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Abstract  

Microglia are the innate immune cells in the CNS, serving as the first line of defense in the 

brain parenchyma. During mouse embryogenesis, microglial progenitor cells originate from 

the yolk sac and migrate into the CNS via the circulatory system. As the developmental stage 

progresses, microglia develop ramified and motile processes which constantly survey the brain 

parenchyma. The high motility allows microglia to respond to insults by migrating to the 

affected sites, and clear up the pathogens and damage. Moreover, microglia also interact with 

neuronal synapses with their processes. Microglial motility is driven by the intracellular force 

generated by actin cytoskeleton rearrangement. Essential to this process is the cytoplasmic 

fragile-X mental messenger ribonucleoprotein (FMRP) interacting protein 1 (CYFIP1), an 

essential component of the WAVE regulatory complex (WRC), which activates the ARP2/3 

complex to regulate branched actin networks.  

In this study, we show that CYFIP1 is the sole CYFIP isoform in microglia, and is highly 

expressed compared to the other cell types in the CNS. We determine that microglia possess a 

unique WRC, which is composed of CYFIP1, HEM1, WAVE2 and ABI3, and that depleting 

CYFIP1 leads to the loss of all other WRC components. We then show that in the absence of 

CYFIP1, microglial branching is reduced and microglial homeostasis is impaired in the mouse 

brain. We also, for the first time, identify the molecular role of the CYFIP1-WRC in microglial 

actin dynamics, as a regulator of the dynamic filamentous actin formation, which is involved 

in microglial phagocytosis, migration and membrane ruffling. Indeed, the absence of the 

CYFIP1-WRC disrupted lamellipodium formation and impaired microglial directional 

migration. Interestingly, in the brain of Cyfip1 conditional knockout mice, there was an 

unexpected alteration in dendritic spine maturation in layer V pyramidal neurons of the mouse 

cortex.  

In summary, in this study we demonstrate the pivotal role of the CYFIP1-WRC in microglial 

homeostasis, motility and phagocytic function. Exploring the role of CYFIP1-dependent actin 

dynamics on the interaction of microglia with synapses and its significance for the 

establishment of neuronal circuits are intriguing topics for future research.  
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Chapter 1. Introduction  

1.1. Microglia 

The term “glia” came from the ancient Greek word for glue. Glia were originally believed to 

be matrix fibers which held neurons together, until in 1895 Michael von Lenhossek argued that 

glia were cells instead of matrix fibers and termed the glial cells astrocytes. In the second 

decade of the 20th century, Pío del Río-Hortega invented a novel ammoniacal silver carbonate 

staining technique. By using this staining technique, del Río-Hortega was the first person to 

identify microglia as well as the first to distinguish microglia from macroglial cells (astrocytes 

and oligodendrocytes) based on the small cell body size of microglia (Sierra et al, 2016). Del 

Río-Hortega proposed that microglia originated in the mesoderm and invaded the brain 

parenchyma during early development. In the mature brain, microglia displayed highly 

ramified cell morphology (Figure 1.1) and appeared to have their territory. He also stated that 

microglia had migratory and phagocytic ability (Kettenmann et al, 2011). Many of del Río-

Hortega’s findings were confirmed afterwards (Barron, 1995; Kerschman, 1939; Rezaie & 

Male, 2002) and remain valid until today.  

 

 

Nowadays, microglia are widely known as the predominant innate immune cells in the CNS. 

They constitute 0.5 - 16 % of the total cell population in the human brain (Mittelbronn et al, 

2001) and roughly 10 % in the adult mouse brain (Lawson et al, 1992). For a long time, 

microglia were thought to be the passive immune defender of the CNS. They express several 

Rio-Hortega, 1919 Nimmerjahn et al., 2005

Figure 1.1: Del Río-Hortega’s illustration of microglial cells (left) and highly dynamic microglia 

in the homeostatic state in vivo shown by Nimmerjahn et al. (right) 

In the image from Nimmerjahn et al., green color indicates microglial process elongation, whereas 

red color labels process retraction (Nimmerjahn et al, 2005; Sierra et al., 2016).   

 



I n t r o d u c t i o n  

 2 

macrophage-related receptors and markers including CX3CR1, CD68, CD11b and IBA1 (Jurga 

et al, 2020). In the healthy brain, homeostatic microglia with ramified morphology were 

assumed to be in a resting state. Upon sensing the pathogenic signals, microglia transform their 

morphology by shrinking their processes, migrate towards the insult, clear the pathogens or 

damaged cells, and repair the tissue (Vilhardt, 2005). The theory of resting microglia was 

amended when Nimmerjahn et al. proved that ramified microglia, rather than resting in the 

healthy brain, actively inspect their microenvironment by constantly moving their motile 

processes back and forth (Nimmerjahn et al., 2005). Microglia also participate in shaping 

neuronal circuits through interacting with dendritic spines of neurons in an experience-

dependent manner (Paolicelli et al, 2011; Tremblay et al, 2010; Wake et al, 2009).  

 

1.1.1. Microglia origin  

Since the discovery of microglia, their origin has been intensely debated. In the last decades, 

scientists have used different mouse models to address whether embryonic microglia originate 

from ectoderm or mesoderm (de Groot et al, 1992; Fedoroff et al, 1997; Hao et al, 1991; 

McKercher et al, 1996). Among all, the Spi1 (also known as PU.1) knock-out mouse model 

validated del Río-Hortega’s mesodermal theory of microglia’s origin (McKercher et al., 1996): 

mice with Spi1 deletion were devoid of microglia (Beers et al, 2006; McKercher et al., 1996). 

Since SPI1/PU.1 is a transcription factor exclusively expressed in hematopoietic cells (Moreau-

Gachelin, 1994), this established the hematopoietic origin of microglia and indicated their 

ontogenetic relationship to macrophages.  

Despite the consensus of hematopoietic (myeloid) origin of microglia, there were still many 

disputes regarding the exact nature of microglial progenitors. Many scientists, including del 

Río-Hortega, were unsure whether microglia emerged from primitive macrophages during 

embryonic development or from the circulating blood monocytes, which penetrated into the 

neonatal brain parenchyma (del Rio-Hortega, 1939). Perry et al., using histochemical methods, 

discovered that microglia in the brain of embryonic day 16 (E16), postnatal day 5 (P5) and 

adult mice expressed F4/80, a monocyte marker (Perry et al, 1985). They identified circulating 

monocytes as the source of microglia, and proposed that dying neurons and axons during the 

development attracted monocytes to migrate into the brain. They believed that monocytes 

differentiated into microglia after they invaded the brain parenchyma. Although their 

hypothesis was later proven to be inaccurate, their discovery revealed that microglia already 
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reside in the brain before birth, indicating that microglial precursors originate from embryonic 

hematopoiesis rather than bone marrow hematopoiesis.  

 

Mouse embryonic hematopoiesis 

During mouse embryogenesis, hematopoiesis occurs in two locations: the extra-embryonic 

yolk sac (YS) for primitive hematopoiesis and fetal liver for definitive hematopoiesis (Figure 

1.2) (Orkin & Zon, 2008). Primitive hematopoiesis in mice takes place between E7.5 and E8. 

During this time period, primitive erythromyeloid progenitors (EMPs) are produced in the 

blood islands of the yolk sac (Bertrand et al, 2005; Palis et al, 1999). After the circulatory 

system is established, at E9.5 to E10.5 EMPs differentiate into primitive macrophages, and 

migrate into several tissues through the blood vessels (McGrath et al, 2003). Therefore, 

primitive macrophages invade and colonize the developing brain at mid-gestation, eventually 

transforming into embryonic microglia (Figure 1.2) (Alliot et al, 1999; Alliot et al, 1991). 

Embryonic microglia express several myeloid markers such as C-X3-C motif chemokine 

receptor 1 (CX3CR1), F4/80, and colony-stimulating factor 1 receptor (CSF1R) (Kierdorf et 

al, 2013). Embryonic microglia exhibit strong proliferative capacity, which contributes to the 

expansion of their local population in the brain parenchyma (Sorokin et al, 1992).  

Definitive hematopoiesis begins around E10.5 in the aorta-gonads-mesonephros (AGM) region 

and continues at E12.5 in fetal liver, which by then becomes the primary organ for 

hematopoiesis (Kumaravelu et al, 2002; Naito et al, 1990). Hematopoietic stem cells (HSCs) 

generated from fetal liver differentiate into myeloid precursors (MPs), which eventually 

become monocytes. Monocytes entering the circulatory system populate all tissues, except the 

brain, due to the already formed blood brain barrier (Figure 1.2). However, it is believed that 

perivascular and choroid plexus macrophages in the CNS are derived from circulating 

monocytes (Ginhoux et al, 2013; Prinz & Priller, 2014). Schulz et al. demonstrated that HSCs 

rely on the transcription factor MYB, whereas yolk sac macrophages do not, and the embryonic 

brains of mice lacking MYB have normal microglial density (Schulz et al, 2012). This 

groundbreaking discovery highlighted the distinctions between primitive and definitive 

hematopoiesis, and confirmed that microglia are the progeny of yolk sac-derived macrophages 

(Schulz et al., 2012).  
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1.1.2. Microglia in the developing brain 

As previously mentioned, microglial precursor cells (primitive macrophages) enter the brain 

through blood vessels and colonize the brain parenchyma through migration and proliferation. 

The process of their entry into the brain may be facilitated by the adhesion molecules on the 

endothelial cells of the blood vessels (Charabati et al, 2020; Mosser et al, 2017). After entering 

the brain, embryonic microglia must proliferate and migrate to their final destination, where 

they mature into ramified microglia. Several signaling pathways have been identified as 

responsible for the chemotactic migration of embryonic and postnatal microglia. Microglia 

navigate to specific regions in the brain by following chemoattractant gradients such as CSF1, 

ATP, UDP and CX3CL1.The colony-stimulating factor 1 (CSF1) has been demonstrated to 

specifically bind to the CSF1 receptor (CSF1R), which in the brain is exclusively present on 

microglia. This pathway promotes the infiltration of embryonic microglia into the 

Figure 1.2: Microglial origin and hematopoietic development in mouse embryo 

This figure illustrates the genesis of microglia as well as different sources of hematopoiesis during 

mouse embryonic and postnatal development. Primitive hematopoiesis happens between E7.5 and 

E10.5. During this period, erythromyeloid progenitors (EMPs) leave blood islands of the yolk sac 

and differentiate into primitive macrophages. Microglia are formed when primitive macrophages 

invade and colonize the embryonic brain via the circulatory system. Definitive hematopoiesis 

happens mainly in the fetal liver. At E12.5, myeloid precursors (MPs) derived from hematopoietic 

stem cells (HSCs) develop into monocytes and exit the fetal liver. Around the same time, the blood 

brain barrier develops in the embryonic brain, which restricts circulating monocytes from infiltrating 

into the brain parenchyma. After birth, the major hematopoietic site switches to bone marrow, where 

MPs and monocytes continue to be generated.  
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subventricular zone of the cortex and facilitates the proliferation of embryonic microglia in the 

cerebral parenchyma (Lelli et al, 2013; Navascués et al, 2000). To enable migration and 

expansion of their population, embryonic microglia also release matrix metalloproteinase 8 

(MMP8) and MMP9, which remodel the extracellular matrix (Kierdorf et al., 2013).  

Throughout the course of embryonic and postnatal development, the CNS goes through 

significant waves of cell death, known as programmed cell death (PCD). This apoptotic process 

is responsible for eliminating cells and it is essential for maintaining tissue balance and proper 

formation of neuronal circuits (Mosser et al., 2017; Nguyen et al, 2021). During the early stage 

of apoptosis, the dying neurons release soluble chemoattractants which function as “find-me” 

signals, attracting microglia towards them (Marín-Teva et al, 2011). Some classical “find-me” 

signals include adenosine triphosphate (ATP), uridine diphosphate (UDP) and CX3C motif 

chemokine ligand 1 (CX3CL1, also known as fractalkine). They attract microglia to the 

apoptotic neurons by binding to the specific receptors on microglial surface, respectively P2Y12, 

P2Y6, and CX3CR1 receptors (Haynes et al, 2006; Honda et al, 2001; Inoue, 2007; Koizumi 

et al, 2007; Sokolowski et al, 2014; Yu et al, 2022). When microglia are attracted to the vicinity 

of the apoptotic neuron, phagocytosis is initiated through the binding of “eat-me” signals, such 

as phosphatidylserine, complement component 1q (C1q), and complement component 3 (C3), 

which are present on the plasma membrane of apoptotic neurons, to the corresponding 

receptors on the microglial surface. These receptors include the TAM (TYRO3, AXL, MMER) 

receptor tyrosine kinases, CD93, and complement receptor type 3 (CR3) (Elliott & 

Ravichandran, 2010; Färber et al, 2009; Schafer & Stevens, 2015; Smolders et al, 2019). The 

binding of “eat-me” signals to microglial receptors facilitates the engulfment and clearance of 

the dying neurons by microglia during brain development.  

Following the embryonic colonization of the brain parenchyma and subsequent postnatal 

proliferation, microglia undergo specific phases of differentiation, which are dependent on the 

signals derived from the maturing CNS. Among all the signals, transforming growth factor beta 

(TGFβ) is crucial for the postnatal maturation and development of microglia (Spittau et al, 

2020; Thion et al, 2018; Wurm et al, 2021; Zöller et al, 2018). Attaai et al. demonstrated that 

during the mouse early postnatal stage (P0 – P14), microglia possess an amoeboid-like 

morphology and exhibit high levels of phagocytic activity. However, at a later postnatal stage 

(P14 – P28), microglia transform into a typical ramified morphology, indicating a shift from 

activated microglia to homeostatic microglia. This transformation is mediated by the TGFβ1 
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signaling pathway between neurons and microglia (Attaai et al, 2018). The proper development 

of postnatal microglia into mature microglia, characterized by ramified and dynamic processes, 

has been shown to be associated with their role in surveying the synaptic microenvironment 

and refining neural circuits (Miyamoto et al, 2013; Paolicelli & Ferretti, 2017). 

 

1.1.2.1. Microglia and synapse interactions  

Neuronal synapses are specialized junctions enabling communication between two neurons 

interconverting electrical signals (action potentials) into chemical signals (neurotransmitter 

release) and back into electrical signals (opening of ion channel). They are composed of a 

presynaptic and a postsynaptic terminal and establish neural circuits. Neuronal synapses are 

dynamic and can be modified by the neurons themselves or by glial cells in response to changes 

in neuronal activity. While previous research on synapses has focused on the tripartite synapse 

model, which includes neuronal pre- and post-synapsis and astrocytic processes, recent 

findings have shown that the initial wave of synaptogenesis in mice happens around E14, when 

microglia are the only glial cells present in the brain (Kettenmann et al, 2013; Reemst et al, 

2016). This suggests a contribution of microglia in synapse formation during embryonic 

development. Furthermore, microglia have been proposed to continue to contribute to synapse 

sculpting during postnatal development and early adulthood through various mechanisms, 

including contacting synapses with their motile processes, secretion of soluble molecules and 

remodeling of extracellular matrix (ECM) (Figure 1.3) (Andoh & Koyama, 2021).  

In a study conducted by Miyamoto et al., it was shown that during the early postnatal period 

(P8 – P10), in the mouse somatosensory cortex, microglia make contact with neuronal dendrites 

through their processes, causing a transient local increase in Ca2+ influx. This led to an 

accumulation of actin, which ultimately resulted in the formation of dendritic spines (Figure 

1.3 A) (Miyamoto et al, 2016). Another study from Weinhard et al. also showed that microglia 

in the hippocampal CA1 region briefly but repeatedly contacted the same dendritic spine, 

inducing the formation of filopodia on the spine head. These microglia-induced spine head 

filopodia were more likely to develop the spine into forming stable synapses (Weinhard et al, 

2018). In addition to physical contact using their processes, microglia can also stimulate the 

formation of dendritic spines by releasing soluble factors such as brain-derived neurotrophic 

factor (BDNF) and interleukin 10 (IL10) (Figure 1.3 B). The absence of microglial BDNF was 

reported to reduce learning-dependent spine formation in the motor cortex of juvenile mice 
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(P30 and P60), suggesting that microglia secrete BDNF to promote spine formation (Parkhurst 

et al, 2013).  

 

 

Figure 1.3: Mechanisms of microglia and synapse interaction 

(A) Physical contact of microglial processes with dendritic shafts and spines can induce actin 

accumulation at the contact point, which further leads to the formation of filopodia with the high 

potential to mature into spines. Microglia also prune less active synapses via recognizing 

complement factor signals through complement receptors (CR3) on their processes. (B) Microglia 

secrete soluble factors that can stimulate the development of spines and synapses. Microglial BDNF 

promotes learning-associated spine formation, and microglial IL10 promotes synapse formation. (C) 

Microglia can digest the extracellular matrix (ECM) surrounding synapses in response to neuronal 

signals, creating space for spine formation.   
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Microglial IL10 has also been found to be a key factor in the development of both excitatory 

and inhibitory synapses in primary cortical and hippocampal neurons from rats (Lim et al, 

2013). In recent years, there has been a growing recognition that the extracellular matrix (ECM) 

surrounding synapses play a significant role in synaptic plasticity (Figure 1.3 C). Nguyen et al. 

showed that microglia in the dentate gyrus can facilitate experience-dependent spine formation 

by degrading the ECM around the synapse through neuronal IL33 signaling (Nguyen et al, 

2020). 

Microglia might play a dual role in shaping neural circuits, as they are not only responsible for 

inducing spine formation, but have been suggested to also participate in pruning synaptic 

marterial during brain development. Schafer et al. proposed that microglia eliminate synapses 

through activity- and complement-dependent mechanisms. They observed that in the dorsal 

lateral geniculate nucleus (dLGN) microglia engulfed less presynaptic materials from the more 

active retinal ganglion cells (RGC). Also, in P5 mice lacking complement 3 (C3) or 

complement receptor 3 (CR3), microglia were found to engulf significantly reduced amount of 

RGC presynaptic material when compared to their WT littermates (Schafer et al, 2012). In 

addition to complement pathways, local externalization of phosphatidylserine (PS) on the 

surface of pre-synapses, which serves as another “eat-me” signal of neurons, was also shown 

to play a role in regulating synapse pruning by microglia in the dLGN of P5 mice and 

hippocampal CA1 of P10 mice (Scott-Hewitt et al, 2020). On the other hand, in the dLGN of 

P5 mice, the membrane expression of CD47, which functions as “don’t-eat-me” signal, on the 

active synapses can protect the functional synapses from being excessively eliminated by 

microglia. This is mediated by CD47 binding to its corresponding receptor, signal regulatory 

protein α (SIRPα), on microglia (Lehrman et al, 2018). It is possible that in the postnatal period, 

complement signaling and CD47 act in a coordinated manner to regulate the development of 

neural circuits.  

 

1.1.2.2. Microglia and neurodevelopmental disorders 

Synapses serve as communication sites between neurons in the brain and they are fundamental 

for the formation and function of neural circuits. Disturbance in synapse formation and 

elimination have been linked to various neurodevelopmental disorders. Growing evidence 

suggests that disturbed synapse pruning by microglia during development is associated with 

autism spectrum disorders (ASD) and schizophrenia (SCZ).  
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Autism spectrum disorders (ASD) 

ASD is a group of neurodevelopmental disorders, such as Asperger syndrome, childhood 

disintegrative disorder, and certain monogenic syndromes like Rett syndrome, fragile X 

syndrome, and Prader-Willi syndrome (Grafodatskaya et al, 2010; Hosseini & Molla, 2023). 

The global prevalence of ASD is approximately 1 % among children, with a 4:1 male-to-female 

ratio (Zeidan et al, 2022). The manifestations of ASD are heterogenous and include repetitive 

behaviors, impaired social interaction, and communication deficits. Although the exact cause 

of ASD is still unclear, human and animal studies have shown that both genetic and 

environmental factors contribute to the development of ASD by altering neuronal circuit 

development and disrupting synapse maturation during critical periods of brain development 

(Sauer et al, 2021).  

ASD is characterized by neuropathological features, such as increased brain volume, higher 

spine density and abnormal morphology of microglial cells during development (Elder et al, 

2008; Hardan et al, 2006; Hutsler & Zhang, 2010; Morgan et al, 2010). Considering that many 

of the risk genes for ASD are related to synapses, and given that microglia are thought to play 

a crucial role in synapse remodeling during development, various animal studies have been 

carried out to explore whether dysfunctional pruning of synapses by microglia could be 

responsible for causing ASD (Koyama & Ikegaya, 2015). The Fmr1 KO mouse has been 

proposed as a model for studying ASD. Fmr1 KO mice exhibit some aspects of ASD-like 

behavior, including altered social and persistent behaviors (Bernardet & Crusio, 2006). Recent 

research has shown that in adult mice, the deletion of Fmr1 results in an increase in spine 

density in CA1 pyramidal neurons. This increase was proposed to be associated with reduced 

engulfment of post-synapses by microglia (Jawaid et al, 2018). A different study, employing 

an ASD mouse model induced by maternal immune activation, showed reduced social 

interaction and increased repetitive behavior, and impaired pruning of excitatory synapses by 

microglia (Andoh et al, 2019).  

 

Schizophrenia 

Schizophrenia is a psychiatric disorder characterized by a variety of psychotic symptoms. The 

positive symptoms include hallucinations, delusions and thought and movement disorder, 

whereas negative symptoms include inappropriate emotional responses, speech reduction or 

muteness, and extreme apathy (Correll & Schooler, 2020). Schizophrenia can be accompanied 

by cognitive dysfunction, including attention, concentration and memory loss. It is estimated 
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that schizophrenia affects about 1 % of the population globally, with a slightly higher  male-

to-female ratio of 1.4:1 (Li et al, 2022). Numerous genetic factors have been linked to 

schizophrenia, with many of them being associated with synaptic function and microglial 

pruning of synapses. For instance, disrupted-in-schizophrenia 1 (DISC1), neuregulin 1 (NRG1) 

and complement component 4 (C4) have been found to play a role in the development of 

schizophrenia (Sachs et al, 2005; Sekar et al, 2016; Stefansson et al, 2004). Postmortem brains 

of schizophrenic patients exhibit distinctive features, including reduced grey matter and 

decreased density of dendritic spines in the cortex (Parker & Sweet, 2017; Wong & Van Tol, 

2003). These abnormalities have been proposed to be a consequence of excessive pruning by 

microglia (Sellgren et al, 2019). Overactive microglia in the brain might result in the 

destruction of healthy synaptic connections, leading to the anatomical phenotype and the 

cognitive and behavioral symptoms associated with schizophrenia.  

According to a study conducted in postmortem human brains, individuals with schizophrenia 

demonstrated increased C4 mRNA levels in various brain regions such as cortex, cerebellum 

and corpus callosum. In addition, a substantial portion of the C4 colocalized with pre- and 

postsynaptic markers (VGLUT1/2 and PSD95), indicating that C4 is mainly produced by 

neurons and localized in the synapses (Sekar et al., 2016). Another recent study utilizing a 

coculturing system of neuronal and microglial cells derived from schizophrenic patients and 

healthy controls revealed that microglia derived from the schizophrenic patients engulf a 

significantly higher amount of postsynaptic material, PSD95. The increased engulfment of 

microglia derived from schizophrenic patients was partially attributed to increased C3 

expression in dendritic spines (Sellgren et al., 2019). In conclusion, disruption in synapse 

remodeling by microglia might affect proper refinement of neural circuits. Briefly, insufficient 

synaptic pruning might be associated with ASD, whereas excessive pruning might be linked to 

schizophrenia.  

1.1.3. Microglia as the primary innate immune cells in the CNS 

Besides contributing to the establishment of neuronal connectivity during CNS development, 

microglia as the primary innate immune cells in the CNS, also serve as the first line of defense 

in the brain. They express several types of receptors on their dynamic processes, which allow 

them to continually scan the brain parenchyma for signs of damage and infection. When 

encountering insults, microglia respond in two ways. Firstly, they release cytokines to initiate 
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an immune response. Secondly, they migrate to the damaged sites and clear up the foreign 

invaders or the damaged cells, ensuring the homeostasis in the brain.  

 

For example, microglia can recognize various pathogen-associated molecular patterns (PAMPs) 

such as lipopolysaccharide (LPS) from bacteria, single-stranded RNA (ssRNA) from viruses, 

and protozoal products, like proteins, lipids, nucleic acids, via toll-like receptors (TLRs) (Facci 

et al, 2014; Lehnardt, 2010). TLRs are a group of pattern recognition receptors (PRR) located 

on the plasma membrane or the membrane of intracellular organelles (Figure 1.4). They can 

detect invading pathogens or endogenous damage signals which trigger innate immune 

responses. Human microglia possess 10 TLRs (TLR1 – TLR10), whereas rodent microglia 

possess 12 TLRs (TLR1 – TLR9, TLR11 and TLR13) (Kawasaki & Kawai, 2014). Activation 

of TLRs triggers the downstream NF-kB signaling cascade, and eventually results in the release 

 

Figure 1.4: Key microglial receptors and their corresponding ligands, as well as the downstream 

functions 

Microglia possess a wide range of receptors that enable them to perform their innate immune 

functions. Toll-like receptors (TLRs) allow microglia to detect pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular patterns (DAMP), such as viral ssRNA, nucleic acids, and 

LPS, triggering downstream phagocytic signaling. Purinergic receptors (P2Y, P2X) are capable of 

recognizing extracellular nucleotides such as ATP, UTP and UDP. These nucleotides are released 

from damaged cells and act as “find-me” signals mediating microglial chemotactic movements. 

