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1. ABSTRACT 

Disturbed actin dynamics have been associated with aging, neurodegenerative conditions and 

cell death. The current thesis investigates the interplay between microglia activation and the 

state of the actin cytoskeleton. Models of actin stabilization included microglia from gelsolin-

deficient (Gsn
-/-

) mice as well as treatment with actin polymerization agent jasplakinolide. 

Cytochalasin D served as a blocker of actin polymerization. Disruption of actin dynamics did 

not affect transcription of genes involved in the LPS-triggered classical inflammatory 

response. However, genes involved in IL-4 induced alternative activation were strongly 

transcriptionally downregulated by disturbed actin dynamics, which was related to impaired 

nuclear translocation of phospho-Stat6. Functionally, disturbed actin dynamics resulted in 

reduced NO secretion and reduced release of TNF-  and IL-6 from LPS-stimulated microglia 

and of IGF-1 from IL-4 stimulated microglia. Reduced NO secretion was associated with 

reduced cytoplasmic iNOS protein expression and reduced arginine uptake. However, 

stabilization of the actin cytoskeleton increased LPS-induced release of IL-1 , which belongs 

to a non-classical release pathway. Furthermore, disruption of actin dynamics resulted in 

reduced microglia migration, proliferation and phagocytosis in vitro. Similarly, proliferation 

of IBA1-expressing cells was reduced in Gsn
-/-

 mice after facial nerve axotomy as well as in a 

model of mild brain ischemia. Finally, baseline and ATP-induced intracellular calcium levels 

were significantly increased in Gsn
-/- 

microglia. Together, disruption of actin dynamics 

attenuates both classical and alternative microglia activation. While alternative activation is 

strongly downregulated at the level of gene transcription, the mechanisms operating in 

classical activation are post-transcriptional and primarily relate to impaired uptake, transport 

and release.  
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1. ZUSAMMENFASSUNG 

Neurodegenerative Pathologien, Alterungsprozesse und Zelltod gehen oft mit einer 

Dysfunktion des Aktinzytoskeletts einher. Ziel vorliegender Arbeit war es, den Einfluss des 

Aktinzytoskeletts auf den Prozess der Mikrogliaaktivierung näher zu erforschen und zu 

charakterisieren. Das Modell zur Untersuchung dieser Aktinstabilisierungsprozesse basiert 

auf der gelsolindefizienten Mauslinie (Gsn
-/-

) und dem Einsatz pharmazeutischer 

Interventionen mit Jasplakinolid und Cytochalasin D. Während Jasplakinolid zur 

Stabilisierung (Polymerisation) des Aktinfilamentes führt, resultieren Interventionen mit 

Cytochalsin D in einer Destabilisierung (Depolymerisation). Die Arbeit zeigt, dass gezielte 

Störungen des Auf- und Abbaus von Aktinfilamenten in klassisch aktivierter Mikroglia 

(mittels LPS) keinen Einfluss auf die Transkription von typischen „M1“ Genen haben. 

Unterdessen resultierten Eingriffe in die Aktinfilamentstabilität bei alternativer Aktivierung 

von Mikroglia (mittels IL-4) in einer deutlichen Herabregulierung der Transkriptionsrate 

typischer „M2“ Gene, was auf einen verminderten Transport des Transkriptionsaktivators 

pStat6 in den Nukleus zurückzuführen ist. Auf funktionaler Ebene führen Veränderungen der 

Aktindynamik zu reduzierter Freisetzung von Stickstoffmonoxid, TNF- , IL-6 und IGF-1. 

Als Grund für die verringerte NO-Sekretion konnte eine reduzierte iNOS-

Proteinexpressionsrate im Zytoplasma und eine verminderte Aufnahme von Arginin gezeigt 

werden. Dagegen ist die LPS-induzierte Freisetzung von IL-1 , das dem „nicht-klassischen“ 

Freisetzungsmechanismus über Golgi-Apparat und ER folgt, unter Stabilisierung des 

Aktinzytoskeletts erhöht. Die in vitro Experimente vorliegender Arbeit zeigen, dass 

Störungen der Aktindynamik zu deutlich herabgesetzter Migration, Proliferation und 

Phagozytose von Mikrogliazellen führen. Zudem konnte bei der Gsn
-/-

 Mauslinie eine 

verringerte Proliferationsrate IBA-1-expremierender Zellen nach Hirnischämie und ein 

verringerter Anstieg an IBA-1
+
 Zellen im Nucleus facialis nach Axotomie des Nervus facialis 

festgestellt werden. Desweiteren beweist die Arbeit, dass das intrazelluläre Calciumniveau 

(Basislinie und ATP-induziert) in Gsn
-/-

 Mikroglia signifikant erhöht ist. Zusammenfassend 

kann festgehalten werden, dass gezielte Störungen der Aktindynamik sowohl klassische als 

auch alternative Mikrogliaaktivierungsprozesse abschwächen. Während alternative (IL-4 

vermittelte) Mikrogliaaktivierung mit einer deutlichen Herabregulierungen auf 

Gentranskriptionsebene assoziiert ist, finden die klassischen (LPS vermittelten) 

Aktivierungsprozesse auf post-transkriptionaler Ebene statt und führen zu Beeinträchtigungen 

von Substrataufnahme-, Transport- und Freisetzungsmechanismen. 



Actin filament dynamics in microglia activation Introduction 

 

5 

 

2. INTRODUCTION 

2.1 The eukaryotic cytoskeleton 

Every prokaryotic or eukaryotic cell possesses a cytosolic scaffold, the cytoskeleton. In 

eukaryotes, the cytoskeleton consists of filamentous protein structures that, according to 

filament diameter, can be distinguished into microfilaments (6 nm), intermediate filaments 

(10 nm) and microtubules (25 nm). Microfilaments are mainly made up of actin. Microtubules 

are mostly composed of a protein called tubulin. Intermediate filaments are constructed from 

a number of different subunit proteins. Recently, a fourth component of the cytoskeleton has 

been discovered, the so called septins (1). It seems likely that there are some more, maybe 

unknown eukaryotic cytoskeleton components that need to be investigated and clearly defined 

(2). However, the interplay between these filament subtypes, as well as the dynamic structural 

changes within each filament type, regulate fundamental cellular properties, such as cell 

division, motility, intracellular transport, cellular compartmentalization and cell shape and 

rigidity. 

2.1.1 Microfilaments and actin dynamics 

Microfilaments are actin protein polymers. Actin is one of the most abundant proteins that can 

be found in every cell. It is highly conserved from birds to mammals (3).  

In the brain two isoforms of nonmuscular actin, β-actin and γ-actin, are expressed and 

encoded by Actb and Actg1, respectively (3, 4). Recently, it could be shown that differential 

biochemical properties between the two isoforms pertain to actin polymertization and G/F-

actin ratio regulation (4, 5). In mice, γ-actin–null individuals are viable whereas β-actin 

mutants die during development (6, 7). In humans, severe forms of Baraitser–Winter 

syndrome (a developmental disorder characterized by the combination of congenital ptosis, 

high-arched eyebrows, hypertelorism, ocular colobomata and a brain malformation consisting 

of anterior predominant lissencephaly) are caused by ACTB (β-actin) mutations rather than 

ACTG1 (γ-actin ) mutations (8).  

Inside the cell, actin is present in two forms: i) monomeric (G)-actin and ii) filamentous (F)-

actin. The actin filaments are thin and flexible fibers appearing in helices that can be further 

organized in higher-order structures like bundles or networks. Basically, actin filaments are 

highly dynamic structures characterized by depolymerization and polymerization of the actin 
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strand. Polymerization of the actin strand occurs via ATP-actin at the barbed (+) end, loss of 

ADP-actin occurs at the pointed (–) end (Figure 1) (9). The “treadmilling phenomena” 

describe the maintenance of the actin filament length via equilibrated ATP-actin association 

and simultaneous ADP-actin loss (10, 11). Further actin dynamics, such as cross-linking, 

severing, branching and capping, are organized and regulated by actin binding proteins (see 

chapter 2.1.2). Drugs such as cytochalasin D and jasplakinolide are toxins influencing actin 

filament remodeling (see chapter 2.1.3).  

The brain consists of diverse types of cells with complex interactions. It is virtually 

impossible to study all these interrelations at once and reductionist approaches are needed. 

Thus, an effective method is to focus on one specific brain cell type (e.g. microglia). As a 

starting point it seems appealing to investigate the role of microglia function (migration, 

phagocytosis, proliferation and inflammatory responses) in order to better understand their 

contribution to neurodegenerative diseases. Although actin dynamics have been marginally 

investigated in studies concerning microglia motility, migration, phagocytosis, proliferation 

and shaping of cell morphology, still little is known about exact mechanisms regarding the 

influence of actin remodeling on the priming of neuro-protective or -toxic microglia during 

neurodegenerative diseases (12-15).  

 

 

Figure 1 Actin filament dynamics, actin binding proteins and actin disrupting drugs.  

The actin filament (F-actin) consists of monomeric globular actin (G-actin). Polymerization of 

the actin strand occurs via ATP-actin at the barbed (+) end, loss of ADP-actin occurs at the 

pointed (–) end. Actin binding proteins (such as cofilin, profilin, gelsolin) may modulate the 

filament architecture and actin filament dynamics. Drugs (such as jasplakinolide and 

cytochalasin D) can interfere with actin filament remodeling. Jasplakinolide induces actin 

filament polymerization whereas cytochalasin D inhibits actin filament polymerization. 

Modified after Cingolani and Goda (2009) (9). 
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2.1.2 Actin binding proteins (ABPs) 

Actin binding proteins (ABPs) are important to generate a variety of architectures out of actin 

filaments, such as branched or cross-linked networks in the lamellipodium, parallel bundles in 

filopodia, and antiparallel structures in contractile fibers (16). Most ABPs are effector targets 

of Rho family small GTPases (17). According to Winder and Ayscough, ABPs can be 

classified into the following ten categories (18):  

a) Monomer binders  

b) Bundlers and crosslinker  

c) Crosslinkers 

d) Cytoskeletal linkers 

e) Capping and severing proteins 

f) Rulers and stabilizers 

g) Myosins 

h) Anchors to membranes and membrane proteins  

i) Sidebinders and signalers 

j) Branch formation proteins 

The current thesis partly deals with ABPs grouped in a) and e). These proteins are involved in 

nucleotide exchange (profilin), nucleation & polymerization (arp2/3) and capping and 

severing (gelsolin, cofilin). 

Gelsolin  

Gelsolin is an eponym for a conserved class of ABPs, where all members contain the 

homologous gelsolin-like (G) domain. Besides gelsolin, the family includes villin, adseverin, 

capG, advillin, supervillin and flightless I (19).  

Gelsolin is a potent 80-83 kDa actin filament severing protein (20), first described by 

studying “gel” to “sol” transitions in macrophages (21). It exists in mammals as extracellular, 

secreted isoform found in plasma (pGSN) and intracellular as cytoplasmic (cGSN) isoform 

(22). Both, pGSN and cGSN, are encoded by a single gene on chromosome 9 in humans and 

chromosome 2 in mice (22). It executes multimodal activities like actin severing, capping and 

promotion of actin nucleation (Figure 2). Increasing intracellular micromolar calcium levels 

lead to a confirmation change and activation of gelsolin with subsequent binding to 

filamentous actin, thereby severing the actin strand. Gelsolin remains bound at the barbed (+) 

end and maintains the capping activity until calcium levels decrease and available 
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phosphoinositides (PIP2) release the protein (23). Calcium also facilitates the nucleation 

promoting activity, in which gelsolin binds two G-actin molecules, forming a nucleus for 

elongation (24). The consequence of the multimodal activities of the activated gelsolin is the 

formation of a large number of short F-actin filaments important for increased actin dynamics 

(18). Besides actin binding, gelsolin has been found be a substrate for caspase 3, and a 

function during apoptosis has been suggested (25). Further research revealed a 

neuroprotective role of gelsolin during murine stroke, regulated by calcium influx and 

mediated by actin dynamics and VDCC and NMDA channel rundown (26). Gelsolin probably 

also plays a role in Alzheimer’s disease, as it reduces amyloid-ß levels in the APP/Ps1 

transgenic mouse (27). Interestingly (because AD and stroke are age-related diseases), 

gelsolin levels increase in brain tissue with age, maybe to antagonize apoptosis (28). 

 

 

Figure 2 Mode of action for gelsolin.  

Increasing intracellular calcium levels lead to conformational changes of the gelsolin protein 

and increase its accessibility to actin. Once bound to actin, gelsolin severs actin filaments and 

caps the resulting barbed (+) ends. Calcium also facilitates the nucleation promoting activity, 

in which gelsolin binds two G-actin molecules, forming a nucleus for elongation. Rising 

phosphoinositide (PIP2) levels promote the release of gelsolin from actin sides and inhibit the 

severing activity of gelsolin. Adapted from Ono (2007) (29). 
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Cofilin 

A special role for cofilin in microglia mediated phagocytosis and migration with implication 

for multiple sclerosis and Huntington’s disease has been described (30, 31). Cofilin belongs to 

the AC (ADF/cofilin) family that mainly controls F-actin remodeling (32). Cofilin can sever 

actin filaments, thereby generating free actin filament ends that are accessible for F-actin 

polymerization and depolymerization without changing the rate of G-actin association and 

dissociation at either filament end (33). Three different ADF/cofilins have been found in the 

human and in the mouse: cofilin-1, cofilin-2, and ADF. Cofilin-1 is expressed in most cells, 

cofilin-2 is expressed predominantly in muscle cells, and ADF mostly occurs in epithelial and 

endothelial cells (34). The activity of cofilin can be regulated by phosphorylation, pH and 

phosphoinositides. Phosphorylation of cofilin at amino acid ser-3 by LIM kinase leads to 

abolished actin-binding activity (35). Dephosphorylation of cofilin leads to activation and is 

executed by phosphatases like slingshot and chronophin (36). Similar to phosphorylation, 

binding to PIP2 leads to cofilin inactivation (37).  

Profilin 

Profilin is involved in many fundamental cellular processes in the brain. Particularly radial 

migration of neurons is dependent on profilin 1 function. When profilin is diminished in 

mouse brains, this results in cerebellar hypoplasia, aberrant organization of cerebellar cortex 

layers and ectopic cerebellar granule neurons (38). Microglia cells also express profilin and 

upregulate its expression after nerve injury (39). In the mammalian brain two out of four 

profilins are expressed: profilin 1 and profilin 2. Profilin is responsible for maintaining the 

intracellular G-actin pool, and it binds with high affinity to monomeric actin (40). Moreover, 

it catalyzes the exchange of actin-bound ADP to ATP and thereby promotes F-actin 

polymerization (41). 

Actin-related proteins 2 and 3 (Arp2/3) 

Arp2/3 is a seven component molecular “machine” acting as actin nucleator complex that 

generates branched actin networks. Arp2/3 is activated by the WASp/Scar/WAVE protein 

family that has the function to bring Arp2/3 complex close to F-actin. Arp2/3 can build 

crosslinked actin networks by binding to the sides of ATP-F-actin near the growing barbed 

end of the filament and nucleates growth of new filament branches, resulting in a dendritic 

filament array. According to the current knowledge, the arp2/3 complex is involved in 

microglial podosome formation and migration (13). 
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SRF serum response factor - regulation of ABPs via transcriptional control  

The serum response factor is a highly conserved and widely expressed transcription factor. It 

controls transcription of genes containing a “CArG box” (SRF binding element). This box has 

been found in the promoter of a plethora of genes involved in proliferation, growth and 

migration. Therefore, it is not surprising that SRF binding elements are found in many genes 

encoding ABPs, such as gelsolin, profilin, cofilin and arp2/3 (42). SRF depletion in mice is 

lethal, underlining the important role of this transcription factor during developmental 

processes (43). Increased activity of SRF via Rho-GTPase depletes the G-actin pool in the 

nucleus during F-actin polymerization. The activity of SRF can be modulated by cofactors 

such as MRTF (myocardin-related transcription factor). Depleted G-actin pools trigger MRTF 

binding to SRF in the nucleus and this complex activates context-dependent gene 

transcription (44).  

