
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4A  DISCUSSION 
 

Over the years, numerous independent research groups have shown evidence of synaptic 

elements inside microglia in different brain regions, and highlighted the critical role of 

microglia in synaptic pruning (Stevens et al., 2007; Tremblay et al., 2010; Paolicelli et al., 2011; 

Schafer et al., 2012; Filipello et al., 2018; Weinhard et al., 2018). MRI and fMRl studies 

indicated synaptic overconnectivity in the brains of autistic subjects (Wass, 2011; Gao & 

Penzes, 2015), and we previously reported reduced microglia motility, ATP response, antigen 

presentation potential along with reduced gamma oscillation power specifically in males in 

the Nlgn4-KO hippocampus (Guneykaya et al., 2023). Based on these results, in the current 

study, we narrowed our attention to the microglial engulfment of synapses and found that it 

was significantly reduced in the hippocampus of male Nlgn4-KO compared to the WT. Given 

that autism is more prevalent in males compared to females (Hodges et al., 2020), it is notable 

that our earlier and present findings indicate a series of effects on the synaptic network and 

microglia that are more pronounced in males. Therefore, the remainder of our findings are 

exclusively focused on males and provide characterization of multiple pathways linked to 

microglial engulfment of synapses at different developmental stages. 

We investigated five distinct signaling pathways, including the TREM2 (Filipello et al., 2018), 

fractalkine (Paolicelli et al., 2011), complement (Stevens et al., 2007), IL33R (Vainchtein et al., 

2018), and SIRPα-mediated pathways (Ding et al., 2021; Lehrman et al., 2018), which have 

been extensively reported to regulate microglial engulfment of synapses. Our findings point 

to significant dysregulations in the TREM2 pathway (Figure 3A.4), which we hypothesized to 

be linked to the impairments in synaptic engulfment in the Nlgn4-KO hippocampus. Parallel 

to this, at P15, where we have no difference in the surface levels of TREM2 between the WT 
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and Nlgn4-KO microglia, we also did not observe any deficits in synaptic engulfment (Figures 

3A.6). Therefore, we herein suggest a potential role of TREM2 signaling in the regulation of 

microglial engulfment of synapses in the Nlgn4-KO hippocampus. TREM2 signaling mediates 

several crucial microglial functions, such as survival, phagocytosis, cellular metabolism, actin 

remodeling & motility, and synaptic pruning (Brown & St. George-Hyslop, 2022; Filipello et 

al., 2022). Lower motility, disrupted energy metabolism, and lower phagocytosis towards 

apoptotic neurons that have been reported in the Nlgn4-KO hippocampus (Guneykaya et al., 

2023) also relate to the dysregulations in the TREM2 signaling in addition to lower engulfment 

of synapses presented in this study. Filipello et al. (2018) reported that TREM2 is required for 

synaptic engulfment by microglia, and also revealed a series of alterations in Trem2-KO mice, 

such as lower microglia density, aberrant microglia morphology, and reduced microglial 

engulfment of synapses in the hippocampus in addition to impaired sociability. These findings 

show striking similarities to the Nlgn4-KO mice regarding both microglial and behavioral 

alterations (Filipello et al., 2018; Guneykaya et al., 2023). Reduced TREM2 levels in post-

mortem analysis of autistic patients have also been reported, indicating an associating role of 

TREM2 levels with the disease pathophysiology (Filipello et al., 2018); which is in line with our 

findings in the Nlgn4-KO mouse model.   

 
Interestingly, we also reported significantly reduced enzymatic activity of ADAM10 

metalloproteinase in the Nlgn4-KO hippocampus (Figure 3A.4 h). ADAM10 can mediate 

synaptic formation, and its activity can be regulated by changes in synaptic network activity 

(Endres & Deller, 2017; Vezzoli et al., 2019). Nlgn4-KO mice exhibited reduced power of 

gamma oscillation (Hammer et al., 2015; Guneykaya et al., 2023), slightly increased E/I in the 

hippocampus, impaired GABAergic transmission in the hippocampal CA3 (Hammer et al., 



   

 75 

2015), a hypo-reactive network in the somatosensory cortex (Delattre et al., 2013), and 

impaired glutamatergic transmission in the barrel cortex (Unichenko et al., 2017). These 

findings together indicate that the overall network activity in the Nlgn4-KO brain, including 

the hippocampus, is dysregulated. Given that ADAM10 levels or function can be affected by 

such dysregulations (Endres & Deller, 2017; Vezzoli et al., 2019), we hypothesize that 

reduction in the ADAM10 enzymatic activity might be due to the alterations in the neural 

network activity. Changes in the ADAM10 function may also affect synaptic plasticity and 

cognitive flexibility (Endres & Deller, 2017; Vezzoli et al., 2019), and Adam10 conditional 

knockout mice showed an impaired spatial learning and memory (Prox et al., 2013). We, 

therefore, hypothesized that the changes in ADAM10 activity may have similar potential 

behavioral translations, and that was indeed the case considering Nlgn4-KO mice exhibited 

impaired learning and cognitive flexibility (Figure 3A.9). Another hypothesis favors that this 

behavioral phenotype can be a direct result of a lack of NL4. Yet, we propose that both 

impaired ADAM10 function and loss of NL4 mediate this prominent behavioral phenotype in 

cooperation considering ADAM10 can target neuroligins (Suzuki et al., 2012; Venkatesh et al., 

2017; Kuhn et al., 2016), including NL4, to mediate their surface levels and ectodomain 

shedding. 

At P15, we did not find any significant difference in either the synaptic engulfment or surface 

levels of TREM2, whereas the dysregulations in both become evident at P90, suggesting a 

gradual worsening in the microglial function and TREM2 signaling. Contrary to microglia, 

dysregulations in the gamma oscillation already starts early in the development (P15) along 

with impaired ultrasonic vocalizations (Ju et al., 2014; Hammer et al., 2015). These data 

suggest that dysregulations in synaptic network oscillations as well as behavior already start 

early in development, but microglia seem to be affected only later on. Considering our 
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hypothesis that the dysregulations in the synaptic network affect ADAM10 function, we also 

checked ADAM10 activity at this earlier stage (P15) and reported reduced activity, which 

again supports our hypothesis regarding the potential reason behind the lower ADAM10 

activity. 

Interestingly, we also reported higher microglial surface levels of the CD11b subunit of CR3, 

with no significant change in C1Qb, C4A, and C3 in the hippocampus at P90. CR3 is among the 

major phagocytic receptors expressed by microglia and mainly involved in the phagocytosis 

of synaptic elements, Aβ plaques, and apoptotic cells (Czirr et al., 2017; Silvermann & Wong, 

2018). Therefore, higher levels of surface CD11b may suggest higher phagocytosis of these 

targets, which have been tested to be opposite in the previous study (Guneykaya et al., 2023) 

for apoptotic neurons and in the current study for vGLUT1+ synapses and total synaptosomes. 

As indicated by this data, changes in the levels of a protein, which is related to a particular 

function, do not always translate to a functional change due to the interaction of various 

parameters in the dynamic microenvironment to which microglia are exposed (Paolicelli et 

al., 2022). Similarly, we reported lower surface expression of CX3CR1 by microglia in the 

Nlgn4-KO hippocampus at P15, suggesting a potential effect, which does not correspond to 

our functional findings regarding microglial engulfment of synapses at this developmental 

point. However, other possible functions mediated by fractalkine receptor signaling or CR3 

signaling should be the focus of future studies to examine whether the reported changes in 

their expression translate to other functional alterations. 

Apart from the microglia function, we reported that when Nlgn4-KO-derived synaptosomes 

were fed to WT microglia, they were not as efficiently engulfed compared to the WT 

synaptosomes (Figure 3A.2 e). This data suggests that Nlgn4-KO synaptosomes somehow 

cannot efficiently signal microglia to engulf, meaning that they might have an altered "eat 
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me" or "don’t eat me" signals either on synaptosome surfaces or within their synaptic 

composition. There is also another intriguing possibility, where NL4 might be a ligand directly 

signaling microglia to phagocyte synaptic components, so that WT microglia cannot efficiently 

phagocytose synaptosomes in the absence of NL4. We investigated one of these possibilities 

by analyzing the protein composition of synaptosomes from the Nlgn4-KO hippocampus. Our 

mass spectrometry data showed that only three synaptic proteins have significantly lower 

expression levels in the Nlgn4-KO synaptosomes, one of which is the NL4 protein. The second 

one is nicotinamide nucleotide transhydrogenase (NNT), which is present in the mitochondrial 

inner membrane and catalyzes the reduction of NADP to NAPH (Francisco et al., 2018). 

Therefore, reduced expression of this protein might affect mitochondrial metabolism. 

However, we did not find any evidence in the literature suggesting that this protein could 

potentially signal microglial phagocytosis. The third significant hit was WD repeat and FYVE 

domain-containing protein-1 (WDFY1), which indeed is an interesting target given that it 

positively regulates Toll-like receptor 3 (TLR3) and TLR4-mediated signaling pathways and 

that it has been implicated in pathways associated with lysosomal function (Yun-Hong et al., 

2015). Therefore, its lower expression can relate to changes in phagocytosis; however, it 

hasn’t been implied in the context of microglial engulfment of synapses in the current 

literature, and only a few studies focus on its role in microglia (Babagana et al., 2020; Zheng 

et al., 2021). We, therefore, speculate that this protein might have a potential role in the 

lower engulfment of synapses, although this is not supported by the current data and the 

literature. The question of why a target of the TLR3/4 signaling pathway is downregulated in 

response to NL4 loss is not within the scope of the current study but remains to be answered 

in future studies. In sum, our data indicate only minor changes in the synaptic protein 

composition and do not point to a direct effect on the microglial engulfment of synapses. Yet, 
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such slight changes based just on the protein levels and synaptic protein composition may not 

always reflect the full extent of an effect. Post-translational modifications of synaptic 

proteins, such as phosphorylation and glycosylation, as well as changes in the enzymatic 

activity of some synaptic proteins that are heavily involved in synaptic function should also 

be considered. ADAM10 represents a valuable example, given that we did not report any 

changes in its levels based on the mass spectrometry and ELISA data, but reported a 

significant change in its enzymatic activity, which we hypothesize to impact the synaptic 

function and behavior. Therefore, we underline that minimal alterations in the synaptic 

protein levels do not always correspond to an overall minor effect.  

 

What drives the interaction between NL4 and microglia is a key question raised by our 

findings. Considering that microglia do not express NL4 protein (Guneykaya et al., 2023), the 

interaction between NL4 and microglia could be indirect, since microglia sense changes in 

neural network activity (Umpierre & Wu, 2021) and gamma oscillation (Iaccarino et al., 2016). 

We speculate that the phenotype and function of microglia may be altered due to the 

disruption of gamma oscillation (Guneykaya et al., 2023), as well as due to the changes in 

synaptic network activity (Hammer et al., 2015) in the Nlgn4-KO hippocampus. We herein 

report dysregulated ADAM10 activity as an additional potential consequence of the 

dysregulations in the neural network activity in the Nlgn4-KO hippocampus. Since there is no 

significant difference in microglial engulfment of synapses at P15, our data point to a later 

effect on the microglia, which supports the hypothesis of an indirect interaction that 

negatively affects microglia over time. Nevertheless, synaptic engulfment may not be the first 

function to be compromised; thus, a normal synaptic engulfment function does not 

necessarily indicate that microglia are not affected at P15. We already found reduced surface 
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area and volume of microglia (De Marzo & Compagnion, 2023; unpublished data) along with 

lower microglial expression of CX3CR1 in the Nlgn4-KO hippocampus at P15, suggesting that 

microglial dysregulations already start at this early stage. Morphological changes in microglia, 

as well as lower expression of CX3CR1 may point to an altered microglial function, which will 

be the main focus of future studies.  

 

Notably, we also showed that WT microglia could not efficiently engulf Nlgn4-KO-derived 

synaptosomes when compared to WT synaptosomes at P90. The absence of major alterations 

in synaptic protein composition in the Nlgn4-KO hippocampus is suggestive of a direct effect 

of NL4 on microglia, whose absence may directly affect the microglial phagocytosis. Our 

findings, therefore, support both the direct and indirect interaction hypotheses, and provide 

a fundamental basis and open questions for future studies to decipher the interaction 

between NL4 and microglia. 

