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STEFANIE JANßEN 

STUDIES ON THE ROLE OF GLIAL CELLS IN INFLAMMATION AND 

REGENERATION 

1. SUMMARY 

Glial cells participate in almost every aspect of brain development, function, and 

maintenance. The roles of microglia and astrocytes in central nervous system (CNS) diseases 

are suggested to be both, detrimental and beneficial, depending on the environmental 

conditions. In multiple sclerosis (MS), a demyelinating autoimmune disease of the CNS, 

microglia and astrocytes are associated with inflammation, as well as de- and regenerative 

processes. 

Activated microglia undergo critical morphological and functional modifications upon CNS 

injury and contribute to neuroinflammation by secretion of pro-inflammatory mediators like 

cytokines and reactive oxygen species. Therefore, we investigated in a first study whether 

microglial activation can be modulated via interference with one major component of the 

cytoskeleton, nonmuscle myosin 2 (NM2). We found that NM2 isoform B is strongly 

expressed in activated microglial cells during toxic demyelination in an animal model and in 

cultured microglia after activation with bacterial lipopolysaccharide (LPS). Functional assays 

with a specific NM2 inhibitor revealed that NM2 is involved in microglial migration, 

phagocytosis and production of inflammatory mediators, in particular nitric oxide (NO). From 

our results, we suggest that NM2 plays a pivotal role during microglial activation.  

Astrocytes are important participants in neuronal and oligodendrocyte protection and are 

known to exert beneficial effects on regeneration and remyelination. It has been shown that 



2 

FTY720, a new oral therapeutic for relapsing-remitting MS, targets astrocytic sphingosin-1-

phosphate (S1P) receptors and thereby modulates a range of important functions of astrocytes. 

Hence, we induced activation of astrocytes in vitro and investigated the impact of FTY720 on 

the expression of S1P receptors as well as several mediators that are associated with 

inflammation and regeneration. The results showed that FTY720 modulates the expression of 

two important factors of regeneration, interleukin (Il)-1β and the glial cell line-derived 

neurotrophic factor (GDNF). Hence, our second study implicates that FTY720 might be 

involved in regulating the regenerative potential of astrocytes. 

Taken together, we investigated specific glial responses upon inflammatory stimuli and 

assume that modulation of the microglial cytoskeleton might serve as a potential therapeutic 

strategy against CNS inflammation. In the second part of the thesis, the results support the 

efficacy of FTY720 on astrocytes, in particular by promoting the regenerative potential of 

these cells. 
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STEFANIE JANßEN 

STUDIEN ZUR ROLLE VON GLIAZELLEN BEI ENTZÜNDUNG UND 

REGENERATION 

2. ZUSAMMENFASSUNG 

Gliazellen sind an fast jedem Aspekt der Entwicklung, Funktion und Erhaltung des Gehirns 

beteiligt. Die Rolle von Mikroglia und Astrozyten in Erkrankungen des zentralen 

Nervensystem (ZNS) kann, abhängig von den gegebenen Bedingungen, sowohl schädlich als 

auch nützlich sein. Bei der Multiplen Sklerose (MS), einer demyelinisierenden 

Autoimmunerkrankung des ZNS, werden Mikroglia und Astrozyten mit inflammatorischen 

sowie de- und regenerativen Prozessen in Verbindung gebracht. 

Nach Schädigungen des ZNS müssen aktivierte Mikroglia extreme morphologische und 

funktionelle Veränderungen bewältigen und tragen wesentlich zur Entzündungsreaktion bei, 

indem sie pro-inflammatorische Mediatoren, z.B. Zytokine und reaktive Sauerstoffspezies, 

ausschütten. Daher haben wir im ersten Teil der Arbeit untersucht, ob die mikrogliale 

Aktivierung durch Beeinflussung eines wichtigen Teils des Zytoskeletts, nichtmuskuläres 

Myosin 2 (NM2), moduliert werden kann. Unsere Ergebnisse zeigen eine deutliche 

Expression der NM2 Isoform B (NM2B) in aktivierten Mikroglia während der induzierten 

Demyelinisierung im Mausmodell und in kultivierten Mikroglia nach Aktivierung mit 

bakteriellem Lipopolysaccharid (LPS). In funktionellen Versuchen konnten wir zeigen, dass 

NM2 in die mikrogliale Migration, Phagozytose und Produktion von inflammatorischen 

Mediatoren, insbesondere Stickstoffoxid (NO), involviert ist. Diese Ergebnisse implizieren 

eine wichtige Rolle des NM2 während der Aktivierung von Mikroglia. 
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Astrozyten sind aktiv an der Neuroprotektion und dem Überleben von Oligodendrozyten 

beteiligt und es ist bekannt, dass sie positive Effekte auf regenerative Prozesse und 

Remyelinisierung haben können. Es wurde gezeigt, dass ein neues orales Therapeutikum zur 

Behandlung von schubförmig remittierender MS, FTY720, an Sphingosin-1-Phosphat (S1P) 

Rezeptoren auf Astrozyten bindet und so mehrere essentielle Funktionen der Astrozyten 

regulieren kann. Im zweiten Teil dieser Arbeit wurden daher primäre Astrozyten mit TNFα 

oder LPS aktiviert und mit der biologisch aktiven Form von FTY720, FTY720-Phosphat, 

behandelt. Auf diese Weise wurde der Effekt von FTY720-P auf die Expression der S1P 

Rezeptoren und verschiedener Faktoren, die an inflammatorischen und regenerativen 

Prozessen im ZNS beteiligt sind, untersucht. Die Ergebnisse zeigen, dass FTY720-P die 

Expression von Interleukin (Il)-1β und dem glial cell line-derived neurotrophic factor 

(GDNF) beeinflusst, zwei wichtigen Faktoren von regenerativen Prozessen. Unsere zweite 

Studie impliziert somit eine Funktion von FTY720-P in der Regulation des regenerativen 

Potenzials von Astrozyten. 