2.1.3 Disruption of actin dynamics as a model to study the role of the actin 

cytoskeleton in microglia cells 

Exogenous and endogenous modulations of actin structures display helpful tools to study and 

understand the role of actin filament stabilization in different aspects of microglia function.  

 

Exogenous modulation of actin dynamics 

Cytochalasin D is a naturally occurring fungal toxin (45). It can permeate cell membranes and 

bind to the barbed end of actin filaments, sever F-actin and thereby inhibit actin 

polymerization (Figure 1) (46-48).  

The drug jasplakinolide used throughout the experiments is a toxin isolated from the marine 

sponge Jaspis johnstoni (49). Like cytochalasin D, it is membrane permeable. Jasplakinolide 

induces stabilization and polymerization of actin filaments (Figure 1) (50). 

 

Endogenous modulation of actin dynamics 

The Gelsolin knock out mouse model (Gsn
-/-

) has been generated and established in 1995, and 

shows normal embryonic development and longevity (51). Work in our group on this mouse 

model showed that gelsolin plays an important protective role in neurodegenerative paradigm 

like murine stroke and has anti- apoptotic properties in neurons (26, 52, 53). The protective 

action of gelsolin in neurons is associated with the maintenance of the intracellular Ca
++

 

homeostasis by modulation of calcium channel and NMDA receptor activities (54).  
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2.2 Microglia 

Microglia are the resident immune cells of the central nervous system. They were first 

described in the early 20
th

 century by the Spanish neuroanatomist Pio del Rio-Hortega. Based 

on observations of brain slices stained by silver carbonate he described microglia as 

nonneuronal cells with mesodermal origin that enter the brain during development and are 

capable to change their morphology in response to certain stimuli. Furthermore, he observed 

that they are capable to migrate, phagocytose and proliferate [reviewed in Kettenmann et al. 

(2011)] (55). Current knowledge on microglia is largely based on the early descriptions of 

Rio-Hortega and colleagues. State of the art staining, imaging and molecular methods have 

provided additional insights into microglia biology. Microglia are currently defined as 

permanent resident tissue macrophages of the immune-privileged central nervous system, 

taking over two important functions:  

 

1) Homeostatic maintenance functions during development and under physiological 

conditions by constantly surveying their environment with motile processes. To support 

healthy tissue function they, if required, phagocytose cell debris or apoptotic cells, release 

trophic factors, regulate myelin turnover and are involved in synapse remodeling (55-57).  

 

2) Triggering an immune response as “first line of defense guardians” under 

pathophysiological conditions, microglia can develop diverse stimuli-dependent phenotypes 

that additionally differ in a spatial-temporal manner (Figure 3). This can lead to either 

detrimental or protective effects on nervous tissue (58). For administrating immune functions, 

microglia express a plethora of pattern recognition receptors (PRRs) on their surface to 

recognize two kind of signals for activation, classified as DAMPs (damage associated pattern) 

or PAMPs (pathogen associated pattern) (59).  
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Figure 3 Diverse phenotypes of activated microglia in vivo.  

Differing colors display diverse phenotypes depending on the extent and type of the activation 

stimuli, time of examination after microglia activation and age of the individual. Modified 

after Perry et al. (2010) (58). 

2.2.1 Origin of microglia 

Despite being the innate immune cells of the CNS that mount an immune response under 

pathological conditions, the main function of microglia is to maintain the homeostatic balance 

of the healthy brain. In this respect, microglia differ from the immune system outside the 

immune-privileged CNS, with its defense function as first priority. Thus, it is noteworthy to 

bring up the origin of these cells. It has been shown in mice that microglia arise early in 

development from the primitive hematopoiesis within the yolk sac and infiltrate the 

neuroepithelium at E9.5 probably via migration through ventricles, meningeal tissue, or 

vasculature (60-62). It has been proposed that throughout life, adult microglia are capable of 

self-renewal and do not require replenishment by circulating monocytic precursors (63). But it 

is still under discussion, if and how during neurodegenerative diseases, resident microglia 

function independently and differently of invading bone marrow derived macrophages that 

enter the brain because of active recruitment through a leaky blood brain barrier (64). 

Surveying

microglia

Microglia activated in acute

neurodegeneration

Microglia activated
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neurodegenerative 
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2.2.2 Diverse activated microglia phenotypes in vivo - concept of classical 

LPS and alternative IL-4 activation in vitro  

Microglia activation in vivo presents a histological hallmark in nearly all neurodegenerative 

diseases. The influence on disease progression and outcome is not fully understood yet, and it 

is still debated, whether microglia activation worsens or increases recovery from brain 

disease. Our current lack of understanding results, on the one hand, from an unclear 

distinguishable marker between different in vivo microglia phenotypes, intermediate states 

and the temporal-spatial distribution of differently activated cells. On the other hand, different 

animal disease models have led to contradictory results. Activation can (but does not need to) 

be accompanied by changes in morphology, such as transformation into process retracted 

amoeboid (“fried egg”) or rod-like shapes, or upregulation of surface markers (such as 

CD11b, CD45, iba-1, F4/80, CD16/32, CD68, CD86, CD204, CD 206) (65-67).  

 

A possible way to categorize activated microglia cells is based on their released or secreted 

factors, whether microglia are considered to be detrimental or protective to neurons. A 

simplified activation paradigm can be executed in vitro and serves as model to study different 

microglia phenotypes. The concept has evolved from classification of T-cell responses into 

Th1 and Th2, and reflects the “Janus-like” behavior of microglia by functionally 

differentiating between M1 and M2 phenotypes. M1 is considered to be neurotoxic, whereas 

M2 is considered to be neuroprotective (Figure 4) (65, 68, 69). This model should be 

cautiously interpreted, as it represents only extreme in vivo activation and excludes 

intermediate states. Furthermore, the M1 phenotype is important for the defense from 

microorganisms and can secrete also anti-inflammatory cytokine IL-10 (70). IFN-γ and 

lipopolysaccharide (LPS) are elicitors priming microglia towards the M1 state and induce the 

expression and release of pro-inflammatory interleukin- (IL-) 1, 6, 12 and TNF-α (65, 68, 69). 

Furthermore, cells synthesize nitric oxide via iNOS (nitric oxide synthase) pathway by using 

arginine as substrate (71). Also the production of ROS (reactive oxygen species) via Nox2 has 

been observed after LPS activation (72). Treatment with IL-4 or IL-13 turns microglia into 

M2 phenotype, which can be characterized by the production of growth factors such as IGF-1, 

TGF-β and upregulated expression of genes involved in tissue remodeling and repair such as 

arginase 1 (Arg1), mannose receptor (Mrc1), found in inflammatory zone 1 (Fizz1), and 

chitinase 3-like protein 3 (Ym1) (65, 68, 69, 73-76).  
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Besides the release of pro- and anti-inflammatory factors, activated microglia are able to 

migrate, phagocytose and proliferate in response to certain stimuli. 

 

 

Figure 4 Conceptual framework of microglia polarization.  

Microglia activation by diverse stimuli leads to polarization of the cell towards different 

phenotypes. Application of LPS or IFN-γ triggers classical activation with pro-inflammatory 

(M1) phenotype. Alternative activation by IL-4 or IL-13 primes the cell towards anti-

inflammatory (M2) phenotype. RNS (reactive nitrogen species), ROS (reactive oxygen 

species), CCL2 (chemokine (C-C motif) ligand 2), CXCL10 (chemokine (C-X-C motif) 

ligand 10), TNF-α (tumor necrosis factor alpha), IL-1,-6,-12 (interleukin-1,-6,-12), IGF-1 

(insulin-like growth factor 1), TGF-β (transforming growth factor beta), Arg1 (arginase 1), 

Mrc1 (mannose receptor 1), Fizz1 (found in inflammatory zone 1), Ym1 (chitinase 3-like 

protein 3) 

2.2.3 Migration 

Microglia are highly motile and migratory cells. Motility refers to the cells’ rapid movement 

of their branched processes to constantly survey the environment. In contrast to motility, 

microglial migration is characterized by translocation of the whole cell body. Both 

mechanisms are important for developmental, physiological and pathophysiological 

functioning (77-79). Under developmental aspects, microglia migration occurs during 

embryogenesis, when yolk sac derived cells enter the brain (60). Under pathophysiological 

aspects, microglia are migrating in response to a “danger” signal towards the site of injury, 

accompanied by a transformation from a ramified into an amoeboid microglia phenotype (55). 

This phenomenon is also observed after ischemic stroke (80). “Danger” signals after stroke 

Anti-inflammatory, tissue remodeling
↑ Growth factors (IGF-1, TGF-ß)
↑ Arg1, Fizz1, Mrc1, Ym1

Pro-inflammtory, neurotoxic
↑ RNS, ROS
↑ Chemokines (CCL2, CXCL10)
↑ Cytokines (TNF-α, IL-6, IL-1β, IL-12)

M1

M2
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are released from cells of the injured region and can be of diversified nature, examples are 

extracellular nucleotides (ATP, ADP, UDP), cannabinoids, galanine or bradykinin (81-85). 

Although all these chemoattractants have the capability to increase microglia migration, the 

signal cascades controlling migratory behavior and underlying actin cytoskeleton 

reorganizations are highly complex and diverse. This diversity underlines the different 

functions of danger signals to microglia polarization under pathological conditions and is one 

piece of a puzzle in the diversity of microglia phenotypes.  

2.2.4 Phagocytosis 

As being part of the vertebrate immune system, microglia is not only the key player driving 

inflammatory reactions within the central nervous system, but also being qualified of doing 

phagocytosis and thereby helping to maintain homeostasis of the brain. Phagocytosis, per 

definition, is the process of recognition (“find me”), engulfment (“eat me”) and degradation 

(“digest me”) of particles or organisms (86). Microglia phagocytosis involves a broad 

spectrum of different targets, ranging from the engulfment of bacteria, spines, axonal and 

myelin debris, protein aggregates (Aß) to dead or dying cells (87). Recently the term 

phagoptosis was introduced, as it was found that microglia can induce neurodegeneration by 

phagocytosis of stressed but still viable neurons (88). Dependent on the brain’s 

pathophysiological condition and the engulfed target, phagocytosis can on the one hand result 

in respiratory burst and inflammatory occurrences, as it is known for microbe uptake 

(PAMPs). On the other hand, as it is known for the uptake of apoptotic cells (DAMPs), 

phagocytosis can be executed without inflammation but is related to the release of anti-

inflammatory signals like TGF-ß or IL-10 (89). A number of receptors and intracellular 

pathways are involved in the execution of phagocytosis. As “find me” signals, released from 

the targets itself, may serve extracellular nucleotides (ATP, UTP) or fractalkine. Since 

microglia cells are constantly surveying their environment, they sense these chemoattractants 

and migrate towards the target site. Along the way, microglial receptors, such as P2Y6 or 

fractalkine are able to adapt the cell to mediate phagocytosis (90, 91). Once microglia find 

their target, the target features “eat me” or “don´t eat me” signals to initiate or refuse the 

phagocytosis process. “Eat me” signals include a great number of members belonging to the 

phosphatidylserine-, integrin-, Ig superfamily- and scavenger-receptor family. Once the 

phagocyte finds its target, a short lived “phagocytic synapse” is formed (92), which triggers 

complex intracellular signaling pathways resulting in cytoskeletal remodeling and formation 

of a phagocytic cup that surrounds the target and develops the phagosome (phagocytic 
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vesicle). This phagosome is defined as a membrane bound compartment containing the 

phagocytosed target. By further fusion of the phagosome with lysosomes (derived from the 

Golgi apparatus, filled up with digestive proteins), the target is degraded within the newly 

formed phagolysosome in an acidic environment. The acidic environment is maintained by 

the activity of proton pumps. Dependent on the internalized target, it is digested into basic 

cellular building blocks including nucleotides, fats, sterols and peptides/amino acids. Also 

dependent on the engulfed target is the response of the microglia cell, whether it polarizes 

towards a pro- or anti-inflammatory phenotype, or both. 

2.2.5 Proliferation 

Surveillant microglia account for approximately 5% to 12% of the total cell population in the 

healthy adult mouse brain (93). However, a massive proliferative activity of microglia cells is 

found as an epiphenomenon of microglial activation in animal models of stroke, AD, MS or 

prion disease (94-98). Main drivers of microglial proliferation are macrophage colony-

stimulating factor (CSF1) and the expression of its receptor (CSF1R) (99, 100). On the 

transcriptional level, CFS1R expression is regulated via transcription factors PU.1 and 

C/EBPα, which are considered to be involved in regulating the molecular M1/M2 phenotype 

switch (94). The transection of the facial nerve in rodents provides a unique model to 

selectively assess resident microglia proliferation in vivo. The axotomy paradigm leads to a 

microglial response within its central nucleus of origin and restricts infiltration of peripheral 

macrophages because of the intact BBB (blood brain barrier) (101, 102). Thus, the application 

of the facial nerve axotomy to Gsn
+/+

 and Gsn 
-/-

 mice provides an excellent model to study 

the impact of actin filament remodeling on proliferation in microglia cells. 

2.2.6 The role for microglia in neurodegenerative diseases like stroke, 

Alzheimer’s disease and its relation to age 

With the advance of knowledge on the cellular and molecular pathomechanisms involved in 

neurodegeneration, nonneuronal cells and, in particular microglia, have begun to take center 

stage. Microglia, the “garbage men” of the central nervous system (103), fulfill crucial 

functions in the brain by continuously surveying their microenvironment and mounting an 

immune response in case of disease or tissue injury (104, 105). Research has moved beyond 

the simplistic notion of “wholesale good” or “wholesale bad” effects of microglia and instead 
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suggests that these cells may be beneficial, pernicious or both, depending on the precise 

temporal-spatial disease context.  

For example, in Alzheimer’s disease, microglia is hypothesized to be helpful as long as they 

are able to keep up with A  aggregate accumulation. However, once A  deposits exceed a 

critical size, microglial functions may be impaired and their phenotype may shift toward 

neurotoxicity (106, 107).  

Following cerebral ischemia, resident microglia immediately respond by inflammatory 

activation and accumulate at the lesion site and in the penumbra (96). Further immune 

modulatory actions, greatly influenced by DAMPs released from the injured region, can be 

achieved even after several days and months. Temporal-spatial dynamics of microglia 

phenotypes lead to a release of beneficial and detrimental substances (108).  

Since neurodegenerative diseases such as stroke or AD have the tendency to occur more often 

in elderly individuals (109-111), the question remains how “aged” microglia contribute to the 

progress of these diseases. Aging, and especially human aging, is associated with increased 

rigidity of cytoskeletal structures. With increasing cellular senescence, the equilibrium 

between monomeric, non-aggregated G-actin (“globular actin”) and fibrillar F-actin shifts 

toward the filamentous state (112-115). It has been proposed that in the aged brain, dystrophic 

(senescent) microglia has a reduced capability to maintain their homeostatic and 

neuroprotective functions and contribute to neurodegenerative processes (116-118). 

Moreover, if “aged” microglia cells are challenged with diseases, they are proposed to have a 

decreased ability to mount a beneficial response to injury (119-121). Hence, a comparison 

between gelsolin deficient and wildtype microglia and an additional comparison between 

adult and aged microglia could give more insights into the effects of pathological actin 

filament stabilization as a mediator of the detrimental effects of aging.  

  



Actin filament dynamics in microglia activation Introduction 

 

18 

 

2.3 Hypothesis 

Core aspects of microglia function including the response to challenges are highly dependent 

on actin cytoskeleton dynamics. In particular, modulation of actin dynamics differentially 

affects classical and alternative microglia activation. Furthermore, the state of the actin 

cytoskeleton impacts fundamental microglia processes such as proliferation, migration and 

phagocytosis in vitro and in vivo.  

 

This hypothesis leads to the following specific research questions: 

 

1. Does modulation of actin dynamics and microglia activation affect intracellular 

levels of actin binding proteins and the G/F-actin ratio? 

2. Does (if yes, how does) modulation of actin dynamics affect the response to classical 

microglia activation? 

3. Does (if yes, how does) modulation of actin dynamics affects the response to 

alternative microglia activation? 