 

In the Nlgn4-KO hippocampus, ADAM10 activity is reduced at an early stage of development 

(P15) and continues to be so at P90. It is important to note that there is a lower expression of 

NL4 protein at P3, when compared to later developmental stages in the WT hippocampus 

(Jamain et al., 2008). P3 is also the only time point where we did not detect any dysregulation 

in the ADAM10 enzymatic activity between the WT and Nlgn4-KO hippocampus. The lower 

enzymatic activity in the Nlgn4-KO hippocampus emerged rather at later stages, P15 and P90, 

when compared to age-matched WT. Notably, the difference between WT and Nlgn4-KO 

hippocampus in terms of NL4 expression becomes more evident at these later developmental 

points (P15 and P90) since WTs have higher NL4 expression at P90 and P15 than at P3, and 

Nlgn4-KO has no expression at all (Jamain et al., 2008). This data, therefore, suggests that 
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ADAM10 activity might directly be regulated by changes in the NL4 levels. It has previously 

been reported that cleaved NL3 promotes ADAM10 expression to positively regulate its own 

cleavage (Dang et al., 2021). Similarly, we propose that lack of NL4 can contribute to the lower 

enzymatic activity of ADAM10, which in turn can cleave its NL targets less efficiently in the 

Nlgn4-KO hippocampus. Impaired ADAM10 can also affect the proteolytic processing of the 

microglial surface TREM2 (Endres & Deller, 2017). Yet, it is hard to detect if the shedding of 

surface TREM2 is affected by the changes in the ADAM10 activity, since both surface and 

sTREM2 levels can be regulated by different mechanisms apart from the ADAM10 activity, 

such as alternative splicing of the Trem2 gene or action of the ADAM17 enzyme (Filipello at 

al., 2022). 

 

Our findings suggest that microglia respond to the loss of NL4, either as a result of a direct or 

indirect mechanism, by suppressing the TREM2 signaling. They reduce the surface TREM2 

levels, which can negatively affect the TREM2 signaling, and generate more sTREM2, which 

can act as a decoy receptor to competitively bind TREM2 ligands (Filipello et al., 2022). In 

addition, as a TREM2 ligand, lower levels of APOE may also negatively affect TREM2 signaling 

in the Nlgn4-KO hippocampus. 
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Figure 4A. 1 A summary of the main findings affecting microglial function in the Nlgn4-KO mouse 

model of autism (created by using biorender.com). 

 
Therefore, our study presents strong evidence of dysregulated TREM2 signaling in the Nlgn4-

KO hippocampus, which is in line with the functional data we have presented in the previous 

(Guneykaya et al., 2023) and present studies. The hypothetical mechanism behind lower 

surface TREM2 and higher sTREM2 expression might be a switch in the transcriptional 

program of microglia to generate sTREM2 via alternative splicing instead of generating 

surface TREM2. Our data is in line with this hypothesis, considering the higher levels of 

sTREM2 cannot be explained by the ectodomain shedding of surface TREM2, given the lower 

ADAM10 activity. It is also important to highlight that the TREM2 and sTREM2 levels are under 

the control of a complex regulatory mechanism as opposed to being dependent on the activity 

of a single enzyme such as ADAM10. 

In conclusion, our study identifies the dysregulation of TREM2 signaling along with its effect 

on microglial engulfment of synapses as a potential target in the Nlgn4-KO model and 

establishes a foundation for future studies aiming to target this pathway to further investigate 

microglia-synapse interaction in the context of autism. 
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PROJECT (B)  
 
Great majority of preclinical research on innate high anxiety so far has focused on male 

rodents, leaving females mostly uncharacterized and led to conclusions for both sexes based 

on the male-driven findings. This applies especially for the reported alterations in neural 

connectivity, transmission, and neuroinflammation (Dine et al., 2015; Salomé et al., 2004; 

Rooney et al., 2020). Due to the previous reports stating higher density of phagocytic 

microglia in the hippocampus of HAB male mice (Rooney et al., 2020), we hypothesized a 

potential consequence of such phenotype also on the engulfment of synapses by microglia. 

Since the role of microglial engulfment of synapses, as well as microglial heterogeneity and 

sex-linked differences remain unknown in the context of innate high anxiety, these aspects 

became the major focus of this project. 

 

In the present study; 

1- I reported the heterogeneity and sexual dimorphism of microglia at single-cell 

resolution in mice with innate high anxiety (HAB).  

2- I characterized microglial engulfment of synapses in the HAB male and HAB female 

hippocampus using in vitro and ex vivo functional assays, both for vGLUT1+ excitatory 

synapses and for total synaptosomes. 

3- I investigated potential targets driving aberrant engulfment of synapses by microglia in 

the HAB hippocampus. 

4- I addressed the effect of minocycline treatment on microglial engulfment of synapses. 

 

 



   

 83 

2B  Material & Methods 
 

2B.1  Animals  
 
All mice of both sexes used for the present study were on a CD-1 genetic background and 

were handled according to the governmental and internal regulations. HAB and NAB mice 

were selectively inbred for their specific anxiety-related behavior at the Department of 

Pharmacology, Innsbruck Medical University, Innsbruck, Austria; and were kindly provided by 

Prof. Dr. Nicolas Singewald. The mice were group-housed in individually ventilated cages 

under standard laboratory conditions with 12:12 light/dark cycle at the animal core facility of 

the MDC. Food and water were provided ad libitum. All mice used in functional and single-

cell RNA sequencing experiments were at post-natal day 84-91 (P84-91). 

 

2B.2  Ethics Statement 
 
All procedures involving handling of living animals were performed in strict accordance with 

the German Animal Protection Law and were approved by the Regional Office for Health and 

Social Services in Berlin (Landesamt für Gesundheit und Soziales, Berlin, Germany, G0061/21). 

Mice were sacrificed with an overdose intraperitoneal injection of pentobarbital (Narcoren, 

Merial GmbH, Hallbergmoos, Germany) followed by decapitation. 

 

2B.3   Microglia Isolation for Single-cell RNA Sequencing 
 
Enzymatic dissociation protocol was adapted from Marsh et al., 2022.  Mice were deeply 

anesthetized and intracardially perfused with 15 ml ice-cold artificial cerebrospinal fluid 

(aCSF; 87 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 25 mM glucose, 1 mM 

CaCl2, 7 mM MgSO4, 20 mM HEPES in ddH2O) supplemented with a transcriptional & 
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translational inhibitor cocktail including 10 μM Triptolide, 27.1 μg /ml Anisomycin and 5 μg/ml 

Actinomycin D (Saunders et al., 2018). Brains were removed and kept in ice cold Hibernate-A 

medium (ThermoFisher Scientific, catalog no. A1247501) supplemented with B27 

(ThermoFisher Scientific, catalog no. 17504044, 1/50). They were quickly sliced into 8 even 

sections using surgical scissors and placed into Miltenyi’s gentleMACS C Tubes (catalog no. 

130-093-237) including papain solution (Worthington, catalog no. LK003150) supplemented 

with the inhibitor cocktail to start tissue dissociation at 37oC for 30 minutes. Purpose of using 

the inhibitor cocktail was to prevent ex vivo microglial activation in response to the isolation 

procedure at the 37oC (Marsh et al., 2022). Figure 2B.1 shows the isolation procedure did not 

result in a cluster-specific artificial ex vivo activation signature in microglia, which do not show 

high expression levels of ex vivo activation-related genes such as Fos, Jun, Egr-1, Junb (Marsh 

et al., 2022). Samples were centrifuged for 5 min at 300g and filtered through a 70-μm filter. 

1 ml aCSF was added to each tube, and cell were pelleted at 300g for 5 min (4oC). Cell 

suspension including 22 % Percoll (GE Healthcare, catalog no. 17-0891-01) in 2 ml final volume 

was gently overlaid with 2 ml DPBS (ThermoFisher Scientific, catalog no. J61196.AP). Samples 

were centrifuged at 3000g, 4oC for 10 min, and myelin cloud as well as rest of the supernatant 

were removed. Pellets were washed once with 1 ml aCSF, spun down at 400g for 8 min and 

re-suspended in 100 μl FACS buffer (DPBS with 0.2% BSA). 
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Figure 2B. 1 Microglia isolated from HAB and NAB brains do not show a strong, cluster-specific ex vivo 

activation signature due to the isolation procedure. 

t-SNE plots indicate no cluster-specific high expression levels of Fos, Jun, Egr-1, Hsp1a and Junb genes 

in the single-cell RNA sequencing dataset from all biological subgroups analyzed. 
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2B.4  Fluorescence-Activated Cell Sorting (FACS) 
 
All buffers and solutions were prechilled to 4oC before use. Cell suspensions were incubated 

with a fixable viability antibody (ThermoFisher, catalog no.L34969, 1/1000) for 30 minutes at 

4oC. Upon washing with 1 ml ice cold PBS, cells were pelleted at 300g, 5min; and incubated 

with anti-CD16/CD32 for 10 min on ice (ThermoFisher Scientific, catalog no.14-0161-82; 

1/200). Cells were followingly stained with an antibody master mix (Table 2B.1) for 25 min at 

4°C, and spun down for 5 min at 300g. 250 ul FACS buffer was used per sample to resuspend 

the cells. Sterile 1.5 ml Eppendorf tubes were precoated with 50% BSA (Sigma Aldrich, catalog 

no. A3608) overnight at 4oC to collect the FACS-sorted microglia. The gating strategy to sort 

microglia is given in the Figure 2B.2. BD FACS Aria III with 100-μm nozzle and purity mode was 

used to sort the final population to be loaded in the 10X chromium controller. 

 

Table 2B. 1 FACS antibodies used to stain and sort microglia for the single-cell RNA 

sequencing. 

 

 

 

 

 

 

 

 

 

 

Antigen Conct. Fluorochrome Company Product # 

CD45 1/50 APC BD 559864 

CD44 1/100 BV421 BioLegend 103040 

CD11b 1/100 PECy7 BD 553311 

Lineage         

Ly6C 1/100 PE BioLegend 128026 

Ly6G 1/100 PE BioLegend 127606 

B220 1/100 PE BioLegend 103206 

TCRb 1/100 PE BD 553170 

TCRgd 1/100 PE BioLegend 118105 

NK1.1 1/100 PE BioLegend 108705 

Ter119 1/100 PE BD 557915 
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Figure 2B. 2 Representative FACS plots indicating the gating strategy to sort microglia from HAB and 

NAB brains for the single-cell RNA sequencing. 

Antibodies listed on the Table 2.1 were used to stain microglia, specifically. Viable and single cells were 

gated as CD11b++/ CD45+/ CD44-/ Lineage- final population. (Lineage markers: Ly6CFITC, Ly6GFITC, 

ViabilityFITC, B220FITC, TCRbFITC, TCRgdFITC, NK1.1FITC, Ter119FITC). 

 

2B.5   Single-cell RNA Sequencing (scRNA-seq) using 10X Genomics  
 
16,500 cells per sample were loaded into the 10X Chromium controller (10X Genomics, 

Pleasanton, USA) and library preparation was conducted using 10X single-cell 3’ v3 protocol 

according to manufacturer’s instructions (paired-end reads, R1 = 28, i7 = 8, R2 = 91). All 8 

libraries, each representing an individual animal, were submitted to Berlin Institute for 

Medical Systems Biology (BIMSB), Genomics Core Facility, and sequenced with an Illumina 

NovaSeq sequencer to a depth of around 70,000 reads per cell according to the 10X 

Genomics's recommendations. The gene-cell count matrix was constructed using cellranger 
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count version 2.0.2 using the Ensembl GRCm38.p5 (mm10) as the reference genome. The R 

Seurat package (Stuart et al., 2019) was used for the analysis of the single-cell RNA-Seq data. 

Only genes found in a minimum of 5 cells were included in the study. In addition, we 

eliminated from the analysis any cells with fewer than 200 identified genes, as well as any 

cells with a mitochondrial gene percentage greater than 25%. Data were log normalized and 

scaled using the standard Seurat preprocessing.  

Default parameters were used for identifying anchor genes between the data sets. 