In dieser These haben wir spezifische Reaktionen von Gliazellen unter inflammatorischen 

Bedingungen untersucht. Zusammenfassend lässt sich sagen, dass die Modulation des 

Zytoskeletts von Mikroglia einen neuen therapeutischen Ansatz zur Behandlung 

inflammatorischer Prozesse im ZNS darstellen kann. Im zweiten Teil der Arbeit 

unterstreichen die Ergebnisse die Wirksamkeit von FTY720-P auf Astrozyten, insbesondere 

durch Unterstützung des regenerativen Potentials dieser Zellen. 
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3. INTRODUCTION 

Glial cells in health and disease 

For a long time, the role of glial cells in the central nervous system (CNS) has been 

underestimated and scientific work was focused on neuronal functioning. However, today it is 

known that proper brain function is dependent on a precise interaction of neurons and glia. 

Glial cells play pivotal roles in surveillance of the healthy brain as well as in any form of 

brain diseases (Barres 2008; Hanisch and Kettenmann 2007; Nave 2010). In response to 

external or internal signals, they rapidly change their shape and functioning. As 

oligodendrocytes constitute the myelin forming cells of the CNS, they have been the most 

studied glial cells during the last decades, particularly in demyelinating diseases like multiple 

sclerosis (MS). However, both, microglia and astrocytes, are critically involved in nearly 

every aspect of brain development, maintenance and pathology. Microglia and astrocytes 

consistently interact with neurons to regulate synaptic function and participate in information 

processing. They are key regulators of brain inflammation and regeneration and, depending 

on the environmental conditions, can have beneficial as well as detrimental effects on brain 

function (Czeh et al. 2011; Kettenmann and Verkhratsky 2011). 

Multiple sclerosis 

MS is an inflammatory demyelinating disease of the CNS and one of the most widely 

recognized diseases associated with glial cells. It affects about 2 to 2.5 million people from all 

over the world. MS lesions can appear throughout the CNS (Bo et al. 2003; Stadelmann et al. 

2011). As a consequence, a variety of neurological symptoms including motor impairment, 
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sensory and visual impairment, disturbance of the autonomous nervous system, and fatigue 

can occur (O'Connor and Canadian Multiple Sclerosis Working 2002). 

Experimental evidence is provided by an inflammatory model, experimental autoimmune 

encephalomyelitis (EAE). In this model injection of whole spinal cord homogenate, or myelin 

proteins such as myelin basic protein (MBP), proteolipid protein (PLP), or myelin 

oligodendrocyte glycoprotein (MOG) induces an autoimmune response that ultimately leads 

to inflammation and myelin loss (Gold et al. 2000; Wekerle 2008). By the use of EAE, 

autoreactive T-lymphocytes were found to disturb the blood brain barrier (BBB) function and 

enter the CNS, proliferate, recruit B-cells from the periphery and drive the myelin attack by 

secretion of pro-inflammatory cytokines that further activate brain resident cells like 

microglia or astrocytes (Zamvil and Steinman 2003; Hohlfeld and Wekerle 2004). 

Other widely used models to study de- or remyelination are toxic models such as the 

cuprizone model in which the copper chelator cuprizone (bis-cyclohexanone-

oxaldihydrazone) is fed to young mice for several weeks leading to loss of oligodendrocytes 

with subsequent demyelination, microgliosis, and astrogliosis. This model has the opportunity 

to investigate remyelination which is difficult in EAE. Furthermore, in this model the blood-

brain-barrier is not disrupted, therefore peripheral immune cells do not play a role which 

allows studying the function of glial cells without interference of the periphery (Skripuletz et 

al. 2011). 

Microglial activation and the importance of the cytoskeleton 

Microglia are the macrophages of the CNS and represent approximately 10% of total brain 

cell population (Ransohoff and Perry 2009). One hallmark of microglia is their ability to 

undergo morphological and functional changes, depending on the state of activation. In the 
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healthy brain, microglia show a ramified phenotype and are denoted as “resting”; yet, this 

term is somewhat misleading, since studies based on in vivo two-photon imaging showed that 

ramified microglia are highly motile and actively scan their environment for pathological 

invaders or lesions (Hanisch and Kettenmann 2007; Nimmerjahn et al. 2005). Although the 

microglial response may limit further damage to endangered neurons, stronger insults in the 

brain like inflammation or significant tissue damage can promote rigorous activation and thus 

induce detrimental changes in both, morphology and function of microglia. 

During activation, microglia adopt an amoeboid morphology and local density is increasing as 

they start to proliferate. The accumulation of activated microglia was reported in 

heterogeneous MS lesions, as well as in demyelinated areas in the EAE and cuprizone model 

(Gold et al. 2006; Gudi et al. 2009; Lucchinetti et al. 2000). Activated microglia can serve as 

antigen-presenting cells (Olson et al. 2001) of the CNS to support the reactivation of T-

lymphocytes, thereby promoting acute inflammation (Jack et al. 2005). To regulate the 

activation-induced effector functions, microglia actively rearrange a plethora of surface 

adhesion molecules, recognition receptors, and transporters. As they secrete a variety of pro-

inflammatory cytokines, chemokines, and reactive oxygen species like nitric oxide (NO), 

microglia play a pivotal role in propagation of inflammation (Hanisch 2013; Kettenmann et 

al. 2011). In addition, activated microglia have the ability to clear damaged tissue by 

phagocytosing cells or cellular debris, a property which can be linked to both, functional 

recovery and recurrence of relapses/ neuronal death (Brown and Neher 2012; Jack et al. 