4. Does modulation of actin dynamics affect microglia proliferation, migration and 

phagocytosis and are there differences between microglia from “adult” animals (<6 

months) compared to “aged” animals (>16 months of age)?  

 

In order to answer these questions and test the overall hypothesis, the following two 

experimental approaches were applied:  

 

1. Exogenous approach  

In order to influence actin polymerization and depolymerization in Wt (BL6/N) 

postnatal and BV-2 microglial cells, pharmacological intervention with 

jasplakinolide and cytochalasin D was applied.  

 

2. Endogenous approach 

The goal was to study differences of Gelsolin
+/+

 and Gelsolin
-/-

 microglial cells in 

vitro and in vivo and additionally test interaction with age (adult vs. aged) using a 2 x 

2 design. 
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3. MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Cell culture media, supplements and enzymes 

Product Supplier 

Deoxyribonuclease I Worthington (Lakewood, NJ, USA) 

Dulbecco's MEM (DMEM) Merck KGaA (Darmstadt, Germany) 

Fetal Bovine Serum (FBS) Merck KGaA (Darmstadt, Germany) 

Hank's Balanced Salt Solution (HBSS) Ca, Mg Invitrogen (Darmstadt, Germany) 

Hank's Balanced Salt Solution (HBSS) w/o Ca, 

Mg 

Invitrogen (Darmstadt, Germany) 

Mouse CSF-1 Recombinant Protein eBioscience (San Diego, CA, USA) 

Mouse GM-CSF Recombinant Protein eBioscience (San Diego, CA, USA) 

Penicillin/ Streptomycin Merck KGaA (Darmstadt, Germany) 

Phosphate buffered saline (PBS) Invitrogen (Darmstadt, Germany) 

Polylysine (PLL) Merck KGaA (Darmstadt, Germany) 

Sodium Pyruvate Merck KGaA (Darmstadt, Germany) 

Trypsin/ EDTA solution Merck KGaA (Darmstadt, Germany) 

3.1.2 Chemicals 

Product Supplier 

4’,6-Diamidino-2-phenylindole dihydrochloride 

(DAPI) 
Sigma-Aldrich (Saint Louis, MO, USA) 

4’,6-Diamidino-2-phenylindole dihydrochloride 

(DAPI) 
Sigma-Aldrich (Saint Louis, MO, USA) 

5-Bromo-2′-deoxyuridine (BrdU) Sigma-Aldrich (Saint Louis, MO, USA) 

Adenosine 5’-diphosphate Sodium Salt (ADP) Sigma-Aldrich (Saint Louis, MO, USA) 

Adenosine 5′-triphosphate Magnesium Salt (ATP) Sigma-Aldrich (Saint Louis, MO, USA) 

Ammonium acetate Sigma-Aldrich (Saint Louis, MO, USA) 

Calcium chloride CaCl2) Merck KGaA (Darmstadt, Germany) 

Carboxyfluorescein Diacetate, Succinimidyl Ester 

(CFSE) 
Invitrogen (Darmstadt, Germany) 

Chloroform Sigma-Aldrich (Saint Louis, MO, USA) 

Clodronate, Disodium Salt Merck KGaA (Darmstadt, Germany) 

Cytochalasin D Sigma-Aldrich (Saint Louis, MO, USA) 

D-(+)-Glucose Carl Roth (Karlsruhe, Germany) 

D-(+)-Saccharose Carl Roth (Karlsruhe, Germany) 
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Dimethylsulfoxid (DMSO) Sigma-Aldrich (Saint Louis, MO, USA) 

Ethanol, Absolute Merck KGaA (Darmstadt, Germany) 

Ethylene Glycol,  Sigma-Aldrich (Saint Louis, MO, USA) 

FORENE® (Isoflurane) Abbott (Wiesbaden, Germany) 

Fura-2 Calcium Indicator Invitrogen (Darmstadt, Germany) 

Glycerin Sigma-Aldrich (Saint Louis, MO, USA) 

HEPES Carl Roth (Karlsruhe, Germany) 

Hexafluoroisopropanol (HFIP) Sigma-Aldrich (Saint Louis, MO, USA) 

Hydrochloric acid (HCl) Sigma-Aldrich (Saint Louis, MO, USA) 

Ionomycin Invitrogen (Darmstadt, Germany) 

Isopropyl alcohol Sigma-Aldrich (Saint Louis, MO, USA) 

Jasplakinolide (InSolution
Tm

) Merck KGaA (Darmstadt, Germany) 

L-[
14

C(U)]-Arginine PerkinElmer (Turku, Finland) 

L-Arginine Sigma-Aldrich (Saint Louis, MO, USA) 

Lipopolysaccharide (LPS) E.coli 055:B5 Sigma-Aldrich (Saint Louis, MO, USA) 

Liquid Scintillation Cocktail (Opti-Fluor) PerkinElmer (Shelton, Ct, USA) 

L-Leucine Sigma-Aldrich (Saint Louis, MO, USA) 

Magnesium sulfate (MgSO4) Merck KGaA (Darmstadt, Germany) 

Monobasic potassium phosphate (KH2PO4) Merck KGaA (Darmstadt, Germany) 

Paraformaldehyde Sigma-Aldrich (Saint Louis, MO, USA) 

Phenol:Chloroform:Isoamyl Alcohol 

(UltraPure™) 
Invitrogen (Darmstadt, Germany) 

Pluronic® F-127 (20% Solution in DMSO) Invitrogen (Darmstadt, Germany) 

Potassium chloride (KCl) Merck KGaA (Darmstadt, Germany) 

Pyruvic Acid Sigma-Aldrich (Saint Louis, MO, USA) 

Recombinant Murine IL-4 PeproTech (Rocky Hill, NJ, USA) 

Saline (0.9%) 
Fresenius Kabi (Bad Homburg, 

Germany) 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich (Saint Louis, MO, USA) 

Sodium nitrite (NaCl) Sigma-Aldrich (Saint Louis, MO, USA) 

Thiazolyl Blue Tetrazolium Bromide (MTT) Sigma-Aldrich (Saint Louis, MO, USA) 

Tris Carl Roth (Karlsruhe, Germany) 

Triton™ X-100 solution Sigma-Aldrich (Saint Louis, MO, USA) 

TRIzol® Invitrogen (Darmstadt, Germany) 

Trypan Blue Stain (0.4%) Invitrogen (Darmstadt, Germany) 

β-Nicotinamide Adenine Dinucleotide, Reduced 

Disodium Salt Hydrate (ß-NADH) 
Sigma-Aldrich (Saint Louis, MO, USA) 

3.1.3 Antibodies, reagents and kits 

10% SDS–polyacrylamide gel Pierce (Rockford, lL, USA) 

ABC Elite reagent Vector Laboratories (Burlingame, CA, 
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USA) 

Amyloid β-Protein (1-42) Bachem (Bubendorf, Switzerland) 

APC Rat Anti-Mouse CD11b  BD Pharmingen (Heidelberg, Germany) 

autoMACS® Rinsing Solution Miltenyi (Bergisch Gladbach, Germany) 

BCA Protein Assay Pierce (Rockford, lL, USA) 

CD11b MicroBeads Miltenyi (Bergisch Gladbach, Germany) 

Diaminobenzidine (DAB) Sigma-Aldrich (Saint Louis, MO, USA) 

FITC or RhodX conjugated secondary antibodies 
Jackson ImmunoResearch Laboratories 

(West Grove, PA, USA) 

FITC-β-Ala-Amyloid β-Protein (1-42) ammonium 

salt 
Bachem (Bubendorf, Switzerland) 

Griess’ reagent for nitrite Sigma-Aldrich (Saint Louis, MO, USA) 

Horseradish Peroxidase-conjugated Goat Anti-

Mouse IgG  
Pierce (Rockford, lL, USA) 

Horseradish Peroxidase-conjugated Goat Anti-

Rabbit IgG  
Pierce (Rockford, lL, USA) 

LDH Enzyme (TruCal U) DiaSys Greiner (Flacht, Germany) 

Light Cycler® 480 SYBR Green I Master 
Roche Diagnostics (Mannheim, 

Germany) 

Live Cell Imaging Solution Invitrogen (Darmstadt, Germany) 

MACS® BSA Stock Solution Miltenyi (Bergisch Gladbach, Germany) 

M-MLV Reverse Transcriptase Promega (Mannheim, Germany) 

Mouse Anti-GAPDH  Merck KGaA, Darmstadt, Germany 

Mouse IGF-I Immunoassay  R&D Systems (Minneapolis, MN, USA) 

Mouse IL-1ß Immunoassay R&D Systems (Minneapolis, MN, USA) 

Mouse IL-6 Immunoassay R&D Systems (Minneapolis, MN, USA) 

Mouse TNF-alpha Platinum ELISA eBioscience (San Diego, CA, USA) 

Myelin Removal Beads II Miltenyi (Bergisch Gladbach, Germany) 

Neural Tissue Dissociation Kit (P) Miltenyi (Bergisch Gladbach, Germany) 

NucleoSpin® Tissue XS kit Machery-Nagel (Düren, Germany) 

PE Rat Anti-Mouse CD45 BD Pharmingen (Heidelberg, Germany) 

pHrodo S.aureus BioParticles® Conjugate Invitrogen (Darmstadt, Germany) 

Rabbit Anti-Cofilin Cell Signaling (Danvers, MA, USA) 

Rabbit Anti-Gelsolin Abcam ( Cambridge, UK) 

Rabbit Anti-HDAC1  Cell Signaling (Danvers, MA, USA) 

Rabbit Anti-Iba1 Wako Chemicals (Neuss, Germany) 

Rabbit Anti-iNOS (M19)  Santa Cruz (Dallas, TX, USA) 

Rabbit Anti-Ki67 Abcam ( Cambridge, UK) 

Rabbit Anti-Phospho-Cofilin Cell Signaling (Danvers, MA, USA) 

Rabbit Anti-Phospho-STAT6 Cell Signaling (Danvers, MA, USA) 

Rabbit Anti-SRF  Abcam ( Cambridge, UK) 

Rabbit Anti-STAT6 Cell Signaling (Danvers, MA, USA) 
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Rabbit Anti-β-Actin  Cell Signaling (Danvers, MA, USA) 

Random Hexamer Primers 
Roche Diagnostics (Mannheim, 

Germany) 

Rat Anti-BrdU Harlan Seralab (Indianapolis, IN, USA) 

RNasin® RNase Inhibitor Promega (Mannheim, Germany) 

RQ1 RNase-Free DNase Promega (Mannheim, Germany) 

Subcellular Protein Fractionation Kit for Cultured 

Cells 
Pierce (Rockford, lL, USA) 

Super Signal West Dura Chemiluminescent 

Substrate 
Pierce (Rockford, lL, USA) 

3.1.4 Tools and equipment 

µ-Slide (8 Well) Ibidi (Martinsried, Germany)  

CCD Camera  
ORCA, Hamamatsu, (Herrsching am 

Ammersee, Germany). 

Centrifuge, Eppendorf 5804R Eppendorf (Hamburg, Germany) 

Centrifuge, Hettich Universal 30RF Andreas Hettich (Tuttlingen, Germany) 

CO2 Incubator BINDER (Tuttlingen, Germany) 

Confocal Microscope Leica LFSA 
 Leica Mikrosysteme (Wetzlar, 

Germany) 

Countess
TM

 Automated Cell Counter and Slides Invitrogen (Darmstadt, Germany) 

Electrophoresis Chamber PEQLAB (Erlangen, Germany) 

Eppendorf Concentrator 5301 Eppendorf (Hamburg, Germany) 

Falcon® HTS FluoroBlok
TM

 Inserts 
Becton Dickinson Labware (Franklin 

Lakes, NJ, USA) 

Inverted Microscope Leica DMI3000 
Leica Mikrosysteme Vertrieb (Wetzlar, 

Germany) 

Inverted Microscope Olympus IX71; UPLSAPO 

X2 40x/0.95 objective  

Olympus Deutschland (Hamburg, 

Germany) 

Isofluorane Vaporizer 19.3 Drägerwerk (Lübeck, Germany) 

MACS Separation Columns  Miltenyi (Bergisch Gladbach, Germany) 

Multi-Purpose Shaker KL 2 Edmund Bühler (Hechingen, Germany) 

Nanodrop® ND-2000 Spectrophotometer 
Thermo Fisher Scientific (Wilmington, 

DE, USA) 

pH Meter (pH 522) WTW (Weilheim, Germany) 

Plate Reader MRX  Dynatech (Denkendorf, Germany) 

Plate Reader TriStar LB941 Berthold Tech. (Bad Wildbad, Germany) 

Power Supply  (Power Pac 200) Bio-Rad (München, Germany) 

QuadroMACS
TM

, OctoMACS
TM

 Separator Miltenyi (Bergisch Gladbach, Germany) 

Sliding Microtome  Leica Mikrosysteme (Wetzlar, Germany) 

Sonicator, Sonorex Super 10P 
BANDELIN electronic (Berlin, 

Germany) 
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Trans-Blot® SD Semi-Dry Transfer Cell Bio-Rad (München, Germany) 

Wallac Liquid Scintillation Counter 1409 PerkinElmer (Turku, Finland) 

3.1.5 Primer 

Primers have been purchased from Eurofins MWG Operon (Ebersberg, Germany). 

Gsn Gsn_ for CTC CGT ACC GCT CTT CAC TG Gsn_rev CTC ATC CTG GCT GCA TTC ATT G 

SRF SRF_for GCT ACA CGA CCT TCA GCA AGA G SRF_rev CAG GTA GTT GGT GAT GGG GAA G 

Cfl1 Cfl1_for TCT GTC TCC CTT TCG TTT CC Cfl1_rev ACC GCC TTC TTG CGT TTC TT 

Vil1 Vil1_for AGG CTC TCT CAA CAT CAC CAC Vil1_rev GTC CTG GCC AAT CCA GTA GT 

Pfn1 Pfn1_for TGG AAC GCC TAC ATC GAC AG Pfn1_rev TTG CCT ACC AGG ACA CCA AC 

Arpc5 Arpc5_for TCT GGA CAA GAA CGG TGT GG Arpc5_rev GTG AAC GGT GTC CAG TTC CA 

iNos iNOS_for GCT CGC TTT GCC ACG GAC GA iNOS_rev AAG GCA GCG GGC ACA TGC AA 

Cat1 Cat-1_for CTC TCT CTG CGC ACT TTC CA Cat-1_rev CTG AGG TCA CAG TGG CGA TT 

Cat2 Cat2_for ACA ACG GGT GAA GAG GTT CG Cat2_rev CCA TCC TCC GCC ATA GCA TA 

Cat3 Cat-3_for CCT ACG TCA TTG GTA CAG CCA G  Cat-3_rev CAG CAA TCC AGT GAG CAG CAA C  

Asl Asl_for TAC ACA CAG GAC GAA GTC GC Asl_rev TGA ATC TCG TGT CAG CGC AA 

Arg1 Arg1_for ATG TGC CCT CTG TCT TTT AGG G Arg1_rev GGT CTC TCA CGT CAT ACT CTG T 

Nfkb1 Nfkb1_for GTC AAC AGA TGG CCC ATA CCT TC Nfkb1_rev GTC CTG CTG TTA CGG TGC ATA C 

Tnfa TNFa-1_for CCA CCA CGC TCT TCT GTC TA TNFa-1_rev AGG GTC TGG GCC ATA GAA CT 

IL6 IL6_for GAG GAT ACC ACT CCC AAC AGA CC IL6_rev AAG TGC ATC ATC GTT GTT CAT ACA 

IL12 IL12b_for CCG GAC GGT TCAC GTG CTCA IL12b_rev CAC TGC CCG AGA GTC AGG GGA 

IL1b IL1b_for CAA CCA ACA AGT GAT ATT CTC CAT G IL1b_rev GAT CCA CAC TCT CCA GCT GCA 

Igf1 Igf1_for  GTC TTC ACA CCT CTT CTA CCT G Igf1_rev  GCT GCT TTT GTA GGC TTC AGT G 

Ym1 Ym1_for  CTC TAC TCC TCA GAA CCG TCA G Ym1_rev  GCA GCC TTG GAA TGT CTT TCT CC 

Fizz1 Fizz1_for  GTC CCA GTG AAT ACT GAT GAG AC Fizz1_rev  GTT GCA AGT ATC TCC ACT CTG G 

Mrc1 Mrc1_for GTC AGA ACA GAC TGC GTG GA Mrc1_rev AGG GAT CGC CTG TTT TCC AG 

Adam17 Adam17_for CTC ATC CTG ACC ACT TTG GTG C  Adam17_rev GTG TGT CGC AGA CTG TAG ATC C  

P230 p230_for GAC CAG CTT GAT GAC GTG ACA C  p230_rev CCT CGC TCT CCA TAT CAG AAG G  

Tpp2 Tpp2_for CTT CTA TCC AAA GGC TCT CAA GG Tpp2_rev CTC TCC AGG TCT CAC CAT CAT G 

3.1.6 Animals and Cell lines 

C57/BL6 N mouse FEM (Berlin, Germany) 

Gsn 
-/-

  mouse FEM-Bayer (Berlin, Germany) 

Gsn 
+/+  

mouse FEM-Bayer (Berlin, Germany) 

BV-2 murine microglia cell line H. Kettenmann (MDC Berlin-Buch, Germany) 

3.1.7 Software 

GraphPad Prism Version 6, GraphPad Software, Inc. (La Jolla, CA, USA) 

Stereo Investigator, MBF Bioscience (Williston, VT, USA) 

xcellence Software Olympus Deutschland GmbH (Hamburg, Germany) 

Light Cycler 480 Version 1.5.0 F. Hoffmann-La Roche Ltd (Basel, Switzerland)  
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3.2 Methods 

3.2.1 Animals and drug treatment 

All procedures conformed to national and institutional guidelines and were approved by an 

official committee.  