Complement receptor 3 (CR3) identifies C3b, which serves as “eat-me” signal on inactive synapses 

or dying cells, triggering the process of phagocytosis to eliminate the targets. Fractalkine receptors 

(CX3CR1) mediate microglial chemotactic movements via binding of fractalkine released from 

neurons. Interferon receptors (IFNARs and IFNGRs) recognize interferon cytokines (IFNα, IFNβ and 

IFNγ), leading to the activation of anti-viral responses and the release of inflammatory cytokines. 
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of pro-inflammatory cytokines (Newton & Dixit, 2012). TLRs can also detect damage-

associated molecular patterns (DAMPs), such as RNA or heat shock proteins (HSP) released 

by damaged cells (Piccinini & Midwood, 2010).  

Besides TLRs, microglia also possess groups of purinergic receptors, including G-protein-

coupled metabotropic P1 adenosine receptors, G-protein-coupled metabotropic P2Y 

purinoreceptors, and ionotropic P2X purinoreceptors. Extracellular nucleotides, such as ATP 

and the pyrimidine derivative UDP, are released from damaged cells, binding to and activating 

the purinoreceptors (Figure 1.4). Acting as DAMPs, they serve as “find-me” signals for 

microglia, initiating signaling cascades which mediate microglial chemotaxis, phagocytic 

functions and cytokine release (Hu & Gao, 2021; Jiang & Roger, 2020; Kettenmann et al., 

2011). Complement type 3 receptor (CR3), also known as integrin M2 or CD11b/CD18, and 

Fc receptors are also major mediators of microglial phagocytosis (Figure 1.4). CR3 on 

microglia can recognize the C1q-dependent localization of C3b on the apoptotic cells or 

inactive neuronal synapses, whereas the Fc receptors on microglia can recognize targets that 

are tagged with immunoglobulin G (IgG) antibodies (Abd-el-Basset & Fedoroff, 1994; Fraser 

et al, 2010; Schafer et al., 2012). The activation of CR3 and Fc receptors initiates downstream 

signaling cascades, which ultimately lead to the engulfment of the targets. The engulfment 

involves the reorganization of the actin cytoskeleton, which is typically achieved through the 

signaling of the RHO-family of small GTPases (Aloisi, 2001; Brown & Neher, 2014).  

Besides the receptors mentioned above, microglia also possess a wide range of receptors which 

shape the innate immune functions of microglia by recognizing various types of cytokines and 

chemokines. To name a few, microglial fractalkine receptors (CX3CR1) mediate microglial 

chemotactic movement through the binding of the fractalkine (CX3CL1) released from neurons 

(Figure 1.4). Microglia express both types of interferon receptors: type I interferon receptor 

(IFNAR) which recognize IFNα and IFNβ (Figure 1.4), and type II interferon receptor (IFNGR) 

which recognizes IFN γ  (McDonough et al, 2017). Activation of IFNRs leads to 

phosphorylation of the transcription factor STAT1, which then enters the cell nucleus and 

activates genes related to anti-viral response and inflammation (Platanias, 2005).  

 

1.1.3.1. Microglial morphology  

In the adult mouse and human brain, microglia possess a ramified morphology under 

homeostatic conditions (Figure 1.5 A). This allows microglia to maintain brain homeostasis by 
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constantly surveying the brain parenchyma with their dynamic processes. When microglia 

detect signals in the surveyed extracellular environment, they are capable of changing their 

morphology (summarized in Figure 1.5).  

Microglial morphology, therefore, changes in accordance with their functional activities and 

their activation status. When activated, they shift from a ramified to an amoeboid shape by 

 

Figure 1.5: Microglial morphology  

(A) Under homeostatic condition, microglia exhibit a ramified morphology with dynamic processes 

which enable them to continuously survey their microenvironment. Upon detection of extracellular 

stimuli, microglia change their morphology in accordance with their functional activities. (B) Upon 

activation, microglia transform into an amoeboid shape, characterized by the loss of processes and 

an enlarged cell body. Microglia with amoeboid morphology are associated with high phagocytic 

capabilities. (C) In the vicinity of damaged neurons, microglia adopt a rod-shape morphology, 

forming a protective barrier around neighboring healthy neurons. (D) In case of chronic 

inflammation, microglia display a hyper-ramified morphology characterized by an increased number 

of branches. (E) When sensing extracellular ATP released from damaged cells, microglia extend 

their processes and form bulbous structures at the tip of their processes in response to the ATP 

gradients. (F) Microglia can engulf apoptotic materials by forming a spherical phagocytic cup around 

them, creating a ball-and-chain structure. The phagocytic cup (ball) is located at the end of the 

microglial process (chain). Figure adapted from (Vidal-Itriago et al, 2022).  
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losing processes and enlarging the cell body (Figure 1.5 B). This morphological transformation 

is usually associated with higher proliferative and phagocytic capacities (Giulian & Baker, 

1986). In addition to the amoeboid morphology, activated microglia can assume a rod-like 

shape. These microglia have narrow cell soma, with polarized thin processes at the ends of the 

cells (Taylor et al, 2014). They have been linked to several neurological disorders and are often 

found in close proximity to injured neurons, forming a barrier to protect the neighboring 

healthy neurons (Figure 1.5 C) (Ziebell et al, 2012). In case of chronic stress without 

pathological condition or inflammation, microglia exhibit a hyper-ramified morphology 

(Figure 1.5 D) with an increased number of branching points (Hinwood et al, 2012). The 

increased ramification is linked to elevated levels of β1-integrin (Hinwood et al, 2013). 

In the adult mouse brain, microglia extend their processes along ATP gradients released from 

neurons, forming bulbous structures at the tip of the processes (Figure 1.5 E). These structures 

are transient and serve the purpose of monitoring neuronal activity (Bernier et al, 2019; 

Dissing-Olesen et al, 2014). Microglia can also phagocytose small amounts of apoptotic 

material using ball-and-chain structures, without undergoing a transformation into an amoeboid 

shape (Figure 1.5 F). Instead, they form a spherical pouch (ball), which is typically considered 

as a phagocytic cup, at the terminal of their processes (chain) (Cunningham et al, 2013; Frost 

& Schafer, 2016).  

 

1.1.3.2. Microglial activation 

For a long time, microglial activation was defined using the classic M1/M2 model which is 

derived from the polarized phenotype of T helper (Th) cells (classical Th1 and alternative Th2) 

(Biswas & Mantovani, 2010).  M1 microglia are typically activated in response to pathogens 

like viruses and bacteria, as well as pro-inflammatory signals such as LPS, IFNγ and TNFα. 

This type of activation usually occurs in the acute phase of inflammation, during which the M1 

microglia secrete pro-inflammatory cytokines including IL6, IL1β and TNFα, or chemokines 

such as CXCL10 and CCL5 (Atri et al, 2018). M1 activation is typically seen as cytotoxic and 

has the potential to cause tissue damage. This type of activation can be detected by the elevated 

expression of specific surface markers, including CD32, CD86 and major histocompatibility 

complex II (MHCII) (Kigerl et al, 2009).  

The alternative activation of M2 microglia typically occurs in response to persistent 

inflammation and is triggered by the presence of anti-inflammatory factors such as IL4 (Guo 
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et al, 2022). The M2 activation serves the function of suppressing inflammation via secreting 

anti-inflammatory cytokines like IL4 and IL10, and restoring tissue homeostasis by releasing 

trophic factors such as BDNF, insulin-like growth factor 1 (IGF1) and TGFβ. M2 activation is 

typically characterized by the presence of surface markers CD206 and CD163 (Xiong et al, 

2016). In addition to the specific M1 and M2 activation markers, there are several other 

common markers whose levels usually increase when microglia become activated, irrespective 

of the type of activation. These markers include CD68 and CD45 (Jurga et al., 2020; Rice et 

al, 2017).  

Interestingly, recent transcriptomic studies have uncovered intriguing evidence that challenges 

the traditional view of microglial activation states as either M1 or M2. These studies have 

revealed that microglial activation is more nuanced and multifaceted than previously thought 

(Ransohoff, 2016). Notably, the expression profile of microglia differs significantly from that 

of other tissue macrophages, even when both types of cells are found in close proximity in an 

inflamed brain tissue (Ajami et al, 2011; Yamasaki et al, 2014). The new findings highlight 

the unique characteristics of microglia and indicate the need for more comprehensive 

understanding of the functional implications of their activation states.  

Taken together, microglia play multifunctional roles in the CNS and are essential for 

maintaining brain homeostasis. They likely participate in shaping neural circuits during 

development, and function as vigilant soldiers to survey and eliminate exogenous pathogens 

and endogenous cell debris throughout life. To carry out their diverse functions, microglia rely 

on motility, which is driven by the intracellular force generated by the actin cytoskeleton.   
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1.2. The actin cytoskeleton 

The cytoskeleton, as the name indicates, functions as the skeleton to support the structure of a 

eukaryotic cell. Aside from regulating cell morphology, the highly motile cell cytoskeleton is 

essential for a variety of cell functions such as migration, division, intracellular transport and 

mechanical interaction with its surroundings. The cytoskeleton is composed of 3 filament 

systems: microtubules, intermediate filaments and actin filaments. Microtubules are hollow 

and stiff cylinders with a diameter of 25 nm that are made up of tubulin. Microtubules 

participate in cell mitosis and are in charge of intracellular transport and maintenance of cell 

structure. Intermediate filaments are 10 nm-diameter cable-like fibers composed of a broad 

array of intermediate filament proteins. Intermediate filaments safeguard DNA by lining 

beneath the inner nuclear membrane and provide mechanical strength to cells by stretching 

throughout the cytoplasm. Actin filaments, also known as microfilaments, are dynamic linear 

polymers with a diameter of 7 nm, which are composed of actin monomers. Actin networks 

are spread across the cell and are particularly abundant underneath the plasma membrane, 

where they provide the support for cell shape, membrane dynamics, and adhesion, thus 

generating the force necessary for cell movement (Alberts et al, 2008). The actin cytoskeleton 

is pivotal for cell morphology, cell motility and particle engulfment, all of which are important 

immune cell properties. This study focuses on the role of the actin cytoskeleton in microglia.  

 

1.2.1. Actin filaments 

The basic unit of filamentous actin (F-actin) is a 42 kDa globular actin (G-actin) monomer. 

Actin filaments are generated from an actin nucleus consisting of 3 actin monomers, and 

polymerize into double helical actin filaments. The filaments can also depolymerize back to 

actin monomers. An actin filament has a polarity due to structural differences at both ends. The 

addition and removal of actin monomers occur at different rates at either end of the filament, 

resulting in preferential elongation at one end (barbed (+) end) and favored shortening at the 

other (pointed (-) end). Under physiological conditions, actin monomers binding ATP and 

Mg2+, which stabilizes ATP-protein interaction (Kabsch et al, 1990), are added to the barbed 

end of an actin filament. When the actin filament lengthens, the ATP that is loaded on the 

incorporated G-actin is hydrolyzed to ADP and inorganic phosphate (Pi) via actin’s ATPase 

activity. This favors G-actin disassociation from the pointed end of the actin filament (Korn et 

al, 1987; Wegner, 1976). The addition of actin monomers to the filament is dependent on the 

concentration of free monomers. The pointed end and the barbed end of the actin filament have 

different critical concentrations (Cc) for the addition of actin monomers. In the presence of 
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ATP, the Cc is lower at the barbed end (0.1 μM) of the filament than at the pointed end (0.6 

μM) (Pollard, 2016). When the local monomer concentration falls between the Ccs of the barbed 

and pointed end of the filament, net addition of monomers will occur at the barbed end, while 

net loss of monomers will happen at the pointed end without further filament elongation. This 

process of the filament dynamically moving towards the barbed end is called actin treadmilling 

(Figure 1.6) (Dominguez & Holmes, 2011; Uzman, 2001). Actin treadmilling is essential for 

several functions of immune cells such as cell migration, phagocytosis and exocytosis 

(Jaumouillé & Waterman, 2020; Novak et al, 2008).  

 

 

1.2.2. Actin binding proteins and actin nucleation factors 

The actin cytoskeleton is essential for several cellular processes that are critical to immune 

functions, including chemotactic migration, phagocytosis, cytokinesis and regulation of cell 

morphology (Tur-Gracia & Martinez-Quiles, 2021). All of these dynamic cell functions require 

continual and accurate arrangement of actin filaments into higher-level F-actin networks. This 

is achieved by a large collection of actin binding proteins (ABPs), including actin nucleation 

factors. Actin binding proteins can be grouped based on their roles in actin dynamics. In brief, 

profilins are monomeric actin binding proteins, which facilitate actin polymerization while 

cofilins regulate severing and depolymerization of actin filaments (Bamburg, 1999; Bernstein 

& Bamburg, 2010; Witke, 2004). CAPG, gelsolin, and tropomodulin are capping proteins that 

bind to the barbed or pointed ends of actin filaments to restrict the addition and removal of 

Figure 1.6: The actin treadmilling process 

ATP-actin monomers (yellow) are added to the barbed (+) end of an actin filament. As the filament 

elongates, the ATP on the incorporated G-actin is hydrolyzed to ADP and inorganic phosphate (Pi) 

(light pink). Following the release of Pi, the ADP-actin (dark pink) dissociates from the pointed end 

of the filament. Disassociated ADP-actins exchange their ADP for ATP, which facilitates the 

addition of the actin monomers to the barded end. The thickness of the arrows is proportional to the 

rates of actin addition or disassociation. Figure adapted from (Reinke, 2021).  
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monomers (Harris & Weeds, 1984; Remedios et al, 2003; Sun et al, 1994). Filamin, fascin and 

spectrin are cross-linking proteins which connect filaments into bundles and networks 

(Matsudaira, 1994; Pollard, 2016; Winder & Ayscough, 2005). As previously stated, actin 

polymerization begins with an actin nucleus, which is made up of three actin monomers. 

Because this process is slow and energetically-inefficient, cells utilize actin nucleators such as 

formins, spire and the ARP2/3 complex to promote the formation of the actin nucleus from 

actin monomers and to nucleate filaments on an existing filament (Chesarone & Goode, 2009; 

Weston et al, 2012).  

Actin nucleators are divided into 3 classes: the actin-related protein 2/3 (ARP2/3) complex 

with its nucleation promoting factors (NPFs), formins, and WH2 domain-containing nucleators 

(e.g. SPIRE, COBL and LMOD) (Figure 1.7). This study is focused on the ARP2/3 complex 

because one of its NPFs, the WAVE regulatory complex (WRC), plays a crucial role in 

controlling cell motility and other dynamic cell functions. Thus, it will be described in greater 

depth in this section.  

The ARP2/3 complex is a 220 kDa, seven-subunit protein structure composed of actin-related 

protein 2 (ARP2), ARP3, actin-related protein complex 1 (ARPC1), ARPC2, ARPC3, ARPC4 

and ARPC5 (Goley & Welch, 2006). The ARP2/3 complex initiates actin nucleation via 

simulating an actin trimer to form a new (daughter) actin filament on an existing (mother) 

filament at a 70° angle (Figure 1.7) (Campellone & Welch, 2010). The ARP2/3 remains bound 

to both the mother filament and the pointed end of the daughter filament. This allows both the 

mother and daughter filaments to polymerize freely at the barbed end, and generate a branched 

actin network (Mullins et al, 1998). The nucleation and branching activity of the ARP2/3 

complex plays a crucial role in various cell functions, such as cell adhesion, cell migration, 

lamellipodia formation and phagocytosis (Goley & Welch, 2006; Pollard & Borisy, 2003; 

Svitkina & Borisy, 1999; Welch et al, 1997). The ARP2/3 complex is by default inactive and 

is activated by a group of nucleation promoting factors (NPFs) to initiate the actin nucleation, 

as will be described in the next section.  

Formins function as both actin nucleation and elongation factors in cells. They are multidomain 

proteins containing formin homology domain 1 (FH1) and formin homology domain 2 (FH2) 

(Faix & Grosse, 2006). Formins nucleate actin filaments by stabilizing freshly formed actin 

dimers/trimers with their FH2 domain (Figure 1.7). The FH1 domain of formins aids actin 

filament elongation by directing profilin-bound actin monomers to the filament’s barbed end 
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(Kovar, 2006; Romero et al, 2004). Contrary to the ARP2/3 complex, formins remain bound 

to the barbed end of the filament, enhancing filament elongation and preventing capping 

proteins from ending the polymerization (Firat-Karalar & Welch, 2011).  

SPIRE, cordon bleu (COBL) and leiomodin (LMOD) are WH2 domain-containing nucleators. 

Their WH2 domains occur in four, three and one tandem repeats respectively (Figure 1.7) 

(Dominguez, 2016). The central repeats of SPIRE’s WH2 domains bind to four G-actin 

monomers, stabilizing the monomers to form a single linear actin filament string (Qualmann 

& Kessels, 2009). COBL and LMOD nucleate actin filaments in a similar fashion. Their WH2 

domains bind to three actin monomers to assemble a polymerization seed.  

 

 

 

1.2.3. Nucleation promoting factors (NPFs) 

In the inactive ARP2/3 complex, the actin-like subunits ARP2 and ARP3 are held apart by the 

other five subunits of the complex, preventing them from nucleating the daughter actin filament 

(Espinoza-Sanchez et al, 2018). NPFs engagement can alter this conformation of the ARP2/3 

Figure 1.7: Actin nucleation factors 

The ARP2/3 complex and its nucleation promoting factors (NPFs) such as WAVE regulatory 

complex and N-WASP belong to class 1 actin nucleators. The ARP2/3 complex initiates actin 

nucleation by forming new actin branches on an existing actin filament at a 70° angle. Formins, 

categorized as class 2 actin nucleators, promote actin nucleation by stabilizing a dimeric actin 

nucleus and actively directing actin monomers to the barbed end of the filament. WH2 domain-

containing nucleators, such as SPIRE, COBL and LMOD, are categorized as class 3 actin nucleators. 

They promote actin nucleation by stabilizing an actin nucleus of different sizes and remaining bound 

to the pointed end of the filament. Figure reprinted from (Chesarone & Goode, 2009).  
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complex, resulting in its activation (Espinoza-Sanchez et al., 2018). Based on the mechanisms 

by which NPFs activate ARP2/3 complex, NPFs can be categorized into two classes.  

Class I NPFs have a distinct VCA domain (veprolin-homology domain (WH2 domain), cofilin-

homology/central domain and acidic domain) (Rotty et al, 2013). Class I NPFs activate the 

ARP2/3 complex by coupling their CA domain to the ARP2 and ARP3 subunits of the ARP2/3 

complex, bringing them together. The V domain of class I NPFs binds to one G-actin monomer, 

which is brought in contact with the ARP2 and ARP3 subunits to form the trimeric nucleus 

allowing polymerization of the nascent daughter filament (Boczkowska et al, 2008; Chereau 

et al, 2005; Marchand et al, 2001; Rotty et al., 2013). Class I NPFs include Wiskott-Aldrich 

syndrome protein (WASP), neural WASP (N-WASP), WASP veprolin homologus protein 

regulatory complex (WAVE regulatory complex), WASP and WAVE homologue (WASH) 

and junction-mediating and regulatory complex (JMY) (Eden et al, 2002; Kabrawala et al, 

2020; Rottner et al, 2010).  

Class II NPFs bind to the ARP2/3 complex with their acidic domain. Unlike class I NPFs, class 

II NPFs bind to F-actin instead of a G-actin monomer to activate the ARP2/3 complex (Goode 

et al, 2001; Uruno et al, 2001). Class II NPFs include cortactin, PAN1 and actin-binding 

protein 1 (ABP1) (Goley & Welch, 2006). Class II NPFs have a relatively weak capacity to 

promote ARP2/3-mediated nucleation. They can, however, bind to the ARP2/3 complex 

simultaneously with class I NPFs. While class I NPFs are released from the complex after the 

nucleation, class II NPFs remain associated with the complex at the Y-branch point, stabilizing 

the branched actin network and inhibiting the branch dissociation (Weaver et al, 2001).  

 

1.2.4. The WAVE regulatory complex (WRC) 

Class I NPFs are the primary ARP2/3 complex activators. Among the class I NPFs, the WRC 

is of particular interest for this work due to its essential component, CYFIP1, which is the 

protein targeted for depletion in microglia in this study. Besides, the WRC plays a significant 

role in ARP2/3-mediated cell motility and pathogen engulfment, which are crucial functions 

of immune cells (Kage et al, 2022b; Litschko et al, 2017; Pils et al, 2012; Stahnke et al, 2021; 

Takenawa & Suetsugu, 2007). The WRC is a ～400 kDa pentameric heterocomplex, consisting 

of WAVE, ABI (Abelson-interacting protein), NAP (NCK-associated protein), CYFIP 

(cytoplasmic FMRP-interacting protein), HSPC300 (heat-shock protein C300) (Figure 1.8) 

(Eden et al., 2002). Most of the WRC members have several isoforms, specifically WAVE1/ 
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WAVE2/ WAVE3, ABI1/ ABI2/ ABI3, NAP1/ NAP1L (also known as HEM1) and CYFIP1/ 

CYFIP2 (Rottner et al, 2021) are known in mouse and human. Single-cell RNA-Seq data have 

suggested that in the mouse brain, Wave2, Abi1 and Cyfip1 are ubiquitously expressed, while 

Wave1, Wave3, Abi2, Nap1 and Cyfip2 are enriched in non-myeloid cells. Abi3 and Hem1 are 

exclusively expressed in microglia (Zhang et al, 2014b). Wave2, Abi1, Nap1, and Cyfip1-null 

mice are embryonically lethal (Wave2: E12.5, Abi1: E11.5, Nap1: E8.5, Cyfip1: E8.5), while 

the Cyfip2-null mouse is perinatally lethal (P0) (Dubielecka et al, 2011; Pathania et al, 2014; 

Stöcker, 2015; Yan et al, 2003; Zhang et al, 2018). Although Wave2 and Cyfip1 are 

ubiquitously expressed in the brain, they are enriched in microglia (Zhang et al., 2014b). 

Especially CYFIP1 is highly expressed almost exclusively in microglia in the human brain 

(Zhang et al, 2016).  

 

 

 

The WRC can be structurally divided into two subcomplexes, a CYFIP – NAP scaffolding 

dimer and a WAVE – ABI – HSPC trimer (Figure 1.8) (Chen et al., 2010; Gautreau et al, 2004). 

Different isoforms of WRC subunits can form different WRCs, but different subunit isoforms 

do not co-exist in the same WRC (Gautreau et al., 2004; Hauck, 2021). For instance, the 

CYFIP2-dependent WRCs are composed of CYFIP2, WAVE1 or WAVE3, ABI1 or ABI2, 

NAP1 and HSPC300 (Hauck, 2021).   

Figure 1.8: Structure and components of the WRC  

The WRC is a pentameric heterocomplex composed of WAVE1/2/3 (purple), ABI1/2/3 (orange), 

HSPC300 (yellow), CYFIP1/2 (green) and NAP1/HEM1 (blue). It can be divided into two 

subcomplexes: a CYFIP-NAP dimer and a WAVE-ABI-HSPC300 trimer. The VCA domain of 

WAVE protein is intrinsically hindered by CYFIP, resulting in the autoinhibition of WRC. Figure 

reprinted and adapted from (Chen et al, 2010).  
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The WRC is intrinsically autoinhibited. The VCA domain of WAVE is sequestered by CYFIP, 

preventing it from accessing the ARP2/3 complex (Chen et al., 2010). The CYFIP1-WRC has 

been shown to be activated by the RHO-family GTPase RAC1 (Chen et al, 2017; Koronakis 

et al, 2011; Schaks et al, 2018). RAC1-binding sites of the WRC are located on the surface of 

CYFIP1. When RAC1 interacts with CYFIP, it changes the WRC’s conformation resulting in 

WRC activation (Schaks et al., 2018). The conformational change liberates the VCA domain 

for ARP2/3 complex activation (Figure 1.9) (Chen et al., 2010; Ding et al, 2022).  

 

 

 

1.2.5. CYFIP1 

In eukaryotic cells, CYFIP has several interacting partners, which have determined its different 

names. CYFIP was first identified as a 140 kDa specifically RAC1-associated protein (SRA) 

and the interacting partner of profilin (POP) in 1998 (Kobayashi et al, 1998; Witke et al, 1998). 

Later, researchers found CYFIP as a novel mediator of p53 mutant, 121F-dependent apoptosis 

in cell lines, and termed it p53-inducible RNA, 121F-specific (PIR121) (Saller et al, 1999). 

CYFIP was finally given the name cytoplasmic FMR1-interacting protein in 2001 owing to its 

interaction with the fragile X messenger ribonucleoprotein (FMRP) (Schenck et al, 2001). It 

Figure 1.9: WRC activation leading to ARP2/3-mediated actin nucleation 

The WRC is intrinsically inactive as the VCA domain of WAVE is hindered by CYFIP, preventing 

its interaction with the ARP2/3 complex. The WRC can be activated by the RHO family GTPase 

RAC1. Binding of GTP-bound RAC1 to CYFIP induces conformational changes of the WRC, 

leading to the release of the VCA domain. The liberated VCA domain can then bind to the ARP2/3 

complex and initiate actin branching.  
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was in the same study that the two isoforms of CYFIP, CYFIP1 and CYFIP2, were identified. 