Dimensionality reduction was performed using t-SNE by using 24 principal components, which 

were decided by using JackStraw analysis and ElbowPlot. We used the standard Seurat 

workflow (Stuart et al., 2019) and scCustomize R package (Marsh, 2021) for clustering and 

visualization. The standard workflow consisted of data normalization/ scaling, PCA analysis, 

and t-SNE clustering. To compare clusters, marker genes were identified using the Wilcoxon 

Rank Sum test of the Seurat. Marker genes from previous single cell studies (Masuda et al., 

2020; Zeisel et al., 2015; Hammond et al., 2019) were used for manual annotation of the 

microglia clusters. Differential expression analysis was carried out using DESeq2 (Love et al., 

2014) and MAST test (Finak et al., 2015) of the Seurat R package. Gene set enrichment analysis 

on the gene ontology was carried out using the ShinyGO gene set enrichment tool (Ge et al., 

2020). All quantified microglial genes ranked based on the log2FC values in descending order 

were used as the background, while significantly different genes (pAdj<0.001) ranked based 

on the log2FC values in descending order were used as the target set. Significantly up- and 

downregulated genes were analyzed separately using the same background genes, and 

adjusted p-value cut-off was set as < 0.05 for the enrichment analysis.  
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2B.6  Flow Cytometry Analysis of Microglial Surface Markers 
 
Flow cytometry-based analysis of the microglial surface markers was carried out exactly as 

described in the materials and method section of the project A. 

 

2B.7  Microglial Engulfment of vGLUT1 Synapses  
 
Intracellular vGLUT1 staining was carried out exactly as described in the materials and method 

section of the project A. Gating strategy to analyze vGLUT1-MFI and the percentage of 

vGLUT1+ microglia is depicted on the Figure 2B.3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2B. 3 Representative FACS plots indicating the gating strategy to analyze the percentage of 

vGLUT1+ microglia in the hippocampus. 

The gate was defined starting from the end-point of vGLUT1 signal (F) from the spleen macrophages, 

which were used as the negative control. A, B and C define CD11b+/ CD45+ microglia population, which 

was also gated to analyze the engulfment of pHrodoTMRed-labeled total synaptosomes by microglia in 

Hippocampus 

FS
C

-H
 

FSC-A 

C
D

11
b 

CD45 

CD45 vG
LU

T1
 

CD11b vG
LU

T1
 

CD11b 

Spleen 

SS
C

-A
 

FSC-A 

V
ia

bi
lit

y/
Ly

6C
/L

y6
G

 

Hippocampus 

A B C 

D E F 



   

 90 

addition to vGLUT1+ synapses. Detailed description of the gating strategy and the data analysis is 

provided in the materials and methods section of the project A. 

 
 
2B.8  Total Synaptosome Isolation and pHrodoTMRed Labeling 
 
Total synaptosome isolation and pHrodoTMRed labeling of synaptosomes was carried out 

exactly as described in the materials and method section of the project A. 

 
2B.9  In vitro Minocycline Treatment and Synaptosome Engulfment Assay 
 
Under deep anesthesia, 12 weeks old mice were transcardially perfused with DPBS. Microglia 

isolation was carried out exactly as described in the materials and method section of the 

project A. Microglia were seeded in 12-well culture plates at a density of 2.5 x 104 cells per 

well. After 1h at 37oC, 20 μM minocycline (Sigma-Aldrich, catalog no. M9511) supplemented 

into each well apart from the control (untreated condition) wells, and cultivated for 24h or 

48h. After the respective cultivation times, medium was gently taken out and cells were 

supplied with 500μl fresh DMEM per well, supplemented with 1/50 synaptosomes per well, 

and incubated for 2h at 37oC.  For analyses, cells were washed with DPBS 3 times, detached 

using trypsin solution (ThermoFisher Scientific, catalog no. R001100), and stained with fixable 

viability (ThermoFisher Scientific, catalog no. L34969, 1/1000) at 4oC for 25 minutes. 

Afterwards, cells were resuspended in FACS buffer with CD16/CD32 (ThermoFisher Scientific, 

catalog no. 14-0161-82, 1/200) for 10 minutes on ice and followingly stained with 1/100 

CD11b, 1/100 CD45 at 4oC for 20 minutes. After the incubation, data were acquired using  BD 

Aria II and analyzed using FlowJo v10 (BD Bioscience). Figure 2B.3 (A-C) shows how microglia 

are defined to quantify engulfment of PhRodoTMRed-labeled total synaptosomes by microglia. 

Mean fluorescence intensity of PhRodoTMRed was analyzed from the CD11b++/ CD45+/ Viable 

population to quantify the microglial engulfment of total synaptosomes. 
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2B.10    Minocycline Treatment 
 
The dosages of minocycline administered systematically were determined according to 

previous studies demonstrating its impact on microglia and behavior (Kreisel et al., 2014; 

Rooney et al., 2020). Mice received 40 mg/kg/day of minocycline (Sigma-Aldrich, catalog no. 

M9511) administered via drinking water for a period of 28 days. The drug intake was adjusted 

by adapting the dosage based on the drinking volume and body weight per cage to ensure 

the proper intake dosage. Body weight and drinking volume were regularly monitored 

throughout the course of the treatment. 

 

2B.11     17β-Estradiol ELISA 

Blood samples were collected from the HAB and NAB female mice, which were used for the 

vGLUT1-specific synaptic pruning assay. They were centrifuged at 1000 rpm, 4oC for 20 

minutes. Serum was collected, and 50 μl per sample was used to quantify 17β-Estradiol 

concentration using 17β-Estradiol high sensitivity ELISA kit (Enzo, catalog no. ADI-900-174) 

according to manufacturer’s instructions. Absorption values were detected using TECAN 

InfiniteR200 plate reader, and the data was analyzed using a standard curve constructed by 

the known concentrations and absorption values of the 17β-Estradiol. 

 
2B.12     Statistical Analysis 
 
Data analyses were performed with GraphPad Prism 8.0 software (GraphPad Software Inc., 

USA). The correlation was evaluated by Pearson’s co-efficiency analysis. A 95% confidence 

interval was used for statistical evaluation, and P < 0.05 was considered as statistically 

significant in all sampled groups. Data are presented as means ± standard error of the mean 

(S.E.M.). The respective statistical tests are mentioned in the figure legends. 
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3B  RESULTS 
 

3B.1. Single-cell RNA sequencing reveals sexual dimorphism of microglia in mice with 

innate high anxiety  

 
To address microglia heterogeneity in mice with high anxiety-related behavior (HAB) and 

normal anxiety-related behavior (NAB), we did single-cell RNA sequencing of HAB and NAB 

brains (whole brain excluding cerebellum) of both sexes. By using various genes related to a 

particular microglia function or state, we identified 10 clusters involving a cluster of border-

associated macrophages (BAM), which we identified based on the expression of markers 

genes such as Mrc-1, Ms4a7, and Pf4 (Hammond et al., 2019) (Figures 3B.1, 3B.2 and 3B.3). 

The microglial identity of the remaining clusters was confirmed based on their expression 

levels of the canonical microglia marker genes such as P2ry12, Tmem119, and Hexb (Figures 

3B.1, 3B.2 and 3B.3). Our data indicate a great degree of microglial heterogeneity based on 

their transcriptional state. The expression of genes, which were previously published to define 

different microglia clusters (Masuda et al., 2019; Hammond et al., 2019; Zeisel et al., 2015) 

indicates different transcriptional states, which also suggest potential differences in the 

microglial function. Apart from the potential functional differences, the gene expression 

profile of different microglia clusters also indicates their homeostatic or activated state, which 

was previously described as a decrease in the expression of microglial genes such as P2ry12, 

Cx3cr1, Tmem119, and Hexb (Masuda et al.,2020) (Figures 3B.2 and 3B.3). Different microglia 

clusters in our dataset shows varying levels of expression mainly for homeostasis, 

phagocytosis, interferon response, and proliferation-related genes (Figures 3B.2 and 3B.3). 

Furthermore, the microglia heterogeneity reflected in our dataset is not only limited to their 
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gene expression profile, but also reflected in their percentages in the HAB and NAB brains, 

especially between different sexes (Figure 3B.4). 

 

 

 

Figure 3B. 1 High expression of microglial marker genes P2ry12, Tmem119 and Hexb shown by the t-

distributed stochastic neighbor embedding (t-SNE) plots in all clusters. 

BAM cluster shows high expression of Mrc1 and Ms4a7, which are expressed at low levels in the 

microglia clusters. 
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Figure 3B. 2 Dot plot indicating the expression levels of genes that define distinct microglia clusters 

and the BAM cluster. 

 

Most microglia detected in the HAB and NAB brains belong to the MI, MII, and MIII clusters, 

constituting approximately 90% of the total microglia analyzed. These clusters express 

relatively different levels of canonical microglia signature genes such as Tmem119, P2ry12, 

P2ry13 and Hexb (Figure 3B.2 and 3B.3). In the HAB and NAB brains of both sexes, we found 

striking differences in the proportion and gene expression profile of each microglia clusters. 
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Figure 3B. 3 Heatmap indicating the relative expression of genes that define different microglial states 

and clusters. 

MI cluster expresses high levels of microglial canonical marker genes (Hexb, P2ry12, Tmem119). It also 

shows high expression of phagocytosis-associated (Cd68, Trem2, Lamp1); interferon response-

associated genes (Ifit2, Isg15, Ifitm3) (yellow: high expression; pink: low expression). MII and MIII 

clusters show lower expression of microglial canonical marker genes, and show low expression of 
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phagocytosis-related genes. MIV cluster indicates low levels of P2ry12, Tmem119, Hexb and high levels 

of Trem2, Cd9, Spp1. M-V cluster is similar to the MII and MIII in terms of the expression levels of 

canonical microglial marker genes but shows higher levels of phagocytosis-related genes compared to 

MII and MIII. Proliferative microglia cluster is characterized based on high expression of Mki67, Birc5 

and Cdk1 genes. Interferon-responsive (Ifn. Resp I, II and III) clusters are characterized based on high 

expression of interferon-response genes (Ifit1,Ifit2,Isg15, Ifitm3). BAM cluster is characterized based 

on the exclusive high expression of Mrc1, Ms4a7 and Pf4 genes to distinguish them from the microglia 

clusters. 
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Figure 3B. 4 Single-cell RNA sequencing reveals 9 microglia clusters diversified in their percentage and 

gene expression status in the HAB male and female brains. 

(a) t-distributed stochastic neighbor embedding (t-SNE) reveals 10 different clusters (9 microglia and 

1 BAM) in HAB and NAB brains of both sexes (n=8, 52.363 cells analyzed). 

(b and c) Different microglia clusters show varying percentages in the HAB and NAB brains of both 

sexes. Percentage of MI, MIII, MII, BAM, MIV, Proliferative, MV, Interferon (IFN)-responsive I, IFN. 

Responsive II and IFN. Responsive III. in HAB male: 23.94%, 41.02%, 25.71%, 3.11%, 2.23%, 1.21%, 

1.37%, 0.77%, 0.37%, 0.22%; HAB female: 39.47%, 29.16%, 22.15%, 2.97%, 1.14%, 3.37%, 0.77%, 

0.38%, 0.41%, 0.12%; NAB male: 22.61%, 48.49%, 21.67%, 0.84%, 2.14%, 1.02%, 2.21%, 0.50%, 0.27%, 

0.20%; NAB female: 43.42%, 24.95%, 21.67%, 2.78%, 1.49%, 3.65%, 1.07%, 0.59%, 0.15%, 0.18%, 

respectively. Major microglia clusters (MI, MII and MIII) are highlighted on the first bar plot (left) and 

represent ~90% of the total microglia analyzed.  Rest of the microglia clusters and BAM are highlighted 

on the second bar plot (right) and represent ~10% of the total microglia analyzed. 
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Table 3B. 1 Percentages of different microglia clusters are indicated for each group. 

 

The MI cluster shows high expression levels of Hexb, Tmem119, and P2ry12, indicating a 

homeostatic state (Figure 3B.3). The percentage of the MI cluster in the HAB female is ~39% 

whereas ~24% in the HAB male, indicating a sex difference in the proportion of this microglia 

cluster. NAB brains indicate a similar sexual dimorphism, where we found MI cluster as ~43% 

in female and ~22% in male (Figure 3B.4 b and Table 3B.1). This data indicates higher 

percentage of MI cluster in females compared to males, for both HAB and NAB groups. When 

compared HAB and NABs with matching sexes, there is a slight decrease (4%) of this cluster 

in HAB female compared to the NAB female. In males, on the other hand, we found similar 

proportions of MI in HAB and NAB groups (Figure 3B.4 b and Table 3B.1). 

 

The MII cluster shows relatively lower expression levels of homeostatic genes compared to 

the MI cluster; indicating a transitionary phase between the homeostatic and activated states. 

It shows roughly similar percentages in HAB female, NAB female and NAB male, but a slight 

increase (3%) in the HAB male brain compared to the other groups (Figure 3B.4 b and Table 

3B.1). 