2005). It is thus likely that modulation of microglial activation might represent a target for 

therapeutic strategies towards inflammatory conditions of the CNS. Indeed, in 2005, 

microglial depletion in vivo in EAE was shown to repress disease onset and severity of 

clinical signs (Heppner et al. 2005). Furthermore, the beneficial effect of microglial blockade 
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could be confirmed by the use of macrophage inhibiting factor (TKP) or minocycline (Bhasin 

et al. 2007; Popovich et al. 2002). 

The drastic cellular rearrangements during microglial activation are likely to involve major 

components of the cytoskeleton. The importance of cytoskeletal components in microglial 

migration, phagocytosis, and activity-dependent morphological reorganization has already 

been described in previous studies (Caberoy et al. 2012; Cross and Woodroofe 1999; Gitik et 

al. 2010; Koenigsknecht and Landreth 2004; Yao et al. 2013). Particularly during 

phagocytosis there is evidence for rearrangement of actin microfilaments which represent a 

major motor protein component in various cell types (Aderem and Underhill 1999; Caron and 

Hall 1998). Importantly, actin-mediated contractility strongly depends on the contact to its 

interaction partner myosin. In nonmuscle cells the class II myosin nonmuscle myosin 2 

(NM2) is ubiquitously expressed and is involved in a variety of cellular processes including 

cell migration, cytokinesis, cell adhesion, and cell shape formation (Conti and Adelstein 

2008). During development and in the adult, different NM2 isoforms control the contractility 

of the highly flexible actin cytoskeleton (Conti et al. 2004; Tullio et al. 1997). NM2 function 

is critical for the cells ability to rearrange, self-organize, and respond to extra- or intracellular 

signals (Heissler and Manstein 2013). 

NM2 is a bi-functional protein complex consisting of two heavy chains that are associated 

with two pairs of light chains, designated as regulatory and essential. The heavy chains form a 

dimerized C-terminal α-helical coiled coil and the N-terminus contains two catalytic head 

domains which harbor the ATP- as well as actin-binding sites. The neck region between 

globular N- and rod-shaped C-terminus enables head rotation and serves as binding region for 

the light chains. NM2 activity is critically regulated by control of ATPase activity, for 

example via reversible phosphorylation of the regulatory light chain at Ser19 by several 

kinases including the specific nonmuscle myosin light chain kinase (MLCK) and unspecific 
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Rho kinase (ROCK). Phosphorylation of the regulatory light chain would ultimately increase 

the enzymatic activity of the NM2 holoenzyme (Heissler and Manstein 2013). Another 

mechanism of regulation is the dephosphorylation of the regulatory light chain by myosin 

light chain phosphatase (MLCP), which would inactivate NM2 enzymatic activity. The above 

mentioned ROCK triggers NM2 activity not only by active Ca2+-independent phosphorylation 

of the regulatory light chains, but also by inhibiting the MLCP (Kimura et al. 1996). The 

heavy chains also can be phosphorylated, probably to regulate the formation of NM2 

filaments. 

In mammals, three different heavy chain isoforms are encoded by three different genes: myh9 

(NM2A), myh10 (NM2B) and myh14 (NM2C). All NM2 isoforms play pivotal roles in cell 

migration, adhesion, and cytokinesis in different cell types (Bao et al. 2005; Ma et al. 2004; 

Takeda et al. 2003; Togo and Steinhardt 2004; Vicente-Manzanares et al. 2009). Despite 60-

80% sequence identity at the amino acid level, it was reported that single NM2 isoforms show 

distinct subcellular localization and function (Heissler and Manstein 2013; Kovacs et al. 

2003; Wang et al. 2003). However, a single cell can express more than one NM2 isoform and 

some functions are interchangeable. In neural tissue, NM2B is the predominant form 

(Kawamoto and Adelstein 1991; Ma et al. 2010; Rochlin et al. 1995) which was reported to 

have the highest duty ratio in comparison with NM2A and NM2C and therefore spends a 

large fraction of the ATPase cycle in a strongly actin-bound state (Kovacs et al. 2003). NM2B 

is thus believed to play key roles in maintaining strength rather than initiating force 

generation. 

Concerning MS-related cell types like microglia, the role of NM2 is mostly unknown. 

Recently, NM2A and NM2B were suggested to be negative regulators of oligodendrocyte 

maturation and myelination (Wang et al. 2012; Wang et al. 2008). In microglia, it has been 

shown that inflammation-induced migration is dependent on the activity of MLCK, which 
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induces acto-myosin contractility (Yao et al. 2013). During phagocytic clearance, NM2A is 

redistributed and co-localizes with phagocytosed cargo (Caberoy et al. 2012). Furthermore, it 

was shown that receptor-mediated phagocytosis is dependent on cytoskeletal MLCK and 

Rho/ROCK signaling (Gitik et al. 2010). Taken together, effector functions of microglia, 

especially the rapid and highly flexible cellular rearrangements observed during activation are 

dependent on cytoskeletal components, namely NM2. In a first study, we therefore aimed to 

further specify the role of NM2 during the activation of microglia. 

Astrocytes as a target for MS therapy 

Besides microglia, astrocytes are believed to play a prominent role in lesion pathogenesis and 

local immunity and have already been proposed to be a target for treatment of MS. However, 

the astrocytic function in the context of MS is sparsely investigated. Astrocytes are the most 

abundant cell type in the CNS and have essential functions in brain homeostasis and neuronal 

support (White and Jakeman 2008). They express a variety of pattern recognition receptors to 

respond to danger signals and can produce a range of cytokines, chemokines, and growth 

factors. The astrocytic response accompanies every neurological disease and plays a critical 

role in the activation of neighboring cells as well as the modification of the BBB permeability 

(Barres 2008; Farina et al. 2007). An important role of astrocytes in synapse formation and 

function as well as in the regulation of neuronal survival and circuitry has been proposed 

(Barres 2008). 