Both CYFIP1 and CYFIP2 belong to a highly conserved protein family that is widely expressed. 

Human CYFIP1 and CYFIP2 share an amino sequence identity of 98.7 % and 99.9 % with 

their mouse orthologues. Besides, CYFIP1 and CYFIP2 have 87.7 % sequence identity and 

94.5 % sequence similarity with each other (Schenck et al., 2001). The gene encoded for 

CYFIP1 is situated on chromosome 15 in human and on chromosome 7 in mouse, whereas the 

gene encoded for CYFIP2 is located on chromosome 5 in human and on chromosome 11 in 

mouse. Interestingly, CYFIP1 and CYFIP2 exhibit distinct binding preference for FMRP and 

its related proteins, even though they possess high sequence identity. CYFIP1 was found to 

interact exclusively with FMRP, while CYFIP2 was observed to interact with both FMRP and 

its related proteins, FXR1P and FXR2P, in vitro (Schenck et al., 2001). This discovery suggests 

that while the CYFIP isoforms may share similar functions, they likely have distinct and 

separate roles in cell processes.  

In 2004, Steffen et al. identified CYFIP1's crucial role in WAVE-mediated actin assembly as 

part of the WRC. In this study, it was demonstrated that CYFIP1 serves as an essential 

component within the WRC by linking activated RAC1 to WAVE and thereby regulating 

downstream lamellipodia and membrane ruffling formation in the cell (Steffen et al, 2004). In 

2008, Napoli and colleagues made a significant discovery concerning the function of CYFIP1 

in FMRP-associated mRNA translation. They found that in neurons, and particularly in spines, 

CYFIP1 is recruited by FMRP, a known local repressor of mRNA translation, to bind to 

eukaryotic translation initiation factor 4E (eIF4E). By binding directly to eIF4E, CYFIP1 

blocks the formation of the translation initiation complex eIF4F, which results in the 

translational repression of FMRP-targeted mRNAs (Napoli et al, 2008). Subsequent studies 

suggested that CYFIP1 is present in both the WRC and translational inhibitory complexes 

(FMRP-CYFIP1), although not simultaneously: CYFIP1 can transition between these two 

complexes via a conformational change mediated by activated RAC1 (De Rubeis et al, 2013; 

Di Marino et al, 2015). In conclusion, CYFIP1 is a critical regulator of WRC-mediated actin 

polymerization and FMRP-mediated mRNA translation inhibition in synaptic spines.  

Studies have shown that the level of CYFIP1 can influence dendritic complexity and spine 

morphology of neurons (De Rubeis et al., 2013; Oguro-Ando et al, 2015; Pathania et al., 2014). 

Both CYFIP1 and CYFIP2 are enriched at the excitatory synapses but also present at inhibitory 

synapses (Davenport et al, 2019; Pathania et al., 2014). Elevated CYFIP1 enhances neuronal 
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arborization in vitro and increases spine density in vivo, while decreased CYFIP1 level, on the 

other hand, results in reduced neuronal arborization and higher proportion of immature spines 

both in vitro and in vivo (Oguro-Ando et al., 2015; Pathania et al., 2014). Changes in Cyfip1 

gene dosage also affects F-actin dynamics in dendritic spines and disrupts the 

excitatory/inhibitory balance (Davenport et al., 2019; Pathania et al., 2014).   

 

1.2.6. CYFIP1 in autism and schizophrenia 

CYFIP1 is found in region 15q11.2 of the human chromosome. Copy number variation of this 

regions is associated with autism spectrum disorder and schizophrenia (Burbach & van der 

Zwaag, 2009; Crespi et al, 2010). Microdeletion of this region has been linked with 

schizophrenia and certain cases of autism (Doornbos et al, 2009; Kirov et al, 2008; Stefansson 

et al, 2008; Wassink et al, 2001), while duplications of region 15q11.2-q13 is associated with 

elevated risk of autism (Veenstra-Vanderweele et al, 2004). Region 15q11.2 of human 

chromosome comprises four genes, TUBGCP5, CYFIP1, NIPA2 and NIPA1. Among these 

genes, CYFIP1 is believed to be the disease-causing gene due to its role in dendritic protein 

synthesis (Burbach & van der Zwaag, 2009; Napoli et al., 2008).  

The recent study conducted by Norrozi et al. revealed a significant over-expression of CYFIP1 

mRNA in the blood of young ASD patients when compared to the age-matched control group 

(Noroozi et al, 2018). On the other hand, in a separate proteomic study conducted on the 

prefrontal cortex of schizophrenia patients, the level of CYFIP1 was found reduced when 

compared to the age-matched control individuals (Hirayama-Kurogi et al, 2017). Among the 

limited number of studies investigating synaptopathy in the human brain of autism patients, it 

has been reported that autistic patients had greater spine density but immature spine 

morphology in layer II, III and V pyramidal neurons in the temporal cortex when compared to 

the control group (Hutsler & Zhang, 2010; Irwin et al, 2001; Martinez-Cerdeno, 2017). 

Research on schizophrenia patients has shown a decrease in the spine density of pyramidal 

neurons located in the layer III Brodmann area within the cerebral cortex or the prefrontal 

cortex, compared to control individuals (Garey et al, 1998; Glantz & Lewis, 2000; Konopaske 

et al, 2014).  

In summary, the expression level of CYFIP1 is closely linked with the pathophysiology of 

autism and schizophrenia. Increased CYFIP1 level is associated with elevated spine density 

and immature spines observed in autism, while decreased CYFIP1 level is related to reduced 
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spine density seen in schizophrenia. These findings emphasize the vital role of CYFIP1 in 

dendritic spine development, and suggest that CYFIP1 may be a critical player in the etiology 

of these disorders.  

1.2.7. CYFIP1/2 expression pattern in the brain 

CYFIP1 is widely expressed across most human tissues, while its paralog CYFIP2, is primarily 

expressed in the CNS (Gene ID CYFIP1: 23191; Gene ID CYFIP2: 26999). Previous 

transcriptomic studies by Zhang et al. have provided a more detailed understanding of the 

distinct CNS cell-specific expression patterns of the two CYFIP paralogs in human and mouse 

brain tissues. In human, CYFIP1 shows exclusively high expression in microglia, while 

CYFIP2 is predominantly expressed in neural cells such as neurons, astrocytes and 

oligodendrocytes. In mice, Cyfip1 is ubiquitously expressed, but with particularly high 

expression in microglia, whereas Cyfip2 is primarily found in neurons (Zhang et al, 2014a; 

Zhang et al., 2016). Subsequent investigation using immunofluorescence staining in mice has 

validated that CYFIP2 is primarily present in neurons (Özer, 2020). However, the expression 

pattern of CYFIP1 at the protein level in the mouse brain still remains to be determined.  

 

1.2.8. The actin cytoskeleton in innate immune cells functions 

Innate immune cells such as macrophages, dendritic cells and granulocytes represent the first 

line of defense against infections in living organisms. These cells are highly mobile and 

continuously monitor their surroundings. When they detect signals from either pathogens or 

damaged tissues, they undergo morphological changes and migrate towards the site of infection 

or damage, where they carry out phagocytosis and other critical immune functions. The actin 

cytoskeleton provides the mechanical force required for these responses, making it a crucial 

component of the innate immune cells. Therefore, understanding the mechanisms by which the 

actin cytoskeleton influences the functions of innate immune cells is vital for our understanding 

of the innate immune response. The following sections will describe how the actin cytoskeleton 

contributes to major immune functions such as phagocytosis and cell migration.  

 

1.2.8.1. The actin cytoskeleton in membrane ruffling and phagocytosis  

Macrophages maintain tissue homeostasis by actively surveying their environment for potential 

targets. This surveillance is achieved by generating membrane protrusions, also known as 

ruffles (Freeman et al, 2020). The membrane ruffles, on one hand, act as contact points between 

the cell and the targets that need to be cleared via phagocytosis; on the other hand, they also 



I n t r o d u c t i o n  

 26 

uptake extracellular molecules and nutrients to support the health and functions of the 

macrophage (Flannagan et al, 2012). To overcome the contractile tension of the membrane, the 

ruffles rely on the force generated by actin polymerization. This process involves the 

reorganization of local cortical F-actin, which is partly mediated by the ARP2/3 complex. The 

ARP2/3 complex-regulated actin polymerization is responsible for generating large ruffles, 

such as planar and circular dorsal ruffles (Mylvaganam et al, 2021; Suetsugu et al, 2003). The 

dorsal ruffles play a critical role in the process of phagocytosis (Rotty et al, 2017). Moreover, 

the actin structures mediated by the ARP2/3 complex are essential for organizing the 

complement receptors 3 (CR3) on the macrophage membrane, optimizing the efficiency of 

phagocytosis (Rotty et al., 2017).  

The process of phagocytosis can be broadly divided into four major steps, including cortical 

actin disruption, generating the base of phagocytic cups, extension of phagocytic cups, closure 

of phagocytic cups (Figure 1.10) (Freeman & Grinstein, 2014). To initiate phagocytosis, the F-

actin networks underneath the macrophage membrane have to be disrupted to increase the 

receptor mobility and provide free G-actin monomers for the following actin polymerization. 

This process can be facilitated by actin severing and debranching proteins, such as coronins 

and cofilins (Cai et al, 2007; Kueh et al, 2008; Yan et al, 2005). Following that, macrophages 

begin to construct the foundation of phagocytic cups. This step involves the clustering of 

phagocytic receptors in order for them to bind to the ligands on the targets. The downstream 

signaling cascades activate many NPFs, including WASP and the WRC, resulting in ARP2/3 

complex-dependent actin polymerization for phagocytic cup extension (Kheir et al, 2005). The 

extension of phagocytic cups requires adhesive structures to maintain the physical contact 

between the macrophage and the targets. The adhesions generate traction forces, which 

facilitate the protrusion while simultaneously limiting the retrograde actin flow. As the 

polymerization process advances at the tip of the phagocytic cup, there is also a dynamic 

depolymerization occurring at the base. This provides both the necessary elasticity and a steady 

supply of G-actin monomers for the ongoing process (Jaumouillé et al, 2019). The final step 

of phagocytosis is the closure of the phagocytic cup, in which the edges of the cup come into 

contact and merge to form a phagosome. Proteins such as dynamin and myosin-X modulate 

the constrictive force required to merge the edges of the phagocytic cup. The phagosome in the 

end separates from the membrane and moves into the cytoplasm (Gold et al, 1999; Marie-

Anaïs et al, 2016; Swanson et al, 1999) (Figure 1.10).  
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1.2.8.2. The actin cytoskeleton in cell migration  

The migration of immune cells is critical for ensuring an effective immune response, 

facilitating wound healing and maintaining tissue homeostasis (Trepat et al, 2012). When 

macrophages sense the presence of a chemoattractant, they respond by migrating along the 

external gradient of the signaling molecule (Iijima et al, 2002). During embryonic development, 

microglia progenitors migrate via CSF1-induced chemotaxis from the yolk sac to the brain 

parenchyma, where they eventually mature into microglia (Chitu & Stanley, 2017; Wu et al, 

2018). In the course of infection or apoptosis in the CNS, microglia detect signals released by 

damaged cells, such as UDP or CX3CL1, and migrate along the molecular gradient towards 

the affected area (Koizumi et al., 2007; Truman et al, 2008). There, they engulf and remove 

the damaged cells to restore tissue homeostasis (Sierra et al, 2013). To migrate successfully, 

immune cells must undergo dynamic cytoskeletal remodeling which provides them the 

necessary mechanical forces to move across tissues with different physical properties.  

Cell migration can be broadly divided into four major steps, consisting of membrane protrusion, 

formation and stabilization of adhesion to the extracellular substrate, actomyosin-based 

contraction of the cell body, and the detachment at the rear end (Figure 1.11) (Lauffenburger 

& Horwitz, 1996). Immune cells, to efficiently migrate towards a chemoattractant source in a 

2D environment, need to form protrusions and stabilize them through adhesion at the leading 

edge of the cell. The primary mechanism of protrusion on a flat surface for immune cells is 

Figure 1.10: Major steps of phagocytic cup formation 

Upon detecting phagocytic cues, macrophages initiate signaling pathways through interactions 

between their phagocytic receptors and surface ligands on the targets. These pathways trigger actin 

network rearrangement, facilitating the formation of phagocytic cups. As phagocytic receptors 

couple with target ligands, actin filaments polymerize towards the edge of the phagocytic cup, 

extending the cup until its edges meet and fully envelop the targeted particle. Subsequently, the 

phagosome detaches from the plasma membrane and moves into the cytoplasm. Figure reprinted and 

adapted from (Jaumouillé & Waterman, 2020).  
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through the formation of lamellipodia (Ridley, 2011). Lamellipodia are thin, sheet-like 

protrusions made up of branched actin filaments that are controlled by the ARP2/3 complex 

(Chhabra & Higgs, 2007; Goley & Welch, 2006). They create the pushing force at the leading 

edge, which is crucial for directed migration (Insall & Machesky, 2009; Suraneni et al, 2012).  

 

Figure 1.11: Major steps of cell migration 

A lamellipodium at the leading edge of a cell generates protrusive force for migration, but it 

adheres weakly to the substrate. Focal adhesions, formed underneath the lamella between the 

lamellipodium and cell body, create strong adhesions to the substrate. As the cell stabilizes new 

adhesions, inner tension is generated via stress fibers, propelling the cell forward. This tension 

triggers disassembly of focal adhesion at the trailing edge, releasing them from the rear end of 

the cell. (Figure reprinted from Mechanobiology institute, University of Singapore (MBInfo), 

https://reurl.cc/01zZzl). 
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Lamellipodia exhibit weak attachment to the extracellular substrate. The lamellipodia which 

fail to attach strongly enough frequently retract towards the cell body. This continual and 

dynamic process is commonly referred to as membrane ruffling (Borm et al, 2005; DeMali & 

Burridge, 2003). Attachment formation and stabilization occur at the lamella, which are thick 

adhesion sites between lamellipodia and the cell body. Lamella possess unique actin networks, 

which differ from those found in lamellipodia. The focal adhesion complexes are formed 

underneath the lamella, with a ring of adhesion proteins including integrins, focal adhesion 

kinase (FAK), vinculin, talin, paxillin, and actin networks formed by the ARP2/3 complex 

(Block et al, 2008). It is noteworthy that both WASP and WAVE proteins play unique roles in 

regulating the ARP2/3 complex-mediated actin polymerization in macrophages. WAVE2 is 

responsible for providing branched actin networks at the front protrusions, whereas WASP is 

critical for the stabilization of these protrusions (Ishihara et al, 2012; Kheir et al., 2005).  

In order to create the traction force and facilitate the translocation of the cell body, cells require 

a degree of external adhesiveness and inner tension (Rougerie et al, 2013). The regulation of 

myosin activity by RHOA plays a crucial role in controlling cell contractility during 

macrophage migration (Sellers, 2000; Wheeler & Ridley, 2007). Actin filaments combine with 

myosin II to form stress fibers, which generate actomyosin tension. This tension is produced 

by myosin II moving along the actin filaments, generating a sliding process and ultimately 

leading to the translocation of the cell body (Chi et al, 2014). During migration, the tension 

created by stress fibers also causes the destabilization of focal adhesions at the trailing edge, 

ultimately disassembling and releasing them at the rear end of the cell (Ridley et al, 2003; 

Shutova et al, 2012). The entire process involving the formation of protrusions, stabilization 

of adhesion, translocation of the cell body and retraction at the rear end, enables the cell to 

migrate forward (Figure 1.11). 
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1.3. Aim of this study 

CYFIP1, a crucial component of the WAVE regulatory complex, plays a key role in regulating 

the actin cytoskeleton in eukaryotic cells. It is expressed in all cell types in the brain. Copy 

number variations of CYFIP1 have been associated with schizophrenia and autism spectrum 

disorders. However, most studies on CYFIP1 have mainly focused on the role of CYFIP1 in 

neurons, with limited information regarding changes in glial cells and their influence on 

neuronal phenotypes. Unraveling the precise molecular function of CYFIP1 has been 

challenging owing to the predominant expression of CYFIP2, the other CYFIP isoform, in 

neurons. Interestingly, CYFIP1/Cyfip1 shows particularly high expression in microglia, the 

innate immune cells in the brain, where it is the sole expressed CYFIP isoform. Despite 

growing evidence showing a significant role of microglia in neuronal synapse development, 

very few studies have explored the function of CYFIP1 in microglia and the impact of 

microglial CYFIP1 depletion on neurons.  

In this study, we aimed to address the functions of CYFIP1 in microglia by evaluating the 

impact of its deletion on the adult mouse brain. This work focused on four key aspects. First, 

we aimed at identifying the microglia-specific CYFIP1-WRC using freshly isolated microglia 

from the adult mouse brain, and evaluated changes in microglial morphology and homeostatic 

status in the adult mouse brain in a microglia-specific Cyfip1 KO mouse model. Second, we 

investigated the impact of CYFIP1 depletion on microglial motility and phagocytic function 

using in vitro primary microglial cultures. Third, by using the same in vitro primary microglia 

culture system, we explored the relevance of the CYFIP1-WRC in regulating microglial actin 

dynamics. And forth, we investigated the effect of microglia-specific CYFIP1 depletion on 

neuronal number and on synapse density and maturation in the adult mouse brain.  
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Chapter 2. Results 

2.1. CYFIP1 expression in the mouse brain and microglial WAVE regulatory complex  

Cytoplasmic FMRP interacting protein 1 (CYFIP1), also known as specifically RAC1 activated 

protein 1 (SRA1), is evolutionarily conserved in eukaryotic cells. CYFIP1 is globally expressed 

in all mammalian cells. Previous single-cell transcriptomic studies indicated that Cyfip1 is 

expressed in all cell types in the CNS. However, highest expression was found in microglia, 

both in mouse and human (Uhlen et al, 2015; Zhang et al., 2014a; Zhang et al., 2016). At 

present, the expression pattern of CYFIP1 across CNS cells at the protein level has not been 

investigated yet. Therefore, in this chapter, we aimed to investigate and compare CYFIP1 

protein expression levels in microglia, neurons and astrocytes. Due to difficulties in isolating 

fresh and intact oligodendrocytes, CYFIP1 levels in oligodendrocytes were not included for 

comparison with other major CNS cells in this study. Additionally, we sought to characterize 

the microglia-specific WAVE regulatory complexes (WRC), studying the expression of the 

diverse isoforms of its members, which can give rise to distinct WRC compositions within cells. 

This could help us understand the possible roles of the CYFIP1-WRC in functions.  

 

2.1.1. CYFIP1 is the only CYFIP isoform expressed in microglia and is highly expressed 

In order to investigate CYFIP1 protein level in major CNS cells, microglia, astrocytes and 

neuronal synaptosomes were freshly isolated from 2-month-old CTRL mouse brains (see 

chapter 4.2.2.1 and 4.2.2.2). Since isolating fresh and undamaged whole neurons is challenging 

and previous studies have shown considerable CYFIP1 protein levels in neuronal synapses 

(Pathania et al., 2014), synaptosomal samples were used as neuronal counterparts in this study.  

Western blotting of protein extracts from the isolated cell types followed by relative 

quantification analysis showed that CYFIP1 protein level in microglia (6.8±1.1) was seven 

times higher compared to synaptosomes (1±0.13) and four times higher compared to astrocytes 

(1.7±0.13) (Figure 2.1 A and B). Besides CYFIP1, we also investigated the expression of the 

other CYFIP isoform, CYFIP2, in the same cell types. Our data showed that CYFIP2 is 

expressed only in neurons, but not in microglia and astrocytes (Figure 2.1 A and B). In 

conclusion, CYFIP1 and CYFIP2 co-exist in neurons, while CYFIP1 is the only CYFIP 

isoform found in microglia and astrocytes.  
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2.1.2. Microglia possess a unique CYFIP1-WRC 

The WRC is composed of five members – CYFIP, NAP, WAVE, ABI and HSPC300. All WRC 

members have 2-3 isoforms except for HSPC300. There are CYFIP1 and CYFIP2; NAP1 and 

HEM1 (also named NAP1-like); WAVE1, WAVE2 and WAVE3; ABI1, ABI2 and ABI3. 

Different isoforms can assemble to form different WRCs. A previous study has shown that 

CYFIP2, the dominant CYFIP isoform in neurons, forms complexes with NAP1, WAVE1 or 

3, and ABI1 in the embryonic mouse brain (Hauck, 2021). In addition, CYFIP1 and CYFIP2 

does not co-exist in the same complex (Hauck, 2021). The CYFIP1-dependent WRC in the 

brain has not yet been fully characterized due to technical reasons. Since CYFIP1 is the only 

CYFIP isoform in microglia, we hypothesized that it might be possible to identify the specific 

CYFIP1-WRCs in these cells. 

To identify the components of microglial WRC, western blotting was performed using lysates 

from microglia isolated from 2-month-old CTRL mice. All the isoforms listed above were 

tested. Western blotting images show that microglia have a unique WRC consisting of CYFIP1, 

HEM1, WAVE2 and ABI3 (Figure 2.2 A and B). Our findings, for the first time, identify the 

Figure 2.1: CYFIP1 is the only CYFIP isoform in microglia and is highly expressed.  

CYFIP1 and CYFIP2 levels in freshly-isolated microglia, neuronal synaptosomes and astrocytes 

from 2-month-old CTRL mice were determined using semi-quantitative western blotting. (A) 

Western blotting images show that CYFIP1 is found in microglia, synaptosomes and astrocytes, 

while CYFIP2 is only detected in synaptosomes. Total protein on the membrane was quantified using 

Coomassie staining. (B) Calibrated quantification of protein signals and normalization to 

synaptosomes of both CYFIP isoforms demonstrate that CYFIP1 is the only CYFIP isoform in 

microglia and astrocytes, whereas CYFIP1 and CYFIP2 co-exist in neurons. All nine samples for 

each CYFIP isoform were loaded on the same blot. Data are presented as mean ± SD. The empty 

circles and blue squares represent the values of the individual samples. N = 3 mice per group.  
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microglia-specific WRC and support previous research indicating that CYFIP1 and CYFIP2 

take part in distinct WRCs composed of unique subunits isoforms.  

 

 

 

2.1.3. Cyfip1 is successfully deleted in microglia in Cyfip1flx/flx;Cx3cr1cre/+ mice  

Cyfip1 homozygous mutant mice are embryonically lethal (Pathania et al., 2014). Cyfip1-/- 

embryos die around embryonic day 8.5 (Chung et al, 2015; Stöcker, 2015), after failing to 

properly gastrulate, which indicates the importance of CYFIP1 during embryonic development. 

For this reason, in order to study the function of CYFIP1 in microglia, we created a Cyfip1 

conditional knockout (cKO) mouse model using a cell-specific Cre/loxP system. Cyfip1 was 

deleted specifically in myeloid cells, including microglia by cross breeding Cyfip1flx/flx mice 

(Massimi, 2008)with mice expressing the Cre recombinase driven by the endogenous Cx3cr1 

promoter (Yona et al, 2013) (Cx3cr1-Cre knock-in mice, see chapter 4.1). CX3CR1 is a 

fractalkine receptor expressed in myeloid cells. In the CNS, Cx3cr1 is expressed in microglia 

and border-associated macrophages (Harrison Jeffrey K et al, 1998), so the Cx3cr1 locus is 

frequently used to delete genes in microglia. However, some studies have reported a transient 

Cx3cr1 expression in neurons during development using rodent models (Haimon et al, 2018; 

Hughes et al, 2002; Meucci et al, 2000). In order to verify the cKO specificity of the 

Cyfip1flx/flx;Cx3cr1cre/+ mouse model, we examined CYFIP1 protein levels in microglia, 

Figure 2.2: Microglia have a unique CYFIP1-dependent WRC. 

Components of microglial WRC complex were identified using western blot on microglia isolated 

from 2-month-old CTRL mice. (A) Western blotting signals from membranes probed with specific 

antibodies for all known isoforms of the WRC components. Microglial WRC is constituted of 

CYFIP1, HEM1, WAVE2 and ABI3. (B) Graphic representation of the microglial WRC.  
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neuronal synaptosome, astrocytes and oligodendrocytes isolated from 2-month-old CTRL and 

Cyfip1 cKO mice.  

Our western blotting results showed the efficient depletion of CYFIP1 in microglia from Cyfip1 

cKO mice when compared to CTRL mice, while CYFIP1 protein levels remained unaffected 

in neuronal synaptosomes and astrocytes from the Cyfip1 cKO mice when compared to CTRL 

mice (Figure 2.3 A and B). However, we noticed a 50 % reduction of CYFIP1 in 

oligodendrocytes isolated from Cyfip1 cKO mice when compared to CTRL (Figure 2.3 B). It 

may be a cell-autonomous effect caused by the partial deletion of Cyfip1 in oligodendrocytes, 

since Cx3cr1 mRNA was detected in oligodendrocyte precursor cells (OPCs) in mouse brains, 

albeit the expression was low compared to microglia (Watson et al, 2021; Zhang et al., 2014b). 