 

Cluster Name HAB female % HAB male % NAB female % NAB male % 
MI 39,48 23,94 43,43 22,61 

MIII 29,17 41,02 24,96 48,50 
MII 22,16 25,72 21,68 21,67 

BAM 2,97 3,11 2,78 0,84 
MIV 1,14 2,24 1,49 2,14 

Proliferative 3,38 1,21 3,65 1,03 
MV 0,78 1,38 1,08 2,21 

IFN. Responsive I 0,39 0,78 0,60 0,51 
IFN. Responsive II 0,41 0,37 0,15 0,28 

IFN. Responsive III 0,13 0,22 0,18 0,20 
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The MIII cluster shows low expression levels of Hexb, Tmem119, and P2ry12, indicating an 

activated state (Figure 3B.3). The percentage of the MIII cluster in HAB female is ~29%, 

whereas it is ~41% in the HAB male, indicating a sex-linked difference in the proportion of this 

microglia cluster. NAB brains indicate a similar sexual dimorphism, where the MIII cluster 

represents ~25% of the microglia in female and ~48% in male (Figure 3B.4 b and Table 3B.1). 

This data indicates lower percentage of MIII cluster in females compared to males, for both 

HAB and NAB groups. When compared HAB and NAB brains with matching sexes, there is a 

slight increase (5%) of this cluster in the HAB female compared to the NAB female. In males, 

on the other hand, there is a decrease (7%) in the HAB male compared to the NAB male. 

(Figure 3B.4 b and Table 3B.1). 

 

Among these three major clusters, constituting the 90% of the microglia analyzed (Figure 3B.4 

b), MI and MIII represent the opposite states at transcriptional level and they both exhibit 

striking sexual dimorphism, as MI is almost 2 times higher in females; and MIII is almost 2 

times higher in males for both groups of HAB and NABs. When matching sexes were compared 

between HAB and NAB groups only, there is a slightly lower percentage of MI in the HAB 

female. MIII on the other hand is more abundant in HAB female; whereas less in HAB male 

compared to their sex-matching NAB controls (Figure 3B.4 b and Table 3B.1). 

 

Apart from these major microglia clusters, the rest represent the 10% of the total microglia 

analyzed, and their percentages also suggest sexual dimorphism, especially for the microglia 

at the proliferative state, showing high expression of cell cycle-associated genes such as Cdk1, 

Mki67 and Birc5. This cluster constitutes ~3% of the HAB female, 1.2% of the HAB male, 3.6% 

of the NAB female and 1% of the NAB male microglia (Figure 3B.4 b and Table 3B.1). The BAM 
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cluster, identified by the high expression of Ms4a7 and Mrc1, is almost 3 times enriched in 

the HAB male compared to the NAB male, which might suggest their contributing role, 

especially in the state of HAB male brain. The MIV cluster shows high expression of genes 

such as Trem2, Cd9, Spp1, Itgax, and Cd83, which defines the DAM state (Hammond et al., 

2019; Masuda et al., 2020) (Figure 3B.3). This cluster constitutes ~1.1% of the HAB female, 

%2.2 of HAB male, 1.4% of NAB female and 2.1% of the NAB male microglia (Table 3B.1). The 

proportion of this cluster in different groups again suggests sexual dimorphism, and is lower 

in females compared to males in both HAB and NAB groups. MV cluster is closely related to 

the MIII cluster in terms of its activated state. However, it also shows higher expression of 

genes related to phagocytic function, such as Cd68, Lamp1, and Ctsd. (Figure 3B.3). It 

constitutes ~0.8 % of the microglia detected in the HAB female, %1.3 in HAB male, 1% in NAB 

female and 2.2% in NAB male brains (Table 3B.1). This cluster shows a slightly lower 

proportion in females compared to males, in both HAB and NAB groups. 

Finally, interferon-responsive microglia clusters (IFN. resp-I, II, and III) were characterized 

based on a high expression of interferon response genes such as Ifnar, Ifitm3, Ifit2 compared 

to the rest (Figure 3B.3). Proportion of these clusters is ~0.4%, 0.4%, 0.13% in the HAB female, 

and ~0.8%, 0.4%, 0.2% in the HAB male, respectively (Table 3B.1). NABs also show similar 

percentages of these clusters, which are ~0.5%, ~0.3%, ~0.2% in male, and ~0.6%, ~0.15%, 

~0.2% in female, respectively (Table 3B.1). 

 

Altogether, the present dynamics of different microglia clusters in terms of their proportion 

and gene expression status suggest a notable sex difference in the HAB and NAB brains.  
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3B.2. Microglia with high potential of synaptic engulfment and phagocytosis are 

enriched in the female brain 

 
 
Considering the sexual dimorphism reflected by the percentage dynamics of different 

microglia clusters, especially MI and MIII as the major clusters detected in our dataset, we 

next focused on their gene expression profile. Interestingly, in the MI cluster, we found a 

higher expression of genes related to phagocytosis and synaptic engulfment such as Cd68, 

Trem2, C1qb, C1qc, Lamp1, Cx3cr1 compared to the MII and MIII (Figure 3B.5).  Furthermore, 

we also detected a high expression of genes related to interferon response such as Ifngr1 and 

Ifnar2 in the MI cluster (Figure 3B.5). This cluster is almost doubled in percentage in the HAB 

female brain compared to the HAB male; moreover, a similar sexual dimorphism is also 

reflected in the NABs comparing male and female (Figure 3B.4 b and Table 3.1). The MIII 

cluster shows a lower expression of the genes related to phagocytosis and synaptic 

engulfment (Figure 3B.5), moreover they represent a lower percentage in females compared 

to males in both groups (Figure 3B.4 b and Table 3B.1). 
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Figure 3B. 5 MI cluster shows high expression of genes related to phagocytosis, synaptic pruning as 

well as interferon response. 
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tSNE plots showing higher expression (lighter color) of genes associated to synaptic engulfment and 

phagocytosis such as CD68, Trem2, C1a, C1qb, C1qc, Cx3cr1, Lamp1 in the MI cluster. Genes associated 

to interferon response such as Ifngr1, Ifnar2 also show higher expression in the MI cluster.  

 

The MII cluster similarly indicates a lower potential of phagocytosis; however, we did not 

observe such striking sex-linked differences in their percentages as opposed to the MI and 

MIII (Figure 3B.4 b and Table 3B.1). Our data suggest that the female brain holds a greater 

proportion of  microglia, which have a higher potential for synaptic engulfment and 

phagocytosis. Whereas, they hold a lower percentage of MIII, which has a lower potential for 

the respective functions (Figures 3B.4 b and 3B.5). Notably, this data suggests a sexual 

dimorphism in microglial engulfment of synapses in the groups of HAB and NABs at the 

transcriptomics level, which might be relevant for the synaptic organization and regulation in 

male and female brains. 

 

3B.3.   HAB female microglia engulf more vGLUT1+ excitatory synapses in the 

hippocampus 

 
 
Our single-cell RNA sequencing data points to an evident sex difference in the percentage 

dynamics and gene expression status of microglia, indicating an elevated potential for 

synaptic engulfment in the females compared to males in both HAB and NAB groups. We, 

therefore, next tested the engulfment of synapses by microglia, at postnatal day (P)90 in the 

hippocampus, which offers a promising microenvironment considering its dynamic nature in 

terms of synaptic re-organization and plasticity at the adult stage (Leuner & Gould, 2010). We 

showed that HAB female microglia engulf more vGLUT1+ synapses compared to the NAB 

female as well as to the HAB male (Figures 3B.6 b and c). We also analyzed the percentage of 
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vGLUT1+ microglia in the hippocampus and showed a higher percentage only in HAB female 

compared to the NAB female (Figure 3B.6 d). These findings suggest a sex-specific state of 

higher engulfment towards excitatory synapses by microglia in the hippocampus of HAB 

female compared to the other groups. The engulfment of vGLUT1+ synapses by NAB male and 

NAB female microglia did not indicate a sex difference (Figures 3B.6 b and c). Due to this HAB 

female-specific state of microglia on the functional level, we next focused exclusively on the 

HAB female and HAB male microglia for the rest of the study, and analyzed differentially 

expressed markers, which may provide deeper insights into the basis of the sexually 

dimorphic microglia function. 

 

 

 

 

 

 

Figure 3B. 6 Microglia engulf more vGLUT1+ synapses in the hippocampus of the HAB female compared 

to the HAB male. 

(a) Schematic representation of the experimental workflow (created by using biorender.com).  

a 
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(b) Representative overlayed histograms indicating the difference in vGLUT1-MFI for both sexes of HAB 

and NAB microglia.  

(c) vGLUT1-MFI indicating the engulfment of vGLUT1+ synapses by CD11b++/CD45+/Ly6C-/Ly6G- 

hippocampal microglia is significantly higher in the HAB female microglia compared to the NAB female 

and HAB male. vGLUT1-MFI values are normalized to the spleen, which is used as a negative control. 

(2-way ANOVA with Šídák's multiple comparisons test, nHABmale=14, nNABmale=14, nHABfemale=7, nNABfemale=8; 

pHABmale/NABmale =0.999, pHABfemale/NABfemale< 0.0001, pHABmale/HABfemale < 0.0001, pNABmale/NABfemale>0.999, 

pHABmale/NABfemale =0.993, pHABfemale/NABmale < 0.0001).  

(d) Percentage of vGLUT1+ microglia in hippocampus of HAB female (purple) is significantly higher 

compared to NAB female; whereas, no difference was detected between HAB male and NAB male (2-

way ANOVA with Šídák's multiple comparisons test, nHABmale=14, nNABmale=14, nHABfemale=7, nNABfemale=8; 

pHABmale/NABmale =0.343, pHABfemale/NABfemale= 0.010, pHABmale/HABfemale=0.145, pNABmale/NABfemale =0.771, 

pHABmale/NABfemale= 0.402, pHABfemale/NABmale =0.034). Data are represented as mean ± SEM, and each dot 

indicates 1 mouse. *P < 0.05; **P < 0.01; ***P < 0.001. 

 

 

3B.4.    MI and MIII clusters express higher levels of genes associated with synaptic 

pruning and inflammatory response in the HAB female brain 

 
 
We have so far shown that the MI and MIII clusters, which are the major microglia clusters 

detected in our dataset, indicate striking sex-linked differences in their percentage dynamics 

comparing male and female brains. These clusters represent a quite opposite states of 

microglia by which MI is more homeostatic and has a higher potential for synaptic 

engulfment; whereas, MIII indicates a lower potential of that while representing an activated 

state of microglia. When we compared the gene expression profiles of these two clusters in 

HAB male and HAB female brains (Figure 3B.7), we found that the genes related to 

inflammatory response such as Nfkb1, Il6ra, and Ifngr1 are upregulated in HAB female brain 

as compared with HAB male brain in the MI cluster (Figure 3B.7c). Interestingly, we also 

observed that in this cluster, which is highly phagocytic based on its gene expression profile, 
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the expression of genes related to phagocytosis as well as to synaptic engulfment such as 

Cd68, Trem2, Itgam, Cx3cr1, are higher in the HAB female compared to the HAB male (Figure 

3B.7c and Table 3B.2). Therefore, we can conclude that this phagocytic cluster is even more 

prone to engulf synapses in the HAB female brain compared to the HAB male, based on its 

gene expression profile in addition to its higher percentage in the HAB female brain (Figure 

3B.7 and c). When we analyzed the MIII cluster, which has a low potential for phagocytosis; 

we similarly observed higher expression of genes related to inflammatory response in the 

HAB female (Figure 3B.7d and Table 3B.4). Moreover, we showed that HAB female microglia 

express higher levels of Trem2, C1qa, C1qb, Cx3cr1, Itgam, and Cd68 compared to HAB male, 

indicating that MIII cluster as well shows a higher potential to engulf synapses in the HAB 

female brain compared to the male (Figure 3B.7d and Table 3B.4). Overall, the analysis of 

these major clusters indicates potential markers that could drive the elevated engulfment of 

synapses in the HAB female brain compared to the HAB male; furthermore, reveals that the 

gene expression profile of these clusters indicates a state that is more prone to inflammation 

in the HAB female brain (Figure 3B.7). Therefore; we overall show that MI and MIII clusters 

display significantly higher expression levels of synaptic engulfment-related genes such as 

Trem2, Cx3cr1, Itgam, Cd68 in the HAB female brain compared to the HAB male. These 

markers serve as promising potential candidates to differentially modulate microglial 

engulfment of synapses in the HAB male and HAB female brain. Although the MII cluster does 

not indicate a major difference in its percentage comparing HAB male and HAB females, 

expression levels of Trem2, C1qa, Cd68, and Ifngr1 are also higher in HAB female microglia 

compared to the HAB male (Table 3B.3). 
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Figure 3B. 7 Phagocytosis and inflammation-associated genes in MI and MIII clusters show higher 

expression levels in the HAB female compared to the HAB male. 