Mice lacking gelsolin (Gsn
-/-

) have been described in detail previously (26, 51, 122). “Adult” 

Gsn 
+/+ 

and
 
Gsn 

-/-
 individuals refer to mice on average below 6 months of age, whereas 

“aged” animals have been on average older than 16 months of age.  

Bromodeoxyuridine (BrdU) was administered intraperitoneally at a dose of 50 g/kg body 

weight.  

3.2.2 Primary postnatal microglia cultures  

Cultures of primary mouse microglia were prepared from newborn mice as described in detail 

previously (123). Briefly, microglial cells were harvested by gentle shake off and seeded at an 

initial density of 10
6
 cells/ml. Cells remained in culture for an additional 24 h before use. The 

purity of cultures exceeded 98% as verified by regular flow cytometry analyses with CD11b 

and CD45 staining (rat anti-mouse CD11b and rat anti-mouse CD45). All experiments were 

performed in DMEM containing 10% fetal calf serum, 1% Pen/Strep and 1% Na-Pyruvate 

(“complete medium”). LPS was applied at a concentration of 1 μg/ml (123). Recombinant 

murine IL-4 was used at a concentration of 10 µg/ml. Unless indicated otherwise, 45 min 

prior LPS or IL-4 stimulation, jasplakinolide was applied at a concentration of 250 nM and 

cytochalasin D at a concentration of 2 µM.  

3.2.3 Cultures of primary adult microglia  

The procedure for the cultivation of adult-derived microglia has been described in detail 

recently (124). Cell suspensions of adult (< 6 months) and aged (> 16 months) mouse brains 

were seeded into PLL-coated 75-cm
2
 cell culture flasks containing a monolayer of neonatal 

astrocytes. This so-called “substrate culture” was derived from neonatal mixed glial cultures 

of wildtype mice. After the astrocytic monolayer of the neonatal mixed glial culture had 

reached confluence, loosely attached microglia were gently shaken off and discarded with the 

medium. Cultures were then washed once with complete medium, incubated with clodronate 

(200 μg/ml) in complete medium (48 h, 37°C, 5% CO2), and vigorously shaken (250 rpm, 
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37°C, overnight) to deplete any residual neonatal microglia (Figure 5A). Cultures were 

washed once with phosphate-buffered saline (PBS) and once with complete medium and kept 

in an incubator (37°C, 5% CO2) until further use (within 24 to 48 h). Before the addition of 

the adult cell suspension (Figure 5B), the astrocytic culture received another medium 

exchange. 24 h after seeding, postnatal mixed glial cultures were washed (3× PBS) and 

received fresh complete medium. After 7 days, cultures received complete medium with 

growth factors GM-CSF (5 ng/ml) and CSF-1 (10 ng/ml) to stimulate microglia proliferation. 

Microglia cells were harvested after 5 days by gentle shake off and seeded at an initial density 

of 10
6
 cells/ml. PCR analysis of DNA isolated from adult microglia cultures showed only one 

band with the typical length of DNA fragments for both genotypes, confirming the purity of 

cultures (i.e. no spillover of neonatal cells into adult cultures) (Figure 5C).  

 

Figure 5 Overview of the “primary adult microglia culture” technique.  

Clodronate treatment depletes microglia and leaves a monolayer of postnatal astrocytes (A). 

Brain suspensions of adult or aged Gsn
-/-

 and Gsn
+/+

 mice were seeded onto the monolayer of 

postnatal astrocytes. After 7 days of culture, proliferation was stimulated to obtain microglia 

cells (B). After harvest of cells from Gsn
-/-

 and Gsn
+/+

 cultures, purity was tested by DNA 

isolation and genotyping PCR (C). 

 

3.2.4 Ex vivo isolation of adult microglia 

Brains of adult Gsn
+/+

 and Gsn
-/-

 mice were perfused transcardially with 0.9 % saline. Brains 

were dissociated using the Neural Tissue Dissociation Kit (P) according to the manufacturer’s 

protocol. After dissociation myelin was removed using Myelin Removal Beads. Finally, for 

magnetic cell sorting (“MACS”) via columns, the cell suspension was incubated with CD11b 

MicroBeads. For calcium measurements, CD11b
+ 

cells were seeded onto 8-well chambered 

coverslips 24 h before imaging. For migration assay, cells have been seeded immediately on 

FluoroBlok
TM

 Inserts.  

bp

500

Gsn-/- (480bp)

Gsn+/+ (280 bp)

300

Gsn+/+

Gsn -/-

Astrocytes P0-3
Microglia from adult

or aged mice

BL6

A B C
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3.2.5 Preparation of oligomeric β-amyloid1-42 

Amyloid-β (A ) protein (1-42) or FITC Aβ (1-42) was dissolved in ice-cold hexafluoro-2-

propanol (HFIP) at a concentration of 1 mM. The solution was then incubated at room 

temperature for 2 h to allow monomerization and randomization of structure (125). The HFIP 

was removed by vacuum centrifugation using the Eppendorf concentrator until a clear peptide 

film appeared (126). The film was stored at -80°C. One day before the cell culture 

experiment, the peptide film was dissolved in DMSO at a concentration of 10 mM with 

further dilution to 100 µM in PBS and stored at 4°C.  

 

3.2.6 MTT assay 

Microglia cell viability was assayed by measuring intracellular reduction of the tetrazolium 

salt 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) to formazan. The 

MTT labeling agent was added to the cells at a final concentration of 0.5 mg/ml. The 

converted dye was solubilized in 10 % SDS in 0.01 M HCl and measured at 550 nm with a 

plate reader.  

3.2.7 LDH assay 

Aliquots of the cell culture medium were collected for analysis of lactate dehydrogenase 

(LDH) activity as described previously (127). Briefly, 50 µl cell culture supernatant or 25 µl 

standard LDH enzyme was mixed with 200 µl of 212 µM ß-NADH  and 25 µl of 22,7 mM 

Pyruvat, both in 0.1 M KPO4 buffer. Immediately, absorbance of the reaction was measured 

10 times at a wavelength of 340 nm in a plate reader, with 30 s intervall and 10 s shaking in 

between. LDH concentration was calculated from the slope of the absorbance curve.  

3.2.8 NO measurements  

Nitric oxide (NO) production was quantified as nitrite accumulation using the Griess’ reagent 

for nitrite as described previously (123). 100 μl of cell culture supernatant was incubated with 

100 μl Griess reagent. Absorption was measured at 550 nm with a microplate 

spectrophotometer. The concentration of nitrite in samples was calculated using a standard 

curve ranging from 0 µM to 80 µM Sodium-Nitrite. 
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3.2.9 Cytokine measurements 

The concentrations of IL-6 (R&D Systems), IL-1β (R&D Systems), TNF-α (eBioscience) and 

IGF-1 (R&D Systems) were measured in the cell culture supernatant by ELISA. After pre-

dilution of cell culture supernatant samples, the ELISA protocol followed exactly the 

manufacturer´s instructions. 

3.2.10 Messenger RNA isolation, cDNA synthesis and quantitative 

polymerase chain reactions  

Total RNA was extracted using the NucleoSpin® Tissue XS kit according to the protocol. 

Contaminating DNA was removed by 20 min incubation at 37°C with RQ1 DNase that 

produces 3´-hydroxyl oligonucleotides. RNA degradation was inhibited by adding 4U/µl 

RNasin® Inhibitor to the Mastermix. Enzymes were removed afterwards by 

Phenol/Chloroform extraction followed by ethanol precipitation (128). RNA conconcentration 

has been measured with Nanodrop® Spectrophotometer and was used for cDNA synthesis 

which was set up with random hexamer primers and M-MLV reverse transcriptase. For 

polymerase chain reaction amplification, we used gene-specific primers (listed in chapter 

3.1.5) and Light Cycler® 480 SYBR Green I Master. Polymerase chain reaction conditions 

were as follows: preincubation 95°C, 10 min; 95°C, 10 s, primer-specific annealing 

temperature, 10 s, 72°C, 15 s (45 cycles). Crossing points of amplified products were 

determined using the Second Derivative Maximum Method (Light Cycler 480 Version 1.5.0, 

Roche). Quantification of messenger RNA expression was relative to tripeptidyl peptidase 

(Tpp) 2 (129). Specificity of polymerase chain reaction products was checked using melting 

curve analysis and electrophoresis in a 1.5% agarose gel.  

3.2.11 Western blotting 

Cells were fractionated into cytosolic, membrane and cytoskeletal (pellet) fractions using the 

Subcellular Protein Fractionation Kit for Cultured Cells according to the manufacturer’s 

protocol. Protein concentration was determined by BCA Protein Assay. Equal amounts of 

protein were loaded on 10% SDS–polyacrylamide gels and blotted onto polyvinylidene 

fluoride membranes. Blots were probed with primary and secondary antibodies and developed 

by an enhanced chemiluminescent detection method. Antibodies were used in the following 

dilutions: rabbit anti-beta-Actin 1:5000, mouse anti-GAPDH 1:5000, rabbit anti-iNOS 1:200, 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3359750/table/aws075-T1/
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rabbit anti-Gelsolin 1:1000, rabbit anti-SRF 1:200, rabbit anti-Cofilin 1:800, rabbit anti-

Phospho-Cofilin 1:500, rabbit anti-STAT6 1:500, rabbit anti-Phospho-STAT6 1:500, rabbit 

anti-HDAC1 1:500, horseradish peroxidase-conjugated goat anti-rabbit IgG 1:2000 and 

horseradish peroxidase-conjugated goat anti-mouse IgG 1:2000.  

3.2.12
 14

C-labeled L-arginine uptake studies 

Arginine uptake into microglia was measured after 45 min preincubation with 250 nM 

jasplakinolide or 2 µM cytochalasin D followed by 6 h cotreatment with LPS. Cells were 

washed twice with 500 µl prewarmed (37° C) wash buffer (137 mM NaCl, 5.4 mM KCl, 1.2 

mM MgSO4·7H2O, 2.8 mM CaCl2·2H2O, 10 mM HEPES, and 1 mM KH2PO4 [pH 7.4]). Cells 

were then resuspended in 250 µl of 50 µM L-[
14

C(U)]arginine  prewarmed wash buffer 

supplemented with 5 mM L-leucine. The reaction was stopped after 10 min. Samples were 

washed three times with ice-cold stop solution (10 mM HEPES, 10 mM Tris, 137 mM NaCl, 

10 mM nonradioactive l-arginine [pH 7.4]). Cells were then lysed with 0.1% Triton in PBS, 

and radioactivity was counted in a liquid scintillation counter.  

3.2.13 Microglial phagocytosis 

Phagocytosis of bacterial particles was assessed using the pHrodo™ Red S. aureus 

Bioparticles® Conjugate for Phagocytosis according to the manufacturer’s manual. Postnatal 

microglia were pretreated with cytoskeletal drugs for 45 min before experimentation.  

For the A  phagocytosis studies, 5 µM FITC-coupled oligomeric A  was added to the 

microglia cultures. After incubation for 2 h at 37°C, cultures were stained with Hoechst 33342 

for 20 min at room temperature. After washing with live cell imaging solution, extracellular 

fluorescence was quenched by addition of 0.4% trypan blue solution. FITC and Hoechst 

fluorescence were measured at wavelengths of 485(ex)/535(em) and 340(ex)/460(em), 

respectively.  

3.2.14 Modified Boyden chamber assay 

Cells were seeded on BD Falcon™ HTS FluoroBlok™ Inserts (8 µm pore size) at a density of 

15 x 10
3
 cells/ transwell insert. 100 µM ADP was added to the well below the insert. After 6 h 

of incubation at 37°C and 5% CO2, the membranes of the inserts were stained with 10 μm 

CFSE dye, and then fixed with 4% paraformaldehyde (PFA) and counterstained with 2 μm 

4′,6′-diamidino-2-phenylindole (DAPI). Migrated cells below the FluoroBlok membranes 
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were visualized using an inverted fluorescence microscope. The rate of microglia migration 

was calculated by counting cells in four different microscope fields of each membrane (at 20x 

objective magnification). In order to consider basal microglia migration, data is presented as 

the ratio of microglia migration to ADP / microglia migration without ADP. 

3.2.15 Calcium imaging 

Ex vivo-isolated microglia were seeded onto Ibidi μ-Slides at a density of 3 x 10
4
 cells/well. 

24 h after seeding, experiments were performed in HEPES buffer (130 mM NaCl, 4.7 mM 

KCl, 1 mM MgSO4, 1.2 mM KH2PO4, 1.3 mM CaCl2, 20 mM Hepes, 5 mM glucose, pH 

7.4). Cells were loaded with Fura-2/AM (5 μM; stock solution dissolved in 20% pluronic F-

127) by incubation in HEPES buffer at 37°C for 30 min. After loading, Fura-2 was allowed to 

de-esterify for at least 10 min at room temperature in standard solution. Cells were monitored 

with an inverted Olympus IX71 stage equipped with an UPLSAPO X2 40x/0.95 objective. 

Fluorescence data was acquired on a PC running xcellence software via a cooled CCD 

camera. For stimulation experiments, 100 µM freshly prepared ATP was applied. Intracellular 

free Ca
2+

 concentration [(Ca
2+

)int] was derived from background-subtracted F340/F380 

fluorescent ratios (R) after in situ calibration according to the following equation: [Ca
2+

]int 

(nM) = K d·Q·(R−R min)/(R max−R), where K d is the dissociation constant of Fura-2 for Ca
2+

 at 

room temperature (225 nM); Q is the fluorescence ratio of the emission intensity excited by 

380 nm in the absence of Ca
2+

 to that during the presence of saturating Ca
2+

; and R min and R 

max are the minimal or maximal fluorescence ratios, respectively. R min was measured by 

perfusion with Ca
2+

-free HEPES buffer (as described above) containing 10 μM ionomycin. R 

max was obtained by perfusion with standard solution containing 10 mM CaCl2/10 μM 

ionomycin. Released Ca
2+

 was calculated by subtracting baseline Ca
2+

 and plotted over time. 

Ionomycin (viability control after ATP measurements) was applied at 10 µM. 

3.2.16 Facial nerve axotomy 

For facial nerve axotomy we used 6- to 8-week-old Gsn
+/+

 and Gsn
-/-

 mice. The experimental 

procedures including subsequent histological analyses have been described in detail 

previously (130).  
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3.2.17 Induction of cerebral ischemia 

Mice were anesthetized with 1.5% isofluorane and maintained in 1% isofluorane in 69% N20 

and 30% O2 using a vaporizer. Ischemia was induced by 30 min filamentous middle cerebral 

artery occlusion (MCAo)/reperfusion as described in detail previously (131). 