On the other hand, the level of microglial contamination in the isolation process of 

oligodendrocytes could be a contributing factor to the observed reduction of CYFIP1 level in 

oligodendrocytes from Cyfip1 cKO mice.  

 

 

 

Figure 2.3: Efficient Cyfip1 deletion in microglia in Cyfip1flx/flx;Cx3cr1cre/+  

The specificity of CYFIP1 depletion in Cyfip1 cKO animals was investigated in microglia, neuronal 

synaptosomes and astrocytes from 2-month-old CTRL and Cyfip1 cKO mice using western blotting. 

(A) Membranes probed with anti-CYFIP1 antibodies. Three representative samples from each 

genotype per cell type are shown.  (B) Quantification and normalization to CTRL levels of CYFIP1 

show that CYFIP1 is efficiently depleted in microglia from Cyfip1 cKO mice, whereas CYFIP1 

levels in neuronal synaptosomes and astrocytes from Cyfip1 cKO mice remain unaltered when 

compared to CTRL mice. CYFIP1 level in oligodendrocytes from Cyfip1 cKO mice shows a 

reduction compared to the CTRL mice. Data are presented as mean ± SD. Empty and red circles 

represent the values from individual animals. N = 5 for CTRL and n = 4 for Cyfip1 cKO animals 

used to isolate microglia, astrocytes and oligodendrocytes. N =3 for each genotype used to isolate 

neuronal synaptosomes.  
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2.1.4. Cyfip1 deletion in microglia leads to loss of microglial WRC 

To investigate the impact of CYFIP1 loss on the other members of microglial WRC, we 

examined the protein levels of HEM1, WAVE2 and ABI3 in microglia isolated from 2-month-

old CTRL and Cyfip1 cKO mice. Our western blotting analysis revealed that the protein levels 

of the CYFIP1-dependent WRC members - HEM1, WAVE2 and ABI3, are all significantly 

reduced to almost undetectable levels in Cyfip1 cKO microglia when compared to CTRL 

microglia (Figure 2.4 A and B).  

 

Figure 2.4: Cyfip1 deletion results in complete loss of the WRC in microglia.   

The effect of CYFIP1 loss on the levels of the other CYFIP1-dependent WRC members was 

investigated in microglia isolated from 2-month-old CTRL and Cyfip1 cKO animals using western 

blotting. (A) Membranes probed with anti-CYFIP1, anti-HEM1, anti-WAVE2 and anti-ABI3 

antibodies show the levels of each CYFIP1-dependent WRC member in CTRL and Cyfip1 cKO 

microglia. (B) Relative quantification of protein levels of each CYFIP1-dependent WRC member 

(HEM1, WAVE2 and ABI3 normalized to the corresponding CTRL) shows that they are virtually lost 

in Cyfip1 cKO microglia when compared to the CTRL microglia. Data are presented as mean ± SD. 

Empty and red circles represent the values from individual animals. N = 5 mice in the CTRL group, n 

= 4 for Cyfip1 cKO group. 

 

Our result is consistent with other studies on CYFIP1, which showed a decreased level of 

CYFIP1-dependent WRC components (NAP1-WAVE2) when Cyfip1 was knocked out or 

knocked down (Litschko et al., 2017; Steffen et al., 2004). Our findings are the first to identify 

a microglia-specific WRC and to reveal that the depletion of CYFIP1 leads to the loss of the 

microglial CYFIP1-dependent WRC (CYFIP1-HEM1-WAVE2-ABI3).  
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2.2. Cyfip1 cKO mice show slight reduction in the corpus callosum size, with no other 

brain morphological changes 

To investigate if the loss of CYFIP1 in microglia impacts gross brain morphology in Cyfip1 

cKO mice, sagittal brain sections from 2-month-old CTRL and Cyfip1 cKO mice were stained 

with hematoxylin and eosin (H&E) (see chapter 4.2.4.3.). The brain anatomy of Cyfip1 cKO 

mice did not show obvious differences from the CTRL mice, except for the corpus callosum 

that appeared thinner (Figure 2.5 A). In order to quantify these observations, we measured the 

area of each brain region and normalized it to the total brain area to determine the relative size 

of corpus callosum, cerebral cortex, hippocampus and cerebellum in anatomically matching 

sections from CTRL and Cyfip1 cKO mice.  

The size of cortex, hippocampus and cerebellum did not differ between the CTRL and Cyfip1 

cKO mice (Figure 2.5 C-E), but the corpus callosum in Cyfip1 cKO mice was approximately 

25 % smaller than in CTRL mice (Figure 2.5 B). Interestingly, another study in our lab also 

found reduced myelin basic protein (MBP) levels in the corpus callosum of Cyfip1 cKO mice 

(Letmathe, unpublished data). Previous studies reported reduced myelin thickness and MBP 

intensity in the corpus callosum of Cyfip1+/- rodents (Domínguez-Iturza et al, 2019; Silva et al, 

2019). In our system there are two possible explanations for these findings, which would also 

be in agreement with the previous studies. An ectopic partial deletion of Cyfip1 in 

oligodendrocytes of our Cyfip1 cKO mice (Figure 2.3) might have affected their actin 

cytoskeleton, which plays a vital role in the formation of myelin structures. It is also possible 

that corpus callosum thickness was indirectly affected by the loss of CYFIP1 in microglia. 

Future studies should explore this possibility.  

 

2.3. Microglial cell number is higher across different brain regions in Cyfip1 cKO mice  

A previous study on CYFIP1 in neural stem cells (NSCs) using a nestin-Cre driver line revealed 

that CYFIP1 loss in NSCs during embryonic development increases NSC cell number in the 

subventricular zone (Habela et al, 2020). In order to investigate the impact of CYFIP1 loss on 

the number of microglial cells, we immunolabeled microglia using anti-IBA1 antibodies in 

sagittal brain sections obtained from 2-month-old CTRL and Cyfip1 cKO mice. Microglia cell 

numbers were counted across different brain regions, including cortex, hippocampus, 

amygdala, thalamus and cerebellum. Confocal images showed slightly elevated microglial cell  
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Figure 2.5: Loss of microglial CYFIP1 results in a thinner corpus callosum, with no other major 

brain morphological changes. 

Gross brain morphology was assessed by H&E-staining of sagittal brain sections from 2-month-old 

CTRL and Cyfip1 cKO mice. (A) Representative images of H&E-stained sagittal brain sections from 

CTRL and Cyfip1 cKO mice show comparable brain morphology. (B) The corpus callosum of Cyfip1 

cKO mice is reduced by approximately 25 % when compared to the CTRL mice. The size of (C) 

cortex, (D) hippocampus and (E) cerebellum in Cyfip1 cKO mice is unchanged in comparison to the 

CTRL mice. Brain area = area of the brain section. Scale bar = 2 mm. Data are presented as mean 

± SD. Empty and red circles represent the values from individual animals. N = 3 animals per genotype. 

Unpaired two-tailed t-test. *p < 0.05 compared to CTRL, ns = not significant. 
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Figure 2.6: Cyfip1 cKO mice have increased numbers of microglia across various brain regions.  

Microglial cell numbers across different brain regions were evaluated in brain sections from 2-month-

old CTRL and Cyfip1 cKO mice by immunolabeling microglia with anti-IBA1 antibodies (green). (A) 

Representative confocal images of microglial cells in the cortex, hippocampus, amygdala, thalamus 

and cerebellum. (B - F) Quantification of microglial cells per mm2 show that Cyfip1 cKO mice have 

higher microglial density than the CTRL mice in all the brain regions investigated. Scale bar = 30 μm. 

Data are presented as mean ± SD. Empty and red circles represent the values from individual animals. 

N = 10 animals (5 males and 5 females) per genotype. Two regions of interest (ROI) are imaged per 

brain region per animal. Two-tailed unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001. 
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density and reduced coverage of microglial fine processes in the assessed brain regions of 

Cyfip1 cKO mice when compared to the CTRL mice (Figure 2.6 A).  

Quantification of IBA1+ microglial cells revealed that Cyfip1 cKO mice have approximately 

1.1 – 1.4 times more microglial cells per mm2 than CTRL mice across all brain regions 

investigated. In both CTRL and Cyfip1 cKO mice, microglial cell number was slightly higher 

in the cortex and hippocampus compared to amygdala, thalamus and cerebellum (Figure 2.6 B 

- F).   

 

2.4. Cyfip1 deletion reduces microglial morphological complexity and surveying volume 

Changes in Cyfip1 gene dosage have been shown to affect cell morphology. For example, it 

has been shown that haploinsufficiency of Cyfip1 is associated with reduced dendritic 

complexity  (Pathania et al., 2014), whereas Cyfip1 overexpression leads to aberrant neurite 

outgrowth and spine density (Oguro-Ando et al., 2015).  

 

Figure 2.7: Microglial Cyfip1 deletion results in global alteration of microglial morphology in the 

mouse brain.  

Brain tissue obtained from 2-month-old CTRL and Cyfip1 cKO mice was immunolabeled with anti-

IBA1 antibodies for the visualization of microglial morphology. Representative confocal images 

show a heterogenous microglial morphology across different regions, independent of the genotype. 

Loss of CYFIP1 in microglia has a global effect reducing microglial morphological complexity 

across various brain regions (cortex, hippocampus, amygdala, thalamus and cerebellum). Scale bar 

= 20 μm.  
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Given the close association between the morphology of microglia and their functions and 

homeostatic status, we aimed to investigate the effect of CYFIP1 loss on microglial 

morphology. To analyze microglial morphology, brain sections obtained from 2-month-old 

CTRL and Cyfip1 cKO mice were immunolabeled with anti-IBA1 antibodies and imaged with 

confocal microscopy. Microglial morphology in various brain regions was then evaluated. 

Figure 2.7 shows an overview of microglial morphology in the cortex, hippocampus, amygdala, 

thalamus and cerebellum of CTRL and Cyfip1 cKO mice. Microglial morphology varies across 

different brain regions, regardless of the genotype. For instance, cortical and hippocampal 

microglia exhibit more fine processes than microglia in amygdala, thalamus and cerebellum. 

Cyfip1 cKO microglia invariably showed a reduced morphological complexity when compared 

to the CTRL microglia from the same brain region, indicating a consistent impact of CYFIP1 

loss on microglial morphology. 

To delve deeper into microglial morphological alterations, we analyzed microglial morphology 

using MotiQ, an ImageJ-based open source plugin developed in our lab (Hansen et al, 2022) 

to perform automated cell morphology analysis. This analysis approach is based on a 

thresholding function to separate cells from the background and then creates binary images for 

3D reconstruction from confocal imaging Z-stacks. The microglial cell, its convex hull and the 

cell’s cytoskeleton are reconstructed (Figure 2.8 A), and several morphological parameters are 

automatically calculated.  

From the 3D reconstruction of microglial cells, we were able to obtain the volume and 

ramification index of microglia. The cell volume reflects the size of microglial cells, and the 

ramification characterizes the overall complexity of microglial cell shape. The ramification 

index represents the ratio of the cell surface area to the surface area of a perfect sphere with the 

same volume as the cell. It is a unit-free parameter. The convex hull depicts the volume 

surveyed by each microglial cell (spanned volume), providing information about the size of the 

cell’s territory. The parameters of the cell skeleton include the number of branches, the number 

of junctions and the average branch length. These parameters provide additional information 

on the subcomponents of microglial processes.  

Only the analysis of microglia in the cortex is shown here, since the morphological changes 

observed in the cortex of Cyfip1 cKO mice were found to be conserved across all brain regions 

investigated. 3D reconstruction revealed that Cyfip1 cKO microglia had a 25 % reduction in 

cell volume and 23 % decrease in ramification when compared to CTRL microglia (Figure 2.8  
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Figure 2.8: Cyfip1 cKO microglia have reduced morphological complexity and surveying 

volume.  

The morphology of microglia in 2-month-old CTRL and Cyfip1 cKO mice was analyzed using 

immunostaining with anti-IBA1 antibodies. (A) Representative confocal images of a cortical 

microglial cell from CTRL and Cyfip1 cKO mice, its 3D reconstruction, convex hull representing 

microglial spanned volume, and the cell cytoskeleton showing the branches and junctions. (B, C) 

Quantified cell volume and ramification index of Cyfip1 cKO microglia are reduced by approximately 

25 % when compared to the CTRL microglia. (D) Spanned volume of Cyfip1 cKO microglia is 

significantly decreased by 55 % compared to CTRL microglia. (E, F) The number of branches and 

junctions in Cyfip1 cKO microglia is reduced by 50 % in comparison to CTRL microglia. (G) Cyfip1 

cKO microglia show a 13 % increase in their average primary branch length in comparison to the 

CTRL microglia. Scale bar = 10 μm. Data are presented as mean ± SD. Empty and red circles 

represent the values from individual animals. N = 10 animals per genotype (5 males and 5 females). 

Two regions of interest (ROI) are imaged per brain region per animal. Unpaired two-tailed t-test. ****p 

< 0.0001. 
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B, C). Cyfip1 cKO microglia also exhibited a 55 % decrease in the spanned volume when 

compared to the CTRL microglia (Figure 2.8 D). Alterations of cell skeleton were also 

observed in Cyfip1 cKO microglia, in particular a 50 % reduction in the number of branches 

and junctions (Figure 2.8 E and F), accompanied by a greater length of the primary branch 

(Figure 2.9 G) than in the CTRL microglia. 

Since it was reported that microglia exhibit sex-dependent morphology during development 

(Gildawie et al, 2020), we further divided each genotype group into male and female subgroups 

to determine whether the morphological alterations observed in Cyfip1 cKO microglia in our 

study are sex-dependent. Our results revealed that in both Cyfip1 cKO and CTRL mice, 

microglia morphology in males and females was comparable (Figure 2.9). However, microglia 

in the cortex of male mice exhibited greater ramification than those in female mice. This 

phenotype was observed in both Cyfip1 cKO and CTRL mice, indicating that the impact of 

CYFIP1 on microglial morphology was not sex-dependent. Overall, our findings reveal a 

fundamental role of CYFIP1 in microglial morphogenesis that is sex-independent.  

 

2.5. Cyfip1 cKO microglia show a non-homeostatic phenotype 

Microglia are characterized by their ramified morphology, which consists of highly branched 

and motile processes, which continually survey the microenvironment in the brain. Upon 

sensing an imbalance in the brain environment, they gradually transform their morphology to 

respond to the perturbation. These morphological transformations usually involve soma 

enlargement and thickened, shortened processes, which indicate an “activated state” of 

microglia (Fernandez-Arjona et al, 2017). Following our discovery of morphological 

alterations in Cyfip1 cKO microglia, we noticed that the morphological changes in Cyfip1 cKO 

microglia aligned with the characteristics of activated microglia. To explore whether the 

absence of CYFIP1 disrupts microglial homeostasis, we immunolabeled microglia with anti-

IBA1 and anti-CD68 antibodies. CD68 is a commonly used marker for activated microglia, 

and its upregulation has been used to detect microglial activation (Hong et al, 2016; Matsui et 

al, 2013).  

Z-stack confocal images of IBA1 and CD68 immunolabeled cortical and hippocampal 

microglia from 2-month-old Cyfip1 cKO and CTRL mice were used for 3D reconstruction. 

Microglial cell volume and CD68 volume were reconstructed (see chapter 4.2.7.2), and the 

percentage of CD68 volume to microglial cell volume was calculated to determine the average 

proportion of CD68 expression in the cell. 
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Figure 2.9: Morphological changes of microglia in Cyfip1 cKO mice are sex-independent.  

The morphology of microglia was compared in 2-month-old CTRL and Cyfip1 cKO male and female 

mice. Cortical microglia from male and female mice are shown as an example. (A) Representative 

confocal images of cortical microglia, MotiQ-reconstruction, convex hull calculation and their 

cytoskeleton from male and (B) female mice. No sex-dependence can be detected in (C) cell volume, 

(E) spanned volume, (F) numbers of branches and (G) junctions, and (H) average branch length. (D) 

In both CTRL and Cyfip1 cKO mice, the ramification index of microglia is higher in males than in 

females. Scale bar = 10 μm. Data are presented as mean ± SD. Empty and red circles represent the 

values from individual animals. N = 5 animals per genotype in each sex. Two regions of interest 

(ROI) are imaged per brain region per animal. Two-way ANOVA with Tukey’s post-hoc test. *p < 

0.05, ***p < 0.001****p < 0.0001. 
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Figure 2.10 A and C shows that, in both the cortex and hippocampus, Cyfip1 cKO microglia 

express significantly higher levels of CD68 compared to CTRL microglia. Through 

quantitative analysis, we found that in the cortex of the CTRL mice, CD68 volume represents 

approximately 13 % of microglia volume, while the percentage increased to 20 % in the cortical 

microglia of Cyfip1 cKO mice (Figure 2.10 B).  

 

Figure 2.10: The level of CD68, a microglial activation marker, is increased in Cyfip1 cKO 

microglia.  

Microglia from 2-month-old Cyfip1 cKO and CTRL mice were immunolabeled with anti-IBA1 

(green) and anti-CD68 (red) antibodies. The proportion of CD68 level within the cell was determined 

by calculating the ratio of CD68 volume to the microglial cell volume. Representative images of a 

(A) cortical and (C) hippocampal CTRL and Cyfip1 cKO microglial cell labelled with the described 

antibodies and its 3D reconstruction. The CD68 expression in Cyfip1 cKO microglia is significantly 

increased when compared to the CTRL microglia in both (B) the cortex and (D) the hippocampus. 

Scale bar = 10 μm. Data are presented as median (thick black dash line) with 25th to 75th percentile 

(thin grey dash lines). CTRL: n = 36 cells from 10 animals (5 males, 5 females), Cyfip1 cKO: n = 40 

cells from 10 animals (5 males, 5 females). Two regions of interest (ROI) are imaged per brain region 

per animal. Mann-Whitney test. ****p < 0.0001. 
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In the hippocampus, the CD68 occupancy in the CTRL microglia was 10 %, whereas it was 

increased to 20 % in the Cyfip1 cKO microglia (Figure 2.10 D). The increased proportion of 

CD68 volume indicates an activated state of Cyfip1 cKO microglia. 

 

2.6. CYFIP1 is essential for microglial phagocytic function  

To better study the mechanistic implications of CYFIP1-dependent WRC in microglial 

functions and motility, we established an in vitro culture system using primary microglia 

harvested from postnatal day 0 – 3 (P0 – P3) mice (see chapter 4.2.1). Primary cells are 

regarded as a better model for studying cellular processes in comparison to cell lines, since 

they are directly isolated from the tissue of interest without induced genetic modifications that 

lead to immortalization. 

As the major phagocytes in the brain, phagocytic function of microglia is critical for clearing 

pathogens and apoptotic cells. In recent years, microglia were also proposed to be involved in 

the formation of neural circuits during development by phagocytosing synaptic components 

(Paolicelli et al., 2011; Schafer et al., 2012) . To investigate if loss of CYFIP1 affects microglial 

phagocytosis of synaptic material, we established an in vitro synaptosome phagocytosis assay 

(see chapter 4.2.2.4). Primary microglia from Cyfip1 cKO and CTRL mice were given pHrodo-

labeled synaptosomes. pHrodo is a pH-sensitive fluorescent dye which exhibits increased 

fluorescence in response to acidic environments. Thus, when the pHrodo-labeled synaptosomes 

are engulfed by primary microglia and internalized into lysosomes, an increased fluorescent 

signal is emitted due to the decrease of pH value. Live-cell imaging was performed for 24 hours 

to investigate microglial phagocytic activity. Immunofluorescence staining of microglia was 

also performed at the end of live-cell imaging to assess synaptosome engulfment at the single-

cell level.  

In Figure 2.11 A, representative images of microglial phagocytic status at the end time point 

(24 h) are shown. The images show that Cyfip1 cKO microglia had significantly reduced 

engulfment of synaptosomes in comparison to the CTRL microglia. The time-lapse analysis of 

synaptosome engulfment over a period of 24 hours (Figure 2.11 B) revealed that the total 

pHrodo intensity (corresponding to engulfed synaptosomes) in Cyfip1 cKO microglia was 

significantly lower than in CTRL microglia starting from 14 h. Moreover, the pHrodo intensity 

in Cyfip1 cKO microglia did not increase from 13 h onwards, whereas the pHrodo intensity in 

CTRL microglia continued to increase steadily until 18 h (Figure 2.11 B). At the end of live- 
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Figure 2.11: Loss of CYFIP1 impairs microglial phagocytosis.  

An in vitro synaptosome phagocytosis assay was developed to investigate the role of CYFIP1 in 

microglial phagocytic function. Primary microglia were given pHrodo-labeled synaptosomes, and 

their phagocytic behavior was monitored through live-cell imaging with one-hour intervals for a period 

of 24 hours. (A) Representative confocal images of primary CTRL and Cyfip1 cKO microglia 

identified by CD11b (blue) labeling with their actin cytoskeleton visualized using phalloidin (green) 

staining and the engulfed synaptosomes (orange) at the end of the phagocytosis assay (24 h). Scale bar 

= 20 μm. (B) Time-lapse analysis reveals that the intensity of engulfed synaptosomes (pHrodo 

intensity) is significantly lower in the Cyfip1 cKO microglia when compared to the CTRL microglia. 

Data are presented as mean ± SD. N =3 independent phagocytosis assays. Repeated measures 

ANOVA with Šídák's multiple comparisons test of Cyfip1 cKO versus CTRL within each time point: 

p<0.05 from 3 h, p<0.01 from 5 h, p<0.001 from 7 h, p<0.0001 from 9 h. Genotype x time interaction, 

p < 0.0001, F (24, 96) = 12.90. (C) The average pHrodo intensity within each individual cell at the end 

of the phagocytosis assay is 70 % lower in Cyfip1 cKO microglia than that in the CTRL. Data are 

presented as median (thick black dash line) with 25th to 75th percentile (thin grey dash lines). N = 150 

cells per genotype. Z test. ***p < 0.001, ****p < 0.0001. 
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cell imaging, microglia were fixed and subjected to staining with phalloidin and anti-CD11b 

antibodies. Phalloidin was used to stain actin filaments, allowing a good visualization of cell 

structure, while CD11b labeling was used to mark microglia. The pHrodo intensity in each 

microglial cell was measured, and a total of 150 cells per genotype were analyzed. It was 

observed that at the end of the phagocytosis assay, the average pHrodo intensity of 

synaptosomes in Cyfip1 cKO microglia was approximately 70 % less than the average pHrodo 

intensity in the CTRL microglia (Figure 2.11 C). Our results indicate that loss of CYFIP1 

significantly reduces the phagocytic ability of microglia. 

 

2.7. CYFIP1 is necessary for microglial motility  

Microglia are highly dynamic cells, which constantly monitor the brain parenchyma using their 

motile processes (Nimmerjahn et al., 2005). They possess two types of motility: baseline 

motility, which involves the continuous extension and retraction of processes for the 

interactions with the environment, such as physically contacting neuronal synapses (Paolicelli 

et al., 2011; Parkhurst et al., 2013; Schafer et al., 2012) , as well as clearing extracellular matrix 

(Crapser et al, 2021; Nguyen et al., 2020) and cell debris; and directional motility, which is 

triggered by signals of tissue damage and involves chemotactic movement of processes 

followed by cell migration towards the site of injury (Franco-Bocanegra et al, 2019). Both 

baseline motility and directional motility of microglia are largely dependent on the constant 

remodeling of the actin cytoskeleton. To investigate the role of the CYFIP1-WRC in microglial 

motility, we established an in vitro wound healing assay (see chapter 4.2.2.3) to explore the 

directed movement of microglia. We also utilized immunocytofluorescence (see chapter 

4.2.6.2) to quantify microglial lamellipodia, and conducted live-cell imaging to observe 

microglial membrane ruffling (see chapter 4.2.6.1).  

 

2.7.1. Cyfip1 deletion impairs directed migration of microglia 

In order to investigate the directed migration of microglia, an in vitro wound healing assay was 

performed using primary microglia from Cyfip1 cKO and CTRL mice. A scratch was 

introduced in a dense microglia culture and the closure of the wound by microglia was 

monitored for a duration of 72 hours through bright-field live-cell imaging.  Representative 

bright-field images at the end time-point (72 h) showed that the wound was thoroughly covered 

by CTRL microglia, while the wound in the Cyfip1 cKO cultures remained largely uncovered, 

indicating that Cyfip1 cKO microglia were unable to efficiently migrate and close the wound 

(Figure 2.12 A). We further conducted a time-lapse analysis on the closure of the wound  
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Figure 2.12: Loss of CYFIP1 impairs directed migration and speed of microglia.  

An in vitro wound healing assay was used to study the role of CYFIP1-dependent WRC in the 

directed migration of microglia. (A) Representative bright-field images of the wound healing assay 

at the start (0 h) and end time-point (72 h) from one CTRL and one Cyfip1 cKO microglia culture, 

scale bar = 1 mm. (B) Trajectory plots of CTRL and Cyfip1 cKO microglial cells show that Cyfip1 

cKO microglia exhibit erratic and undirected movement. Both CTRL and Cyfip1 cKO microglial 

cells are tracked from the right side of the wound. N = 60 cells per genotype from 3 independent 

wound healing assays. (C) Time-lapse analysis of the wound healing assay reveals that CTRL 

microglia completely cover the wound in around 60 h, while Cyfip1 cKO microglia only cover 

approximately 40 % of the wound in 72 h. The wound closure (∆f/f0) is calculated by normalizing 

at any time-point the wound area covered by microglia (∆f = f0 - ft) to the initial wound area (f0). 