(a and b) Feature plot highlighting the MI (purple) and MIII (red) clusters, respectively.  

(c) Heatmap indicating a selected set of genes that are differentially regulated in the MI cluster of HAB 

female and HAB male brains. Bar plot indicates a higher percentage of MI cluster in the HAB female 

brain compared to the HAB male. Genes associated with synaptic pruning and phagocytosis (Trem2, 

Cx3cr1, Itgam, Cd68), inflammatory response (Nfkbi, Il6r, Ifngr1) show higher expression in HAB female 

compared to HAB male in the MI cluster. Heatmaps indicate log2 fold-change (Log2-FC) of the selected 

genes that are differentially regulated between HAB male and HAB female samples (DESeq2 test run 

via Seurat, pAdj <0.001). 

(d) Heatmap indicating a selected set of genes that are differentially regulated in the MIII cluster of 

HAB female and HAB male brains. Bar plot indicates a lower percentage of MIII cluster in the HAB 

female brain compared to the HAB male. Genes associated with synaptic pruning and phagocytosis 

(Trem2, C1qa, C1qb, Cd68, Cx3cr1, Itgam), inflammatory response (Nfkbi, Il6r, Ifngr1, Jak1) show 

higher expression in the HAB female compared to the HAB male in the MIII cluster. Heatmaps indicate 

log2 fold-change (Log2-FC) of the selected genes that are differentially regulated between HAB male 

and HAB female samples (DESeq2 test run via Seurat, pAdj <0.001). 

 

 

 
Table 3B. 2 Top 50 significantly regulated genes in the MI major cluster. 

The first table (a) indicates the top 50 upregulated genes in HAB male compared to the HAB 

female, ordered based on the log2FC values in descending order. The second table(b) indicates 

the top 50 downregulated genes in the HAB male compared to the HAB female, based on the 

absolute log2FC values in ascending order (DESeq2 test via Seurat, pAdj <0.001). 
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Genes avg_log2FC p_val_adj  Genes avg_log2FC p_val_adj 
Ly6e 1,913066922 0  Trim5 -0,26198589 3,80102E-14 
Hpgd 1,424872461 0  Ttc28 -0,26295213 3,32182E-50 
Ccr6 1,361185316 0  Apoe -0,26343759 3,01252E-08 
Ctsb 1,100831496 0  Rnase4 -0,26373871 7,0192E-169 
H2-D1 0,947550716 0  Olfml3 -0,26689685 3,2799E-103 
BC004004 0,84021676 0  Smap2 -0,26795772 6,5621E-109 
Oaf 0,686307956 8,2402E-286  Peli2 -0,27146927 1,17711E-61 
Ubb 0,594398473 1,7692E-289  Slc9a9 -0,27380898 1,99619E-65 
Sgk1 0,593185489 5,2299E-153  Cd164 -0,27895169 1,5105E-99 
Chst12 0,591630889 1,111E-173  Bhlhe41 -0,27945672 6,96062E-70 
Rnaset2a 0,585464257 0  Actn1 -0,28265899 4,02534E-27 
mt-Nd3 0,563427594 1,3723E-149  Cap1 -0,29136693 5,10383E-92 
Klk8 0,545904782 3,5597E-143  Lhfpl2 -0,29426482 2,84391E-65 
Nrp1 0,530793052 1,0882E-22  Armc3 -0,29839461 3,84192E-65 
mt-Nd5 0,511875837 1,8514E-115  Ccr1 -0,29914612 1,75369E-05 
mt-Nd4l 0,496642264 3,5355E-111  Dock4 -0,30128422 1,98828E-89 
Siglece 0,478629986 1,57481E-13  Hs6st1 -0,3041212 3,73411E-81 
Tspan13 0,464131034 2,1104E-119  Ccdc12 -0,30849385 3,1738E-103 
Rps28 0,46178212 3,0761E-106  Pla2g4a -0,31049515 1,3757E-77 
Ly86 0,456530454 9,0646E-184  Ccr5 -0,31079714 1,3497E-102 
Cacna1a 0,437995144 9,40407E-30  Il7r -0,31827566 2,98871E-69 
Ramp1 0,433911131 6,51062E-86  Slc37a2 -0,32309154 2,23816E-72 
Cd9 0,427558686 4,34862E-82  Fchsd2 -0,32423748 6,78654E-83 
Rpl35 0,424780593 1,49061E-84  Glul -0,33023737 2,0483E-145 
Rps27 0,421183737 1,44287E-91  Pag1 -0,34278027 4,2898E-119 
Trim12c 0,417000765 1,34576E-10  Nrip1 -0,34418586 1,4469E-117 
mt-Nd1 0,409283764 3,5238E-88  Ltc4s -0,34611691 9,1688E-131 
H2-K1 0,404535796 1,31056E-56  C5ar2 -0,35378023 6,08899E-72 
Tpp1 0,402661346 7,11991E-80  Itgav -0,35428913 1,4822E-101 
Glrp1 0,397812969 2,27782E-25  Cbl -0,3583296 3,3212E-102 
Cd63 0,390096974 6,14702E-46  Mxra8 -0,3599969 1,17415E-69 
Cd300c2 0,381544834 8,22004E-77  Cd34 -0,36476379 9,44705E-65 
Tmem181a 0,375899133 2,41199E-14  Grap -0,36607411 2,4586E-118 
Gm11808 0,375520038 4,38684E-82  Nmt1 -0,37115582 2,6154E-151 
Cadm1 0,358044794 9,27151E-58  Trim30d -0,3764082 5,52638E-66 
Rpl29 0,357244896 5,15304E-57  Tmem119 -0,39231147 3,0536E-294 
Rpl37 0,352479085 1,86448E-59  Tns1 -0,39337558 3,8911E-107 
Stambpl1 0,349301408 1,32988E-71  P2ry12 -0,42162453 0 
Rpl38 0,348915538 3,944E-54  Man2a2 -0,45310712 2,1011E-155 
mt-Atp8 0,34809799 5,91621E-57  Ecscr -0,4625516 5,9817E-152 
Rps21 0,345961073 1,28549E-60  Jam2 -0,47430282 5,6983E-197 
Lyz2 0,343097084 6,19989E-26  Ifngr1 -0,4769563 0 

a b 
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mt-Nd2 0,340820346 5,92409E-58  Fam111a -0,49401651 2,6258E-147 
mt-Co2 0,339080523 3,16018E-63  Bank1 -0,54979181 6,2386E-201 
Gm26917 0,326348667 3,58534E-28  Trem2 -0,58883749 0 
mt-Nd4 0,323032057 6,17124E-50  Xist -0,61928659 1,4973E-38 
Ctsc 0,320889449 9,17775E-42  Npl -0,73993883 0 
Rpl39 0,313618531 1,09287E-34  Colec12 -0,83977847 0 
Fth1 0,311588101 5,2003E-35  Cwc22 -1,15452251 0 

 

 

Table 3B. 3 Top 50 significantly regulated genes in the MII major cluster. 

The first table (a) indicates the top 50 upregulated genes in HAB male compared to the HAB female, 

ordered based on the log2FC values in descending order. The second table(b) indicates the top 50 

downregulated genes in the HAB male compared to the HAB female, based on the absolute log2FC 

values in ascending order (DESeq2 test via Seurat, pAdj <0.001). 

 

 

Genes avg_log2FC p_val_adj  Genes avg_log2FC p_val_adj 
Cacna1a 1,46912294 2,1849E-146  Itgav -0,59482078 2,5168E-67 
Ly6e 1,367542816 5,939E-147  Rnase4 -0,59681413 2,89E-103 
Ccr6 1,360613986 1,6883E-160  Itm2c -0,59711556 1,2618E-81 
Gm26917 1,296413 1,8222E-155  Olfml3 -0,60006971 2,7715E-94 
mt-Nd3 1,239165908 2,2761E-192  Trim30d -0,60012342 9,1736E-54 
mt-Nd5 1,054990524 4,6827E-133  Lpcat2 -0,60205867 7,5732E-98 
mt-Nd4l 1,020850542 6,7815E-105  Bank1 -0,60528855 4,7451E-56 
mt-Nd1 0,990169977 5,2414E-135  Csf1r -0,60870592 4,811E-197 
Fam193b 0,940273011 6,07688E-64  Slc3a2 -0,61786687 2,7941E-57 
mt-Atp8 0,938052457 2,62333E-76  Slc9a9 -0,62181061 6,2311E-62 
Tmem181a 0,930431098 1,72351E-81  Rplp1 -0,62471541 3,297E-124 
Chd7 0,903020764 1,38831E-75  Lamp1 -0,62537712 1,052E-117 
mt-Nd2 0,899037786 4,6596E-126  Ccr5 -0,62791313 1,622E-109 
Gm42418 0,897771834 0  Psap -0,62981309 1,382E-175 
mt-Co2 0,879566692 2,6319E-113  Lpcat3 -0,63116033 3,9729E-56 
Glrp1 0,869613078 2,5804E-55  Scamp2 -0,63519069 7,258E-103 
mt-Nd4 0,845874223 7,2822E-102  Ltc4s -0,64328971 3,738E-88 
Itpr2 0,779446301 6,25697E-59  Gm43221 -0,64354909 7,7089E-41 
mt-Cytb 0,762447288 1,20258E-78  Bhlhe41 -0,6494875 2,7025E-66 
mt-Co3 0,762319538 1,17575E-87  Sirpa -0,65097215 8,983E-136 
mt-Co1 0,75355477 3,50846E-91  C1qa -0,6516001 1,354E-222 
Ankrd11 0,732387094 1,98104E-54  Alox5ap -0,65236583 4,8641E-91 

a b 
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Hpgd 0,722810249 6,74026E-39  Cd68 -0,66529392 2,775E-89 
Tcirg1 0,71741692 7,92573E-64  Cd34 -0,67501658 1,3565E-65 
Rgl2 0,697819859 8,71937E-43  Serinc3 -0,67989428 2,898E-195 
Macf1 0,692875346 2,93206E-91  Ctsd -0,6890018 2,55E-259 
mt-Atp6 0,686940914 1,05792E-71  Hspa5 -0,69119574 2,177E-99 
Prkcd 0,673153494 5,58301E-69  Tmem173 -0,69390768 3,2705E-83 
Safb2 0,665663969 1,49545E-48  Jam2 -0,70212166 3,5664E-67 
Gm47283 0,659108957 1,3506E-53  Tmbim6 -0,72138413 6,702E-127 
Ash1l 0,658522309 1,538E-57  Selplg -0,74876963 3,988E-218 
Pnisr 0,630083993 7,74619E-88  Itm2b -0,76791135 2,602E-240 
Plcb2 0,624727892 1,49276E-34  Pla2g15 -0,78537132 2,441E-113 
Pde1b 0,621219046 1,33859E-27  Laptm5 -0,80348907 4,265E-244 
Rbm25 0,619270905 1,91436E-83  P2ry13 -0,80893085 6,388E-149 
Cfap74 0,600354163 7,3295E-25  Arsb -0,82063153 8,553E-108 
Senp2 0,593623917 2,25283E-42  Adgrg1 -0,83595424 1,052E-145 
Stard9 0,582862481 1,81488E-34  Cd164 -0,8484976 4,642E-163 
Srrm2 0,581109892 7,60573E-60  Sparc -0,85754436 2,8E-306 
Pou2f2 0,5799622 4,35629E-53  Cmtm6 -0,8597549 9,865E-177 
Golga4 0,573977533 1,16991E-24  Cd81 -0,87414699 3,181E-234 
Hnrnpl 0,567204622 1,24178E-37  Trem2 -0,89840936 4,823E-212 
Adap2 0,560517355 3,13625E-63  Ifngr1 -0,94914734 4,853E-202 
Col6a3 0,558438827 6,39776E-20  Gpr34 -0,94956559 7,351E-239 
Trip11 0,555126518 8,88791E-35  Slc2a5 -0,98705604 5,347E-177 
Golgb1 0,549125318 1,04476E-30  P2ry12 -0,98850025 0 
Stambpl1 0,544616267 6,43471E-24  Tmem119 -1,00703819 3,268E-289 
Zc3h13 0,542127021 3,03459E-18  Tsix -1,10715139 7,915E-194 
Tbc1d16 0,541908389 7,07785E-25  Colec12 -1,69940087 0 
Bdp1 0,53970276 4,31449E-21  Cwc22 -1,89193015 0 

 

 

Table 3B. 4 Top 50 significantly regulated genes in the MIII major cluster. 