 

3.2.18 Histological procedures and imaging 

After transcardial perfusion with 0.9% saline followed by 4% paraformaldehyde in 0.1 mol/L 

phosphate buffer, brains were stored in the fixative for 48 h and then transferred into 30% 

sucrose in 0.1 mol/L phosphate buffer for 24 h. Coronal sections of 40 μm or 20µm thickness 

were cut from a dry ice-cooled block on a sliding microtome. Sections were stored at -20°C in 

cryoprotectant solution containing 25% ethylene glycol, 25% glycerin, and 0.05 mol/L 

phosphate buffer. All antibodies were diluted in Tris-buffered saline containing 0.1% Triton 

X-100 and 3% donkey serum. Primary antibodies were rat anti-BrdU 1:500, rabbit anti-Iba1 

1:500. FITC- or RhodX-conjugated secondary antibodies were all used at a concentration of 

1:250. Immunohistochemistry followed the peroxidase method with biotinylated secondary 

antibodies, ABC Elite reagent, and diaminobenzidine (DAB) as chromogen. 

Confocal microscopy was performed using a spectral confocal microscope (TCS SP5; Leica). 

Appropriate gain and black level settings were determined on control slices stained with 

secondary antibodies alone. 

The number of Iba1
+
 cells per volume (Microglia density) was assessed using 

StereoInvestigator® software. Hippocampal, striatal and facialis nucleus region of the right 

and left hemisphere were delineated at ×100 magnification and cells counted at ×200 

magnification. 

3.2.19 DNA isolation and genotyping 

DNA was isolated using TRIzol® method according to the manual supplied by the 

manufacturer. The Gsn
+/+

 gene (280bp) was amplified using the forward 5’-

gtggagcaccccgaatt-3’ and reverese 5’-ctcagttcaggtatatccatatccatacag-3’ primers. The Gsn
-/-

 

gene (480 bp) was amplified using forward 5’-attgaacaagatggattgcac-3’ and reverese 5’-

cgtccagatcatcctgat-3’ primers. PCR mastermix was prepared with both, Gsn
+/+

 and Gsn
-/-

 

primer pairs. PCR products have been loaded on a 1.5% agarose gel.  
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4. RESULTS 

4.1 Cytotoxicity of the actin toxins  

In order to test the effects of different concentrations of the actin filament destabilizer 

cytochalasin D and the actin filament stabilizer jasplakinolide, two assays were performed. 

The viability of primary mouse microglia was assessed using the MTT dye assay (Figure 6A) 

as well as by measuring LDH release (Figure 6B). The concentrations used in subsequent 

experiments are highlighted by grey bars (Figure 6). Neither 24 hour treatment with 

cytochalasin D (0.25 µM, 0.5 µM, 1 µM, 2 µM), nor jasplakinolide (63 nM, 125 nM, 250 

nM), had an effect on the viability of postnatal primary microglia cells. With higher 

cytochalasin D concentrations (4 µM, 8 µM), a significant increase in LDH release was 

observed. Higher dosages of jasplakinolide (500 nM, 1000 nM, 2000 nM) also reduced the 

MTT signal after cotreatment for 24 hours with 1 µg/ml LPS and significantly increased LDH 

release with and without LPS challenge. *p<0.05 relative to respective controls (i.e. cells not 

treated with cytochalasin D or jasplakinolide). N=3-5 independent measurements per data 

point.  
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Figure 6 Viability of primary mouse microglia.  

MTT dye assay (A) and LDH release (B), were not affected by treatment with either 

cytochalasin D or jasplakinolide for 24 hours at the concentrations used in subsequent 

experiments (highlighted by grey bars). However, at higher concentrations, toxic effects were 

observed for both cytoskeletal drugs. LPS was applied at 1 µg/ml for 24 hours as indicated. 

One-way ANOVA followed by Dunnett's multiple comparisons test. *p<0.05 relative to 

respective controls (i.e. cells not treated with cytochalasin D or jasplakinolide). N=3-5 

independent measurements per data point. 

4.2 Expression of actin-regulating proteins after classical 

activation with LPS and disruption of actin filament dynamics 

4.2.1 Analysis of actin-regulating proteins in BV-2 murine microglial cells 

To test the microglial expression of pre-selected actin-regulating proteins in the following 

treatment paradigm, BV-2 cells were stimulated in the absence (-LPS) or presence (+LPS) of 

LPS for 6 h (Figure 7A) and 24 h (Figure 7B) under three different conditions: For the control 

(Ctrl) condition, the solvent DMSO was used in equal dilution to the cytochalasin D 

treatment, cytochlasin D (Cyt) was used at a concentration of 2 µM and jasplakinolide (Jasp) 

at a concentration of 250 nM. Whole microglia protein extracts were probed by Western 

blotting with antibodies against gelsolin, serum-response factor (SRF), phospho-cofilin (P-
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CFL) and cofilin (CFL). A comparable loading of protein was confirmed by glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) staining. After 6 h, gelsolin expression was already 

upregulated by cytochalsin D and jasplakinolide treatment with and without LPS activation 

compared to the corresponding control. This effect was even more pronounced after 24 h, 

especially for the jasplakinolide condition. After 24 h, SRF and P-CFL protein levels were 

clearly downregulated for jasplakinolide and cytochalasin treatment compared to the control 

condition. Cofilin expression was not influenced by any treatment tested in this thesis. 

Interestingly, LPS treatment per se did not influence the expression of the probed proteins. 

 

Figure 7 Actin-regulating proteins of classically activated microglia cells.  

Western blot of protein extracts of non-LPS (-LPS) and LPS (+LPS) exposed BV-2 microglial 

cells after 6 h (A) and 24 h (B) probed with antibodies against gelsolin (GSN), serum-

response factor (SRF), phospho-cofilin (P-CFL) and cofilin (CFL). Note downregulation of 

SRF and P-CFL in the presence of both cytoskeletal drugs (cytochalasin D: 2 µM; 

jasplakinolide: 250 nM) as well as strong upregulation of gelsolin in the presence of 

jasplakinolide (B). By contrast, activation of cells with LPS did not result in upregulation of 

actin-binding proteins. Comparable loading of protein was confirmed by glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). 

4.2.2 Analysis of actin-regulating genes in primary postnatal microglia cells 

To test the expression of key genes involved in actin cytoskeleton organization in postnatal 

primary microglia cells, quantitative real-time PCR was performed after 6 h of treatment 

(Figure 8). The treatment paradigm was similar to what has been described under 4.2.1. LPS 

treatment (1 µg/ ml) did not lead to any upregulated mRNA transcription of the tested genes. 

Expression of gelsolin was also not influenced by disruption of actin filament remodeling 

with either cytochalasin D or jasplakinolide. In contrast, all the other genes showed increased 

mRNA transcription after disruption of actin filament remodeling. 
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Figure 8 Analysis of mRNA expression of key genes involved in actin cytoskeleton 

organization.  

Primary microglia were exposed to cytochalasin D (2 µM) and jasplakinolide (250 nM) for 

six hours. Note that activation of microglia with LPS did not increase mRNA transcription of 

any of the genes investigated. By contrast, disruption of actin filament dynamics resulted in 

an overall pattern characterized by increased gene transcription independent of activation 

status. gelsolin (Gsn), serum response factor (Srf), cofilin 1 (Cfl1), vilin 1 (Vil1), profilin 1 

(Pfn1), actin related protein 2/3 complex, subunit 5 (Arpc5), tripeptidyl peptidase 2 (Tpp2). 

Two-way ANOVA followed by Tukey's multiple comparisons test. *p<0.05 within +LPS/ -

LPS treatment condition. #p<0.05 between +LPS and -LPS treatment condition. N=4-5 

independent measurements per data point.  

4.3 Pro-inflammatory phenotype after classical activation of 

microglia cells with LPS  

4.3.1 Release of nitric oxide from microglia cells of postnatal mice is 

impaired in vitro 

One hallmark of classical microglia activation is the production and release of high amounts 

of nitric oxide (NO). Via Griess assay, nitrite (NO2
–
), a breakdown product of NO, can be 

detected in the cell culture supernatant. On average, 20-24 µM NO2
– 

accumulated after 24 

hours LPS activation (+LPS) in the cell culture supernatant of primary postnatal cells (Figure 

9A). For the control conditions without LPS (-LPS), virtually no nitrite accumulation was 

detectable. If cytoskeleton remodeling was disrupted with either cytochalasin D (1 µM, 2 µM) 

or jasplakinolide (125 nM, 250 nM), less nitrite was measured in a concentration-dependent 

manner (Figure 9A). Primary microglia cells derived from adult and aged Gsn
+/+

 and Gsn 
-/-
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mice also responded to LPS challenge with NO release. Here, only a trend towards an 

attenuated response for Gsn
-/- 

microglia of both ages was observed (Figure 9B).  

 

 

Figure 9 Griess assay after classical microglia activation. 

Primary postnatal mouse microglia (A) and  microglia cultured from adult (< 6 months, 

“young”) and aged (> 16 months, “old”) Gsn
+/+

 and Gsn
-/-

 mice (B) were stimulated with LPS 

(1 µg/ml; +) or vehicle (-) for 24 h. (A) In the presence of both cytoskeletal drugs, NO release 

as measured by the Griess reaction was significantly impaired. (B) At least descriptively, 

gelsolin deficiency also impaired NO release from adult-derived microglia with no further 

discernible effect of the factor age. Two-way ANOVA followed by Tukey's multiple 

comparisons test. *p<0.05 within +LPS/ -LPS treatment condition. N=3-5 independent 

measurements per data point. 

 

4.3.2. Expression of iNos and genes involved in LPS-induced arginine 

transport and turnover are not regulated on the transcriptional level in 

response to disruption of actin filament dynamics 

In order to dissect the molecular mechanisms underlying decreased NO release with 

cytoskeletal drugs seen in Figure 9, quantitative gene expression analyses were performed 

(Figure 10). In microglia cells, production of NO is catalyzed via the enzyme inducible Nitric 

oxide synthase (iNOS). The substrate for iNOS is the amino acid arginine, which is 

transported via cationic amino acid transporter 2 (CAT2) across the membrane into the 

microglia cell. Arginine is not only a substrate for iNOS, it is also a substrate for arginase 1 

(ARG1), an enzyme upregulated after “alternative” microglia activation and known to be 

involved in the urea cycle. Argininosuccinate lyase (ASL) and argininosuccinate synthase 1 

(ASS1) are further enzymes involved in the urea cycle.  
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Expression of iNos and Cat2 was highly upregulated after six hours LPS treatment, but was 

not influenced by cotreatment with either cytochalasin D (2 µM) and jasplakinolide (250 nM) 

(Figure 10A). In contrast, Asl and Arg1 are significantly downregulated after LPS treatment. 

Both genes are not directly involved in the iNOS pathway but play a role for arginine 

turnover. Again, cotreatment with actin filament destabilizer and stabilizer does not affect 

expression of these genes (Figure 10B). Expression of Cat1, Cat3 and Ass1 was not 

influenced by LPS treatment at all (Figure 10C).  

 
Figure 10 Regulation of genes involved in arginine transport and turnover in 

primary postnatal microglia at six hours after LPS stimulation.  

While LPS significantly induced iNos and Cat2 mRNA expression (A), Arg1 and Asl mRNA 

levels were reduced (B). No significant effect of either cytoskeletal drug was observed (A, B). 

Cat1, Cat3 and Ass1 mRNA expression is not influenced by LPS treatment (C). iNos 

(inducible nitric oxide synthase), Cat1/2/3 (cationic amino acid transporter 1/2/3), Arg1 

(arginase 1), Asl (argininosuccinate lyase), Ass1 (argininosuccinate synthase 1). Two-way 

ANOVA followed by Tukey's multiple comparisons test. *p<0.05 within +LPS/ -LPS 

treatment condition. #p<0.05 between +LPS and -LPS treatment condition. N=4-5 

independent measurements per data point. 
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4.3.3 Protein expression of iNOS after LPS challenge 

LPS-challenged microglia showed reduced release of NO in the presence of cytoskeletal 

drugs (Figure 9). However, gene levels of iNos are not influenced by treatment with actin 

toxins (Figure 10). In order to clarify the causes for this NO reduction (Figure 9) and since the 

regulation of the transcriptional and translational levels are not necessarily directly related, 

iNOS protein levels were analyzed via Western Blot. LPS challenge led to an upregulation of 

iNOS in BV-2 (Figure 11A) and primary postnatal cells (Figure 11B). The protein was 

detected in the membrane as well as in the cytosolic fraction. Very interestingly, iNOS 

expression levels clearly decrease after jasplakinolide treatment, as well as after cytochalasin 

D treatment, occurring in both cell types (BV-2 and primary postnatal). G-actin levels did not 

change with type of treatment, while F-Actin levels increased under jasplakinolide conditions. 

 
Figure 11 Western blot of protein extracts of non-LPS and LPS-exposed BV-2 

microglial cells (A) and postnatal primary cells (B) after six hours incubation.  

Note the strong LPS-induced upregulation of iNOS in the cytosolic fraction which is 

attenuated by both jasplakinolide (250 nM) and cytochalasin D (2 µM). In the corresponding 

cytoskeletal (“pellet”) fractions, the actin polymerizing and stabilizing effects of 

jasplakinolide are reflected by increased filamentous (F)-actin levels. 
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4.3.4 Increased L-(
14

C)-arginine uptake into LPS activated primary 

postnatal microglia cells 

Decreased levels of NO release may also be associated with limited availability of substrate. 

As regards arginine, it may be linked with changes in arginine uptake. One sensitive approach 

for measuring the uptake of arginine into the cell is based on radioactively labeled arginine. 

As shown in Figure 10, expression of iNos and Cat2 is upregulated after LPS activation. Also, 

iNOS protein levels increase after LPS stimulation (Figure 11). This already indicates that the 

substrate of iNOS (namely arginine) may be needed in higher amounts. This would result in 

higher uptake of arginine. As expected, the uptake of arginine was significantly increased 

after LPS stimulation compared to non LPS stimulation (#p<0.05, Figure 12). Moreover, 

jasplakinolide treatment also led to a decrease (*p<0.05, Figure 12) of arginine uptake after 

LPS treatment.  

 
Figure 12 Arginine uptake assay. 

Measurement of the uptake of 
14

C-L-arginine (disintegrations per minute; dpm) into primary 

postnatal microglia after 6 hours preincubation with LPS, jasplakinolide (250 nM) and 

cytochalasin D (2 µM). Two-way ANOVA followed by Tukey's multiple comparisons test. 

*p<0.05 within LPS/non-LPS treatment condition. #p<0.05 between LPS and non-LPS 

treatment condition. N=5 independent measurements per data point. 
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4.3.5 Cytokine release after LPS treatment is differentially affected after 

disruption of actin filament dynamics  

To characterize the LPS-induced release pattern of cytokines after cytoskeletal deregulation, 

cell culture supernatant of primary microglia cells was analyzed after 6 hours post activation 

(Figure 13A, B) and after 24 hours post activation (Figure 13C, D). An attenuated secretion of 

tumor necrosis factor (TNF-α) from primary postnatal microglia cultures was observed after 

treatment with 125 nM and 250 nM jasplakinolide and 1 µM and 2 µM cytochalasin D. 

Gelsolin deficiency also led to decreased release of TNF-α after LPS activation from 

microglia cells of aged mice (Figure 13B). Like TNF-α, interleukin-6 (IL-6) also follows the 

classical secretion pathway via entering the endoplasmic reticulum - Golgi complex. 