Data are presented as mean ± SD. N = 3 independent wound healing assays. Repeated measures 

ANOVA with Šídák's multiple comparisons test of Cyfip1 cKO versus CTRL within each time 

point: p-value significant from 15 h. Genotype x time interaction, p < 0.0001, F (24, 96) = 11.16. 

(D) Violin plots of the directionality index (straight line distance between start and end 

position/total distance) of CTRL and Cyfip1 cKO microglia show a significant three-fold reduction 

in Cyfip1 cKO microglia compared to the CTRL. (E) The velocity of Cyfip1 cKO microglia is 40 

% less than CTRL microglia. In (D) and (E) data are presented as median (thick black dash line) 

with 25th to 75th percentile (thin grey dash lines). N = 60 cells per genotype from 3 independent 

wound healing assays. Mann-Whitney test. ****p < 0.0001.  
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throughout the 72-hour period. The closure of the wound was evaluated by normalizing the 

wound area covered by microglia to the initial wound area, thereby indicating the ratio of 

wound coverage by microglia. If the wound is covered completely, the ratio of wound closure 

is 1. Time-lapse analysis revealed that CTRL microglia efficiently covered 80 % of the wound 

within the initial 36 hours, and the wound was completely closed by approximately 60 hours. 

In contrast, Cyfip1 cKO microglia were only able to close 30 – 40 % of the wound area 

throughout the 72-hour observation period (Figure 2.12 C). Moreover, the wound area covered 

by Cyfip1 cKO microglia increased and decreased during the observation time, suggesting that 

Cyfip1 cKO microglia did not migrate in a steady and directional manner.  

To investigate whether the inefficient closure of the wound by Cyfip1 cKO microglia was 

caused by decreased migration velocity or impaired directional movement, we tracked the 

migratory behavior of individual CTRL and Cyfip1 cKO microglia cells located on the border 

of the wound. Figure 2.12 B shows the superimposition of the migratory paths of 60 CTRL and 

60 Cyfip1 cKO microglia from the same side (right side) of the wound.  Based on the trajectory 

plots in Figure 2.12 B, we observed that most CTRL microglia initially migrated horizontally 

towards the wound and then turn vertically to fill the available space. In contrast, Cyfip1 cKO 

microglia exhibited no directional movement, they appeared to circle around their original 

position instead of migrating towards the wound. We quantified the directionality of migrating 

microglia by normalizing the linear distance between the start and end points of the migration 

to the total distance covered by microglial cells during their migration: the closer the 

directionality ratio to 1 the more linear and directional microglial movement (Figure 2.12 D). 

The result revealed that Cyfip1 cKO microglia had significantly more erratic and undirected 

movement compared to the CTRL microglia, with less than three-fold directionality ratio than 

CTRL microglia. Finally, the velocity of migrating microglia was determined by normalizing 

the total distance covered by the microglia to the duration of migration. The analysis revealed 

that the velocity of migrating Cyfip1 cKO microglia was decreased by 40 % compared to the 

velocity of the migrating CTRL microglia (Figure 2.12 E). In summary, our findings indicate 

that loss of CYFIP1 leads to impaired microglial migration, with loss of both speed and 

directionality, and severely reduces the ability to effectively close a wound.  
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2.7.2. The proportion of cells with lamellipodia is reduced in Cyfip1 cKO primary 

microglia 

It is well-known that cell migration in 2D cultures is primarily driven by the formation of 

lamellipodia (Raftopoulou & Hall, 2004), which is regulated by the WRC via activating the 

ARP2/3 complex (Chen et al., 2010; Innocenti, 2018; Kage et al, 2022a). In order to better 

understand the mechanistic role of the actin cytoskeleton in the observed migratory defects in 

Cyfip1 cKO microglia, we labeled the actin filaments with fluorescent phalloidin and examined 

the proportion of cells containing lamellipodia in both Cyfip1 cKO and CTRL microglia in 

standard culture condition.  

Confocal images showed that Cyfip1 cKO microglia exhibited distinct morphological 

differences from the CTRL microglia (Figure 2.13 A). A lamellipodium is formed by the 

accumulation of branched cortical F-actin, which pushes the membrane outward and indicates 

the direction of cell migration.  

 

Figure 2.13: Cyfip1 cKO microglia show a reduced proportion of cells with lamellipodia. 

Actin filaments in both the CTRL and Cyfip1 cKO primary microglia were labeled with phalloidin 

(green). (A) Representative confocal images show the morphology of primary CTRL and Cyfip1 cKO 

microglia. White squares regions are magnified to show the peripheral F-actin structures found in 

CTRL and Cyfip1 cKO microglia and the F-actin levels. Scale bar = 10 μm (B) More than 60 % of the 

CTRL microglia possess lamellipodia, whereas lamellipodia are only observed in less than 10 % of 

the Cyfip1 cKO microglia. Data are presented as mean ± SD. CTRL: n = 622, Cyfip1 cKO: n = 322 

from 3 independent primary cultures. 
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In CTRL microglia, lamellipodia were found in approximately 60 % of the cells. However, 

lamellipodia were only observed in less than 10 % of the Cyfip1 cKO microglia and the 

morphology of Cyfip1 cKO microglia appeared to be more spiky. It is likely that loss of the 

WRC in cells causes imbalance among actin nucleators, leading to formin-dependent actin 

polymerization. This indicates that the majority of Cyfip1 cKO microglia may utilize different 

mechanisms for migration, which do not involve the force of lamellipodium formation (Figure 

2.13 B). Our findings provide insights into the mechanism underlying CYFIP1-related 

microglial migratory deficits. 

 

2.7.3. Membrane ruffles are lost in Cyfip1 cKO microglia 

In order to further characterize membrane dynamics of Cyfip1 cKO compared to CTRL primary 

microglia, we set up phase contrast live-cell imaging and focused on membrane ruffling (see 

chapter 4.2.6.1). Membrane ruffles are non-adhesive lamellipodia that fail to attach to or are 

dynamically released from the substrate and retract towards the cell body (Borm et al., 2005). 

These dynamic structures absorb extracellular molecules and occasionally serve as contact 

points between the phagocyte and the phagocytic targets (Flannagan et al., 2012). Figure 2.14 

A shows multiple membrane ruffles (red arrows) at the cell periphery of the CTRL microglia. 

These ruffles were highly dynamic. They underwent constant turnover, with each ruffle lasting 

for one to two seconds throughout the course of imaging. However, membrane ruffling was 

absent at the cell periphery of Cyfip1 cKO microglia, which is in agreement with our findings 

in chapter 2.7.2, that Cyfip1 cKO microglia are deficient in developing lamellipodia. Videos of 

Cyfip1 cKO and CTRL microglial membrane ruffling can be accessed via scanning the QR 

codes in Figure 2.14 B. Overall, our findings demonstrate that loss of CYFIP1 in microglia 

impairs 2D microglial motility, affecting both migration velocity and directionality. This effect 

is likely caused by defective or abolished formation of lamellipodia and membrane ruffles. 

 

2.8. Loss of CYFIP1 in microglia impairs the dynamics of actin filaments 

As indicated earlier in this study, CYFIP1 is the only CYFIP isoform found in microglia, and 

Cyfip1 deletion results in loss of the WRC, which plays a critical role in forming branched actin 

networks. Consequently, we found that loss of CYFIP1 disrupts the formation of microglial 

lamellipodia and membrane ruffles, which are driven by the dynamic reorganization of actin 

filaments at the cell periphery coordinated by the downstream effector of the WRC, the ARP2/3 

complex. 
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Figure 2.14: Loss of CYFIP1 impairs microglial membrane ruffling.  

Membrane ruffling of primary CTRL microglia and Cyfip1 cKO was monitored using bright-field 

live-cell imaging. (A) Representative phase contrast images of single CTRL and Cyfip1 cKO 

microglial cells allow the visualization of multiple membrane ruffles at the periphery of the CTRL 

microglia, whereas they are virtually absent in Cyfip1 cKO microglia. (B) QR codes for membrane 

ruffling videos of CTRL and Cyfip1 cKO microglia. Scale bar = 10 μm. 

Previous studies also showed that removing both CYFIPs or NAP1 in B16-F1 murine 

melanoma cells reduced F-actin intensity in the cell cortex (Kage et al., 2022a). To investigate 

whether loss of CYFIP1 affects actin dynamics in microglia, we applied a biochemical 

approach, separating two insoluble F-actin fractions, stable F-actin networks and short dynamic 

F-actin networks, and a soluble G-actin fraction from CTRL and Cyfip1 cKO primary microglia 

cells by differential centrifugation. The level of actin in each fraction was determined by semi-

quantitative western blotting analysis. The F/G-actin ratios were calculated and compared 

between CTRL and Cyfip1 cKO microglia. Other studies on actin dynamics have only focused 

on the ratio of total F-actin to G-actin (Koestler et al, 2009; Rasmussen et al, 2010; Ricotti et 
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al, 2014). However, it is important to note that dynamic F-actin is crucial for the extension of 

phagocytic cups in phagocytes as well as for lamellipodia extension (Barger et al, 2022). Both 

functions were impaired in Cyfip1 cKO microglia (Figure 2.11 and 2.13). Therefore, we 

separated stable F-actin at 300 g and dynamic F-actin at 10,000 g in resting and phagocytosing 

microglia (see chapter 4.2.5.1). 

Western blotting analysis showed that in non-stimulated cells, the ratio of stable F-actin to G-

actin was reduced by 55 % in Cyfip1 cKO microglia in comparison to CTRL microglia (Figure 

2.15 A - C), and the dynamic F-actin was undetectable in Cyfip1 cKO microglia (Figure 2.15 

B and D).  

 

Figure 2.15: Cyfip1 deletion in microglia results in reduced stable actin filaments and loss of 

dynamic actin filaments.  

An in vitro assay was applied to explore the molecular mechanisms by which CYFIP1 regulates actin 

using differential centrifugation on resting and stimulated microglia cultures. Representative western 

blots show the levels of stable F-actin, dynamic F-actin and monomeric G-actin in (A) CTRL and (B) 

Cyfip1 cKO primary microglia under unstimulated and E. coli stimulated conditions. (C) The stable 

F/G-actin ratio is significantly lower in Cyfip1 cKO microglia compared to CTRL microglia under 

unstimulated condition. The stable F/G-actin ratio slightly decreases in both CTRL and Cyfip1 cKO 

microglia following E.coli stimulation, but not significantly. (D) Under unstimulated condition, 

dynamic F-actin is undetectable in Cyfip1 cKO microglia. Upon E.coli stimulation, the dynamic F/G-

actin ratio increases by 60 % in CTRL microglia, while no obvious change is observed in Cyfip1 cKO 

microglia. Data are presented as min-max box plot with individual data points (empty and red circles). 

Middle line represents median. For unstimulated condition, CTRL: n = 4, Cyfip1 cKO: n = 5. For E. 

coli stimulated condition, CTRL: n = 4, Cyfip1 cKO: n = 3. Mann-Whitney test. *p < 0.05, ns = not 

significant. 
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To investigate if disrupted actin dynamics contributes to the poor phagocytic ability of Cyfip1 

cKO microglia, E. coli was given to primary microglia as phagocytic prey. E. coli was chosen 

as the phagocytic prey instead of mouse synaptosomes in this assay because synaptosomes 

contain a significant amount of actin, which would interfere with the actin readout in microglia. 

Western blotting results revealed no significant difference in stable F-actin levels between 

CTRL and Cyfip1 cKO microglia following E. coli stimulation (Figure 2.15 A - C). 

Interestingly, an increase of dynamic F-actin was observed in the CTRL microglia upon E. coli 

stimulation, while no such increase was detected in Cyfip1 cKO microglia (Figure 2.15 A, B 

and D). Comparing unstimulated and E. coli-stimulated samples within each genotype shows 

that following E. coli stimulation, CTRL microglia exhibited a 20 % decrease in stable F/G-

actin ratio, accompanied by a 60 % increase of the dynamic F/G-actin ratio, suggesting a high 

level of ARP2/3-dependent F-actin networks rearrangements. In contrast, Cyfip1 cKO 

microglia showed a 40 % decrease of the stable F/G-actin ratio (Figure 2.15 C) without a 

detectable concomitant increase of the dynamic F/G-actin ratio (Figure 2.15 D), suggesting that 

actin dynamics mechanisms might be put in place as compensatory mechanisms.  

In summary, our findings reveal that Cyfip1 cKO primary microglia have a lower stable F/G-

actin ratio in comparison to CTRL microglia and undetectable dynamic F-actin already in 

resting conditions, which agrees with the loss of lamellipodia and membrane ruffles in the 

Cyfip1 cKO microglia. Furthermore, the impaired dynamic F-actin response in Cyfip1 cKO 

microglia following E. coli stimulation also provides an explanation for the compromised 

phagocytic ability of Cyfip1 cKO microglia. Our work is the first to show how the different 

dynamic F-actin and stable F-actin fractions in microglia are regulated, as well as the first to 

uncover CYFIP1 molecular mechanisms in shaping microglial actin dynamics.  

 

2.9. The number of neurons is unaltered in the cortex and hippocampus of Cyfip1 cKO 

mice 

Microglia were suggested to play a role in inducing apoptosis of neuronal cells and regulating 

neuronal precursor cells via phagocytosis during development (Cunningham et al., 2013; 

Marín-Teva et al, 2004; Wakselman et al, 2008). A previous study utilizing Cyfip1+/- mice also 

showed a reduction in apoptosis of neuronal progenitors within the hippocampus, leading to an 

increase in the number of adult-born hippocampal neurons, with potential involvement of 

microglia in this process (Haan et al, 2021). Given the migratory and phagocytic impairment 

of Cyfip1 cKO microglia observed in this study, we were interested to investigate the possible  
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Figure 2.16: Cyfip1 deletion in microglia does not affect the number of neuronal cells in the cortex 

and hippocampus.  

Neuronal cells in brain slices from 2-month-old CTRL and Cyfip1 cKO mice were immunolabeled 

with anti-NeuN antibodies and the numbers of NeuN+ cells per imaging field in the cortex and 

hippocampus were quantified. Representative confocal images show NeuN+ cells (blue) and microglia 

(IBA1, red) in the (A) cortex and (C) hippocampus of CTRL (upper panels) and Cyfip1 cKO (lower 

panels) mice. Quantitative analysis reveals no significant difference in the number of neurons between 

Cyfip1 cKO and the CTRL mice in either the (B) cortex and (D) hippocampus. Scale bar = 30 μm. 

Data are presented as mean ± SD. Empty and red circles represent values from individual animals. N 

= 10 animals (5 males and 5 females) per genotype. Two regions of interest (ROI) are imaged per 

brain region per animal. Two-tailed unpaired t test. ns = not significant. 
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impact on neuronal cell numbers. Therefore, we assessed the number of cortical and 

hippocampal neurons in 2-month-old CTRL and Cyfip1 cKO mice.  

Confocal images and quantitative analysis of neuronal cells in the cortex (Figure 2.16 A and 

B) and hippocampus (Figure 2.16 C and D) revealed no significant difference in the number of 

neurons between Cyfip1 cKO mice and CTRL mice. This result shows that loss of CYFIP1 in 

microglia does not affect neuronal cell number. 

 

2.10. Cyfip1 deletion in microglia affects the maturation of dendritic spines in layer V 

pyramidal neuron in somatosensory cortex 

Previous studies have shown that overexpression of Cyfip1 leads to increased density of 

dendritic spines in pyramidal neurons in the mouse cortex (Oguro-Ando et al., 2015). 

Conversely, Cyfip1 haploinsufficiency resulted in an elevation of immature dendritic spines in 

the pyramidal neurons in CA1 region (Pathania et al., 2014). Decreased spine density in cortical 

pyramidal neurons is a pathological hallmark of schizophrenia (Glantz & Lewis, 2000), while 

elevated spine density and increased number of immature spines are the characteristics found 

in autism spectrum disorders and intellectual disability (e.g. fragile X syndrome) (Hinton et al, 

1991). Given that CYFIP1 copy number variations and mutations have been associated to 

autism and schizophrenia and it is highly expressed in microglia, which are believed to be 

involved in spine remodeling (Weinhard et al., 2018), we aimed to investigate whether the loss 

of microglial CYFIP1 affects the number and morphology of dendritic spines in the mouse.  

Brain sections from 2-month-old CTRL and Cyfip1 cKO mice were subjected to Golgi staining 

(see chapter 4.2.4.2 and 4.2.6.3). Golgi staining is an effective approach for randomly and 

entirely staining a small number of neurons in the brain, enabling the visualization of neuronal 

and spine morphology. Dendritic spines on the basal primary branches (extending towards the 

cortical layer VI) of layer V pyramidal neurons (Figure 2.17 A) in the somatosensory cortex 

were imaged and analyzed. The quantitative analysis showed no significant change of the spine 

density in Cyfip1 cKO animals when compared to CTRL mice (Figure 2.17 C). Yet it was 

striking that the morphology of the spines between the CTRL and Cyfip1 cKO animals was 

very different. 

In order to quantify the qualitative morphological differences, we divided the spines into 

mushroom-shape, stubby, branched, thin, and filopodia-like, according to their morphology, 

and calculated their density (Figure 2.18 A and B). Mushroom-shape, stubby and branched  
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spines were further grouped together as mature spines and their density was calculated (Figure 

2.18 C). Similarly, thin and filopodia-like spines were grouped together as immature spines  to 

calculate their density (Figure 2.18 D). This approach revealed that the densities of mushroom-

shape, stubby and branched spines (number per 10 μm) on the basal primary branches of 

pyramidal neurons were lower in Cyfip1 cKO mice when compared to CTRL mice, whereas 

the densities of thin and filopodia-like spines were significantly higher in Cyfip1 cKO mice 

when compared to the CTRL mice (Figure 2.18 B). Grouping the mature and immature spines 

showed even more clearly that Cyfip1 cKO mice have significantly fewer mature spines (Figure 

2.18 C) and increased immature spines (Figure 2.18 D) in comparison to the CTRL mice. Our  

Figure 2.17: CYFIP1 loss in microglia does not alter dendritic spine density on basal primary 

branches of pyramidal neurons in layer V somatosensory cortex. 

Golgi staining was used to investigate the density of dendritic spines. Spines on the basal primary 

branches of layer V pyramidal neurons in the somatosensory cortex of 2-month-old Cyfip1 cKO and 

CTRL mice were quantified. (A) Illustration of a pyramidal neuron showing soma, basal and apical 

dendrites. (B) Representative images of primary basal dendric branches from CTRL and Cyfip1 cKO 

mice after Golgi staining. Scale bar = 10 μm (C) Quantification of spine density on the basal primary 

dendrites of Cyfip1 cKO mice shows no difference compared to the CTRL mice. Scale bar = 10 μm. 

Data are presented as mean ± SD. Empty and red circles represent values from individual animals. 

CTRL: n = 5 animals (56 cells/5 animals), Cyfip1 cKO: n = 5 animals (61 cells/5 animals). Two-tailed 

unpaired t-test on the animal averages. ns = not significant. 
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Figure 2.18: Loss of CYFIP1 in microglia affects the maturation of dendritic spines on basal 

primary branches of pyramidal neurons in layer V somatosensory cortex.  

Golgi staining was used to investigate the morphology of dendritic spines. (A) Representative high 

magnification images of dendritic branches with examples of spines classified into distinct 

morphological types indicated by color-coded arrows: mushroom-shaped (blue arrow), stubby (green 

arrow), branched (purple arrow), thin (yellow arrow) and filopodia (red arrow). Scale bar = 5 μm. 

(B) Spine density quantification by morphological subtype reveals a reduction in the densities of 

mushroom-shaped, stubby and branched spines, counterbalanced by an increase in the densities of 

thin and filopodia-like spines in Cyfip1 cKO mice compared to CTRL mice. (C) Cyfip1 cKO mice 

show an overall reduction of mature dendritic spines, and (D) global increase of immature spines in 

comparison to CTRL mice. Data are presented as median (thick black dash line) with 25th to 75th 

percentile (thin grey dash lines). CTRL: n = 56 cells from 5 animals, Cyfip1 cKO: n = 61 cells from 

5 animals. Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.  

findings show that Cyfip1 deletion in microglia does not affect spine density, but instead 

maturation of dendritic spines, pointing to a role of microglia in synaptic development through 

mechanisms that are yet unknown. 

 

2.11. The number of functional excitatory synapses is unaltered in the cortex, but reduced 

in the hippocampus of Cyfip1 cKO mice. 

The finding of decreased mature and increased immature spines in Cyfip1 cKO mice raised the 

question if this would affect the establishment of functional excitatory synaptic contacts in the 

mutant mice. Therefore, pre- and post-synaptic terminals from brain sections of 2-month-old 

CTRL and Cyfip1 cKO mice were immunolabeled with anti-bassoon and anti-HOMER1 

antibodies, which target antigens in the pre-synaptic and post-synaptic compartment of  
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Figure 2.19: Decreased density of excitatory synapses in the hippocampus of Cyfip1 cKO mice.  

Brain sections from 2-month-old CTRL and Cyfip1 cKO mice were immunolabeled with anti-

bassoon (pre-synaptic marker) and anti-HOMER1 (post-synaptic marker) antibodies. The 

colocalization of bassoon (green) and HOMER1 (red) indicates the presence of excitatory synapses. 

(A) Representative images of labeled synapses in the cortex. (B) Quantification of colocalization 

puncta shows no significant difference in the density of excitatory synapses (number of puncta/field) 

in Cyfip1 cKO mice in comparison to CTRL mice. (C) Representative images of labeled synapses 

in the hippocampus. (D) Quantification of colocalization puncta shows a 20 % decrease of the 

excitatory synapse density in Cyfip1 cKO mice compared to CTRL mice. Scale bar = 10 μm. Data 

are presented as mean ± SD. Empty and red circles represent values from individual animals. N = 

10 animals (5 males, 5 females) per genotype. Two regions of interest (ROI) are imaged per brain 

region per animal. Two-tailed unpaired t test. *p < 0.05, ns = not significant.  
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excitatory synapses, respectively. Colocalization of bassoon and HOMER1 signals is 

commonly recognized as an indication of functional excitatory synapses (Dani et al, 2010; 

Verstraelen et al, 2020). The number of excitatory synapses per imaging field in the cortex of 

Cyfip1 cKO mice was not significantly different from that of the CTRL mice (Figure 2.19 A 

and B).  Interestingly, the number of excitatory of synapses in the hippocampus of Cyfip1 cKO 

microglia was lower in comparison to the number in CTRL microglia (Figure 2.19 C and D). 
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Chapter 3. Discussion  

3.1. CYFIP1 is the only CYFIP isoform in microglia and is essential for microglial WRC 

integrity  

Changes in CYFIP1 expression have been linked to schizophrenia and autism spectrum 

disorders (Hirayama-Kurogi et al., 2017; Noroozi et al., 2018). However, the majority of 

Cyfip1 studies have focused on neuronal phenotypes in the heterozygous mouse model, without 

analyzing Cyfip1 expression patterns in the brain and the potential impact of Cyfip1 

haploinsufficiency in different CNS cells on the observed phenotype (Oguro-Ando et al., 2015; 

Pathania et al., 2014). Given the current understanding that not only neurons, but also glial 

cells contribute significantly to the phenotype of neurodevelopmental disorders, it is crucial to 

examine the expression pattern of Cyfip1 across different CNS cells in order to dissect the role 

of CYFIP1 in the brain.  

Previous studies on CYFIP have shown that CYFIP1 is present in almost all mammalian tissues, 

while CYFIP2 is predominantly expressed in the brain, especially in neurons (Hauck, 2021; 

Özer, 2020; Uhlen et al., 2015). A recent transcriptomic study showed ubiquitous expression 

of CYFIP1/Cyfip1 mRNA across different CNS cell types, with particularly high expression in 

microglia in both human and mice (Zhang et al., 2014b). Since mRNA expression is not always 

directly correlated to protein expression, we evaluated CYFIP1 protein levels through western 

blotting analysis in the major cell types of the CNS, including microglia, neurons and astrocytes 

isolated from the adult mouse brain. Our protein expression analysis of the CYFIP isoforms 

shows significantly higher levels of CYFIP1 in microglia compared to neurons and astrocytes. 

Moreover, microglia are entirely devoid of CYFIP2, which is exclusively expressed in neurons 

(Figure 2.1), as previously reported. With CYFIP1 being the sole CYFIP isoform in microglia, 

it became clear to us that CYFIP1 might have an irreplaceable function in microglia and that 

microglia may then significantly contribute to the observed neurological phenotypes if one 

CYFIP1 allele is lost in humans, as well as in Cyfip1+/- mice.  