The first table (a) indicates the top 50 upregulated genes in HAB male compared to the HAB female, 

ordered based on the log2FC values in descending order. The second table (b) indicates the top 50 

downregulated genes in the HAB male compared to the HAB female, based on the absolute log2FC 

values in ascending order (DESeq2 test via Seurat, pAdj <0.001). 
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Genes avg_log2FC p_val_adj  Genes avg_log2FC p_val_adj 
mt-Nd1 0,54396455 1,32109E-09  Tmbim6 -0,32504515 8,5065E-146 
mt-Nd3 0,523467571 8,83019E-24  Olfml3 -0,33164916 1,3535E-146 
Gm26917 0,418037464 1,17344E-06  Apoe -0,33238969 1,6961E-173 
mt-Nd5 0,401356799 5,19791E-15  Adgrg1 -0,34103068 1,6151E-139 
mt-Nd4l 0,363605693 8,17339E-22  Fcer1g -0,34543775 1,5718E-188 
Srrm2 0,148148899 0,000116235  Pag1 -0,34570159 4,1823E-162 
Son 0,113225023 1,82291E-35  B2m -0,34645872 2,0577E-198 
Macf1 0,087034744 2,03472E-31  C1qc -0,35631212 7,0375E-189 
Srrm1 0,085187161 2,9193E-05  Colec12 -0,35765083 2,15268E-55 
Ankrd11 0,073112591 2,12681E-05  Fcrls -0,36423951 1,444E-203 
Atrx 0,070812203 7,13153E-11  Marcks -0,36487425 2,8548E-236 
Trip11 0,064386199 0,000224967  P2ry13 -0,37119275 5,9166E-185 
Golgb1 0,06306558 0,00025179  Kctd12 -0,38534161 3,6203E-189 
Srek1 0,062615561 0,000388818  Cd164 -0,39172843 1,1669E-189 
Ctsb 0,055834181 0,000129987  Ddx5 -0,40517002 1,0776E-218 
Bod1l 0,055435143 4,4062E-06  Rplp1 -0,41497004 3,3636E-246 
Prpf38b 0,055377517 1,09779E-05  Itgb5 -0,41598078 7,1964E-226 
Pou2f2 0,053501258 1,61434E-12  Mpeg1 -0,43506317 1,2677E-222 
Ighm 0,051026548 0,000984436  C1qb -0,43973059 5,0976E-265 
Rbm25 0,048370943 1,06962E-18  Vsir -0,44097887 1,2062E-239 
Safb2 0,047365251 1,25634E-06  Tgfbr1 -0,44999299 4,9286E-230 
Aim2 0,04714052 9,11258E-05  Ccr5 -0,45622334 9,3173E-212 
Stard9 0,046546311 3,29086E-06  Actb -0,4575251 0 
Golga4 0,046385728 6,38123E-06  Lgmn -0,46153322 1,0813E-280 
Nipbl 0,045915387 1,97425E-08  Ifngr1 -0,47634007 5,5042E-286 
Mef2a 0,044841465 1,07204E-17  Malat1 -0,48357406 3,3507E-202 
Plcb2 0,044389531 6,21558E-06  Psap -0,48487609 1,0008E-272 
Huwe1 0,044085344 4,59187E-07  Cmtm6 -0,4851608 7,5276E-248 
Pnisr 0,042563979 5,023E-21  Sirpa -0,48641432 1,0155E-259 
Dock10 0,040646025 1,00337E-10  Trem2 -0,4927889 0 
Ddx39b 0,04046824 1,47814E-07  Tmsb4x -0,50783335 0 
Col27a1 0,039803385 1,39038E-08  Hexb -0,51812884 0 
Ash1l 0,039584281 1,85139E-10  Serinc3 -0,5616526 0 
Nav3 0,038834237 8,29054E-20  Laptm5 -0,59589161 0 
Rbm5 0,038436594 4,82959E-12  Cx3cr1 -0,60433403 0 
Gm28187 0,03504255 0,00056552  Gpr34 -0,61010419 0 
Sltm 0,033896027 5,9378E-06  Selplg -0,62805798 0 
Usp8 0,032176184 5,23062E-08  Ctss -0,63619584 0 
Ppcdc 0,030318629 1,95962E-05  Cd81 -0,63809017 0 
Zfp638 0,029769276 1,1818E-10  Csf1r -0,64915483 0 
Numa1 0,028423916 1,88353E-08  Tmem119 -0,66382041 0 
Gramd1a 0,027966037 9,78776E-05  Cst3 -0,69029679 0 

a b 
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Srrt 0,026616227 0,000142059  C1qa -0,715885 0 
Baz1b 0,026437456 2,38869E-08  Ctsd -0,72625159 0 
Usp48 0,023695252 0,000617337  Itm2b -0,73309678 0 
Baz2b 0,022396416 2,9807E-07  Sparc -0,74159054 0 
Srsf11 0,022247516 2,50672E-14  P2ry12 -0,78917937 0 
Setd2 0,021764977 8,06041E-13  Cwc22 -0,93862341 0 
Resf1 0,021367498 6,36038E-08  Xist -1,0597814 1,8641E-120 

 

The pathways differentially regulated between HAB male and HAB female brains in these 

clusters also indicated major differences between them. For instance, ‘regulation of cell 

migration’, ‘cell motility’, ‘homeostatic process’ as well as ‘synapse pruning’, ‘regulation of 

inflammatory response’, and ‘microglial cell activation’ were among the top pathways 

differentially regulated between HAB male and HAB female brains in the MI and MIII clusters, 

respectively (Figure 3B.8). This data suggests that apart from the regulation of synaptic 

pruning, there are many other pathways regulated differently between the HAB male and 

HAB female brains. 
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Figure 3B. 8 Gene set enrichment analysis on the gene ontology indicates differential regulation of 

diverse pathways in the HAB female brain compared to the HAB male. 

Gene set enrichment analysis indicating significantly enriched expression modules with genes related 

to various pathways such as cell locomotion and homeostasis in the MI cluster and synaptic pruning, 

regulation of immune response in the MIII cluster based on the differentially regulated genes in HAB 

female microglia compared to the HAB male (pAdj <0.05).  
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3B.5. HAB female microglia express higher levels of synaptic engulfment-related 

markers in the hippocampus 

 
Since we investigated the differential gene expression profile of the HAB male and HAB 

female, by focusing on the MI and MIII major microglia clusters, and identified the candidate 

genes in the whole brain; we next validated these findings in the hippocampus by checking 

surface levels of CX3CR1 (encoded by Cx3cr1), TREM2 (encoded by Trem2), and CR3 (encoded 

by Itgam), which have previously been shown to modulate synaptic engulfment by microglia 

(Paolicelli et al., 2011; Filipello et al., 2018; Stevens et al., 2007). Our data reveals elevated 

expression levels of these three markers in the HAB female microglia compared to the HAB 

male in the hippocampus and at the protein level (Figure 3B.9).  

Taken together, we showed higher expression of synaptic engulfment-related genes in the 

HAB female microglia compared to the HAB male (Figure 3B.8). These findings suggest an 

elevated potential for microglial engulfment of synapses in the HAB female, which was 

validated on a functional level by showing higher levels of vGLUT1+ synaptic engulfment in the 

female HAB hippocampus compared to the other groups including HAB male (Figure 3B.7). 

We also validated higher expression of the pruning-associated markers such as TREM2 by HAB 

female microglia compared to the HAB male in the hippocampus (Figure 3B.9). 
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Figure 3B. 9 HAB female microglia show higher levels of TREM2, CX3CR1, CR3 in the hippocampus. 

(a-c-e) Representative overlayed histograms indicating MFI signal of  TREM2, CX3CR1 and CD11b 

subunit of CR3 from hippocampal microglia of HAB male and HAB female (male: blue; female: 

magenta).  

(b-d-f) Surface expression levels of microglia-specific TREM2, CX3CR1, and CD11b subunit of CR3 are 

higher in the HAB female hippocampus compared to the HAB male (Student’s t test with Welch’s 

correction, pTREM2=0.004; pCX3CR1=0.001, pC3R=0.002; nmale=5; nfemale=5; Data are represented as mean ± 

SEM, and each dot indicates 1 mouse.*P < 0.05; **P < 0.01; ***P < 0.001.) 

 

 

3B.6.  Minocycline alleviates higher engulfment of synapses by HAB female microglia  

 
It was previously reported that minocycline alleviates high anxiety-related behavioral 

symptoms in the HAB mice and influences microglia in both innate anxiety (Rooney et al., 

2020) and other models of psychiatric disorders (Mattei et al., 2017). We, therefore, next 

tested the in vivo effect of minocycline on microglia of HAB male and HAB female mice by 

supplying it in the drinking water for 4 weeks (Figure 3B.10 a). We checked the engulfment 

of vGLUT1+ synapses by microglia in response to the treatment, and reported a significant 

reduction of synaptic over-engulfment by the HAB female microglia to the level of HAB male  

(Figure 3B.10 b).  
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Figure 3B. 10 Systemic minocycline administration alleviates microglial over-engulfment of vGLUT1+ 

synapses in the HAB female hippocampus. 

(a) Schematic overview of the minocycline treatment and vGLUT1-specific synaptic engulfment assay 

(created by using Biorender.com) 

(b) Significant reduction in the engulfment of vGLUT1+ synapses by HAB female microglia in response 

to minocycline treatment is shown. Data indicates no difference between HAB female and HAB male 

after 4 weeks of minocycline treatment (2-way ANOVA with Šídák's multiple comparisons test, 

nHABmale=14, nHABfemale=7, nmino
HABmale =9, nmino

HABfemale=9, pAdjHABm/HABf< 0.001, pAdjHABm/HABm-mino= 0.996,  

pAdjHABf/HABf-mino< 0.001, pAdj HABm-mino/HABf-mino=0.848; Data are represented as mean ± SEM, and each 

dot indicates 1 mouse *P < 0.05; **P < 0.01; ***P < 0.001). 

 

Minocycline acts also on other cells and organ systems when supplied in vivo (Möller et al., 

2016). Therefore, we next explored the direct effect of minocycline on microglial engulfment 

of synapses. We used pHrodoTMRed-labeled synaptosomes and supplemented them to freshly 

MACS- isolated microglia (CD11b- enriched cells) from the hippocampus of HAB male and HAB 

female at P90 (Figure 3B.11 a).  We then analyzed the engulfment of pHrodoTMRed-labeled 

synaptosomes by MACS-isolated microglia and found higher engulfment by HAB female 

microglia both after 24h and 48h in culture compared to the HAB male (Figures 3B.11 b and 

a 
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c). After 24h of in vitro minocycline treatment, we found no difference in the synaptosome 

engulfment comparing HAB male and HAB female microglia to the untreated controls (Figure 

3B.11 b). However, after 48h of treatment, we detected a significant decrease in the 

engulfment of total synaptosomes specifically by the HAB female microglia compared to the 

untreated control (Figure 3B.11 c). 

 

 

 

 

 

 

 

 

 

Figure 3B. 11 In vitro minocycline treatment alleviates microglial over-engulfment of synaptosomes in 

the HAB female. 

a 
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(a) Schematic representation of the experimental steps depicting in vitro minocycline treatment and 

the synaptosome engulfment assay (created by using biorender.com).  

(b) HAB female microglia engulf more pHRodoTM Red-labeled synaptosomes compared to HAB male 

after 24h in culture. In vitro minocycline treatment do not have any effect on total synaptosome 

engulfment by microglia. Engulfment ability of HAB male and female microglia was calculated by the 

pHRodoTM Red -MFI signal of CD11b++/CD45+/Viable cells from the treated and untreated conditions (2-

way ANOVA with Šídák's multiple comparisons test, nHABmale=6, nHABfemale=6, , pAdjHABm/HABf= 0.007, 

pAdjHABm/HABm-mino= 0.997,  pAdjHABf/HABf-mino= 0.852, pAdjHABm-mino/HABf-mino=0.0003). Details of the 

experimental procedure are explained in the materials and methods section of the project A. 