Disruption with jasplakinolide (250 nM) led to decreased release of IL-6 while cytochalasin D 

treatment did not significantly impair IL-6 release from microglia cells (Figure 13C). In 

contrast to IL-6 and TNF-α, IL-1β is secreted via an unconventional pathway, without 

entering the ER and Golgi apparatus. As expected, LPS activation increased IL-1β levels in 

the cell culture supernatant. Jasplakinolide treatment (63, 125, 250 nM), but not cytochalasin 

D, led to increased secretion of IL-1β (Figure 13D). This effect does not seem to be regulated 

on the transcriptional level. Although all the tested “M1” pro-inflammatory genes (Il-6, Il-1β, 

Il-12, Nfkb, Tnf-α) are upregulated after LPS treatment in primary postnatal microglia cells, 

disruption of the actin filament with cytochalsin D (2 µM) or jasplakinolide (250nM) did not 

alter gene transcription significantly 6 hours post treatment (Figure 13E). Adam17 and p230 

are genes encoding for proteins involved in processing and trafficking of TNF-α. Both are not 

affected by LPS activation or actin cytoskeletal disruption with Jasp/ Cyt (Figure 13E).  
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Figure 13 Cytokine release and transcription from classically activated microglia. 

Disruption of actin filament dynamics differentially affects conventional and unconventional 

cytokine release from 1 µg/ml LPS-activated microglia (A-D) TNF-  release from primary 

postnatal microglia (A) as well as from primary adult (  6 months) and aged ( 16 months) 

microglia derived from Gsn
+/+

 and Gsn
-/-

 mice (B) was measured after six hours incubation 

with LPS. IL6 release (C) and IL-1β release (D) from primary postnatal microglia was 

measured after six and 24 hours incubation with LPS, respectively. Actin filament 

stabilization with jasplakinolide significantly increases IL-1β release (“unconventional” 

pathway of cytokine release) (D). Expression of  genes associated with classical microglia 

activation (Il-6, Il-1b, Il-12, Nf b, Tnf-α) and maturation of TNF-α (Adam17, p230) after 6 

hours incubation with LPS and/or cytoskeletal drugs (cytochalasin D: 2 µM; jasplakinolide: 

250 nM) (E). While LPS strongly induced transcription of M1 genes, we did not observe any 

significant effect of either cytoskeletal drug (E). Two-way ANOVA followed by Tukey's 

multiple comparisons test. *p<0.05 within LPS/ non-LPS treatment condition. #p<0.05 

between LPS and non-LPS treatment condition. N=3-5 independent measurements per data 

point. Nfκb (nuclear factor of kappa light polypeptide gene enhancer in B cells 1), Tnf (tumor 

necrosis factor), Il-6 (interleukin 6), Il-1β (interleukin 1 beta), Adam17 (a disintegrin and 

metallopeptidase domain 17), p230 (trans-golgi p230), Tpp2 (tripeptidyl peptidase 2) 
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4.4 Alternative activation of microglia cells with IL4 

4.4.1 Disruption of actin filament dynamics impairs IGF-1 secretion and 

expression of IL-4 responsive genes  

The neurotrophic insulin-like growth factor 1 (IGF-1) is released in vivo from activated or 

proliferating mouse microglia after ischemic injury (95). IL-4 (10 ng/ml) stimulation for 24 h 

of primary postnatal microglia in vitro led to a twofold increase of IGF-1 levels (Figure 14A) 

and up to twofold higher gene expression (Figure 14B) with p-values less than 0.05 (between 

– IL-4 and + IL-4 treatment condition). When comparing the secretion and expression levels 

between absence and presence of toxins (cytochalsain D 2 µM, jasplakinolide 250 nM), the 

amount of secreted IGF-1 (Figure 14A) and the mRNA levels of Igf-1 (Figure 14B) is 

significantly smaller after impairment of cytoskeleton remodeling. When investigating other 

IL-4 responsive genes described in alternative microglia activation in vivo and in vitro, such 

as Ym1, Fizz1, Mrc1 and Arg1, the attenuating effect of the toxins on alternative activation is 

also visible (Figure 14C). In line with mRNA expression data of cationic amino acid 

transporters 1-3 after classical microglia activation (Figure 10A, C), only Cat2 is upregulated 

after IL-4 treatment (Figure 14D). Toxins (Jasp, Cyt) did not lead to downregulated Cat 

mRNA expression (Figure 14D) as seen for IL-4 responsive genes (Figure 14B, C).  
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Figure 14 ELISA (A) and quantitative Real-Time PCR (B, C, D) of 24 h alternative 

activated postnatal primary microglia.  

IGF-1 release is impaired after disruption of actin filament dynamics (A). Cytoskeletal drugs 

(jasplakinolide: 250 nM; cytochalasin D: 2 µM) significantly inhibit transcription of Igf-1 (B) 

and key genes implicated in alternative activation of microglia (C). IL-4 treatment leads to 

upregulation of Cat2 but does not influence Cat1 and Cat3 mRNA expression (D). IGF-1, Igf-

1 (insulin-like growth factor 1); Ym1 (chitinase-3-like protein 3); Fizz1 (found in 

inflammatory zone 1); Mrc1 (macrophage mannose receptor 1), Arg1 (arginase 1), Cat1-3 

(cationic amino acid transporter 1-3) Two-way ANOVA followed by Tukey's multiple 

comparisons test. *p<0.05 within – IL-4/ + IL-4 treatment condition. #p<0.05 between – IL-4 

and + IL-4 treatment condition. N=4-5 independent measurements per data point. 

4.4.2 Transcriptional inhibition after cytoskeletal disruption is regulated by 

the IL-4/ STAT6 pathway  

In order to examine the molecular mechanism involved in decreased expression of IL-4 

induced genes (Figure 14B, C), the IL-4/ STAT6 signalling pathway was analyzed by 

monitoring i) STAT6 phosphorylation in the cytoplasm and ii) the accumulation of pSTAT6 

in the nucleus (Figure 15). Compared to the control condition, neither treatment with 

cytochalasin D (2 µM) nor jasplakinolide (250 nM) influenced the phosphorylation process of 

STAT6 in the cytoplasm after 60 minutes of IL-4 activation (Figure 15, “Cytosol+IL-4”). The 

accumulation of pSTAT6 clearly increases IL-4 activation in the nucleus, and cytoskeletal 
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disruption leads to the appearance of reduced abundance of the transcriptional activator 

pSTAT6 (cp. Figure 15, “Nucleus+IL-4”). GAPDH and HDAC1 were blotted as loading 

controls for the cytosolic and nuclear fractions, respectively. Protein levels of both did not 

differ within and between the treatments. 

 

Figure 15 Western Blot of fractionated BV-2 microglia lysates after 60 minutes 

absence or presence of IL4.  

IL-4 treatment induces the cytoplasmic phosphorylation of STAT6 and the transport into the 

nucleus. The nuclear IL-4 dependent increase of pSTAT6 levels is attenuated in the presence 

of cytoskeletal drugs (cytochalasin D 2 µM, jasplakinolide 250 nM). GAPDH and HDAC1 

serve as loading controls for the cytosolic and nuclear fraction, respectively. IL-4 (interleukin-

4); pSTAT6 (phosphorylated signal transducer and activator of transcription 6); STAT6 

(signal transducer and activator of transcription 6); GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase); HDAC1 (histone deacetylase1)  

 

4.5 Migration, phagocytosis and proliferation of microglia cells 

after disrupting actin remodeling 

The actin cytoskeleton is the key component involved in regulation of migration, 

phagocytosis and proliferation. These features are important for immune cells, i.e. migration 

towards an injury site, phagocytosis of cell debris or pathogens and proliferation in response 

to stimuli.  

The migration towards ADP was assessed by a modified Boyden chamber assay in primary 

postnatal cells treated with either vehicle (Ctrl), jasplakinolide (250 nM) or cytochalasin D (2 

µM) (Figure 16A). Migration towards ADP was reduced by > 50% after treatment with actin 

toxins when compared to the control condition. Also, phagocytosis of bacterial particles was 

reduced after treatment with these toxins at the above mentioned concentrations (Figure 16B). 
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While cytochalasin showed a strong effect already at a very low concentration (0.5 µM), 

jasplakinolide reduced phagocytosis only at high concentrations (250 nM) - but not at lower 

concentrations (63, 125 nM). Migration of ex vivo isolated CD11b
+
 cells obtained from adult 

and aged mouse brains yielded similar effects. Reduced migration towards ADP was observed 

in Gsn
-/-

 relative to Gsn
+/+

 microglia, but no difference was detected between adult and aged 

animals (Figure 16C). Similar to primary postnatal microglia treated with cytoskeletal drugs 

(Figure 16B), gelsolin-deficiency reduced phagocytosis of bacterial particles by primary 

microglia cultured from adult and aged mice (Figure 16D). In vitro proliferation was assessed 

by counting and comparing the Gsn
+/+

 and Gsn
-/- 

cells after harvest from the astrocytic layer. 

Gelsolin deficient cells proliferate at a lower rate compared to Gsn
+/+

 cells. Once more, no 

influence of age could be detected (Figure 16E).  

 
Figure 16 Migration, phagocytosis and proliferation of microglia cells after 

modulation of actin dynamics.  

Primary postnatal microglia cells were treated with cytoskeletal drugs (jasplakinolide/ 

cytochalasin D) to study migration behavior towards ADP (A) and phagocytosis of bacterial 

particles (B). Gsn
+/+

 and Gsn
-/- 

microglia derived from
 
mouse brains of different age show 

reduced migration (C), phagocytosis (D) and proliferation (E) independent of age. One-way 

ANOVA followed Dunnett´s multiple comparisons test, *p<0.05 in comparison to Ctrl 

condition (A, B). Two-way ANOVA followed by Tukey's multiple comparisons test, *p<0.05 

(C, D, E). N=3-4 independent measurements per data point. 
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4.6 Cytoskeletal disruption in a disease context – Amyloid ß 

treatment in vitro  

It is widely accepted among scientists that microglia play an important role in the process and 

pathological outcomes of Alzheimer’s disease. Several roles of microglia affecting the 

outcomes of Alzheimer`s disease have been described so far, but it is not even clear to date, 

whether microglia have a positive or negative overall impact on the disease. Activated 

microglia trigger the chronic inflammation observed in Alzheimer’s brains and have been 

found to surround senile amyloid plaques. The soluble oligomeric amyloid β (oAβ) is a 

precursor of the senile plaque and can be found in the brain and the CSF. Levels of oAβ 

correlate with cognitive decline (132). Oligomeric Aβ can also induce M1-like microglial 

activation (133). 

The in vitro experimental setup employed here was developed to test whether interference 

with actin dynamics influences the uptake of oligomeric amyloid ß (1-42) and is capable to 

alter the subsequent mRNA induction of pro-inflammatory proteins such as iNos.  

The in vitro uptake of FITC coupled oAß is shown in Figure 17A. Compared to non-treated 

cells (100 % uptake of oAß-FITC; dashed line), incubation with jasplakinolide and 

cytochalasin D led to impaired uptake of oAß-FITC as measured in a plate reader. 

Importantly, extracellular fluorescence was quenched with trypan blue solution before each 

measurement and additional Hoechst nuclear staining was applied. No different Hoechst 

fluorescence intensities between treatments were observed, indicating equal seeding densities. 

Treatment with cytochalasin D and jasplakinolide reduced the uptake of the oligomeric Aß 

over 40% for jasplakinolide and over 60% for cytochalasin D on average (Figure 17A). 

Expression of pro-inflammatory iNos in primary postnatal mouse microglia was assessed by 

quantitative Real-Time PCR. A slight upregulation was detected after treatment with 10 µM 

oAβ for six hours only in the control condition (Ctrl, +Aβ). Treatment with jasplakinolide and 

cytochalsain D, on the other hand, impeded the upregulation of iNos after oAβ treatment 

(Figure 17B). 
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Figure 17 Uptake of oligomeric FITC-amyloid β and iNos gene expression by 

postnatal primary microglia.  

The uptake of oAβ is reduced with treatment of cytoskeletal drugs jasplakinolide and 

cytochalasin D. Equal microglia seeding densities were confirmed by Hoechst-staining. 

Dashed lines indicate 100% uptake of oAβ (A). Oligomeric amyloid β influences mRNA 

expression of iNos only in the absence of jasplakinolide and cytochalasin D, as measured by 

qRT-PCR (B). One-way ANOVA followed Dunnett´s multiple comparisons test, *p<0.05 in 

comparison to 100 % uptake of oAß condition (dashed line) (A). Two-way ANOVA followed 

by Tukey's multiple comparisons test. *p<0.05 within +LPS/ -LPS treatment condition. 

#p<0.05 between +LPS and -LPS treatment condition (B). N=3 independent measurements 

per data point. 
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4.7 Increase of proliferating IBA-1 (ionized calcium binding 

adaptor protein 1) labeled cells in the peri-ischemic area after 

experimental stroke 

Previous studies already showed increased infarct size and neuronal vulnerability after 

oxygen and glucose depriviation (OGD) in gelsolin deficient mice (26). The peri-infarct area 

(“penumbra”) is a region surrounding the ischemic core. It includes reperfused tissue 

consisting of metabolically active cells. Within this area, microglia and invading macrophages 

(both IBA-1
+
) are “activated”, highly proliferative and trigger post-stroke inflammation. The 

in vitro/ ex vivo studies on Gsn
+/+

 and Gsn
-/-

 microglia described earlier in this thesis (Chapter 

4.5) revealed reduced migration and proliferation of microglia (Figure 16C, E). Here, we 

observed less BrdU
+
IBA-1

+
 (proliferating) cells 3 days after 30 min MCAo, depicted in 

Figure 18A with representative pictures. After normalizing to all IBA-1
+
 cells in the peri-

infarct area, less proliferating microglia cells (BrdU
+
IBA-1

+
) are counted in Gsn

-/- 
brains 

(Mean ± SEM 35 ± 7, n=4) three days after a 30 min MCAo compared to the analyzed Gsn
+/+ 

brains (Mean ± SEM 55 ± 4, n=5) (unpaired student’s t-test, p<0.03; Figure 18B). 
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Figure 18 IBA-1
+
 cells within the peri-ischemic area differently proliferate (BrdU

+
) 

in Gsn
+/+

 and Gsn
-/-

 mice.  

Representative pictures showing IBA-1
+
/ BrdU

+
 cells in the peri-infarct area after 30 min 

MCAO (72 hours of recovery) (A). Cell counting analysis evidence the reduced proliferative 

capacity of IBA-1
+
 in gelsolin deficient mice (B) *p<0.05 unpaired student’s t-test. N=4-5 

independent measurements per data point. Scale bar 40µm. 
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4.8 Gelsolin deficiency leads to increased intracellular Ca
2+

 levels 

in ex vivo microglia cells from adult and aged mice 

Gelsolin is a calcium dependent protein and plays a key role in calcium homeostasis. Primary 

Gsn
-/-

 neurons are characterized by increased calcium levels compared to controls. The 

protective action of Gelsolin in neurons is associated to the maintenance of the intracellular 

Ca
2+

 homeostasis by modulation of calcium channel and NMDA receptor activities (54). 

Disturbed calcium homeostasis has implications for proliferation, migration and phagocytosis 

as well as for many other characteristics of a living cell, because calcium is a common and 

versatile second messenger in cells. We monitored intracellular microglia Ca
2+

 levels using 

the Ca
2+

-sensitive dye Fluo-2/acetoxymethylester (AM). Already at baseline, Gsn
-/-

 microglia 

exhibited higher intracellular Ca
2+

 levels compared to Gsn
+/+ 

microglia (Figure 19A, B). No 

interaction with age was found (Figure 19B). After application of 100 µM ATP, microglia 

cells responded with increased intracellular calcium levels, which was significantly higher in 

“aged” Gsn deficient cells (Figure 19A, C). To confirm the responsiveness of the cells and the 

detection system, at the end of each experiment, cells were exposed to 10 μM of the calcium 

ionophore Ionomycin (Figure 19A).  

 

Figure 19 Calcium imaging of ex vivo isolated microglia cells from adult or aged 

Gsn
+/+

 and Gsn
-/-

 mouse brains.  