As CYFIP is a crucial component of the WRC, we further examined the composition of 

microglial WRC. The WRC can be divided into two subcomplexes, the CYFIP-NAP dimer and 

the WAVE-ABI-HSPC300 trimer (Chen et al., 2010). CYFIP-NAP dimer functions as a 

scaffold for the trimer to assemble, but also prevents WAVE from accessing and activating the 

ARP2/3 complex. Most of the WRC members have multiple isoforms in higher eukaryotes, 
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except for HSPC300. Different isoforms can theoretically assemble to form different WRCs. 

HEM1, the only paralog of NAP1, has been identified exclusively in hematopoietic cells, while 

NAP1 was found in non-hematopoietic cells (Park et al, 2008). Considering the hematopoietic 

origin of microglia, we hypothesized that Hem1, rather than Nap1, was expressed in mouse 

microglia. Our hypothesis was confirmed as HEM1 was found to be the sole NAP isoform 

present in microglia. Together with HEM1, WAVE2 and ABI3, CYFIP1 forms a distinct WRC 

specific to microglia (Figure 2.2). 

Previous studies have shown that removing or reducing one of the WRC members could result 

in eliminating or downregulating the entire WRC. For example, Hem1-/- macrophages showed 

loss of CYFIP1, WAVE2 and significantly reduced ABI1 (Stahnke et al., 2021). In Abi1-/- 

mouse embryonic fibroblasts (MEFs), protein levels of WAVE2, CYFIP1 and NAP1 were 

drastically decreased (Dubielecka et al., 2011). Deletion of Cyfip2 in glutamatergic neurons 

also significantly reduced protein levels of WAVE1, ABI1, NAP1 and HSPC300 (Özer, 2020). 

Cyfip1-knockdown in cortical neurons showed decreased expression of Nap1, Abi1, Wave1 and 

Hspc300 mRNA (Abekhoukh et al, 2017). In our work, deletion of Cyfip1 in microglia led to 

almost complete depletion of HEM1, WAVE2 and ABI3 (Figure 2.4). The extent of WRC loss 

in Cyfip1 cKO microglia is more significant compared to the studies mentioned above, most 

likely because microglia express only one isoform of each WRC component, forming only one 

WRC. Therefore, loss of any single WRC component would result in almost complete 

elimination of the WRC in microglia.  

 

3.2. CYFIP1-WRC is important for microglial phagocytosis and cell migration 

Having only one WRC (CYFIP1-HEM1-ABI3-WAVE2-HSPC300) makes microglia a great 

model to study the functions of the CYFIP1-WRC. Our Cyfip1 cKO primary microglia showed 

a strong deficiency in phagocytosing synaptosomes (Figure 2.11), as well as complete loss of 

directional migration and reduced moving speed in a wound healing assay (Figure 2.12). These 

results are in line with the phenotypes observed in Hem1-/- macrophages and ABI3 knockdown 

in a human microglia cell line. Hem1-/- macrophages presented compromised phagocytic cup 

formation to enwrap C3bi-coated beads and impaired directional movement together with 

reduced moving speed in response to complement 5a (C5a) gradient, in both 2D and 3D culture 

conditions (Stahnke et al., 2021). ABI3 knockdown microglia also exhibited impaired 

migration in the wound healing assay, and Abi3-/- 5xFAD mice had decreased number of 

microglia moving towards amyloid-β plaques (Karahan et al, 2021).  
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The formation and extension of the phagocytic cup requires actin polymerization which is 

mediated, at least in part, by the WRC-dependent ARP2/3 complex. For the phagocytic cup to 

extend, it is essential for the phagocyte’s membrane to establish adhesion with the phagocytic 

prey to prevent the retrograde fallback of the phagocytic cup. In the same study on Hem1-/- 

macrophages, Stahnke et al. found that focal adhesion dynamics were disrupted. This was 

evident from the defective activation of focal adhesion kinase (FAK) and its subsequent 

phosphorylation of paxillin in adhesion assays. Hem1-/- macrophages also exhibited loose 

pockets covering the phagocytic preys, indicating a lack of cell membrane adhesion to the preys 

(Stahnke et al., 2021). Another study also showed that deletion of Nap1 decreased the number 

and area of focal adhesions in the WRC-deficient MEFs (Whitelaw et al, 2020). Thus, it is 

likely that loss of the CYFIP1-WRC also impairs the protrusive and adhesive structures in 

Cyfip1 cKO microglia, disrupting the extension and closure of the phagocytic cups, along with 

the impairment in forming stable adhesions to the substrate during migration. It would be 

interesting to delve deeper into adhesion dynamics in Cyfip1 cKO microglia with the aim to 

understand the impact of CYFIP1-WRC on adhesion in general and whether adhesion underlies 

the phagocytic and migratory phenotypes reported in this study. Overall, our findings reveal 

the importance of a fully assembled CYFIP1-WRC for its functionality and shed a light on the 

mechanistic function of the CYFIP1-WRC in microglial migration and phagocytosis.  

Although loss of CYFIP1-WRC hampers the migration of primary microglia, it is noteworthy 

that in vivo microglia still inhabit the brains of Cyfip1 cKO mice. This indicates that microglial 

precursor cells in Cyfip1 cKO mice were capable of successfully migrating into the brain during 

embryonic development. There are two potential explanations. First, CYFIP1 might have a 

long half-life in vivo. The Cx3cr1 gene, which provides the endogenous promoter to drive the 

expression of the Cre recombinase for the conditional deletion of Cyfip1 in microglia, was 

shown to be active as early as E8 in mice (Mizutani et al, 2012). Around E9.5, when microglial 

precursor cells migrate into the developing brain, CX3CR1+ cells were observed in both 

posterior and anterior ends of the neural tube (Mizutani et al., 2012). This suggests that the 

deletion of Cyfip1 in the myeloid cells in our Cyfip1 cKO mice should have occurred 

concomitant to the migration of microglial precursor cells into the developing brain. However, 

CYFIP2, the other isoform of CYFIP, was found to have a half-life of approximately 12 days 

in the mouse brain (Özer, 2020). It is possible that CYFIP1 also has an extended half-life in 

microglia in vivo. Consequently, despite the deletion of Cyfip1 gene, the undegraded CYFIP1 

protein and its WRC members could still allow the migration of microglial precursor cells into 
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the brain. Second, Cyfip1 cKO microglia might retain the ability to chemotactically migrate 

along the CSF1 gradient. CSF1 is the chemoattractant which directs the migration of microglial 

precursors into the developing brain during the embryonic period (Wu et al., 2018). A previous 

study revealed that primary macrophages without functional ARP2/3 complex could still 

efficiently migrate along the CSF1 chemotactic gradient (Rotty et al., 2017). It is possible that 

despite the impaired WRC-ARP2/3 signaling in the myeloid cells of Cyfip1 cKO mice, 

microglial precursor cells can still chemotactically migrate into the developing brain through 

CSF1 signaling.  

 

3.3. CYFIP1-WRC regulates dynamic F-actin networks, and it is crucial for lamellipodia 

and membrane ruffles formation 

Cell migration on a flat surface requires protrusive force at the leading edge of the moving cell. 

The protrusions involved in this process are typically the lamellipodia, thin, sheet-like 

structures supported by branched actin networks (Abercrombie et al, 1971). The branched actin 

network of the lamellipodium is mainly generated by the ARP2/3 complex (Steffen et al, 2006; 

Suraneni et al., 2012). Activation of the ARP2/3 is accomplished by nucleation promoting 

factors (NPFs) recruited at the plasma membrane and activated by RHO GTPases (Steffen et 

al., 2004). Among the many NPFs acting on the ARP2/3 complex, the WRC is believed to be 

the key regulator of lamellipodia and membrane ruffles formation.  

In Cyfip1 cKO primary microglia, we found a loss of lamellipodial structures, while 

intriguingly, an elevation of long filopodia-like structures was detected (Figure 2.13). This 

finding is in line with prior studies conducted on cancer cell lines, primary macrophages and 

fibroblasts, where absence of the WRC, either through knockdown or knockout, resulted in a 

significant reduction of cells containing lamellipodia and in impaired directional movement. 

WRC-deficient cells also exhibited a slight increase in filopodia-like structures, similarly to 

WRC-deficient microglia (Schaks et al., 2018; Stahnke et al., 2021; Steffen et al., 2006; Steffen 

et al., 2004; Whitelaw et al., 2020) (Figure 2.13). Interestingly, these phenotypes are also 

consistent with what has been observed in fibroblasts lacking ARP2/3 complex, characterized 

by the absence of lamellipodia and increased density of filopodia (Suraneni et al, 2015; 

Suraneni et al., 2012; Wu et al, 2012). This indicates that the WRC mainly regulates the 

formation of lamellipodial protrusions by activating the ARP2/3 complex. In the absence of 

lamellipodia, cell migration relies on formins-dependent filopodial protrusions in combination 

with myosin II-driven contractility (Suraneni et al., 2015). In this study, loss of WRC in Cyfip1 
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cKO primary microglia likely impaired the activation of the ARP2/3 complex, resulting in the 

disruption of branched actin networks crucial for lamellipodium formation at the cell periphery. 

As the compensatory mechanism for the lack of lamellipodium, cells developed filopodia-like 

protrusions to support directional migration, although with significantly reduced efficiency.  

Lamellipodial protrusions that fail to adhere to the substrate, retract centripetally, becoming 

ruffles. This continuous protrusion and retraction of the lamellipodium is known as membrane 

ruffling (Flannagan et al., 2012). In Cyfip1 cKO primary microglia, we observed a significant 

loss of dynamic membrane ruffling (Figure 2.14), consistent with previous studies highlighting 

the role of WAVE2-dependent WRC in peripheral ruffle formation and directional movement 

of embryonic fibroblasts (Suetsugu et al., 2003). The loss of membrane ruffling in Cyfip1 cKO 

microglia supports the finding of impaired lamellipodia formation, suggesting that CYFIP1-

dependent WRC is a key regulator of branched actin-dependent membrane dynamics and, 

ultimately, immune cell motility.  

To delve deeper into the impact of CYFIP1-WRC in actin dynamics, we evaluated the ratio 

between F- and G-actin of primary microglia (Figure 2.15). The majority of the F-actin is 

typically found in the center of the cell. It consists of stable and highly interconnected filaments 

which provide support for cell structure and organelle transport and tethering. The remaining 

F-actin is localized near the cell periphery and consists of dynamic filaments and networks. 

Despite constituting a small portion of the cell F-actin, these filaments, due to their high 

dynamics, play a crucial role in regulating protrusions and the formation of ruffles at the cell 

membrane. In view of our findings regarding the impaired phagocytic function and reduced 

cell motility in Cyfip1 cKO microglia, we separated the fraction of dynamic F-actin from the 

stable F-actin pool using a differential centrifugation approach in resting and stimulated cells. 

Under unstimulated conditions, we noticed decreased stable F-actin and, even more 

interestingly, undetectable levels of dynamic F-actin networks in Cyfip1 cKO microglia when 

compared to CTRL microglia. This finding provides a mechanistic explanation for the absence 

of lamellipodia and membrane ruffles in Cyfip1 cKO cells: in the absence of dynamic F-actin 

networks, lamellipodia and consequently membrane ruffles would not be able to form. Upon 

stimulation of the microglia with a phagocytic prey, both CTRL and Cyfip1 cKO microglia 

exhibited a slight reduction in stable F-actin. It is plausible that the cortical actin underneath 

the plasma membrane was partially disassembled in order to form new networks for phagocytic 

cup formation. In accordance with this notion, in CTRL microglia, dynamic F-actin networks 

significantly increased following the stimulation, suggesting successful de novo WRC-
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ARP2/3-dependent actin polymerization for phagocytic cup formation. However, the dynamic 

F-actin networks fraction remained undetectable in Cyfip1 cKO microglia, suggesting a key 

role of the CYFIP1-WRC for de novo dynamic actin polymerization at the cell membrane and 

providing a mechanistic cue which explains the inability to form phagocytic cups in the absence 

of the WRC.  

In summary, our findings reveal that CYFIP1-WRC plays a crucial role in regulating the 

formation of dynamic F-actin networks and acts as the primary activator of the ARP2/3 

complex in lamellipodia and membrane ruffles formation. This discovery highlights the novel 

role of CYFIP1-WRC in microglial cytoskeleton dynamics and its significant impact on 

microglial motility and phagocytic function.  

 

3.4. In Cyfip1 cKO mice microglia display a non-homeostatic phenotype  

Cyfip1 cKO microglia in the mouse brain appeared to be in a non-homeostatic state, with 

reduced ramification, enlarged cell body and elevated CD68 levels (Figure 2.8 and 2.10). In 

addition, microglial cell number was higher in Cyfip1 cKO mice when compared to CTRL 

mice (Figure 2.6). The cause of the non-homeostatic phenotype of adult microglia in Cyfip1 

cKO mice is unclear. There could be two potential explanations for this phenotype.  

First, our finding shows that the absence of CYFIP1-WRC results in the loss of dynamic F-

actin networks at the periphery of microglial cells in vitro (Figure 2.15). It is possible that the 

disturbance of F-actin networks underneath microglial cell membrane releases the 

inflammatory signaling molecules residing in the F-actin, thus initiating downstream 

inflammatory pathways. When pathogen ligands bind to membrane receptors in immune cells, 

it disrupts the F-actin networks underneath the plasma membrane are disrupting, releasing 

signaling molecules to initiate inflammatory responses or phagocytosis. Thus, the disruption 

of actin networks functions as a link between pathogen detection and the immune response. 

Interestingly, a recent study reported that disturbance of the actin cytoskeleton in fibroblasts, 

independent of pathogens, can activate antiviral signaling. This occurs through the release of 

the protein phosphatase 1-regulatory subunit 12C (PPP1R12C) from F-actin networks into the 

cytoplasm, which consequently induces an antiviral response (Acharya et al, 2022). It is 

possible that the disruption of F-actin networks caused by the loss of CYFIP1-WRC in 

microglia, induces a cell-autonomous inflammatory effect that disturbs microglial homeostasis, 

even in the absence of pathogens.  
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Secondly, deletion of Cyfip1 might hamper the maturation process of microglia during 

development. Depletion of WRC components have been shown to interfere with cell 

maturation processes. A previous study has indicated the essential role of HEM1 in 

transitioning the alveolar macrophages from a premature to a mature state during the late 

embryonic to early postnatal developmental period (Suwankitwat et al, 2021). Complete loss 

of CYFIP1 in embryonic stem cells was shown to downregulate developmental pathways 

controlled by TGFß signaling with significant reduction in phosphorylated Smad1/5 levels 

(Stöcker, 2015), and TGFß signaling is essential for microglial maturation during development 

(Spittau et al., 2020). During the embryonic and early postnatal period, microglia exhibit an 

immature morphology characterized by reduced branching compared to the mature microglia 

in the adulthood (Santos et al, 2008). During the late embryonic and early postnatal stages, 

microglia usually exhibit some degree of branching, yet their cell bodies remained enlarged 

(Santos et al., 2008; Smolders et al, 2015). This observation suggests a shift from an ameboid 

morphology during early embryonic stages to a mature and ramified morphology in adulthood. 

Microglial cell number usually peaks within the first two postnatal weeks, followed by a 

decline starting from the third postnatal week, and the cell number remains relatively stable in 

the early adulthood (Askew et al, 2017; Nikodemova et al, 2015). Finally, CD68 is upregulated 

in the embryonic and early postnatal microglia. Its levels begin to diminish after the first 

postnatal week, coinciding with the microglial transition to a mature and ramified state (Santos 

et al., 2008). In the 2-month-old Cyfip1 cKO mice, microglia exhibited a non-homeostatic 

morphology (Figure 2.8), including elevated CD68 (Figure 2.10), and accompanied by a higher 

cell number in comparison to age-matched CTRL mice (Figure 2.6). It is possible that, 

depending on the half-life of CYFIP1, the remaining protein for a certain time continues to 

contribute to microglial development, which will cease when CYFIP1 is completely depleted. 

This will likely occur at a specific developmental stage, plausibly during late embryonic 

development, before microglia have reached their mature and homeostatic state.  

Further analysis of microglial morphology at P0 - P14 postnatal stages and investigation of 

TGFß signaling in Cyfip1 cKO microglia could provide valuable information for determining 

whether the non-homeostatic phenotype of microglia observed in Cyfip1 cKO mice indicates 

activated or immature microglia.  
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3.5. Loss of CYFIP1 in microglia impairs the maturation of dendritic spines  

For a long time, research has focused on unraveling the cellular functions of CYFIP1 and their 

possible impact on the etiology of disorders like schizophrenia, autism spectrum disorder, and 

intellectual disability. Due to the fact that a total deletion of CYFIP1 is not found in humans 

and that a complete deletion of Cyfip1 in mice is early embryonically lethal, studies have 

utilized heterozygous mice to investigate the alterations produced by Cyfip1 haploinsufficiency 

in the brain. In Cyfip1+/- mice, hippocampal pyramidal neurons exhibited decreased neuronal 

branching and increased density of immature spines (Pathania et al., 2014). On the other hand, 

overexpression of Cyfip1 in mice was shown to increase spine density and the number of some 

types of immature spines (Oguro-Ando et al., 2015). While the majority of studies on CYFIP1 

have focused on neurons, we show in this work that microglia express the highest levels of 

CYFIP1 and unlike neurons, microglia do not have any compensatory possibility from the other 

CYFIP isoform, CYFIP2, which is not expressed in microglia (Figure 2.1). In recent years, 

there has been a growing belief that microglia also play an important role in synapse 

remodeling during development (Lehrman et al., 2018; Miyamoto et al., 2016; Paolicelli et al., 

2011; Schafer et al., 2012). Surprisingly, no studies have explored the potential contribution of 

microglia to the spine pathology in Cyfip1 animal models.  

In this study, we first assessed neuronal number in cortex and hippocampus as well as the 

density of dendritic spines in cortical layer V pyramidal neurons in Cyfip1 cKO mice, observing 

no significant differences in both neuronal number and spine density in Cyfip1 cKO mice when 

compared to the CTRL mice (Figure 2.16 and 2.17). Our findings present a thought-provoking 

question to the field of microglia research: do microglia participate in shaping neuronal 

connectivity by removing excessive synapses and neurons as previously proposed? It is 

surprising that the number of neurons and dendritic spines did not increase despite the strongly 

impaired migratory and phagocytic capacity of primary Cyfip1 cKO microglia (Figure 2.11 and 

2.12). However, studying spine morphology, we report an elevated proportion of immature 

spines and a concomitant loss of mature spines in Cyfip1 cKO mice (Figure 2.18), which in the 

context of unaffected spine density, suggests a spine maturation defect. Given the unaltered 

CYFIP1 levels in synapses of Cyfip1 cKO mice when compared to CTRL mice (Figure 2.3), 

we can reasonably exclude the possibility of a cell-autonomous effect due to ectopic Cyfip1 

deletion in the neurons of Cyfip1 cKO mice. Two other mechanisms might explain the observed 

phenotype, both involving microglial function. 
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First, impaired motility and reduced branching of Cyfip1 cKO microglia might result in a 

decreased induction of mature spine formation. It has been proposed that microglial contact 

with dendritic spines or dendrites could have positive effects, inducing local actin accumulation 

and the formation of filopodia and stable synapses (Miyamoto et al., 2016; Weinhard et al., 

2018). The reduced motility and the immature morphology of Cyfip1 cKO microglia would 

likely limit their contact with dendritic spines, resulting in fewer occurrences of actin 

accumulation at the spine heads. Consequently, it could lead to an increased proportion of 

immature spines in Cyfip1 cKO mice. Secondly, a higher proportion of GFAP-positive reactive 

astrocytes and a decrease in the total number of astrocytes were observed in Cyfip1 cKO mice, 

without any loss of CYFIP1 in the astrocytes themselves (Letmathe, unpublished data). An 

increased proportion of reactive astrocytes, coupled with the decrease in total number of 

astrocytes, could impair the support for spine maturation in Cyfip1 cKO mice. Under normal 

conditions, fine astrocytic processes enwrap intimately around dendritic spines, which is 

believed to stabilize the spines (Clarke & Barres, 2013). The astrocytic contacts, as well as 

their soluble factors, also promote the maturation of dendritic spines (Allen et al, 2012; 

Bosworth et al, 2023; Haber et al, 2006; Nishida & Okabe, 2007). However, reactive astrocytes 

with increased GFAP levels, induced by activated microglia, showed reduced expression of 

synaptogenic factors. Neurons cultured with GFAP-positive reactive astrocytes had decreased 

number of excitatory synapses (Liddelow et al, 2017). It is possible that in Cyfip1 cKO mice, 

the activated microglia induce the transformation of homeostatic astrocytes into reactive 

astrocytes. This shift towards reactive astrocytes, combined with the reduction in total 

astrocytic number possibly impairs the support provided by astrocytes for spine maturation.  

To further investigate the potential impact of the increased proportion of immature spines on 

synapse formation, we assessed the number of functional excitatory synapses by quantifying 

the overlapping signals of pre-synaptic and post-synaptic markers (Figure 2.19). Interestingly, 

no differences were observed in the number of excitatory synapses in the cortex, whereas a 

decrease of excitatory synapse number was observed in the hippocampus. This suggests that 

the formation of excitatory synapses remains mostly unaffected, despite the increased ratio of 

immature spines in cortical pyramidal neurons. It will be interesting to explore if hippocampal 

pyramidal neurons undergo more significant changes in dendritic spine density or neuronal 

branching, given the observed alterations in the number of excitatory synapses in the 

hippocampus. Finally, to assess the functional implications of the observed dendritic spine 
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alterations at the neuronal circuit level, future studies should examine postsynaptic currents 

through electrophysiological recordings.  

 

3.6. Conclusions and outlook    

In this study, we investigated the role of CYFIP1 in microglial morphology, motility and 

functions, and the impact of defective microglia on its interaction with neuronal synapses. We 

identified for the first time the components of the CYFIP1-WRC in freshly-isolated microglia 

from the adult mice. Furthermore, with a semi-quantitative biochemical approach, we validated 

CYFIP1 being the sole CYFIP isoform in microglia with a high level of expression. A Cyfip1 

conditional knockout (cKO) mouse line was generated to study CYFIP1’s role in microglial 

motility and functions. Although no significant changes were observed in gross brain 

morphology, we found a non-homeostatic microglial phenotype with elevated CD68 levels and 

reduced ramification in the Cyfip1 cKO mice. Whether Cyfip1 cKO microglia exhibit 

functional activation or represent an immature state is an interesting question worthy of further 

investigation.  

We then explored the role of CYFIP1-dependent WRC in microglial migration and 

phagocytosis, and most importantly, unraveled the precise role of CYFIP1-WRC in actin 

dynamics. The absence of CYFIP1-WRC in primary microglia hindered the formation of 

dynamic F-actin networks, leading to impaired lamellipodia formation and membrane ruffles 

dynamics and to compromised phagocytosis. Furthermore, Cyfip1 cKO microglia exhibited 

impaired directional movement, which can be attributed to their diminished capacity to 

generate lamellipodia, essential structures where the protrusive force required for cell 

migration in 2D is generated. Future studies should explore the potential involvement of other 

mechanisms contributing to the observed impairments, including alterations in adhesion 

dynamics, signal sensing and RHO GTPase signaling. 

Last but not least, we observed an increased proportion of immature dendritic spines in cortical 

layer V pyramidal neurons, while no significant alterations were detected in spine density or 

functional synapses within the cortex. These findings indicate that impaired microglial motility, 

ramification and phagocytosis resulting from the loss of CYFIP1 do not affect neuronal and 

synapse number, but affect the maturation of dendritic spines during development. To gain 

further insights into the impact of microglia on synapse development in the brain, as well as its 

relevance to CYFIP1-related neurodevelopmental disorders, future studies should utilize two-
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photon imaging to observe the in vivo microglial interaction with synapses in Cyfip1 cKO mice. 

Additionally, evaluating changes in neuronal circuitry and animal behavior through 

electrophysiological recordings and behavioral tests would provide valuable information.  
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Chapter 4. Material & methods 

4.1 Mice 

Cyfip1 conditional knock-out mice 

Myeloid cell-specific Cyfip1 knockout mice (Cyfip1flx/flx; Cx3cr1cre/wt) were generated by 

crossing Cyfip1-flx/flx animals (provided by Prof. Dr. Walter Witke, bonn University) 

(Massimi, 2008) with the Cx3cr1-cre/cre line (The Jackson Laboratory, Strain # 025524) (Yona 

et al., 2013). Cx3cr1-cre/wt mice were used as control. Mouse breeding and maintenance was 

performed according to EU regulations and requirements by local administration. Mice were 

kept in individually-ventilated cages (IVC) under controlled conditions in a 12 h light/dark 

cycle. 2-month-old animals were used for in vivo experiments. Pups aged from postnatal day 

0 to 3 were used for primary mixed glia culture.  