(c) HAB female microglia engulf more pHRodoTMRed-labeled synaptosomes compared to HAB male 

after 48h in culture. In vitro minocycline treatment shows an effect on total synaptosome engulfment 

only on the HAB female microglia. Engulfment ability of the HAB male and female microglia was 

calculated by the pHRodoTMRed-MFI signal of CD11b++/CD45+/Viable cells from the treated and 

untreated conditions (2-way ANOVA with Šídák's multiple comparisons test, nHABmale=6, nHABfemale=5, 

pAdjHABm/HABf< 0.0001, pAdjHABm/HABm-mino> 0.999,  pAdjHABf/HABf-mino< 0.0001, pAdjHABm-mino/HABf-mino<0.0001. 

Data are represented as mean ± SEM, and each dot indicates one mouse; *P < 0.05; **P < 0.01; 

***P < 0.001). 

 

Together, these findings indicate that HAB female microglia hold a higher potential to engulf 

vGLUT1+ excitatory synapses -ex vivo- and total synaptosomes -in vitro- compared to the HAB 

male microglia. We also provided evidence that both in vitro and in vivo minocycline 

treatments significantly alleviate this intrinsic state of higher engulfment of synapses by the 

HAB female microglia (Figures 3B.10 and 3B.11).  
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3B.7. Serum 17β-Estradiol levels do not indicate a correlation with synaptic 

engulfment in the HAB and NAB females 

 

We finally investigated the 17β -Estradiol (E2) levels in the serum samples of HAB and NAB 

females, whose brains were used in the vGLUT1-specific synaptic engulfment assay. Our data 

indicate no significant correlation between serum 17β -Estradiol levels and the microglial 

engulfment of vGLUT1+ synapses neither in NAB or in HAB females (Figure 3B.12 a and b). We 

also did not find any significant difference in the 17β-Estradiol levels in the HAB and NAB 

female serums. Therefore, we can also clarify that the HAB female-specific differences in 

synaptic engulfment reported in this study are not due to a possible effect of the Estrus cycle 

(Figure 3B.12 c). 
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Figure 3B. 12 HAB and NAB females do not show a difference in their levels of serum 17β -Estradiol.. 

(a and b) There is no significant correlation between microglial engulfment of vGLUT1+ synapses and 

serum 17β -Estradiol levels of the HAB and NAB females (Pearson correlation analysis; NAB female: 

R2=0.1, r=0.32, p=0.435 ; nNABf =8; HAB female: R2=0.4, r=0.64, p=0.124, nHABf=7). 

 (c) No significant difference was detected in the serum 17β -Estradiol levels of the HAB female and 

NAB female mice, whose brains were used for the vGLUT1-specific synaptic engulfment assay 

(Student’s t test with Welch’s correction, p=0.177, nHABf =7, nNABf =8. Data are represented as mean ± 

SEM, and each dot indicates one mouse; *P < 0.05; **P < 0.01; ***P < 0.001). 
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4B  DISCUSSION 
 

Many psychiatric disorders, including anxiety and comorbid depression, exhibit sex-linked 

differences in their prevalence, clinical manifestation as well as at the cellular level (Bangasser 

& Valentino, 2014). Moreover, these differences are often associated with immune 

dysregulation and neural circuit alterations (Tubbs et al., 2020; Gasperzs et al., 2017; Ressler 

& Mayberg, 2007). Considering the critical role of microglia in immune response (Kettenmann 

et al., 2011) and synaptic refinement (Paolicelli et al., 2011; Schafer et al., 2012; Ji et al., 2013; 

Miyamato et al., 2016; Vainchtein & Molofsky, 2020);  it is surprising that very few studies 

addressed sex-linked differences in microglial cells in the context of anxiety. To address this 

gap, this study presents three pertinent findings: 1) we report heterogeneity and sexual 

dimorphism of microglia at single-cell resolution in a context of innate high anxiety and 

comorbid depression. Microglia clusters bearing a prominent signature of synaptic 

engulfment and phagocytosis are enriched in the HAB female brain compared to the HAB 

male. We moreover found that genes related to synaptic engulfment such as Trem2, C1qa, 

Cd68 show higher expression in HAB female in major microglia clusters compared to the HAB 

male. 2) We functionally supported these findings by demonstrating that the hippocampal 

microglia of HAB females engulf more vGLUT1+ excitatory synapses and total synaptosomes 

than those of HAB males. Our findings revealing altered synaptic engulfment by microglia are 

in line with other studies that found a link between altered brain connectivity and anxiety-

like behavior (Kalin et al., 2017).  Since alterations in the microglial pruning of excitatory 

synapses in the paraventricular nucleus of the hypothalamus (Bolton et al., 2022) and 

prefrontal cortex (Socodato et al., 2020) have been reported to be associated with anxiety-
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related behavior; we focused on vGLUT1+ excitatory synapses at the outset of the study. 

Moreover, we showed that our findings are not specific to excitatory synapses but also valid 

for the engulfment of total synaptosomes by microglia. 3) We report that in vitro and in vivo 

minocycline treatment modulates synaptic engulfment by microglia, and in particular that the 

treatment significantly lowers the high engulfment of synapses by HAB female microglia.  

 

Our data indicate that the MI cluster, in particular, holds a great capacity to modulate 

synapses and, therefore, could represent a promising cellular subset to target anxiety-

associated alterations in the HAB female brain. The MII and MIII clusters, on the other hand, 

represent a state quite opposite to that of MI by showing lower expression of genes related 

to synaptic engulfment (Trem2, C1qb, C1qc, Cd68), as well as homeostasis (Hexb, Tmem119, 

P2ry12). The higher expression of Trem2, Tyrobp, Cd9, Spp1, Ccl3, and Ccl4 in the MIV cluster 

indicates similarities to the previously reported disease-associated microglia (DAM) signature, 

which originally is associated with Alzheimer’s disease (AD) models (Keren-Shaul et al.2017). 

However, such signatures should be cautiously assessed since the definitions of different 

microglial states or clusters are highly context-dependent. Microglia display diverse states 

and responses based on the signals they receive from their microenvironment (Hanisch & 

Kettenmann, 2007). These states can be represented by a variety of transcriptional changes 

that do not always correspond to a function (Paolicelli et al., 2022). For instance, 

downregulation of P2ry12, Tmem119, Hexb as shown in the MIII cluster, has been linked to a 

particular microglia state called white matter-associated microglia (WAM) in the Alzheimer 

context as well as regarded as an activated state of microglia (Safaiyan et al., 2021; Masuda 

et al., 2020). However, these core microglia marker genes are also under regulation of various 

signals, and do not show a steady expression (Paolicelli et al., 2022). Therefore, changes in 
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their expression levels are not always sufficient for defining a similar microglial state in the 

context of anxiety, unless it is functionally validated. Their lower expression in one context 

may suggest myelin debris clearance (Safaiyan et al., 2021), while in another, it may indicate 

a physiological state based on the cues received from the microenvironment. For this reason, 

we refrain from relating these clusters to those observed in earlier publications in the context 

of different diseases. 

 

We found many genes upregulated in the HAB female compared to the HAB male, particularly 

in the MIII cluster, and they point to regulation of critical pathways, including ‘regulation of 

immune response’, ‘synaptic pruning’, ‘microglial activation’, and ‘neurogenesis’. Among 

these pathways, the current study particularly focused on the synaptic engulfment by 

microglia, since it holds a strong potential to modulate synapses. According to autopsy reports 

(Zhao et al., 2012; Duric et al., 2013) and functional magnetic resonance imaging (fMRI) 

studies (Zeng et al., 2012), patients with depression and comorbid anxiety showed altered 

brain connectivity, particularly synapse loss. Additionally, preclinical research has also 

indicated synapse loss in depression and anxiety context due to high microglial engulfment of 

synapses (Han et al., 2022). The high microglial engulfment of synapses presented here could 

as well potentially drive the loss of synapses, which remains to be investigated.   

 

Although females have been repeatedly reported to have a higher prevalence of anxiety-

related disorders (McLean et al., 2011; Kessler et al., 2012; Moser et al., 2016; Strand et al., 

2021), pre-clinical research mostly relies on data from males. Sex-linked differences in 

microglia have been reported by several groups, in contexts of both health (Hanamsagar et 

al., 2017; Guneykaya et al., 2018; Villa et al., 2018) and disease (Kalm et al., 2013; Acaz-
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Fonseca et al., 2015; Bodhankar et al., 2015; Kodama & Gan, 2019). Such differences in the 

context of innate high anxiety have largely remained unexplored, but studies have shown that 

chronic stress exerts different effects on male and female microglia (Wohleb  et al., 2018; 

Bollinger, 2021). The significance of these findings lies in the fact that chronic stress has been 

implicated as a profound risk factor for anxiety- and depression-related behavior (Conrad et 

al., 2011; Bouter et al., 2020). It also alters the microglia morphology and the expression of 

immunoregulatory factors by microglia differently in males and females (Bollinger, 2021). 

Furthermore, Wohleb et al. (2018) reported enhanced microglial engulfment of synapses in 

the medial prefrontal cortex of male mice, but not female, in response to chronic high stress. 

As sentinels of the CNS, microglia are overly sensitive to signals from their surroundings 

(Kettenmann et al., 2011; Kettenmann, Kirchhoff & Verkhratsky, 2013). Chronic stress is also 

known to alter neural activity (Wilber et al., 2011), which can be detected by microglia and 

could drive potential pruning-associated consequences in the stress-induced anxiety models. 

Similarly, it has been shown that HAB mice display changes in basal neurotransmission at the 

ventral CA3-CA1 synapses of the hippocampus (Dine et al., 2015), which could have a potential 

impact on microglia-mediated synaptic pruning. Yet, that particular study investigated only 

male mice and we were unable to detect a functional phenotype in the HAB male microglia 

in terms of the engulfment of synapses. HAB females, on the other hand, show an evident 

phenotype of synaptic over-engulfment compared to HAB male and NAB female. Another 

study that exclusively focused on HAB female mice found that high innate anxiety with 

comorbid depression and anhedonia was accompanied by a lower rate of neurogenesis and 

impairments in the functional integration of newly generated neurons in the hippocampus 

(Sah et al., 2012). We add to these observations by reporting elevated engulfment of synapses 

by HAB female microglia, and hypothesize that microglia with an over-reactive state of 
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synaptic engulfment could have an impact on integration of newly born neurons in the HAB 

female hippocampus. These findings are also in parallel with clinical data reporting decreased 

hippocampal connectivity and volume in patients with depression (Campbell et al., 2004; Ge 

et al., 2019). 

 

Given that our findings on synaptic engulfment are female-specific, what would be the ground 

for explaining these sex differences? Gonadal hormones appear to have a role to drive some 

of these sex differences (Bollinger et al.,2019; 2021). Receptors for glucocorticoid (GC), 

estrogen, and androgen are expressed on microglia, which makes them responsive to 

variations and fluctuations in these hormonal signals (Sierra et al.,2008; Carrillo-de Sauvage 

et al.,2013; Horchar & Wohleb, 2019). Hormones have a crucial role in mediating sex-specific 

neural (Garrett et al.,2009; Shansky et al.,2010) and microglial responses (Bollinger et 

al.,2019). In a very intriguing study, Caetano et al. (2017) used prenatal exposure to GC to 

induce high anxiety behavior in male and female rats, and they found that microglia in the 

mPFC exhibit sexually dimorphic morphology, with females having less complex morphology 

and males having hyper-ramified morphology. When an experimental anxiolytic adenosine 

A2AR agonist was administered to these rats, the males showed a drop in anxiety, and the 

hyper-ramified morphology of male microglia was also restored, while there was no effect on 

either behavior or microglial morphology in females (Caetano et al.,2017). This study reports 

striking sex differences in morphology of microglia and their response to stimuli, even though 

there were no sex-linked differences detected in the high anxiety behavior of males and 

females, which both exhibited elevated anxiety compared to normal controls (Caetano et 

al.,2017). Likewise, no behavioral differences were detected between HAB males and females 

using classical behavioral tests to assess anxiety-like behavior, such as the elevated plus maze 
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(EPM) and light-dark test (LD) (Sartori & Ugursu, 2022; unpublished data). These classical tests 

demonstrate certain limitations, which include introducing a novel environment and inducing 

a stress response (Bailey et al., 2009; Börchers et al., 2022). Several studies have revealed 

some sex-linked differences with varying results amongst tests and shown deviations from 

human findings, indicating that these classical tests have poor predictive power for both 

detecting rodent sex differences and for reflecting human findings (Börchers et al., 2022; Lee 

et al., 2022). Such tests may also understate sex-related differences, particularly in females, 

because most of them were validated only in males (Donner& Lowry, 2013; Börchers et al., 

2022). This means that our findings at the cellular and molecular level might have numerous 

different behavioral manifestations, whose detection calls for more comprehensive 

behavioral tests such as 3D spontaneous behavior mapping (Huang et al., 2021). However, 

such in depth behavioral characterization was not within the scope of the current study.  