In MS, astrocytes react to local damage with astrogliosis, a term which implicates strong 

upregulation of intermediate filaments like vimentin or glial fibrillar acidic protein (GFAP) 

accompanied by cellular hypertrophy and abnormal increase in number of astrocytes (Zhang 

et al. 2010). Similar to microglia, it is still not fully understood whether the functions of 
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reactive astrocytes are beneficial or detrimental. For example, the inhibition of the astrocytic 

nuclear factor κB (NFκB) ameliorated EAE severity and reduced inflammation after spinal 

cord injury (Brambilla et al. 2005; van Loo et al. 2006). However, there is strong evidence 

that astrocytes might play a beneficial role in neuronal and oligodendrocyte protection (Pekny 

and Nilsson 2005; Sofroniew 2005). Recently it was shown that astrocytes promote 

environmental conditions supporting successful remyelination (Skripuletz et al. 2013). One 

promising target towards regenerative strategies in MS is the modulation of sphinghosin-1-

phosphate (S1P) receptors, which are highly expressed on brain cells including astrocytes and 

were shown to be involved in diverse glial functions. 

S1P receptors and the impact of FTY720 

S1P is a naturally occurring lysophospolipid derived from the membrane constituent 

ceramide. It is produced and secreted predominantly in erythrocytes and endothelial cells but 

also by neurons and astrocytes (Anelli et al. 2005; Pappu et al. 2007; Venkataraman et al. 

2008). Several years ago, FTY720 (fingolimod, Gilenya®) has been discovered as an 

analogue of S1P. FTY720 is a derivative of the fungal metabolite ISP-1 (myriocin) and was 

shown to be phosphorylated in vivo by sphingosin kinases to form the active form FTY720 

phosphate (FTY720-P) (Brinkmann et al. 2010; Brinkmann et al. 2002; Zemann et al. 2006). 

In clinical trials FTY720 significantly reduced the relapse rate and lesion activity in MS 

patients, as shown by magnetic resonance imaging (MRI) (Cohen et al. 2010; Kappos et al. 

2006; Kappos et al. 2010). FTY720 has been approved as oral drug for the therapy of 

relapsing-remitting MS in 2011. 

FTY720-P (similar to S1P) can bind to and activate specialized G-protein coupled receptors 

(S1P receptors) which belong to the family of receptors previously known as “endothelial 
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differentiation genes” (Edg) (Chun et al. 2002). Five receptor subtypes have been discovered 

to be members of the S1P receptor family, as characterized by sequence homology and ligand 

specifity (Dev et al. 2008): S1P1, S1P2, S1P3, S1P4, and S1P5. Four of these five S1P 

receptor subtypes, S1P1, S1P2; S1P3 and S1P5, were found to be expressed in the CNS 

(Chun et al. 2000). Astrocytes mainly express S1P1 and 3 receptors (Rao et al. 2003), 

oligodendrocytes express predominantly S1P1 and 5, while microglia express S1P1, 2, and 3 

(Soliven et al. 2011). The expression of S1P4 is limited to lymphoid tissue (Graeler and 

Goetzl 2002). Once phosphorylated, FTY720-P behaves as a full agonist of S1P1, S1P4, and 

S1P5, and partially agonizes S1P3. FTY720-P is ineffective on S1P2 (Albert et al. 2005; 

Brinkmann et al. 2002). 

The precise molecular mechanisms of FTY720-mediated effects are believed to be mainly 

immune-modulatory. Binding of FTY720-P to lymphocytic S1P1 receptors was reported to 

result in functional antagonism, as the receptors are internalized upon ligand binding and 

subsequently degraded. Thus, the S1P-mediated inflammatory response, which is chemotactic 

egress of lymphocytes from secondary lymphoid tissue, is attenuated when FTY720 is present 

(Graeler and Goetzl 2002). 

The functions of S1P receptor mediated signaling on brain resident cells remain to be 

clarified. Upregulation of S1P by several neurotrophic factors induces S1P receptor activation 

and thus regulates the survival of oligodendrocytes via S1P downstream signaling including 

phosphorylation of extracellular-related kinase (ERK) and the transcription factor CREB 

(Soliven et al. 2011). In microglia, the function of S1P receptor modulation is mostly 

unknown. However, as S1P accumulates at sites of microglial activation, a role for S1P 

receptor signaling in activation of microglia is suggested (Kimura et al. 2007; Tham et al. 

2003). It was shown that S1P receptor signaling in astrocytes regulates proliferation, 

migration, and survival via ERK phosphorylation. Importantly, the astrocytic production of 
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glial cell line-derived neurotrophic factor (GDNF) was enhanced by S1P receptor stimulation 

(Yamagata et al. 2003). These results indicate that modulation of S1P receptors on astrocytes 

might trigger beneficial and neuroprotective effects of these cells. As the pre-drug FTY720 

can easily enter the CNS it is presumable that the actions of FTY720-P exceed the so far 

described immune modulation and additionally comprise the manipulation of brain resident 

cells like astroglia (Foster et al. 2007). Indeed, by using S1P1 gene-modified animal models, 

Choi and colleagues have shown that FTY720 exert its functions in EAE via action on S1P1 

receptors on astrocytes (Choi et al. 2011). In vitro, FTY720-P increased migration of 

astrocytes and was shown to be involved in phosphorylation of extracellular-signal regulated 

kinase (ERK), Ca2+ signaling as well as mediation of phospholipase C (PLC) and adenylyl 

cyclase (Mullershausen et al. 2007; Osinde et al. 2007). In particular, these pathways are 

known to be important in cell proliferation and survival (Dev et al. 2008). 