 

4.2 Methods and material 

4.2.1. Cell culture Methods  

4.2.1.1. Generation of primary mixed glia culture 

Primary mixed glia culture was prepared using pups aged between postnatal 0 – 3 days (P0 - 

P3). Pups were decapitated and the heads were put directly into ice-cold Hank’s Buffered 

Saline Solution (HBSS) (Life Technologies, cat# 14025100). Brains were retrieved on ice and 

meninges were removed under a binocular microscope. 1 ml of 0.625% trypsin (Life 

Technologies, cat# 15090046) was used to digest each brain tissue at 37°C for 10 min. 3 ml of 

DMEM cell culture medium (Life Technologies, cat# 31966047) with 10 % fetal bovine serum 

(FBS) (Sigma-Aldrich, cat# F7524) and 1 % penicillin-streptomycin (P/S) (Life Technologies, 

cat# 15140122) was added to stop the trypsin digestion. The brain tissue was centrifuged at 

300 g for 10 min to spin it down, and the supernatant was discarded. 1 ml of fresh DMEM 

culture medium was added to homogenize the brain tissue thoroughly by manually pipetting. 

Following that, 11 ml of DMEM culture medium was added to each sample, and the samples 

were filtered through a 70 μm cell strainer to remove larger tissue chunks. At last, the samples 

were added into 75 cm2 flasks (Greiner Bio-One, cat# 658175) coated with 0.01% poly-L-

lysine Hydrobromide (PLL) (Signa-Aldrich, cat# P1399), and incubated at 37°C with 10% CO2. 

The next day, the DMEM culture medium (containing 10 % FBS and 1 % P/S) was replaced 

with fresh medium to remove cell debris. The primary cell culture was grown for 7 days before 

astrocyte-conditioned medium (ACM) was harvested.  
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4.2.1.2. Harvest of primary microglia 

After collecting ACM on day 7, fresh DMEM culture medium was added into the flasks and 

incubated with the cells for 3 more days. On day 10, L929 cell-conditioned medium (LCCM) 

was added to aid the proliferation of microglia. 3 days following the incubation with LCCM, 

primary microglia were harvested by gently tapping the flasks. The cell suspension was 

collected and centrifuged at 300 g for 10 minutes at room temperature. After removing the 

supernatant, cells were resuspended in 1 ml ACM for further in vitro functional assays.  

 

4.2.1.3. Cell plating for in vitro assays 

Days in vitro (DIV) 13 – 17 primary microglia were harvested from flasks. Cells suspended in 

ACM were diluted with trypan blue (Life Technologies, cat# 15250061) at a 1:10 ratio and 10 

μl of cell suspension was used for cell counting with a cell counter. Once the cell number was 

determined, additional ACM was added to prepare the cell concentration needed for individual 

in vitro assays. Cells were then seeded onto the μ-Slide 8-well glass-bottom plates (ibidi, cat# 

80827) and incubated at 37 °C until live-cell imaging. Timeline and procedure for in vitro cell 

preparation are illustrated in Figure 4.1.  

 

 

 

4.2.2 Cell biology methods 

4.2.2.1. Magnetic-activated cell sorting  

Magnetic-activated cell sorting (MACS) was invented by Miltenyi Biotec. It is a technique for 

separating cell populations by labeling cells with antibody-conjugated magnetic beads and then 

Figure 4.1: Generation of mixed glia cultures and cell plating 

Postnatal pups (P0 – P3) were decapitated and their brains were used to generate primary glia 

cultures. The brain tissue was homogenized and cultured in DMEM medium supplemented with 10 

% FBS and 1 % P/S. Astrocyte-conditioned medium (ACM) was collected on day 7 (DIV 7). On 

DIV 10, L929 cell-conditioned medium (LCCM) was introduced to promote microglia proliferation. 

On DIV13, primary microglia were harvested by gently tapping the flasks, plated and used in 

subsequent in vitro assay 
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separating cell fractions using a magnetic field. The procedure consists of 3 major steps: 

magnetic labeling, magnetic separation and elution of labeled cells (Figure 4.2). MACS 

MicroBeads, which are 50 nm superparamagnetic particles conjugated with specific antibodies, 

are used to label target cells. The small size of the beads minimizes cell activation during the 

separation procedure. It is a fast and gentle method to isolate viable cells with preserved cell 

integrity and characteristics.  

2-month-old control (CTRL) and microglial Cyfip1 conditional knock-out (Cyfip1 cKO) mice 

were used in this experiment. Mice were sacrificed by cervical dislocation. Brains were rapidly 

removed, rinsed and transferred into ice-cold PBS (Life Technologies, cat# 14190169). Before 

processing brain tissue, enzyme mix 1 (50 μl enzyme P and 1900 μl buffer Z) (Miltenyi Biotec, 

cat# 130-042-108) was prepared and added into a C tube (Miltenyi Biotec, cat# 130-093-237). 

Each brain tissue was cut sagitally into 8 pieces with a blade, and placed into a C tube 

containing enzyme mix 1, followed by the addition of enzyme mix 2 (20 μl buffer A and 10 μl 

enzyme A). C tubes containing brain tissue were loaded onto a Miltenyi Octodissociator 

(Miltenyi Biotec, cat# 130-096-427), and the 37°C ABDK program was run for 30 minutes to 

homogenize the tissue. After the dissociation, cell suspension was collected to the bottom of 

the tubes by spinning the tubes at 500 g for 1 minute.  Cell suspension was filtered through a 

70 μm cell strainer to remove tissue chunks, and 10 ml of ice-cold PBS was added to the C 

tubes and filtered through the same 70 μm cell strainer to collect the remaining cells. The 

samples were centrifuged at 500 g for 10 minutes at 4 °C, and the supernatant was discarded. 

Cell pellets were resuspended in 3 ml of ice-cold PBS, and 900 μl debris removal solution 

(Miltenyi Biotec, cat# 130-109-398) was added. The samples were mixed well and transferred 

into 15 ml falcon tubes. 4 ml of ice-cold PBS was very carefully added on top of the cell 

suspension without mixing. The border between phases with different densities should be very 

clear. The samples were centrifuged at 3000 g for 10 min at 4 °C, and the top and middle layers 

containing myelin and debris were removed. Additional PBS was added into 15 ml falcon tubes 

to wash out the remaining debris removal solution. The samples were again centrifuged at 1000 

g for 10 min at 4 °C, and the supernatant was completely discarded. For microglia isolation, 80 

μl ice-cold PB buffer (0.5 % BSA (Sigma Aldrich, cat# A4503) in 1x PBS) was added to 

resuspend the pellets and transferred to a 5 ml FACS tube. The pellets were then incubated 

with 20 μl anti-CD11b magnetic beads (Miltenyi Biotec, cat# 130-093-634) at 4 °C for 15 min 

in the dark. For isolation of astrocytes, pellets were resuspended in 90 μl ice-cold PB buffer 

containing 10 μl Fc blocking buffer (Miltenyi Biotec, cat# 130-092-575), and incubated for 15 
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minutes. To prevent false-positive selection of microglia in the astrocyte fraction, Fc blocking 

was utilized to prevent erroneous binding of antibody Fc domain to Fc receptors on microglia. 

After Fc blocking, 10 μl of anti-ACSA2 microbeads (Miltenyi Biotec, cat# 130-123-284) were 

added and incubated with the sample for 10 minutes in the dark at 4 °C. After incubation with 

antibodies, 1 ml of ice-cold PB buffer was added and mixed well with the pellets to wash away 

unbound antibodies. The samples were centrifuged at 500 g for 10 minutes at 4 °C, and the 

supernatant was discarded. During the time of centrifugation, MACS columns (Miltenyi Biotec, 

cat# 130-042-801) and MACS Separator (Miltenyi Biotec, cat# 130-042-602) were set up. 500 

μl ice-cold PB buffer was applied to rinse the MACS column. Following the removal of the 

supernatant containing unbound antibodies, the pellets were resuspended in 500 μl of ice-cold 

PB buffer and flown through the MACS column. Microbead-labeled cells were constrained in 

the column. The column then was washed 3 times with 500 μl of ice-cold PB buffer. After 

washing, the column was removed from the MACS separator, and 1 ml of ice-cold PB buffer 

was applied to elute the labelled cells from the column. Lastly, the samples were centrifuged 

at 500 g for 10 minutes at 4 °C to collect the target cells. 

 

We confirmed the purity of the target cells isolated using MACS through fluorescence-

activated cell sorting (FACS). Microglial cells were incubated with anti-CD11b (Biozol 

Diagnostica, cat# BLD-101208) and anti-CD45 antibodies (Biozol Diagnostica, cat# BLD-

Figure 4.2: Experimental procedure of MACS  

(A) Freshly extracted brain tissue was divided into 8 pieces and placed into a MACS C tube 

containing an enzyme mix. Tissue was enzymatically dissociated at 37 °C using MACS 

octodissociator. (B) Following the removal of tissue debris and myelin, the target cell population 

was labelled with specific antibodies coupled with magnetic beads. (C) MACS column was inserted 

in magnet-based MACS separator. Cell suspension was added and flowed through the MACS 

column. During the separation, magnetically labelled cells (target cell population) were restrained 

within the column, whereas unlabelled cells flew past. (D) After the cell suspension had completely 

flown through the MACS column, the column was removed from the separator, and the target cell 

population confined inside the column was eluted out.  
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103112), and the viable microglial cell population was identified based on high CD11b and 

low CD45 levels. Astrocytic cells were incubated with anti-ACSA2 (Miltenyi Biotec, cat# 130-

097-678) and anti-CD11b antibodies, and viable astrocytic cell population was determined by 

high ACSA2 and low CD11b levels. Low CD11b level was an indicator of minimal microglial 

contamination in astrocytic cell population. Both microglia and astrocytes isolated via MACS 

have more than 90 % purity (Figure 4.3).  

 

 

 

4.2.2.2. Neuronal synaptosome isolation  

Synaptosomes were isolated from wild-type adult mouse cortices (Nagy and Delçªgado,1984). 

Two cortices from each mouse were homogenized in 12 ml homogenizing buffer (0.32 M 

sucrose, 1 mM EDTA, 1 mg/ml BSA, 5 mM HEPES pH7.4) at 4 °C. The buffer containing 

homogenized tissue was centrifuged at 3,000 g for 10 minutes at 4 °C. Supernatant containing 

cytoplasm and synaptosomes was recovered, transferred to fresh falcon tubes, and centrifuged 

at 14,000 g for 12 minutes at 4 °C. After discarding the supernatant, the pelleted synaptosomes 

were carefully resuspended in 500 μl ice-cold Krebs-Ringer buffer (140 mM NaCl, 5 mM KCl, 

5 mM glucose, 1 mM EDTA, 10 mM HEPES pH7.4) in each tube without generating bubbles. 

The resuspension was transferred into 2 ml tubes, and 450 μl of ice-cold Percoll was added to 

each tube (final concentration 45%). The samples were gently inverted and centrifuged at 

14,000 rpm for 2 minutes at 4°C. By gently removing the underlying solution with a 5 ml 

syringe equipped with a 22 G needle, the enriched synaptosomes on the surface of the floating 

Figure 4.3: MACS purity validation  

The purity of freshly-isolated microglia and astrocytes from brain tissues using MACS was validated 

by FACS. (A) The purity of microglia isolated using MACS is around 97 %. (B) The purity of 

astrocytes isolated using MACS is around 93 %.  
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gradient were recovered. 1 ml of ice-cold Krebs-Ringer buffer was added to resuspend the 

synaptosomes, and the samples were spun at 14,000 rpm for 30 seconds at 4 °C. The 

supernatant was discarded, and the synaptosomes were recovered in 600 μl of HEPES-Krebs 

buffer (147 mM NaCl, 3 mM KCl, 10 mM glucose, 2 mM MgSO4, 2 mM CaCl2, 20 mM 

HEPES pH 7.4) in each tube.  

Following that, samples were kept on ice for pHrodo indicator conjugation or snap-frozen in 

liquid N2 for CYFIP1 quantification by western blot. The concentration of synaptosomal 

protein was determined using the Bradford assay, and the synaptosomes were conjugated with 

a pH indicator (pHrodoTM Red succinimidyl ester) (Thermal Fisher Scientific, cat# P36600) at 

the ratio of 1 μl : 0.3 mg protein. The conjugation method was based on a published protocol 

(Byun & Chung, 2018). Synaptosomes were centrifuged at 21,000 g for 4 minutes at 4 °C. 

Because succinimidyl ester reacts more efficiently with primary amines at a slightly alkaline 

pH, 200 μl of 0.1 M Na2CO3 was added to raise the pH. 2 μl of pH indicator was added to the 

tube and gently mixed with the sample by pipetting carefully. Synaptosomes were incubated 

with pH indicator at room temperature for 2 hours in a twist shaker with 30 – 40 rpm agitation. 

The tubes were covered with aluminum foil to avoid exposure of light. Following the 

incubation, 1 ml of DPBS was added to the tube to wash out the unbound pH indicator, and the 

sample was centrifuged at 21,000 g for 2 minutes at room temperature. The supernatant was 

discarded and this washing step was repeated 7 times to ensure the unbound pH indicator was 

removed. Finally, pHrodo-conjugated synaptosomes were resuspended in 200 μl of DPBS 

containing 5 % DMSO (Sigma-Aldrich, cat# 41639).  

 

4.2.2.3. In vitro wound healing assay 

DIV 13-17 CTRL and Cyfip1 cKO primary microglia cells were resuspended in ACM and 

seeded onto μ-Slide 8-well glass-bottom plates (ibidi, cat# 80827). Cells were seeded in 300 

μl of ACM at the density of 200,000 per well and incubated at 37 °C overnight. ACM was 

changed the next day. On the second day, a 3 mm wide vertical wound was created in the centre 

of the well with a pipette tip. Live-cell imaging was conducted to monitor wound closure by 

primary microglia over 72 hours. The images were taken every three hours. The live-cell 

imaging was carried out at 37 °C with a 5 % CO2 supply.  
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4.2.2.4. In vitro synaptosome phagocytosis assay 

DIV 13-17 CTRL and Cyfip1 cKO primary microglia were harvested and resuspended in ACM. 

Cells were seeded at the density of 35,000 cells per well in μ-Slide 8-well glass-bottom plates 

(ibidi, cat# 80827), and incubated overnight at 37 °C. PHrodo-conjugated synaptosomes were 

diluted in ACM to the concentration of 0.5 μg/μl. On the second day, 300 μl of the diluted 

synaptosomes were added into each well and incubated for 90 minutes at 37 °C to allow 

synaptosomes to precipitate. After 90 minutes of incubation, microglial phagocytic activity was 

recorded for 24 hours using live-cell imaging. Live-cell imaging was conducted at 37 °C with 

5% CO2 supply in both bright-field and 555 nm (for pHrodo signal) (see chapter 4.2.6.1). After 

live-cell imaging, the wells were washed three times with PBS to remove unengulfed 

synaptosomes, and the cells were fixed for 10 minutes at 37 °C with 1.5 % PFA (Sigma-Aldrich, 

cat# 252549) containing 0.25% glutaraldehyde (Sigma-Aldrich, cat# G5882) in PHEM buffer 

(60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2mM MgCl2). After the fixation, the PFA 

solution was removed and the wells were washed 3 times with PBS. Finally, 300 μl of PBS 

was added to each well, and the plates were stored at 4 °C.  

 

4.2.3. Molecular biology methods 

4.2.3.1. Genomic DNA extraction 

For genomic DNA extraction, ear punches from mice or cell suspension from brain 

homogenate were utilized. To lyse the tissue or cells, 150 μl lysis buffer (Life Technologies, 

cat# 89900) containing 0.5 mg/ml proteinase K was added to 10 μl of samples, and the samples 

were digested overnight at 55 °C. On the next day, the samples were heated for 45 minutes at 

85 °C to deactivate proteinase K (QIAGEN, cat# 19131), and centrifuged at 10,000 g for 2 

minutes under room temperature. The amount of material required for PCR was determined by 

the target gene and primers.  

 

4.2.3.2. Polymerase chain reaction (PCR) 

PCR is a fundamental method in molecular biology, which enables rapid amplification of 

certain segment of DNA through several cycles of temperature changes with addition of DNA 

polymerase, nucleotides and specific primers (Garibyan & Avashia, 2013). The PCR reaction 

is carried out in a thermal cycler. DNA extracted from ear punches was denatured for 5 minutes 

at 95 °C, and the DNA from cells was denatured for 30 seconds at 94 °C. During the denaturing 

process, the double-stranded DNA was separated into 2 single-stranded DNA, and the single-
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stranded DNA served as the DNA template for the PCR reaction. The temperature was reduced 

to 60 °C for 30 seconds during the annealing stage to allow the designed primers to anneal to 

the target region on DNA. The designed primers (primer mix) contained both forward and 

reverse primers, which attached to the stop codon and start codon of the template DNA 

respectively. The DNA was then polymerised by Taq polymerase for 30 seconds at 72 °C. Taq 

polymerase extended the primer by incorporating free deoxynucleotide triphosphates (dNTPs) 

from the PCR master mix, which led to the synthesis of new DNA strand. The components of 

PCR master mix were indicated in Table 4.1 (Cyfip1-flx) and Table 4.4 (Cx3cr1-cre). The 

process of DNA denaturation, annealing and elongation of primers was repeated 32 to 35 times 

to amplify the target gene.  

 

Cyfip1-flx PCR 

Cyfip1-flx PCR was performed to investigate if the mice carried the floxed Cyfip1 gene. The 

volume of each component in Cyfip1-flx PCR master mix is indicated in Table 4.1 and the 

primers for Cyfip1-flx PCR are indicated in Table 4.2 and Figure 4.4. The Red load Taq Master 

mix (Jena Bioscience, cat# 11828012) contained DNA polymerase, dNTPs, KCl, MgCl2, red 

dye, gel loading buffer and stabilizers.  

1 μl of sample was mixed with 49 μl of Cyfip1-flx PCR master mix for the PCR procedure. 

The PCR program for Cyfip1-flx gene is shown in Table 4.3. 

 

PCR master mix Concentration Amount 

Milli-Q H2O  37 μl 

dNTP mix (Red Load Taq Master mix) 5x 10 μl 

Cyfip1-flx1 forward primer 20 μM 1 μl 

Cyfip1-flx1 reverse primer 20 μM 1 μl 

Total  49 μl 

 

Primer  Primer sequence 5’ → 3’ 

Cyfip1-flx1 (#262) forward GTTTTAAGGAAGTCTTTGCC 

Cyfip1-flx1 (#266) reverse TAACTAAAAGAGGTACC 

Table 4.1: Cyfip1-flx PCR reaction 

Table 4.2: Primers used for Cyfip1-flx PCR 
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Figure 4.4: Primers for Cyfip1-flx PCR 

One forward primer (262) and one reverse primer (266) were employed to examine Cyfip1 loxP site. 

 
 

   Temperature    Duration       Cycle 

95°C 3 min  

94°C 30 sec  

50°C 1 min x 35 

72°C 1 min  

72°C 5 min  

16°C 1 min  

 

Cx3cr1-cre PCR 

Cx3cr1-cre PCR was conducted to determine whether the mice had expression of cre 

recombinase directed by Cx3cr1 gene. The volume of each component in Cx3cr1-cre PCR 

master mix and the primer mix for Cx3cr1-cre PCR are listed in Table 4.4 and Table 4.5.  

 

PCR master mix Concentration Amount 

Milli-Q H2O  10 μl 

dNTP mix (GoTaq G2 Green Master Mix) 2x 12.5 μl 

Cx3cr1-cre wild-type forward primer 20 μM 0.5 

Cx3cr1-cre common reverse primer 20 μM 0.5 

Cx3cr1-cre mutant forward primer 20 μM 0.5 

Total  24 μl 

 

2 3 4 5 6loxP loxP 7 8 9 13

262

266

Table 4.3: PCR program for Cyfip1-flx1 

Table 4.4: Cx3cr1-cre PCR reaction 
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Primer  Primer sequence 5’ → 3’ 

Cx3cr1-cre wild-type (#247) forward CCT CAG TGT GAC GGA GAC AG 

Cx3cr1-cre common (#248) reverse GCA GGG AAA TCT GAT GCA AG 

Cx3cr1-cre mutant (#249) forward GAC ATT TGC CTT GCT GGA C 

Temperature Duration Cycle 

95°C 3 min  

94°C 30 sec  

60°C 30 sec x 32 

72°C 1 min  

72°C 3 min  

16°C 1 min  

 

Agarose gel electrophoresis 

Gel electrophoresis is a common technique used in biochemistry to separate DNA, RNA or 

proteins based on their size. Agarose gel electrophoresis is used in DNA, RNA and sometimes 

large protein separation. The nucleotides and the phosphate backbones of DNA contribute to 

the negative charge of DNA. It results in DNA running towards the cathode (+) when an 

electrical current was applied. The moving speed of DNA is negatively correlated to its size.  

1.5 to 2 % agarose gel with 0.04% MIDORI Green (Biozym Scientific, cat# 617004) was 

freshly prepared in 1x Tris-acetate EDTA (TAE) buffer during the PCR program. MIDORI 

Green was the nucleic acid stain. It was chosen over ethidium bromide for detecting DNA in 

this experiment due to its non-carcinogenicity and good signal-to-noise ratio.  

Table 4.5: Primers used for Cx3cr1-cre PCR 

 

GoTaq G2 Green Master Mix (Promega, cat# M7822) contained DNA polymerase, dNTPs, 

MgCl2 and reaction buffer. 2 μl of sample was mixed with 24 μl of Cx3cr1-cre PCR master 

mix for the PCR procedure. The PCR program for Cx3cr1-cre gene is shown in Table 4.6.  

 

Table 4.6: PCR program for Cx3cr1-cre 
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Figure 4.5: Cyfip1-flx genotyping PCR result 

A wt band for Cyfip1 at 270 bp and a loxP1 

band at 345 bp were produced by combining 

primers 262 and 266. 

 

To run the agarose gel electrophoresis, 10 μl of sample was loaded into each well, and the 

electrophoresis was run for 50 minutes. When the electrophoresis was finished, the agarose gel 

was imaged with UV light. Inside the agarose gel, ethidium bromide intercalated between the 

base pairs in DNA, producing fluorescence allowing the visualization of the DNA fragment 

under a UV light source. A DNA ladder was used to help identify the target DNA by its 

approximate size. The PCR results of Cyfip1-flx and Cx3cr1-cre are shown in Figure 4.5 and 

Figure 4.6. 

 

4.2.4. Histology methods  

4.2.4.1. Immunofluorescent staining   

2-month-old CTRL and microglial Cyfip1 cKO mice were sacrificed by cervical dislocation. 

Brains were quickly taken out from the heads, and rinsed with ice-cold DPBS.  Brains were 

separated into 2 hemispheres. The right hemisphere was fixed in 4 % PFA for 1 day, transferred 

into 0.04 % PFA on the next day and stored at 4 °C until further use. The left hemisphere was 

immediately frozen in isopentane (VWR, cat# 24872.298) on dry ice, and stored at - 80 °C.  

Marker wt/wt
Cyfip1

flx/flx

Cyfip1

flx/wt

270 bp

345 bp

  

 

 

Figure 4.6: Cx3cr1-cre genotyping PCR result 

A wt band for Cx3cr1-cre at 302 bp was produced 

by combining primers 247 and 248. Pairing 

primers 249 and 248 resulted in a mutant band for 

Cx3cr1-cre at around 380 bp.   

Marker wt/wt
Cx3cr1

cre/cre

Cx3cr1

cre/wt

302 bp

380 bp
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The right hemisphere was sectioned with a vibratome, and the slices were used for 

immunofluorescent staining. The hemisphere was mounted with glue and sectioned sagitally 

at a thickness of 50 μm. Sagittal slices were kept in 24-well plates with PBS containing 0.1 % 

sodium azide. Floating staining of brain tissue was performed in a 24-well plate. Before the 

staining process started, slices were washed 3 times in PBS to remove the sodium azide from 

the previous storage solution. Each wash took 5 minutes. To reduce non-specific antibody 

binding, the sections were incubated in a blocking buffer containing 10 % goat serum (Sigma-

Aldrich, cat# G9023) for 2 hours at room temperature. The composition of blocking buffer is 

listed in Table 4.7. After blocking, the slices were briefly washed with PBS before being 

incubated with primary antibody in 10 % blocking buffer at 4 °C overnight. On the next day, 

the slices were washed 3 times with 10 % blocking buffer to remove the unbound primary 

antibodies. Secondary antibodies diluted in 10 % blocking buffer were incubated with the slices 

for 2 hours at room temperature. Slices were washed 3 times with PBS before being stained 

with DAPI (Life Technologies, cat# D1306) for nuclei at room temperature for 5 minutes. After 

staining, slices were transferred to adhesive microscope slides and mounted in Aqua-

poly/Mount (Polysciences, cat# 18606).  

Components Concentration 

(%; mass/volume, volume/volume) 

Goat serum 10% (v/v) 

BSA 2% (m/v) 

Triton X-100 2% (v/v) 

1x PBS 88% (v/v) 

 

Staining of primary microglia following phagocytosis assay was done directly in the 8-well 

plates. Cells were fixed as described in chapter 4.2.2.4. The cells were permeabilized using 0.2 

% Triton-X (Sigma-Aldrich, cat# X100) in PBS for 20 minutes at room temperature, and the 

washed briefly with PBS before staining with primary antibody. Afterwards, the cells were 

incubated with anti-CD11b antibody overnight at 4 °C. The following day, cells were washed 

3 times with PBS to remove unbound primary antibody, and the secondary antibody was added 

and incubated with the cells for 1 hour at room temperature. After washing the cells 3 times 

with PBS to remove excessive secondary antibody, the cells were stained with phalloidin 

Table 4.7: Composition of blocking buffer 
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overnight at 4 °C. On the third day, the cells were washed 3 times with PBS to remove excess 

phalloidin, and the cell nuclei were stained with DAPI for 1 minute at room temperature. Cells 

were rinsed briefly and kept in 1x PBS at 4 °C until imaging. Table 4.7, Table 4.8 and Table 

4.9 show the primary, secondary antibodies and dyes used in immunofluorescent staining.  