Representative curves of intracellular Ca
2+

 and the response after ATP and Ionomycin 

application (A). Compared to Gsn
+/+

, baseline intracellular calcium levels are significantly 

higher in Gsn
-/-

 microglia cells (B). The average response amplitude is significantly higher in 

Gsn deficient microglia cells from aged animals (C). Two-way ANOVA followed by Tukey's 

multiple comparisons test, *p<0.05. N=5-8 independent measurements (wells) per data point. 
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4.9 Microglia density increases with age but is not influenced by 

Gsn
-/-

 genotype 

It has been shown that microglia biology changes with age (134, 135). Hence, the interaction 

of Gsn
+/+

 and Gsn
-/-

 microglia with the factor age was tested by determination of the 

microglia density under physiological/ non-pathological conditions. Therefore, IBA-1
+ 

cells 

were immunohistochemically stained and then quantified according to a semi-quantitative 

counting analysis (Figure 20). IBA-1
+
 microglia are scattered all over the brain, including the 

striatum and hippocampus of both, Gsn
+/+

 and Gsn
-/-

 animals, with higher densities associated 

with aged animals (Figure 20A, B). Within the hippocampus of Gsn
+/+

 animals, an increase 

from 208 ± 7 cells to 269 ± 7 cells/mm
2
 was found (Mean ± SEM, n=12). The number of cells 

within the hippocampus of Gsn
-/-

 animals increased from 215 ± 6 cells to 258 ± 6 cells/mm
2
 

(Figure 20A). IBA-1
+
 microglia of the striatum increased from 257 ± 10 cells to 309 ± 9 

cells/mm
2
 for Gsn

+/+
 animals and from 249 ± 11 cells to 288 ± 10 cells/mm

2
 for Gsn

-/-
 

animals (Mean ± SEM, n=12). No interaction of age could be detected between Gsn deficient 

and wildtype mice (Figure 20B).  

http://www.jneuroinflammation.com/content/7/1/32/figure/F4
http://www.jneuroinflammation.com/content/7/1/32/figure/F4
http://www.jneuroinflammation.com/content/7/1/32/figure/F4
http://www.jneuroinflammation.com/content/7/1/32/figure/F4
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Figure 20 Microglia density in Gsn

+/+
 and Gsn

-/-
 mouse brains of different age as 

assessed with IBA-1
+
 staining.  

IBA1
+ 

cells are depicted and counted in two different brain regions, hippocampus (A) and 

striatum (B). *p<0.05, two-way ANOVA followed by Tukey's multiple comparisons test. 

N=12 independent measurements per data point. Scale bar 100µM. 
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4.10 Microglia density within the nucleus facialis is reduced in 

Gsn
-/- 

mice after facial nerve axotomy 

After axotomy, in vivo proliferation of microglia cells was assessed within the contralateral 

and ipsilateral nucleus motorius nervi facialis of brain stem sections stained with IBA-1. Data 

is represented as increase (%) of counted IBA-1
+ 

cells in the nucleus facialis on the ipsilateral 

side over cells counted on the contralateral side (= 100%). Three days after axotomy, both 

genotypes showed typical signs of microglia activation in the ipsilateral facial nucleus. 

Gelsolin deficiency significantly reduced the increase in activated microglia (Figure 21).  
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Figure 21 Microglia density in the
 
contralateral and ipsilateral nucleus facialis of 

Gsn
+/+

 and Gsn
-/- 

was assessed with IBA-1 staining and cell counting after axotomy. 

Representative pictures of IBA-1 staining at two different magnifications. Delineated are the 

contralateral and ipsilateral region of the nucleus facialis (A). Results of cell counting are 

presented as mean percentage increase of counted IBA-1
+ 

cells in the nucleus facialis on the 

ipsilateral side over cells counted on the contralateral side (=100%) (B). *p<0.05, unpaired 

student’s t-test. N=5 mice per genotype.  
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5. DISCUSSION 

5.1 Viability of postnatal primary microglial cells is influenced by 

actin toxins in a concentration-dependent manner 

As part of the exogenous experimental approach applied in this thesis, cytoskeleton 

rearrangement was disturbed by application of substances acting in the opposite way: 

Jasplakinolide stabilizes whereas cytochalasin D destabilizes actin filaments (45, 49). 

Initially, subtoxic concentrations of the two substances regarding microglia viability had to be 

determined. A dose that elicits effects on microglia phenotypes (such as phagocytosis, 

migration or cytokine release) but that does not influence standard toxicological parameters 

(such as MTT assay and LDH release) falls within a range between 63 nM and 500 nM for 

jasplakinolide and 0.5 µM and 2 µM for cytochalasin D.  

5.2 “Classical” microglia activation and regulation of actin 

binding proteins (ABPs)  

Activation of microglia cells leads to a change in morphology in vitro and in vivo. In vitro, 

unstimulated cells are mostly unipolar with fan-shaped lamellum, whereas LPS activated cells 

are rounded up and exhibit amoeboid morphology (136, 137). In vivo, activated cells, as in the 

ipsilateral peri-ischemic area after experimental stroke, reveal increased soma sizes, de-

ramification and decreased process movement when compared to cells of the contralateral 

hemisphere (138).  

 

These phenotypic transitions are accompanied by actin remodeling. In macrophages, the 

proportion of F-actin changes in LPS stimulated cells after 20 to 60 min post activation (139). 

The Western Blot analysis performed here did not reveal differences in F and G-actin levels 

between unstimulated and stimulated microglia cells after 6 hours of LPS treatment (Figure 

11, “Cytosol”, “Pellet”). In contrast to LPS stimulation, treatment with jasplakinolide, which 

is an actin filament stabilizing drug, clearly increases F-actin levels (Figure 11, “Pellet”). G-

actin levels were apparently not as strongly influenced by treatment with cytochalasin D as F-

actin levels by jasplakinolide. This result can be explained by the fact that cells retain a large 

pool of G-actin to respond immediately in case of environmental stimuli (140). Thus, the 
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Western Blot technique may not be the adequate method to measure subtle changes of G-actin 

levels generated by cytochalasin D treatment, which is a blocker of actin filament elongation.  

 

Appropriate actin filament remodeling is based on actin binding proteins (ABP), enabling the 

actin strand to polymerize, depolymerize or link with another strand. Interestingly, none of the 

actin binding proteins that were tested in this thesis showed different levels of mRNA and 

protein expression after 6 hours of LPS treatment (Figure 7, 8). A possible explanation could 

be the transient switch of actin related cellular responses to LPS, as reported in the literature 

(12, 139). Kleveta and colleagues (2012) have shown that in macrophages, 60 min post LPS 

stimulation, F/G actin ratios already reached baseline levels (prior stimulation levels) and the 

phosphorylation of the tested actin-regulating proteins paxilline and N-WASP peaked already 

after 20-30 min post-stimulation (139). Abd-el-Basset and Fedoroff (1994) found in LPS 

stimulated microglia that it takes 2 hours to re-establish the pre-phagocytosis pattern of the 

actin filament network (12). Apparently, even though as a consequence of activation the 

phenotype of the microglia cell appears different, LPS stimulation leads only to transient 

expression of ABPs and actin in a narrow time frame before a stable pattern of the actin 

filament network is re-established.  

 

In contrast to LPS activation, chronic administration of jasplakinolide and cytochalasin D 

differently influenced ABP expression. Protein levels of gelsolin, the key player of Ca
2+

 

dependent actin depolymerization in the mammalian brain (20), were compensatorily 

upregulated after jasplakinolide and cytochalasin D treatment in BV-2 microglia cells (Figure 

7). This gelsolin upregulation was not reflected on the level of gene expression after the same 

treatment paradigm in primary postnatal cells. With regards to the remaining ABPs tested as 

part of this thesis (Cfl, Pfn, Arpc5, Vil), a counterregulatory upregulation of gene expression 

in primary postnatal microglia cells can be observed (Figure 8). Gelsolin protein 

overexpression after disruption of actin dynamics could not easily be explained by 

counterregulatory upregulation of the transcriptional activator SRF, because SRF protein 

levels are reduced after 24 hours cytochalasin D and jasplakinolide treatment (Figure 7B) 

(141). The reduced SRF protein levels are also contrary to findings in fibroblast cells, where 

both, jasplakinolide and cytochalasin D, activate SRF (142). Interestingly, SRF is not only a 

transcriptional regulator, it is also able to regulate the activity of the actin severing protein 

cofilin via a post-translational mechanism (143). After disruption of actin dynamics with 

cytochalasin D and jasplakinolide, a decrease of phosphorylated cofilin (= dephosphorylation 
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= activation) for BV-2 microglia cells - but no different total Cofilin levels were found in this 

thesis (Figure 7). This supports findings of Kronenberg et al. (2010), whereafter a knockout of 

gelsolin, such as the jasplakinolide treatment on microglia in the present thesis, led to an 

activation (= dephosphorylation) of Cofilin without influencing total cofilin (144). In contrast 

to the results of the thesis in hand, SRF levels were not influenced by gelsolin deficiency in 

the previously mentioned study (144). However, recent experimental approaches enabled the 

detection of a direct interaction between cytoplasmic SRF levels and cofilin 

dephosphorylation in neurons (145). The “SRF-cofilin-actin signaling axis” (146) describes 

the regulatory loop of cytoplasmic SRF, Cofilin dephosphorylation and resulting actin 

dynamics. So far, there is no data available if these mechanisms apply in microglia, but 

according to my data, disruption of actin dynamics could somehow influences this axis. 

Another potential factor influencing cofilin expression is the activity of slingshot phosphatase 

that was not investigated during this thesis. Slingshot phosphatase (SSH1) elevates the cofilin 

activity and damage of the actin cytoskeleton with cucurbitacins leads to increased cofilin 

dephosphorylation in a slingshot phosphatase dependent manner (147). A further Western blot 

probed with specific antibodies, such as SSH1, would give more insights to the molecular 

mechanism of ABPs expression after actin dynamic disruption. 

5.3 Release of NO from “classically” activated microglia cells is 

impaired in vitro 

The release of pro-inflammatory substances from primary microglia after manipulation of 

actin dynamics has not been studied so far. My work demonstrates reduced NO release after 

actin cytoskeletal disruption, by either actin filament stabilization or destabilization (Figure 

9). In macrophages, cytochalasin D treatment leads to decreased NO release after LPS 

activation without influencing gene and protein expression levels of inducible nitric oxide 

synthase (iNOS) (148). The authors of that study suggest a post-translational regulation of 

iNOS by the actin cytoskeleton (148). No such influence on the gene expression of iNos nor 

the cationic amino acid transporter 2 (Cat2), the membrane channel that shuttles arginine into 

the cell, was observed here (Figure 10A). Contrary to expectations deriving from the 

transcriptional data collected and analyzed as part of the present thesis, a clear 

downregulation of iNOS protein after treatment with the toxins in BV-2 and primary postnatal 

microglia cells could be shown (Figure 11). Since Cat2 was not regulated on the 

transcriptional level, the transport efficiency for arginine after actin filament damage was 
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measured. As expected and previously shown concerning macrophages (149, 150), arginine 

transport through the microglial cell membrane increased after LPS stimulation (Figure 12). 

Interestingly, my work shows that arginine transport is robustly decreased after jasplakinolide 

treatment. So far, no relationship between actin filament stabilization/ destabilization and NO 

production has been found in macrophages or microglia. For pulmonary artery endothelial 

cells, a relationship between actin filament stabilization and L-arginine transport with 

influence on NO release has been shown, but with results opposite to the results reported here 

(151). The authors found a stimulatory effect of jasplakinolide on NO production of 

endothelial cells. But at this point it should be considered that three different isoforms of 

nitric oxide synthases do exist in the brain, whose activation and signaling pathways are 

differentially regulated. Unlike iNOS in microglia, eNos is the NO producing enzyme in 

endothelial cells, wheres nNOS is the NO producing enzyme in neurons (152). 

“Neuroprotective” nanomolar concentrations of NO are produced by eNos and nNOS, 

activated via Ca
2+

/ calmodolin whereas “neurotoxic” micromolar concentrations of NO is 

produced by iNOS, which is activated via cytokines or pathogenic stimuli (153). Furthermore, 

the subcellular localization of the enzymes differs in a cell dependent way, e.g. eNOS in 

endothelial cells is primarily membrane bound (154), wheras iNOS in microglia is enriched in 

the cytosol (155). Besides different locations of the NOS isofomes, a mechanism that 

regulates the enzymatic activity of eNos by controlling intracellular translocation of this 

enzyme has been discovered via nitric oxide synthase-interacting protein (NOSIP), a 

mechanism that does not seem to apply for iNOS (156). Thus, mechanisms that influence the 

activity of the enzymes by actin dynamics might operate differently for the different NOS 

isoforms in different cell types. The current thesis suggests a role for actin filament 

stabilization in NO production and release. Actin filament stabilization with jasplakinolide 

reduces the transport of L-arginine into the cell and actin filament destabilization with 

cytochalasin D as well as stabilization with jasplakinolide leads to reduced iNOS levels.  

  



Actin filament dynamics in microglia activation Discussion 

58 

 

5.4. Cytokine release for “classical” activation is differentially 

affected after disruption of actin filament dynamics 

After disruption of actin dynamics, a differential release pattern of cytokines could be 

observed following LPS induced cell activation (Figure 13). On the one hand, the constitutive 

cytokine release (TNF-α, IL-6) is impaired by exogenous (jasp/ cyt) and endogenous (Gsn
-/-

) 

disruption of actin filament dynamics (Figure 13A, B, C). On the other hand, non-classical 

secretion of IL-1β is increased after actin polymerization with jasplakinolide (Figure 13D). 

IL-1β release is not comparable to the constitutive pathway that is characterized by packaging 

of cytokines through endoplasmic reticulum and Golgi apparatus and further transport to the 

plasma membrane (157). It is rather comparable to neurotransmitter release, defined by 

exocytosis, independent of ER and Golgi apparatus. After cleavage of pro-IL-1β by caspase 1, 

mature IL-1β is released into the extracellular space (158). The increased release of IL-1β 

after jasplakinolide treatment that has been observed in the present thesis, is in line with 

findings of Kronenberg et al. (2010) who showed that gelsolin deficiency confers increased 

exocytotic neurotransmitter release in neurons (144).  

 

Since the differential release pattern is obviously not the result of transcriptional regulation of 

cytokine mRNA expression (Figure 13E), the following two post-transcriptional processes are 

hypothesized to influence the constitutive cytokine (IL-6, TNF-α) release after disruption of 

actin filament remodeling: 

1. Impaired cytokine mRNA translation, which was shown by van den Berg and 

colleagues (2006) in terms of IL-6 after cytochalasin D treatment (159). 

2. Dysfunction of the release pathway/ intracellular trafficking of cytokines, as it was 

shown by Shurety and collegues (2000) for TNF-α (160).  

Additional experiments that have not been conducted as part of this thesis, such as 

immunoblotting of fractionated cell lysates as well as a comprehensive histological 

investigation with specific antibodies against key proteins involved in intracellular transport, 

might provide important information in order to verify or falsify the above mentioned 

hypotheses concerning post-transcriptional processes affecting the constitutive cytokine (IL-6, 

TNF-α) release after interruption of actin filament remodeling. This knowledge would be an 

important milestone to achieve an effective modulation of cytokine release after injury or 

during disease towards “neuroprotection”. 
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5.5 “Alternative” activation of microglia cells with IL-4 

Alternative “M2” activation of microglia leads to increased expression and release of anti-

inflammatory factors that contribute to tissue repair and remodeling. Therefore, alternatively 

activated microglia are supposed to be “neuroprotective” (161, 162). IGF-1 is an important 

microglia-derived neuroprotective factor influencing the proliferation of microglia cells after 

stroke but also is important in the developing brain to maintain neuronal survival (163, 164). 

By using IL-4 as alternative activator in experiments from chaper 4.4 (Figure 14, 15), IGF-1 

release from microglia cells increases and is reduced by actin filament disruption (Figure 

14A). Interestingly, in contrast to LPS stimulation, actin filament disruption influences gene 

expression not only of Igf, but also other alternative activation markers (Ym1, Fizz1, Mrc1, 

Arg1) (Figure 14B, C). Of the cationic amino acid transporters 1 to 3, only Cat2 is 

upregulated after IL-4 treatment, but not influenced by actin cytoskeletal drugs (Figure 14D). 