Taken together, astrocytes play important roles not only during inflammation but especially in 

cell survival and regeneration. In the second study, we therefore focused on the potential 

impact of FTY720-P on inflammation-induced changes in astrocytes with a focus on the 

regenerative potential. 
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Abstract 

Microglia are resident macrophages in the central nervous system (CNS) and the primary 

cells that contribute to CNS inflammation in many pathological conditions. Upon any signs of 

brain injury, microglia become activated and undergo tremendous cellular reorganization to 

adopt appropriate phenotypes. They migrate to lesion areas, accumulate, phagocytose cells or 

cellular debris, and produce a large array of inflammatory mediators like cytokines, 

chemokines, and reactive oxygen species. Although a properly limited inflammation is 

beneficial after an inflammatory insult, there is evidence that microglial activation can have 

detrimental consequences on healthy cells, such as neurons and oligodendrocytes. 

To cope with the extreme cellular rearrangements during activation, microglia have to be 

highly dynamic. One major component of the cytoskeleton in nonmuscle cells is nonmuscle 

myosin 2 (NM2). This study was aimed to examine the functional role of NM2 in resting and 

LPS-activated microglia. 

Using immunohistochemistry, we demonstrate strong expression of NM2 isoform B (NM2B) 

in microglia during cuprizone-induced demyelination as well as in cultured microglia. 

Treatment with the NM2 inhibitor blebbistatin prevented the morphological shaping of 

microglial cells, led to functional deficits during chemokine-directed migration and 

phagocytosis, induced NM2B redistribution, and affected actin microfilament patterning. In 

addition, we found that the microglial inflammatory response was NM2-dependent. After 

inhibition of NM2 the release of nitric oxide (NO) was attenuated, while TNFα secretion was 

not altered.  
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In conclusion, we propose a pivotal role of NM2 in cytoskeleton organization during 

microglial activation. This is of great importance to understand the mechanisms of microglial 

action in inflammatory CNS diseases. 



18 

Introduction 

Microglia are the principal regulators of immune processes in the central nervous system 

(CNS) in both, physiological and pathological conditions (Block et al. 2007; Brown and 

Neher 2010). In most CNS autoimmune disorders, microglia are considered to play key 

regulatory and effector roles during the onset and progression of diseases (Jack et al. 2005). 

Any infection, trauma, or other signs of CNS damage can initiate activation of microglia 

(Hanisch and Kettenmann 2007; Kettenmann et al. 2011). However, the consequences of 

microglial activation remain controversial and both, protective and detrimental effects are 

discussed. Beneficial effects are supposed to be mediated through clearing debris, a process 

which is required for repair processes (Streit 2002). Furthermore, several inflammatory 

factors that are produced by activated microglia are essential for successful repair processes 

(Arnett et al. 2001; Franklin and Kotter 2008; Walter and Neumann 2009; Ziv et al. 2006). On 

the other hand, there is also compelling evidence that activation of microglia is involved in 

the damaging cascades of neuroinflammation (Block et al. 2007; Graeber and Streit 2010; 

Kim et al. 2002). They serve as antigen-presenting cells of the CNS to support the 

reactivation of cells of the adaptive immune system, e.g. reactive T-lymphocytes, and thereby 

promote acute inflammation (Jack et al. 2005). During activation, microglia undergo crucial 

changes in cellular dynamics to change their phenotype and migrate into lesion sites, where 

they accumulate and secrete a large array of pro-inflammatory cytokines, chemokines, and 

complement proteins as well as reactive oxygen species like nitric oxide (NO). Many of these 

factors may further contribute to neuronal damage (Hanisch and Kettenmann 2007). 

Vigorous cellular rearrangements of activated microglia require the contribution of the 

cytoskeleton (Caberoy et al. 2012; Cross and Woodroofe 1999; May and Machesky 2001b, a). 
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The bipolar filament forming nonmuscle myosin 2 (NM2) is one major component of the 

force generating apparatus in nonmuscle cells that regulates tension and contractility of the 

actin cytoskeleton. The contractile system in nonmuscle cells is highly dynamic and plays 

important roles in cell motility, cytokinesis, and cell shape determination (Conti et al. 2004; 

Heissler and Manstein 2013; Tullio et al. 1997). The NM2 protein is a hetero-hexamer 

consisting of two dimer-forming heavy chains, which are connected by long α-helical coiled-

coil regions at the C-terminus. The N-terminus of each heavy chain contains the catalytic 

head domain, which harbors the ATP-binding region and provides the sites for actin 

interactions. The neck region between the globular N- and rod-shaped C-terminus binds two 

pairs of light chains, designated as regulatory light chain (RLC) and essential light chain 

(ELC), and serves as mechanical lever to amplify force generated in the head domain. 

Reversible phosphorylation of the RLC by specific myosin light chain kinase (MLCK) or 

unspecific Rho kinase (ROCK) increases the enzymatic activity of NM2 and thus provides 

one major regulatory mechanism of NM2-mediated force generation (Heissler and Manstein 

2013). 

Three different heavy chain genes encoding three nonmuscle myosin-2 isoforms are found in 

mammalian cells: myh9 (NM2A), myh10 (NM2B), and myh14 (NM2C). The myosins are 

produced at different levels in various cell types, where they have been implicated in cell 

migration, adhesion, and cytokinesis (Bao et al. 2005; Ma et al. 2004; Takeda et al. 2003; 

Togo and Steinhardt 2004; Vicente-Manzanares et al. 2009). In neural tissue, NM2B is the 

predominant isoform (Kawamoto and Adelstein 1991; Ma et al. 2010; Rochlin et al. 1995) 

which was shown to be involved in neuronal growth cone motility, dendritic spine and 

synapse morphology (Hodges et al. 2011). Additionally, NM2A and NM2B were identified as 

negative regulators of oligodendrocyte maturation and myelination (Wang et al. 2012; Wang 

et al. 2008). In microglia, it has been shown that inflammation-induced migration is 
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dependent on the activity of myosin light chain kinase, which induces actomyosin 

contractility (Yao et al. 2013). During non-inflammatory phagocytic clearance, NM2A is 

redistributed and co-localizes with cargo derived from ingested cellular debris (Caberoy et al. 