Antigen Host species Dilution Source 

IBA1 Rabbit 1:200, 1:400 WAKO 

CD68 Rat 1:400 Bio-Rad 

NeuN Mouse 1:200 MerckMillipore 

Bassoon Mouse 1:200 Enzo 

Homer1 Chicken 1:500 Synaptic system 

CD11b Rat 1:500 Biozol Diagnostica 

Target species Host species Dilution Fluorescence Source 

Anti-rabbit goat 1:400 Alexa 555 Life Technologies 

Anti-rat goat 1:400, 

1:500 

Alexa 488, 

Alexa 674 

Invitrogen 

Life Technologies 

Anti-mouse goat 1:200, 

1:1000 

Alexa 647, 

Alexa 488 

Life Technologies 

Life Technologies 

Anti-chicken goat 1:750 Alexa 647 Life Technologies 

 

Name Target Dilution Source 

DAPI Nuclei 1:1000 Life Technologies 

Phalloidin F-actin 1:50 Cytoskeleton 

 

4.2.4.2. Golgi staining 

Golgi staining was invented by Camillo Golgi and improved by Ramón y Cajal. It is one of the 

most effective techniques in studying neuronal morphology. Using Golgi staining, neurons in 

brain tissue are stained by the formation of silver chromate crystals, which can be visualized 

Table 4.8: Primary antibodies used for immunofluorescent staining 

 

Table 4.9: Secondary antibodies used for immunofluorescent staining 

Table 4.10: Dyes used for immunofluorescent staining 
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as black structures. The random precipitation of silver chromate crystals only stains a random 

subset of the neurons rather than the entire population. This allows a better visualization of the 

complex neuronal morphology in brain tissue. In order to analyze neuronal morphology in adult 

mouse brain tissue, a kit for Golgi staining from FD NeuroTechnologies was used in this study. 

The Golgi staining impregnation solution was prepared (15 ml/ mouse brain) at least 24 hours 

and stored at room temperature in the dark without agitation before collecting the brain tissue 

from the animals. The Golgi impregnation solution was composed of HgCl2, K2CrO4 and 

K2Cr2O7. 2-month-old CTRL and Cyfip1 cKO mice were sacrificed and their brains were used 

for neuronal morphology analysis in this study. The brains extracted from the mouse skulls 

were rinsed with Milli-Q water, and then were immersed in the impregnation solution (7,5 ml 

/ brain). The impregnation solution was changed the next day, and the brains were impregnated 

in the dark for 2 weeks at room temperature. During the impregnation period, the samples were 

gently swirled every 2 – 3 days. After 2 weeks of impregnation, the brains were transferred 

into tissue-protectant solution (7 ml / brain) and kept in the dark at 4 °C for 3 days. The tissue-

protectant solution was replaced on the second day.  

After the 3-day tissue protection period was finished, the samples were prepared for sectioning 

with a vibratome. Prior to sectioning, the olfactory bulbs and cerebellum were removed from 

the brain tissue. The brains were sectioned coronally at the thickness of 200 μm in cold PBS. 

The 200 μm coronal slices were placed on gelatin-coated slides with a drop of tissue protectant 

solution. The excessive solution on the slides was dried with a pipette and gently absorbed with 

a filter paper. Afterwards, the slices were air-dried in the dark overnight. The next day, the 

staining solution was prepared right before use, and the slices were rinsed in cold Milli-Q water 

twice for 1 minute each time. After rinsing, the slices were stained in a staining jar containing 

100 ml of freshly prepared staining solution for 10 minutes at room temperature with agitation. 

When the staining was completed, slices were rinsed again with cold Milli-Q water twice, 1 

min each, and were dehydrated in 50 %, 75 %, 95 % and 100 % ethanol (Sigma-Aldrich, cat# 

51976) in the sequential order. Each dehydration step took 4 min. At last, the slices were 

cleaned with xylene (Roth, cat# CN80.1) 3 times for 4 minutes each and mounted in Entellan 

(Merck, cat# 107960). The slides were stored at room temperature until further imaging was 

performed. Table 4.11 shows the composition and volume of impregnation, tissue protection 

and staining solutions.  
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 Solution Ratio Volume 

Impregnation A + B 1 : 1 7.5 ml / brain 

Tissue protection C 1 7 ml / brain 

Staining D + E + H2O 1 : 1 : 2 100 ml / staining jar 

 

4.2.4.3. Hematoxylin and eosin (H&E) staining 

H&E staining is an approach widely used in histology to study the anatomical changes in the 

tissue. It is a combination of hematoxylin and eosin staining. Hematoxylin stains the 

nucleotides in DNA and RNA purplish blue, and eosin stains proteins existing in cytoplasm 

and extracellular matrix pink. Natively frozen brains from 2-month-old mice were sectioned 

sagittally with 12 μm thickness using a cryostat. The chamber temperature of the cryostat was 

between -18 °C and -20 °C, and the object temperature was between -17 °C and -19 °C. After 

sectioning, the slices were placed onto slides and kept at – 80 °C until further use for staining. 

12 μm-thick slices were first fixed with 4 % PFA (Histofix) for 5 minutes, and rinsed with 

demineralized water briefly. Following that, the slices were stained in hematoxylin solution for 

2 minutes with gentle agitation. The unbound stain was washed away 5 times with warm tap 

water for 1 minute each time, and the nuclei appeared purplish blue after this step. The slices 

were then stained for 10 minutes with eosin solution, and the excessive stain was washed off 

with warm water for 1 minute. This washing step was repeated for 5 times as well. The stained 

slices were air-dried and mounted in Entellan. 

 

4.2.5. Biochemistry methods 

4.2.5.1. Protein extraction 

Total extracts from MACS–isolated cells  

Freshly sorted cells from adult mouse brains by MACS were washed with 500 μl of ice-cold 

PBS and centrifuged at 500 g at 4 °C for 10 minutes in order to remove the BSA from PB 

buffer. The supernatant was discarded, the pellets were lysed and the proteins were extracted 

in 50 μl of 1x SDS loading buffer (5x: 110mM Tris-HCl pH 6.8, 20 % Glycerol, 3.8 % SDS, 8 

% β-mercaptoethanol, 0.03 % Bromophenol blue). The lysates were then boiled for 10 minutes 

at 100 °C. During the boiling process, the samples were vortexed twice to shear DNA. The 

samples were then cooled down on ice and stored at – 20 °C until further use.  

Table 4.11: Solutions from FD Rapid GolgiStain TMKit used for Golgi staining 
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Separation of F and G–actin from cultured microglia  

DIV 13 - 17 CTRL and Cyfip1 cKO primary microglia were harvested from flasks and 

resuspended in ACM. Cells were separated into 2 groups: unstimulated and E.coli stimulated. 

All cells were first plated in 6 cm diameter petri dishes at the density of 2.5 million/dish for 2 

days. For the E.coli stimulation group, pHrodo Ecoli (Life Technologies, cat# P35361) was 

given to the petri dish at the concentration of 0.1 mg/ml in ACM, and incubated with the cells 

for 1 hr before the further lysing step. For the unstimulated group, cells were rinsed and lysed 

directly after 2 days of plating. Before being lysed, cells were rinsed with cold DPBS to remove 

remaining ACM. Afterwards, cells were lysed in 500 μl of ice-cold 1x PHEM buffer (60 mM 

PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2) containing 1 % Triton 100-X by 

manually scraping. The whole washing and lysing steps were performed on ice to preserve 

protein quality.  

Cell suspension was collected into a 1.5 ml tube and spun at 300 g for 10 minutes at 4 °C. To 

avoid disrupting the pellets at the bottom, which contain stable actin filaments (F-actin), 400 

μl rather than 500 μl of the supernatant was collected and transferred into another 1.5 ml tube. 

The remaining 100 μl of supernatant was discarded and the pellets were resuspended in 625 μl 

1x SDS buffer. The collected supernatant was centrifuged at 10,000 g for 10 minutes at 4 °C, 

and 300 μl of the resulting supernatant was collected into another fresh 1.5 ml tube. After 

removing the remaining 100 μl pf supernatant, 500 μl of 1x SDS buffer was used to resuspend 

the small fraction of pellets containing dynamic F-actin. 75 μl of 5x SDS buffer was added to 

the 300 μl supernatant containing the soluble fraction of cell components and actin monomers 

(G-actin), resulting in a concentration of SDS buffer of 1x. Pipetting and sonication were 

employed to thoroughly mix the samples in the tubes containing insoluble fractions of cell 

components. Following that, all samples were heated at 100 °C for 10 minutes to denature 

proteins, and the tubes containing insoluble cell components were vortexed once during the 

heating to shear DNA. All samples were cooled down on ice after heating and stored at – 20 

°C.  

 

4.2.5.2. Preparation of SDS polyacrylamide gels 

Sodium dodecyl sulfates – polyacrylamide gel electrophoresis (SDS-PAGE) is a common 

method in molecular biology used to separate proteins. SDS and polyacrylamide gel can 

remove the influence of charge and structure, and the protein separation is based on the 

differences of molecular weight.  
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Component Resolving Stacking 

 10 % 8% 4% 

H2O 18.6 ml 21.4 ml 12.2 ml 

30 % Acrylamide (1:38) 13.4 ml 10.6 ml 2.6 ml 

2M Tris/HCl pH8.8 7.6 ml 7.6 ml - 

20 % SDS 200 μl 200 μl 100 μl 

0.5 M Tris/HCl pH 6.8 - - 5 ml 

10% APS 280 μl 280 μl 140 μl 

TEMED 20 μl 20 μl 10 μl 

 

Polyacrylamide gels were composed of stacking gel and resolving gel. Stacking gels were used 

to line up the proteins, so the protein could enter the resolving gels at the same time. Resolving 

gels were used to separate the proteins. They had bigger pole size and higher pH (8.8) than 

stacking gels (pH 6.8). The concentration of resolving gels was determined according to the 

molecular weight of the target proteins. 8 % acrylamide gels were used for identifying WRC 

components, and 10 % gels were used for the F – and G- actin separation experiment. Table 

4.11 lists the components of polyacrylamide gels used in this study.  

 

4.2.5.3. SDS-PAGE  

SDS – polyacrylamide gel electrophoresis (SDS-PAGE) was conducted in a gel-running 

chamber using SDS running buffer (25 mM Tris, 190 mM glycine, 1 % SDS pH 8.8).  For 

proteins to run through 4 % stacking gel, 70 V or 80 V voltage was applied for 30 min (70 V 

for 10 % gel, 80 V for 8 % gel). After the proteins had passed through the stacking gel, the 

voltage was raised to 130 V for the proteins to separate and run through the resolving gel. The 

entire duration for gel running was roughly 1.5 hours. The SDS-PAGE was completed when 

the bromophenol was detected near the bottom of the gel.  

 

4.2.5.4. Western blotting 

Western blotting is a common technique used in biochemistry and molecular biology for 

detecting certain proteins in tissue extracts or cells. It consists of 3 major steps – separation of 

proteins by size, transfer of proteins to a solid membrane and protein detection using antibodies. 

After SDS-PAGE was completed, samples were transferred to a polyvinylidene fluoride 

Table 4.12: Composition of SDS – polyacrylamide gels (40 ml for 4 gels) 
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(PVDF) membrane (Millipore, cat# IPVH00010) for further identification of specific proteins 

using antibodies. The standard wet transfer system was employed in this study. Prior to the 

transfer, PVDF membranes were briefly activated with MeOH (VWR, cat# 152505N), and the 

sponges and Whatman papers (GE Healthcare, cat# 9.950 371) were soaked in ice-cold transfer 

buffer (25 mM Tris, 190 mM glycine, 20 % methanol). When the gel running was completed, 

the gels were taken out from the running chamber, and the transfer sandwiches were carefully 

prepared by placing a sponge, 2 Whatman papers, resolving gel, activated PVDF membrane, 2 

more Whatman papers and another sponge in the sequential order. Air bubbles were gently 

removed when placing the resolving gel and PVDF membrane to prevent them from disturbing 

the protein transfer. The transfer sandwich was placed in between a cassette, and the cassettes 

were inserted into a transfer chamber with the gel orientated towards the cathode. To prevent 

overheating during transfer, the ice-cold transfer buffer and an ice block were filled and placed 

in the transfer chamber.  

The transfer for WRC identification was carried out at 20 V at room temperature overnight, 

while the transfer for F- and G-actin separation required only 70 minutes at 110 V at room 

temperature. When the transfer was finished, membranes for WRC identification were taken 

out and blocked in 5 % BSA in 1x NCP (10 mM Tris/HCl (pH 8.0 – 8.4), 150 mM NaCl, 0.05% 

Tween-20) for a few hours at room temperature. Primary antibodies for individual WRC 

members were diluted in blocking solution (Table 4.13) and membranes were incubated 

overnight at 4 °C with gentle agitation. Membranes for F– and G–actin separation were directly 

incubated with primary antibody, which was diluted in 5 % skim milk (Roth, cat# T145) 

overnight at 4 °C with gentle agitation.  

On the next day, membranes were washed 3 times with 1x NCP, each time for 15 minutes. 

HRP-conjugated secondary antibodies (Jackson ImmunoResearch) were diluted in 1x NCP and 

incubated with the membranes for 1 hour at room temperature with gentle agitation. After being 

washed 3 times with 1x NCP, each wash 5 minutes, the membranes were developed using 

enhanced chemical luminescence (ECL) solution right before imaging. ECL solution was 

composed of reagent A (0.1 mM Tris/HCl (pH 8.6), 0.05 % p-hydroxy-coumarin, 2 % luminol) 

and B (0.1 mM Tris/HCl (pH 8.6), 0.03 % H2O2) at the ratio of 1:1. The H2O2 in reagent B 

oxidized the luminol in reagent A, and this process was catalyzed by the HRP on secondary 

antibodies. Once luminol was oxidized, it emitted a signal at 450 nm, which was captured by 

a luminescent image analyzer with CCD camera (LAS 4000 mini). 
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Table 4.13: Antibodies used for western blotting 

 Species Dilution Source 

CYFIP1 Mouse undiluted AG Witke 

CYFIP2 Mouse undiluted AG Witke 

NCAKP1 Rabbit 1:400 Sigma-Aldrich 

HEM1 Rabbit 1:1000 (BSA) Stradal Lab 

WAVE1 Rabbit 1:1000 Upstate 

WAVE2 Rabbit 1:1000 (BSA) Cell Signaling 

WAVE3 Rabbit 1:1000 Cell Signaling 

ABI1 Rabbit 1:1000 Sigma-Aldrich 

ABI2 Rabbit 1:1000 (BSA) Abcam 

ABI3 Rabbit 1:1000 (BSA) Cell Signaling 

𝛽-actin Mouse 1:5000 MP Biomedicals 

(The antibodies were diluted in either 5 % skimmed milk or 5 % BSA in NCP) 

 

4.2.5.5. Protein quantification by Coomassie-stained PVDF membrane 

Membrane Coomassie staining was used to calibrate the actual loading of each sample in the 

western blotting experiments. The conventional loading calibration method by measuring 

standard proteins (e.g. actin, gamma tubulin and GADPH) is not ideal for this study because 

the loss of CYFIP1 very likely influences the expression of these proteins. Thus, Coomassie 

staining of membranes provided a more direct and reliable means of determining the total 

protein loading from each sample. Following the measurement of target protein expression, the 

membranes were first fixed in 40 % methanol (40 % methanol, 10 % acetic acid) for 5 min 

before being placed in Coomassie staining solution (0.2 % Coomassie brilliant blue R-250 

(BioRad, cat# 1610436), 50 % methanol and 10 % acetic acid (VWR)) for another 5 minutes 

with gentle agitation under room temperature. After Coomassie staining, the membranes were 

washed with 40 % methanol (40 % methanol, 10 % acetic acid) with moderate agitation under 

room temperature to remove excessive Coomassie. The membranes were washed 3 times, with 

each wash lasting 5 minutes. In the final washing step, the membranes were washed twice in 

20 % methanol (20 % methanol, 10 % acetic acid) for 5 minutes each. Finally, the membranes 
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were air-dried in a fume hood until the background turned white and the contrast between the 

stained protein and the background increased. The dried membranes were imaged using the 

LAS 4000 mini. The total protein loading was determined by measuring the Coomassie-stained 

protein in each sample lane after subtracting the background signal (Figure 4.7). The signal of 

target protein was in the end calibrated by normalizing it to the total protein loading.  

 

 

Figure 4.7: Protein quantification by 

Coomassie-stained PVDF membrane  

The total protein loading was calculated after 

Coomassie staining of the PVDF membranes by 

defining the Coomassie-stained protein in each 

sample lane (as shown in lane 1, 2 and 3). The 

area between the lanes was chosen as background 

(B in the image). The background signal was 

deducted from the signal in each lane, yielding 

the real signal of the total protein.  

4.2.6. Microscopy  

4.2.6.1. Live-cell imaging  

All live-cell imaging experiments were conducted at 37°C with 5 % CO2. Imaging parameters 

were the same for every individual experiment in each assay. In vitro synaptosome 

phagocytosis and wound healing assays were recorded using the Epi-fluorescence scope 2 (Epi-

scope 2) from Zeiss. The Epi-scope 2 is an inverted microscope equipped with definite focus 

(hardware-based focus drift-correction), a seven-line LED combiner (385 nm, 430 nm, 475 nm, 

511 nm, 555 nm, 590 nm, 630 nm) and transmitted light source (bright-field). Besides, 

Episcope 2 also had a small incubation chamber, which provides constant 5 % CO2 and whose 

temperature is maintained at 37°C. The above conditions made Episcope 2 an ideal microscope 

for the live-cell experiments. In vitro synaptosome phagocytosis was recorded at 20x in both 

fluorescent (555 nm) and bright-field channels. Images were captured every hour for total 24 

hours. In vitro wound healing assay was recorded at 20x using the bright-field channel every 3 

hours for 72 hours. The Zeiss LSM 780 confocal microscope was used to continuously record 

membrane ruffling of primary microglia at 40x for in total 150 images for around 15 minutes. 

LSM 780 is an inverted confocal microscope equipped with a transmission detector in addition 

to 34-channel GaAsP detector. The setup also includes an incubator with stable control of CO2 

and temperature, which allows live-cell imaging to be conducted.  

 

1 2 3 B



M a t e r i a l  &  m e t h o d s  

  95 

4.2.6.2. Confocal imaging  

Mouse brain tissue and primary microglial cells stained with fluorescent antibodies or dyes 

were imaged with Zeiss LSM 980 and 700 confocal microscopes. Zeiss LSM 980 and LSM 

700 are inverted confocal microscopes with several excitation lasers (LSM 980: 405 nm, 445 

nm, 488 nm, 514 nm, 561 nm, 594 nm, 639 nm; LSM 700: 405 nm, 488 nm, 555 nm, 639 nm), 

ideal for multi-color fluorescence imaging. 

For in vivo microglial morphology and CD68 analysis, microglia were stained with Iba1 and 

CD68 antibodies. Slices were imaged with LSM 980 at 20x and 63x, and 16 μm z-stacks with 

0.6 μm interval were taken. For excitatory synapse analysis, tissue was stained with anti-

Bassoon and Homer1 antibodies. Imaging was carried out using the LSM 700 confocal 

microscope at 63x, 1.5 μm z-stacks were taken with 0.3 μm interval. Neuronal cell number 

was also investigated by staining the tissue with NeuN antibody. 20 μm z-stacks with 1 μm 

intervals were taken with LSM 980 at 20x. Phalloidin and CD11b were used to stain primary 

microglial cells after in vitro phagocytosis assay. Cells were imaged at 20x at a single plane 

using LSM 980.  

 

4.2.6.3. Bright-field imaging 

Bright-field imaging with KEYENCE all-in-one microscope was conducted for the 

visualization of dendritic spines. The KEYENCE all-in-one microscope was equipped with a 

fully-motorized control system for instant target acquisition. It had a large motorized stage, 

high-speed auto-focusing and automatic capture conditions. 

The layer V somatosensory cortex was first scanned at 20x. Pyramidal neurons with intact basal 

structures were selected and their positions were marked. Basal primary branches of dendrites 

were then imaged at 90x (60x objective with a 1.5x digital zoom). Z-stacks with 0.5 μm 

intervals were taken. Thinner intervals allowed a better resolution for spine structure, and it 

improved the quality of the analysis of dendritic length, morphology and spine number.  

H&E - stained sections were imaged at 0.8x using a Olympus stereo microscope.  

 

4.2.7. Image analysis 

4.2.7.1. 3D microglial morphology analysis  

To explore morphological features of microglia in adult mouse tissue, we employed MotiQ, an 

imageJ-based open source plugin (Hansen et al., 2022) developed in our lab. MotiQ can 
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perform automated analysis of cell morphology. It has an automated pipeline for thresholding 

to distinguish cells from the background and generates binary images for 3D reconstruction. It 

also provides analysis based on numerous morphological parameters. Anti-Iba1 antibody was 

used to stain microglial cells in sagittal brain slices, and 20x confocal Z-stack images were 

employed for microglial 3D morphological analysis. The background of the confocal images 

was subtracted with a rolling ball radius of 30 pixels, and the images were processed with 

MotiQ thresholder to compute the intensity threshold using the "Li" method. Following that, 

binary images were created and employed in the MotiQ 3D analyzer to automatically 

reconstitute and evaluate the morphological characteristics of microglial cells. In this study, 

the particle filter in the MotiQ 3D analyzer was set to 3500 voxels. Particles with less than 

3500 voxels were excluded from 3D reconstruction.  

 

 

Figure 4.8: MotiQ workflow for 3D microglial morphology analysis 

(A) 20x confocal Z-stack image whose background was subtracted was processed with MotiQ 

thresholder. (B) Following the intensity thresholding, a binary image was generated for automatic 

morphological analysis of microglial cells using MotiQ 3D analyzer. (C) MotiQ 3D analyzer 

reconstructed microglial cells, and determined their surface area, cell volume and ramification index. 

(D) The spanned volume of each microglial cell was also generated. It represents the area scanned 

by each microglial cell. (E) The parameters of cell skeleton, including numbers of branches and 

junction, and average branch length were also evaluated. A cell with more branches and junctions 

was more ramified, but its average branch length would be shorter.  
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Figure 4.8 depicts the MotiQ workflow for 3D microglial morphology analysis. Microglial 

surface area, cell volume and ramification index were assessed after 3D reconstruction of 

microglial cells. The ramification index was derived by dividing the cell’s surface area by the 

surface area of a minimally ramified cell. It reflected the cell’s branching level. The spanned 

volume of microglial cells was estimated by measuring the volume of a convex three-

dimensional hull surrounding the cell, representing the territory surveyed by that microglial 

cell. MotiQ 3D analyzer was also used to analyze parameters of the cell skeleton. The number 

of microglial branches, junctions and the average branch length were quantified. These 

parameters were in concert with the cell ramification index. A cell with higher ramification had 

a greater number of branches and junctions, but its average branch length was shorter.  

 

4.2.7.2. Analysis of microglial CD68  

The CD68 level in microglia was measured using IMARIS according to a published 

methodology (Schafer et al, 2014). CD68 is expressed in all microglial cells but is increased in 

activated microglia. Sagittal brain sections from adult mice were stained with anti-Iba1 and 

anti-CD68 antibodies to label microglial cells and CD68. IMARIS 3D surface rendering was 

performed using 63x confocal Z-stack images. The background in the confocal images was 

first subtracted. The filter width for the Iba1 channel was 5 μm, whereas the filter width for 

CD68 channel was 1 μm. To begin, the Iba1 channel was employed to reconstruct microglial 

cells using the surface rendering function in IMARIS. Regions of interest (ROIs) were selected 

by choosing the intact microglial cells in each image. 2 ROIs were selected from each image, 

for a total of 4 ROIs utilized for analysis per animal. The threshold for microglial surface 

creation was set at absolute intensity 45 to remove the noise and undesired fluorescence. At the 

last step of microglial surface rending process, the filter “volume” was chosen, and the 

unconnected particles were filtered out. Following the reconstruction of the selected microglia, 

its CD68 was also reconstituted using the surface rendering function. The CD68 channel’s 

thresholding was tuned to the absolute intensity 15, and the shortest distance of the 

reconstituted CD68 to the corresponding microglia was set to 0 at the end of the rendering 

process in order to filter out the CD68 signal outside of the microglia. The CD68 level was 

calculated by normalizing the volume of CD68 inside the microglia to the corresponding 

microglial cell volume. The surface rendering condition was the same for all of the images. 
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4.2.7.3. Analysis of primary microglial migration 

Cell movement in migration assays was tracked following the ibidi migration analysis protocol 

(Chemotaxis and Migration Tool Version 1.01). The position of the chosen cell from the right 

side of the wound was pinpointed and followed over time. The cumulative distance was 

calculated and the cell velocity was determined by dividing the total distance by the duration 

of movement.   
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