This suggests that Cat2, but not Cat1 or Cat3, is the transporter in microglial cells that shuttles 

L-arginine into the cell, which is in line with the results for classical (LPS) activation (Figure 

10A, C) and previously published data obtained with a microglia cell line (165). Actin 

cytoskeletal drugs do not decrease the expression levels of Cat2 (Figure 14D) as they do the 

IL-4 responsive genes (Figure 14C), implying a selective effect for jasplakinolide and 

cytochalasin D on microglia signaling pathways. An influence on actin dynamics in the 

regulation of the IL-4 regulated gene transcription has not yet been described in the literature. 

To further dissect the site of action of the actin agents (jasplakinolide/ cytochalasin D), the IL-

4 signaling pathway upstream of the transcription of IL-4 responsive genes was investigated. 

It is known that Stat6 (signal transducer and activator of transcription 6) is the key player 

involved in IL-4 receptor mediated signaling (166). After phosphorylation of Stat6 by janus 

kinases (Jak), pStat6 is transported into the nucleus to act as a transcriptional activator (73, 

167, 168). Accordingly, the immunoblot from fractionated IL-4 stimulated microglia cells, as 

conducted as part of the present thesis, reveals decreased transport of phosphorylated Stat6 

after actin cytoskeleton stabilization / destabilization (Figure 15). These results provide first 

evidence that the IL-4 signaling pathway is linked to actin filament dynamics in microglia. 

Modulation of actin filament dynamics interferes with the activation of IL-4 responsive gene 

transcription via pStat6 transport into the nucleus. 
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5.6 In vitro migration, phagocytosis and proliferation of microglia 

cells after disrupting actin remodeling – in vivo stroke approach 

and facial nerve axotomy 

Neurodegenerative disease or brain injury is often accompanied by activation of the brain 

innate immune system, helping to restore a physiologic homeostasis by triggering 

inflammation and by removing cell debris and producing anti- and pro-inflammatory stimuli 

(169). Therefore, under pathophysiological conditions, microglia cells need to proliferate, 

migrate towards the site of injury or phagocytose cell debris. The dynamic remodeling of 

actin is the key mechanism enabling the microglia cell to fulfill all these duties (12, 137, 170, 

171). As expected, microglia cells with exogenously disrupted actin dynamics or gelsolin 

deficiency investigated over the course of this thesis are different in respect to the above 

mentioned parameters in vitro and in vivo (after MCAo and facial nerve axotomy) compared 

to untreated or wildtype microglia.  

 

Kronenberg et al. (2010) reported reduced migration of newly generated cells through the 

rostral migratory stream in Gsn
−/−

 mice in vivo and decreased migration of gelsolin deficient 

neural progenitor cells (NPCs) in vitro (144). Additionally, several previous studies 

emphasize impaired migratory capacity of Gsn
−/−

 fibroblasts, neutrophils and macrophages 

(51, 122, 172). The current study shows that gelsolin deficiency leads to reduced migration of 

microglia cells towards ADP in vitro (Figure 16C). Reduced in vitro microglia migration is 

possibly associated with the interesting finding that less proliferating microglia was observed 

in vivo three days after stroke within the peri-ischemic area (Figure 18). Extracellular ADP, 

an ATP derivative leaked from damaged cells after injury, is an important signaling molecule 

and can be found in high levels in the extracellular space after MCAo (173). The interplay of 

ATP sensing purinergic receptors on microglia, such as P2X7, P2Y12 and P2Y6, regulate 

activation of the cells, migration towards the penumbral region and phagocytosis post-stroke 

(174). It is still discussed if activated microglia is beneficial or detrimental after stroke. 

Compared to wildtype controls, Gsn deficient mice have bigger infarct sizes (26). The data of 

the current thesis suggests that worse stroke outcome in gelsolin deficient mice is not only a 

result of increased neuronal excitotoxicity but rather an additional mismatch of IBA-1 cells in 

the penumbral region. 
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The experiments on microglia proliferation performed in this thesis (Figure16 E, Figure 21) 

are not in line with previous data on NPCs (144). Gelsolin deficiency but not age had an 

attenuating effect on microglia proliferation in vitro (Figure 16E). The effect of the actin 

filament stabilization on microglia proliferation was reproduced in vivo by application of the 

facial nerve axotomy model in Gsn
−/−

 and Gsn
+/+

 mice (Figure 21). At this point it should be 

considered that NPC proliferation was assessed under physiological conditions, whereas 

experiments on microglia proliferation were assessed under stimulative conditions (addition 

of growth factors in vitro; nerve axotomy in vivo). Therefore, the “mild” effect of gelsolin 

deficiency probably has more impact on high proliferation rates after a pathological insult 

then for cells proliferating under non-diseased/ developmental aspects (NPCs).  

 

Cytochalasin D and jasplakinolide, as previously reported, are capable to inhibit the process 

of phagocytosis (175, 176). The experiments of this thesis yielded results in line with the 

existing literature (Figure 16B). However, the role of gelsolin in microglia phagocytosis had 

not been investigated so far. There is data available only in respect to collagen phagocytosis, 

which is reduced in Gsn
-/-

 fibroblasts compared to Gsn
+/+

 cells (177). A reduced phagocytosis 

of bacterial particles by gelsolin deficient microglia was discovered during the experiments on 

the engulfment of bacterial particles (Figure 16D). The experimental setup is based on 

particles from the gram-positive bacterial strain S. aureus that are conjugated to a pH 

sensitive dye. The particles expose PAMPs (peptidoglycan, lipoteichoic acid) that bind to the 

surface of the phagocyte on PRRs (pathogen recognition receptors) (178). PRRs control 

diverse downstream signaling pathways leading amongst others to actin filament remodeling. 

Since gelsolin deficiency and treatment with jasplakinolide and cytochalasin D disrupts the 

remodeling of the actin cytoskeleton, the reduced engulfment of particles is probably due to 

an interruption of pseudopodia extension and efficient particle internalization. 

5.7 Gsn deficiency leads to increased intracellular Ca
2+

 levels in 

adult and aged ex vivo isolated microglia cells 

Ca
2+

 as an important second messenger triggers various functions in microglia cells under 

physiological and pathophysiological conditions, such as enzyme and release activities, 

regulation of channels and receptor mediated signaling (55). Gelsolin, a Ca
2+

 dependent 

protein, is able to prevent neuronal death under pathophysiological conditions by regulating 
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actin dynamics and calcium channels (26, 54). A plethora of calcium channels, pumps and 

exchangers regulate intracellular calcium levels in microglia (55).  

 

Imaging of microglia cells incubated with calcium sensitive dye, as performed during this 

thesis, revealed that Gsn
-/-

 microglia possess elevated intracellular Ca
2+ 

levels already at 

baseline (Figure 19). Elevated Ca
2+

 levels have been described for LPS activated microglia 

and microglia from Alzheimer's disease patients (179, 180). Actin filament remodeling is 

disturbed in Gsn
-/-

 cells, resulting in stabilized actin fibers (51). Stabilized actin fibers are 

known to influence Ca
2+

 channel activity (181). In turn, calcium signaling is important for the 

regulation of the actin cytoskeleton, as a basis for migration or proliferation (182-184). 

Recently, it was found that activation of small-conductance calcium-activated potassium 

(KCNN3/SK3/KCa2.3) channels are able to influence intracellular calcium levels and as a 

consequence, modulate proliferation and cytokine release from microglia cells (185).  

 

Extracellular ATP is an important intercellular signaling molecule (“danger signal”) and can 

activate specific receptors on microglia (55). In accordance with  already published data, this 

thesis reveals that stimulation of microglia with ATP leads to increased intracellular Ca
2+

 

levels (Figure 19A) (186). The calcium imaging of gelsolin deficient microglia indicates a 

more pronounced peak of intracellular Ca
2+

 levels after ATP stimulation compared to 

gelsolin-bearing cells (Figure 19A, C). The mechanism behind this finding remains yet 

unclear; a probable explanation is that the threshold (concentration of intracellular Ca
2+

)
 
for 

switching on a signal cascade in gelsolin deficient microglia is shifted. Thus, signal cascades 

in Gsn
-/-

 deficient microglia are differently affected by stimulation of intracellular Ca
2+

 

compared to Gsn
+/+

 microglia. As a consequence, it is likely that disturbed calcium signaling 

by gelsolin deficiency alters microglia behaviors as evidenced by the altered parameters 

(migration, proliferation etc.) tested during the present thesis.  

 

The results of this thesis demonstrated that gelsolin is an important protein not only involved 

in actin filament remodeling but also in regulating calcium homeostasis. The extent, however, 

to which intracellular or extracellular calcium pools are responsible for this phenomenon, 

cannot be quantified on the basis of the present results. Further calcium imaging experiments 

testing specific calcium channel inhibitors for dissecting between intra- and extra-cellular 

calcium pools as well as calcium from different cellular compartments could provide further 

insights into this question. 
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5.8 Cytoskeletal disruption in a disease context – oligomeric 

Amyloid-β treatment in vitro 

The pathological hallmark of Alzheimer’s disease (AD) is the major loss of neurons. 

According to the “amyloid cascade hypothesis”, amyloid β or its oligomeric forms crucially 

contributes to the pathogenesis of AD (187, 188). Soluble oligomeric Amyloid-ß (oAβ) is 

related to neuronal synaptic dysfunction (189) and is capable to induce the release of 

inflammatory substances from microglia (190-192). Sondag et al. (2009) showed that Aβ1–42 

oligomers were only neurotoxic in neuron-microglia co-cultures under in vitro conditions 

(193). 

 

The experiments studying FITC-coupled oAβ uptake and subsequent iNOS mRNA expression 

show the interrelation of impaired oAβ uptake by actin filament stabilization/ destabilization 

and the resulting failure to induce the transcription of iNos (Figure 17). Cathepsin B was 

found to be one important factor in microglial mediated neuronal death after Aβ stimulation 

(194). Yang et al. (2011) could show an interaction of oAβ with scavenger receptor type-A 

(SR-A) and a mediated degradation of oAβ by lysosomal cathepsin B (195). It is known that 

cathepsin B is capable to trigger inflammasome NRLP3 activity that mediates inflammation 

in microglia cells and induction of genes such as iNOS (196, 197). Although a molecular 

signaling pathway from uptake of oAβ towards transcriptional activation in microglia is still 

unknown, it is likely that the reduced uptake of oAß results in a “non-inflammatory” 

microglia phenotype, which is lacking iNos induction. 

5.9 Microglia density increases with age but is not influenced by 

genotype 

Clinical and experimental data suggest that brain inflammation increases with age. By 

comparing the morphology, a “dystrophy” of microglia from aged humans has been described 

(116). The concept of “dystrophic” microglia that are primed by age, distinguishes these cells 

from “hypertrophic” microglia activated by injury or disease (198). Several studies 

concerning dystrophic microglia or microglial senescence showed an altered reactivity of 

murine microglial cells associated with age in terms of cytokine release, phagocytosis, 

motility and migration (120, 134, 199). Thus, dystrophic microglia also affect neuronal 
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plasticity, behavior and cognition (200). These findings lead to the question, whether altered 

microglia reactivity is a component that correlates with microglia density. Published studies 

dealing with the relationship between microglia density and age-effects revealed different and 

partly contradictory results. Long et al. (1998) and Rodriguez et al. (2013) reported increasing 

numbers of microglia cells in mouse models of disease but not in control animals, a study 

conducted by Mouton et al. (2002) revealed gender-specific differences (201-203). There are 

also studies supporting a decrease of microglia density with age (204, 205). These different 

findings may be associated with the diversity of animal strains, markers for microglia, 

stereological methods and different ages investigated. However, microglia staining with IBA-

1 followed by stereology as conducted in this thesis clearly indicates microglia density to 

increase with age in two brain regions for both, Gsn
+/+

 and Gsn
-/-

 animals (Figure 20). Other 

experiments conducted during this thesis revealed no age-related alterations of microglia 

reactivity to LPS in respect to NO (Figure 9B) and TNF-α (Figure 13B) release. Also, 

migration towards ADP, phagocytosis of bacterial particles, intracellular calcium levels and in 

vitro proliferation was not influenced by age (Figure 16C-E, 19). The primary adult cells used 

in the experiments of this thesis were cultivated according to an already published 

methodology (124). It is likely that during the cultivation procedure, age-related effects 

disappear, because cells massively proliferate after isolation under non-physiological 

conditions in response to growth factors. It should also be considered that microglia from 

adult (< 6 months) mice were compared with microglia from aged (> 16 months) mice. Most 

certainly, an age-related effect would be even more distinguished when microglia cells of 

adult mice are compared with those of newborns.  

5.10 Actin dynamics in microglia activation and its impact on 

neurodegenerative diseases and age 

This thesis gives evidence that actin dynamics are not only important for microglia functions 

like phagocytosis, migration and proliferation but also influence pro- and anti-inflammatory 

responses of microglia cells after classical and alternative activation. These findings may have 

impact on further research, particularly with regard to age-related neurodegenerative diseases 

such as stroke or Alzheimer’s dementia. Neuroinflammation as a concomitant phenomenon of 

neurodegenerative diseases and its manipulation by pharmacological intervention via actin 

dynamics could be a promising approach towards improved disease outcome.  
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Gelsolin knock out mouse as an animal model representing age? 

The challenge of mouse models is the translation of scientific results from bench to bedside 

(206). Multiple factors avert clinical translation. One striking point is the diverse natural 

lifespan of human and mice and the preference to use young and healthy animals for 

experimental paradigms. Aging, and especially human aging, is associated with increased 

rigidity of cytoskeletal structures. With increasing cellular senescence, the equilibrium 

between monomeric, non-aggregated G-actin (“globular actin”) and fibrillar F-actin shifts 

toward the filamentous state (112-115). Because of increased actin filament stabilization in 

gelsolin deficient mice, the Gsn
-/-

 mouse could represent an animal model for age. In this 

thesis, microglia of Gsn
-/-

 mice were compared to microglia from Gsn
+/+

 controls in terms of: 

i) pro-inflammatory release of NO (Figure 9B) and TNF-α (Figure 13B).  

ii) migration, phagocytosis, proliferation (Figure 16C-E, 18, 21).  

iii) calcium response (Figure 19). 

iv) density in the healthy brain (Figure 20). 

Overall, the redundancy of the actin filament severing protein leads to no phenotype of the 

gelsolin knock out in mice under physiological conditions (microglia density), with major 

effects under pathophysiological conditions (migration, proliferation, phagocytosis). Hence, 

using the gelsolin mouse model for experiments in neurodegenerative diseases would be 

suitable to bring the relevant factor “age” into account. 

 



Actin filament dynamics in microglia activation Conclusion 

66 

 

6. CONCLUSION 

The major findings of my PhD thesis can be summarized as following: 

 

1. Long-term administration of LPS (6 and 24 hr) does not influence ABP expression in 

microglia cells. Modulation of actin dynamics with toxins leads to counter-regulatory 

differential ABP expression and differences in F/G actin ratio. 

 

2. Disruption of actin dynamics affects the response to classical microglia activation by 

reducing the release of pro-inflammatory NO, TNF-α and IL-6. Increased release of IL-1β 

was observed after pathological actin filament stabilization. This differential response is not 

regulated on a transcriptional level. Reduced NO release after actin cytoskeletal disruption 

results from interplay of reduced substrate (arginine) supply and reduced iNOS protein 

expression.  

 

3. Disruption of actin dynamics affects the response to alternative microglia activation by 

reduced gene expression of typical M2 genes (Igf-1, Ym1, Mrc1, and Arg1) and attenuates 

release of the neurotrophic factor IGF-1. The reduced gene expression of M2 genes is due to 

impaired transcriptional activation via Stat6. As evidenced by Western blot, pStat6 transport 

into the nucleus is impaired by actin cytoskeletal disruption. 

 

4. Modulation of actin dynamics affects microglia proliferation, migration and phagocytosis. 

Except for microglia densities measured in hippocampus and striatum, no effect of age was 

observed throughout the experiments. Two explanations seem plausible: the culturing method 

of primary adult microglia abolishes age effects or the time span between the two investigated 

ages is too short.  
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10. RÉSUMÉ 

Mein Lebenslauf wird aus datenschutzrechtlichen Gründen in der elektronischen Version meiner 

Arbeit nicht veröffentlicht. 
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