2012). Gitik et al. showed that microglial receptor-mediated phagocytosis is dependent on 

cytoskeletal MLCK and Rho/ROCK signaling, both of which are principal regulators of 

assembly and disassembly of dynamic actomyosin structures (Gitik et al. 2010). 

Here, we characterized the expression and localization of NM2B in microglia in vitro and in 

vivo using the cuprizone model and investigated the importance of NM2 motor function in 

activation-dependent motile processes of microglia. 

 

Materials and Methods 

Animals, induction of demyelination and tissue preparation 

C57BL/6 male mice were obtained from Charles River (Sulzfeld, Germany). Animals 

underwent routine cage maintenance once a week and were microbiologically monitored 

according to the Federation of European Laboratory Animal Science Associations 

recommendations (Rehbinder et al. 1996). Food and water were available ad libitum. All 

research and animal care procedures were approved by the Review Board for the Care of 

Animal Subjects of the district government (Lower Saxony, Germany) and performed 

according to international guidelines on the use of laboratory animals. Experimental 

demyelination was induced by feeding 8-week old male C57BL/6 mice a diet containing 0.2% 

cuprizone (bis-cyclohexanone oxaldihydrazone, Sigma-FAldrich Inc., St. Louis, MO, USA) 

mixed into a ground standard rodent chow (Skripuletz et al. 2011). The cuprizone diet was 
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maintained for 5 weeks. For tissue preparation, mice were perfused with 4% PFA in 

phosphate buffer via left cardiac ventricle as previously described (Gudi et al. 2011). Brains 

were removed, postfixed in 4% PFA (Sigma-Aldrich, Steinheim, Germany) and paraffin 

embedded. For microscopy, 7 µm serial paraffin sections were cut and dried at 37°C 

overnight. 

 

Immunohistochemistry of brain tissue and fluorescence microscopy 

Immunohistochemistry was performed as previously described (Gudi et al. 2009; Skripuletz et 

al. 2010). The following antibodies were used: rabbit anti-nonmuscle myosin heavy chain 2B 

polyclonal antibody (NM2B; 1:500; Covance, Princeton, USA), for mature oligodendrocytes 

mouse anti-adenomatous polyposis coli monoclonal antibody (APC, 1:200; Merck, 

Darmstadt, Germany), for activated microglia the lectin ricinus communis agglutinin-1 (RCA-

1; 1:1000; Vector labs, Burlingame, USA) and for astrocytes mouse anti-glial fibrillary acidic 

protein monoclonal antibody (GFAP; 1:200; Merck Millipore, Darmstadt, Germany). For 

fluorescence microscopy, the Olympus BX61 upright microscope with 10x, 20x, or 40x 

objective was used. 

 

Primary microglia cell culture 

Primary rat mixed glial cultures were prepared from neonatal Sprague–Dawley rat brains as 

previously described (Giulian and Baker 1986; Hall et al. 1997). Briefly, brains were freed 

from meninges and dissociated mechanically and enzymatically (0, 1% Trypsin; Biochrom, 

Merck Millipore, Darmstadt, Germany). Cells from 1-2 brains were plated per poly-L-lysin 

(Sigma-Aldrich, St. Louis, USA) coated tissue flask (75 cm2; Sarstedt, Nümbrecht, Germany) 
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containing Dulbecco´s Modified Eagle Medium (DMEM; life technologies, Carlsbad, USA) 

supplemented with 10% fetal calf serum (FCS; Biochrom, Merck Millipore, Darmstadt, 

Germany) and 1% Penicillin/ Streptomycin (life technologies, Carlsbad, USA; culture 

medium referred to as: MGP+). After 6-8 days, loosely attached microglia were removed 

from mixed culture by shaking (170 rpm) in an orbital shaker-incubator (Edmund Bühler, 

Hechingen, Germany) for 1-2 hours. Cells from the supernatant were collected and plated as 

indicated for each experiment. Microglia were allowed to attach for a period of 30 minutes 

after plating; afterwards, floating cells and debris were removed by washing with DMEM and 

adherent cells were incubated in MGP+. This yielded a purity of approximately 95%-98% 

pure microglia cultures as judged by CD11b staining. Experiments were started after 48-72 

hours. 

For inhibition studies, we used the NM2 inhibitor blebbistatin (Merck, Darmstadt, Germany). 

For different experiments, working concentrations of blebbistatin were freshly prepared from 

50 mM stock solutions in DMSO and added temporarily to MGP+ prior to or during the 

experiment. 

 

Migration assay 

The migratory behavior of microglia was assayed in the Boyden chamber using the Neuro 

Probe 48-Well Micro Chemotaxis Chamber (Neuro Probe, Gaithersburg, USA). The lower 

wells were filled with cell culture medium (MGP+) containing the chemokine CCL-2 

(100 ng/ml; Peprotech, Rocky Hill, USA); lower and upper wells were separated by a 

polyvinylpyrrolidone-free polycarbonate membrane with 8 μm pore size (Neuro Probe). 7x104 

microglia were resuspended in culture medium, with or without blebbistatin at indicated 

concentrations and added to each compartment of the upper chamber. Cells were allowed to 
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migrate for 5-6 hours. Subsequently, non-migrated cells were wiped off the upper side of the 

membrane and migrated cells were fixed and stained using the Diff-Quik Set (Dade Behring, 

Deerfield, USA). Three wells per condition were evaluated under a light microscope 

(Olympus BX61; Olympus, Tokyo, Japan) by counting cell bodies in three random brightfield 

areas (400x magnification) per well. The results from three independent experiments are 

displayed. 

 

Phagocytosis assay 

Phagocytosis by microglia was assessed by latex bead uptake assay as described (Pul et al. 