 

Microglia are critical players in the organization of neural circuits through phagocytosis of 

synapses mainly via fractalkine receptor (CX3CR1), complement receptor 3 (CR3), and the 

triggering receptor expressed on myeloid cells 2 (TREM2) (Paolicelli et al., 2011; Filipello et 

al., 2018; Furusawa & Emoto, 2020; Qin et al., 2022). These three signaling pathways have 

been widely reported to modulate microglial engulfment of synapses in different brain 

regions. Liu et al. (2020) reported that CX3CR1-CX3CL1 signaling is associated with depressive-

like behavior, anxiety and anhedonia. It has also been shown that TREM2 signaling is 

necessary for a functional synapse elimination by microglia (Filipello et al., 2018). Similarly, 

C3-deficient mice display an excessive number of synapses and resilience to anxiety, 

confirming the role of C1q-C3-CR3 axis in synaptic pruning (Stevens et al.,2007; Furusawa & 

Emoto, 2020) and depressive-like behavior (Crider et al., 2018). While these observations are 
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not specifically focused on the context of innate high anxiety, they support our functional 

findings indicating the higher engulfment of synapses by female HAB microglia, which express 

higher surface levels of TREM2, CR3 and CX3CR1 than HAB male microglia. We therefore 

hypothesize that these signaling pathways might contribute to driving the reported functional 

differences in microglia in the hippocampus of HAB mice.  

 

Several studies have shown that minocycline, a lipophilic broad-spectrum antibiotic, 

ameliorates stress-induced anxiety in rodent models (Molina-Hernández et al., 2008; 

Levkovitz  et al., 2015; Liu et al., 2018; Wang et al., 2018; Zhang, Kalueff & Song, 2019). 

Moreover, it has been shown that minocycline exerts unspecific, complex effects on 

microglia, resulting in changes in cellular density, morphology, and reactivity in a context-

dependent manner (Yrjänheikki et al., 1998; Strahan et al., 2017; Mattei et al., 2017; Wang et 

al., 2017; 2018). It crosses the blood-brain barrier (Garrido-Mesa, Zarzuelo, & Gálvez, 2013), 

and has been clinically tested on patients with major depressive disorder and anxiety with 

promising results (Dean et al.,2017; Zazula et al., 2021). Rooney et al. (2020) reported the 

anxiolytic effects of minocycline on HAB male mice after 28 days of systemic administration. 

They also reported that the treatment reduced the density of CD68+ microglia in the dentate 

gyrus of the hippocampus, and concluded that minocycline modulates the phagocytic 

potential of microglia. In addition to these findings, we herein provide functional data 

showing that hippocampal HAB female microglia engulf more synapses compared to the HAB 

male and NABs, which was reduced in response to the minocycline treatment. On the other 

hand, HAB male microglia neither exhibited differences in phagocytosis compared to NABs, 

nor responded to the minocycline treatment.  We underline that phagocytic potential does 

not only concern the synaptic engulfment, but also the engulfment of apoptotic and necrotic 
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cells (Green, Oguin & Martinez, 2016), bacteria and viruses (Nau et al., 2014), neural 

precursors (Sierra et al.,2010), and amyloid plaques (Huang et al.,2021). Therefore; 

phagocytosis of other targets cannot be ruled out, even though a significant difference in the 

microglial engulfment of synapses was not observed in the HAB male. Given that a higher 

percentage of CD68+ microglia was detected in the HAB male hippocampus (Rooney et 

al.2020), future studies should test the phagocytosis of other potential targets by HAB 

microglia. 

 

Interestingly, Han et al. (2022) recently reported higher engulfment of synapses by microglia 

in the hippocampus of a chronic social defeat stress (CSDS)-induced mouse model of 

depression. They further showed that minocycline suppressed the higher microglial 

engulfment of synapses (Han et al., 2022), which is strikingly parallel to our findings. In a 

different study using the poly(I:C) model for schizophrenia, the effect of minocycline 

treatment was again demonstrated to functionally restore microglial phagocytosis to the 

normal levels in the hippocampus (Mattei et al., 2017). These results, albeit in different 

contexts, point to a potential impact of minocycline on microglial phagocytosis, which we also 

reported in the present study. 

 

 

In the absence of a stressor, genetic modification or immune challenge; our mouse model 

allowed us to obtain a thorough understanding of the microglial heterogeneity in the context 

of innate high anxiety and comorbid depression. We herein provide an overview of the 

microglia phenotype in a sexually dimorphic manner and present evidence of higher synaptic 

engulfment by microglia in the HAB female brain. These findings suggest microglial 
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engulfment of synapses as a critical potential target, which can be addressed by minocycline 

treatment. We further underline the necessity of including both sexes in the anxiety research 

given the known differences in terms of risk and prevalence, as well as the sex-linked 

differences we have reported in microglia phenotype and function. Our findings establish a 

foundation for future studies that will focus on sexual dimorphism regarding the interplay of 

microglia and synapses as well as the modulatory effects of minocycline. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 131 

5 CONCLUSIONS 
 
 
5.1 The Role of Microglial Engulfment of Synapses and TREM2 in Murine Models of 

Psychiatric Symptoms 

 
Using a range of technical approaches in two independent projects employing different 

mouse models, I herein report two convergent findings in the contexts of innate high anxiety 

& depression and autism. The first is the dysregulated microglial engulfment of synapses in 

both mouse models. It is impaired in the Nlgn4-KO, only in males; while it is excessive in the 

HAB model, only in females. These findings point to a sex-specific difference, which 

interestingly is in parallel with the prevalence of anxiety and autism (Hodges et al., 2020; 

Strand et al., 2021). Both impaired and excessive engulfment of synapses by microglia hold a 

great potential to alter synaptic networks, and impact behavior (Tay et al., 2017). Clinical 

studies already indicate altered brain connectivity in autism (Wass 2011; Gao & Penzes, 2015) 

as well as in anxiety and depression (Kalin et al., 2017), which are in line with our findings. 

Therefore, the reported microglial dysregulations in both models can serve as promising 

targets in future studies to investigate and modulate interaction of microglia with synapses. 

 

The second convergent finding is the regulation of TREM2 expression by microglial cells. 

Interestingly, I reported lower surface expression of TREM2 in the Nlgn4-KO hippocampus 

compared to the WT, whereas higher expression of it in the HAB female compared to the HAB 

male, as well as NAB female. Moreover, changes in the TREM2 levels also reflect the 

functional changes regarding the altered engulfment of synapses by microglia in both mouse 

models. Therefore, I propose that microglial surface TREM2 levels can be a useful biomarker 

to monitor potential changes in microglial engulfment of synapses in these mouse models, 
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and that TREM2 signaling represents a promising target for different murine models of 

psychiatric disorders due to its high potential to affect synaptic networks, as well as behavior.  

 

With the knowledge and awareness that synaptic engulfment by microglia is not the only 

microglial dysregulation in these psychiatric models, I report a striking association between 

this microglial function and clinical findings, as well as the prevalence studies. This 

dissertation provides a foundation for future research focusing more on the interplay of 

microglia and synapses, especially the role of TREM2 signaling, in the context of psychiatric 

diseases. I moreover highlight the sexual dimorphism at the cellular level, in both models, 

thus emphasizing the importance of including both sexes in studies given that female-

oriented studies are largely neglected in preclinical psychiatric research. 

 

To summarize,  

1. I propose TREM2 as a potential mediator, among others, to modulate microglial 

engulfment of synapses in the hippocampus of both HAB and Nlgn4-KO mouse 

models. 

2. I add to existing literature another form of microglial dysregulation in the preclinical 

models of psychiatric disorders (Steiner et al., 2008; Morgan et al., 2010; Sominsky et 

al., 2012; Torres-Platas et al., 2014; Wohleb et al., 2017; Mattei et al., 2017;  Tay et al., 

2017; Ozaki et al., 2020; Hayes et al., 2021; Guneykaya et al., 2023). I suggest that 

dysregulated synaptic engulfment by microglia represents a promising target in 

psychiatric disorders, since it has a potential to affect synaptic connectivity and 

behavior. 
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3. I report striking sex differences in both models at the cellular level, and emphasize 

importance of including both sexes in studies, at least before focusing further on a 

certain dysregulation only in the affected sex. 

4. In this dissertation; expression of many different genes and proteins were elaborately 

studied to obtain a hint for a dysregulated microglial function. Our results support that 

differences in the expression of certain genes as well as  proteins are not always 

reflected on the respective functions. Considering the amount of research in the field 

relying solely on changes in the expression levels of certain markers to state functional 

effects, our findings highlight the importance of their functional validation. 

 

 

5.2 Limitations of the Study and Future Prospects  
 
 

In the first project (A), in which I studied the context of autism; I have reported lower 

engulfment of vGLUT1+ excitatory synapses and total synaptosomes by microglia. However, I 

was not able to report the engulfment of GABAergic inhibitory synapses due to technical 

limitations. Considering the decreased GABAergic synaptic transmission in the Nlgn4-KO 

hippocampus (Hammer et al., 2015); it would have been neat to report as well the engulfment 

of GABAergic synapses, since microglial engulfment of synapses is indeed affected by changes 

in the neural transmission (Trembley et al., 2010; Schafer et al., 2012; Wu et al., 2015). 

However, the commercial flow cytometry antibodies I have tested for this purpose did not 

work to detect inhibitory synaptic markers inside microglia. We will focus on this part in future 

studies by using other technical approaches such as immunohistochemistry and imaging.  
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The second limitation of this study is that I did not reveal the consequence of the dysregulated 

microglial engulfment of synapses on overall synaptic connectivity in the  Nlgn4-KO model 

due to technical limitations. The gold standard would be to perform a synaptic spine density 

analysis to examine such potential consequences in the Nlgn4-KO brain. We will focus on this 

aspect in future studies to complement our findings more comprehensively. In addition to 

these future prospects, we will also manipulate NL4 levels by lentiviral transduction of shRNA 

targeting Nlgn4 in WT hippocampal organotypic brain slices to test the direct effect of NL4 

levels on the enzymatic activity of ADAM10. Overall, these experiments will broaden our 

understanding of the interplay of microglia and synapses by focusing on the role of ADAM10, 

NL4, and TREM2 in the Nlgn4-KO brain.  

 

Astrocytes also play a key role in synaptic refinement, and more importantly, they express 

neuroligins and neurexins at high levels (Tan & Eroglu, 2021). Therefore, in depth 

characterization of astrocytes is also another future research prospect, which will be highly 

complementary to understand the direct effect of NL4 loss on astrocyte function as well as 

on the crosstalk of microglia and astrocytes at synaptic junctions. 

 

In the second project (B), in which I studied the context of high anxiety and comorbid 

depression, I reported striking sex-linked differences in microglial heterogeneity and synaptic 

engulfment. However, I did not report the behavioral consequences of these differences at 

the cellular level due to technical limitations. HAB male and HAB female mice already show 

higher levels of anxiety compared to the sex-matching NABs (Sah et al., 2012;  Rooney et al., 

2020). Detecting sex-specific differences between HAB male and HAB female mice, 

considering their existing high levels of innate anxiety, requires more sophisticated behavioral 
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tests rather than the classical approaches such as EPM. Investigating the behavioral 

translation of our cellular findings will be the focus of future studies. Similar to the autism 

project (A), I also aim to report the consequence of dysregulated microglial engulfment of 

synapses on overall synaptic connectivity in the HAB brains in future studies. Another 

limitation concerns the effect of minocycline on microglia, which I reported both in vivo and 

in vitro. However, I did not outline the mechanism of action through which minocycline 

modulates the synaptic engulfment by microglia. In future studies, I will focus on this aspect 

to specifically report the effects of minocycline on different signaling pathways that regulate 

synaptic engulfment by microglia to better understand its specific targets and the mechanism 

of action. 
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