2013). Briefly, microglia harvested from mixed glial cultures were seeded in 24 well plates 

(Nunc, Life Technologies, Paisley, UK;) at a density of 2x105 cells/well. After 48 hours, 

fluorescein isothiocyanate (FITC)-labelled latex beads (1 μm in diameter, Fluoresbrite™ YG 

carboxylate microspheres; Polysciences, Warrington, USA) were added to the cells at a ratio 

of approximately 30 beads per cell and incubated at 37o C for 2 hours. In parallel, cells were 

also incubated with beads on ice and this served as negative (4oC) controls. Cells were 

harvested by 0, 1% Trypsin/ EDTA treatment and collected in polystyrene tubes. Non-

phagocytosed and surface bound beads were removed by washing three times with ice cold 

PBS. Subsequently cells were resuspended in PBS and phagocytosis was measured on flow 

cytometer (FACSCalibur; Becton-Dickinson, San Jose, CA, USA). Unbound beads exhibiting 

low forward scatter and high fluorescence signal were excluded from the analysis by gating. 

Shift in mean fluorescence intensities (MFI) resulting from uptake of fluorescent beads was 

used as a measure to assess phagocytosis. Active phagocytosis was calculated by subtracting 

the MFI measured in 4°C controls from the MFI measured in samples incubated at 37oC. Four 

independent experiments were performed and results are shown as phagocytosis rate in 
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comparison to untreated control cells. In some samples blebbistatin was applied to the cell 

culture medium (at indicated concentrations) four hours prior to the addition of the 

fluorescent beads. 

 

TNFα and nitric oxide (NO) production 

Supernatants from LPS-treated (50 ng/ml ± blebbistatin) microglia were analyzed for the 

amount of released TNFα by enzyme linked immunosorbent assay (ELISA) according to the 

protocol of the manufacturer (BD biosciences, San Diego, CA, USA). 

To investigate NO production by primary microglia we used the Griess reaction (Stangel and 

Compston 2001). 100 µl of 50 ng/ml LPS-treated (± blebbistatin) microglia supernatants were 

mixed with equal volume of freshly prepared Griess reagent (0, 2% Naphtylethylen-

diaminedihydrochloride + 2% Sulfanilamid in 5% H3PO4; Merck, Darmstadt, Germany) in a 

96-well plate and kept in the dark at room temperature for 15 min. After color development, 

OD was measured at 492 nm on a plate reader (Tecan Sunrise, Crailsheim, Germany). The 

amount of NO2
– was calculated by linear regression from a standard curve using known 

concentrations of sodium nitrite (Merck, Darmstadt, Germany). Measurements were 

performed in duplicates per condition and in four independent experiments. 

 

Immunocytochemistry and confocal fluorescence microscopy 

For immunocytochemistry, primary rat microglia were plated onto glass coverslips (Menzel 

GmbH, Braunschweig, Germany) at a density of ~3x104 cells. Staining was performed after 

indicated time points. Microglia were fixed with 4% PFA for 15 minutes. The following 

primary antibodies were used in this study: rabbit anti-nonmuscle myosin heavy chain 2B 
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polyclonal antibody (NM2B; 1:500; Covance, Princeton, USA), mouse anti-inducible nitric 

oxide synthase monoclonal antibody (iNOS; 1:300; Santa Cruz Biotech, Dallas, USA), rabbit 

anti-Iba1 polyclonal antibody (1:300; Wako pure chemical industries, Osaka, Japan), and 

mouse anti-CD11b/c monoclonal antibody (1:100; Cedarlane labs, Ontario, Canada). Primary 

antibodies were diluted in PBS and incubated over night at 4°C. As secondary antibodies, 

Alexa Fluor 488 and/or 555 were used (life technologies, Carlsbad, USA) in 1:500 dilutions 

in PBS for 60 min. Cells were washed twice with PBS buffer and mounted using MOWIOL 

(Calbiochem, San Diego, CA, USA) containing a 1:1000 dilution of 4-, 6- diamidino-2-

phenylindole (DAPI; life technologies, Carlsbad, USA) for nuclear staining. For confocal 

microscopy, Leica TCS-SP2 AOBS and Olympus FV-1000 systems equipped with 63x, 1.4 

NA oil objectives were used. 

 

Statistical analysis 

All data were plotted using GraphPad Prism version 5.02 (GraphPad software, San Diego 

California, USA). Analysis of variance (ANOVA) was used for statistical analysis followed 

by the Tukey test for post hoc comparison. Values are given as arithmetic means ± standard 

error of the mean (SEM). P-values < 0.05 were considered as statistically significant. In the 

figures p-values are indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001. 
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Results 

Nonmuscle myosin 2 isoform B (NM2B) is expressed in glial cells  

Recent in vitro studies described the expression of NM2B in oligodendroglial cells (Wang et 

al. 2012). To link up with this observation and confirm the specific expression of NM2B in 

glial cells also in vivo, we made use of the cuprizone model, an animal model which is 

characterized by extensive oligodendrocyte precursor cell proliferation and subsequent 

differentiation into mature oligodendrocytes. This model is used to investigate de- and 

remyelination processes and glial reactions in the CNS white and grey matter (Skripuletz et 

al. 2011). Cuprizone feeding in mice induces toxic demyelination by apoptosis of mature 

oligodendrocytes (OLC), the myelin forming cells of the CNS, while termination of the 

cuprizone diet is followed by spontaneous remyelination. The demyelination is accompanied 

by strong microgliosis and astrogliosis. 

Using immunohistochemistry of whole brain sections, we could detect weak expression of 

NM2B in astrocytes (GFAP+ cells) and no expression of NM2B in oligodendrocytes (APC+ 

cells) (figure 1). However, there was strong expression of NM2B in activated microglia 

(RCA-1+ cells) during the onset of microglial activation (week 2 of cuprizone treatment; 

figure 2D-G) as wells as at the peak of microglial activation (week 4; figure 2H-K) in the 

cuprizone fed mice. As RCA-1 is a specific marker for activated microglia only, we did not 

find double positive cells in control animals, where microglial activation is rare (figure 2A-

C). 

In summary, the expression of NM2B was found to be most striking in activated microglia 

during cuprizone-induced de- and remyelination. 
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NM2 is critically involved in microglial shaping 

In cell culture experiments, we found that NM2B was expressed in resting microglia. 

Immunocytochemical stainings could detect diffuse expression of NM2B in CD11b+ 

microglia (figure 3A-C). To induce activation in vitro we stimulated primary microglia with 

bacterial lipopolysaccharide (LPS). Using immunocytochemistry, we observed a clear 

redistribution of NM2B to the perinuclear area of the cells (figure 3D-F). 

Morphological rearrangement is a major feature during the transition of different functional 

stages of microglia. Thus, we investigated if inhibition of NM2 contractility affects the 

shaping of freshly isolated microglia. Immediately after plating, microglia were cultured for 

6 h in the presence or absence of the NM2 inhibitor blebbistatin and subsequently 

immunostained for NM2B. As illustrated in figure 4E-H, inhibition of NM2 interfered with 

normal morphological shaping of microglia. In comparison with untreated cells (figure 4A-

D), blebbistatin-treated cells did not adopt the characteristic elongated structures and 

exhibited an irregular cytoskeleton pattern. Both, actin microfilaments and NM2B, 

accumulated in the perinuclear area and actin filaments were enriched at cortical sites near the 

cell periphery. 

 

NM2 is essential for microglial migration and phagocytosis 

Activated microglia migrate over long distances in the CNS to reach a site of damage where 

they are involved in phagocytosis and clearance of cell debris. Hence, we analyzed the role of 

NM2 in regard to these effector functions by assaying microglia migration in the boyden 

chamber following the migratory response induced by the chemoattractant CCL-2 (MCP-1) 

(Skuljec et al. 2011) in the absence and presence of increasing concentrations of blebbistatin. 
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Blebbistatin significantly inhibited directed cellular movement, suggesting that NM2 is 

essential in microglial migration (figure 4I-K). 

To study the role of NM2 in phagocytosis, we analyzed the uptake of fluorescent latex beads 

by microglia. Primary microglia were incubated with latex beads for 2 h in the presence or 

absence of blebbistatin (indicated concentrations in figure 4N). The uptake of fluorescent 

particles was measured and analyzed immediately by flow cytometry. The phagocytosis rate 

was significantly reduced in blebbistatin-treated microglia and this effect was dose-dependent 

(figure 4N). These results were confirmed by confocal microscopy, where Iba1+ microglia 

treated with blebbistatin displayed reduced number of ingested beads (figure 4L, M). This 

indicates an involvement of NM2 in microglial phagocytic activity. 

Taken together, these results confirm a significant role of NM2 in migration and phagocytic 

properties of microglia. 

 

Microglial production of NO, but not TNFα is dependent on NM2 activity 

In response to an activation stimulus, microglia produce inflammatory factors, including NO 

and TNFα. To test whether NM2 participated in inflammatory responses of microglia, we 

activated cultured microglial cells with LPS in the presence or absence of the NM2 inhibitor 

blebbistatin. LPS induced the production of both, TNFα and NO, by microglial cells as 

compared to untreated cells (figure 5A, B). We observed no effect of NM2 inhibition on the 

TNFα secretion for any of the tested concentrations of blebbistatin (figure 5A). Interestingly, 

we found that NO was significantly reduced when cells were treated with blebbistatin (figure 

5B). 
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As the production of NO in microglia is known to be catalyzed by inducible NO synthase 

(iNOS), we were interested in the expression pattern of iNOS after microglia were exposed to 

LPS and blebbistatin. Double-immunostainings were performed to visualize Iba1+ microglia 

expressing iNOS. Figure 5 (D-F) demonstrates that LPS strongly induced iNOS expression. In 

comparison, we did not find any untreated cell expressing iNOS (figure 5C). For quantitative 

comparison of cells that were treated with either LPS alone or with LPS and blebbistatin at 

indicated concentrations, we performed intensity-based analysis of iNOS/Iba1+ cells to 

evaluate the number of activated, iNOS expressing microglia. Compared to LPS treatment 

alone, the number of cells that were positive for iNOS was not altered in the presence of 

blebbistatin (figure 5F). 

Therefore, we conclude that NM2 not only is involved in migration and phagocytosis but also 

appears to have a pivotal role during certain inflammatory processes. 

 

Discussion 

The aim of our study was to investigate the role of NM2 in glial cells. So far, the expression 

and distribution of NM2B was described in the CNS in different types of neurons (Cheng et 

al. 1992; Kawamoto and Adelstein 1991; Miller et al. 1992; Rochlin et al. 1995), where it 

regulates dendritic spine and post-synaptic density (PSD) morphology (Hodges et al. 2011). 

In oligodendrocytes, NM2A and NM2B were suggested to be negative regulators of OPC 

maturation and myelination (Wang et al. 2012; Wang et al. 2008). Furthermore, NM2 was 

supposed to play a role in reactive astroglial phenotyping as the activation of human 

astrocytes by interleukin-1β was found to be dependent on several NM2 interacting proteins 

like Rho/ROCK or focal adhesion kinase (John et al. 2004). Here, we detected only little 
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expression of NM2B in astrocytes and no NM2B in mature oligodendrocytes. Importantly, we 

could demonstrate that NM2B is mainly expressed in activated microglia in vivo during 

experimental demyelination of the CNS. To our knowledge, this is the first report of specific 

expression of NM2B in microglia during cuprizone-induced de- and remyelination as well as 

in cultured microglia. Since activation of microglia is associated with massive morphological 

changes, we assume that NM2 plays an important role in the remodeling of the membrane and 

cytoskeleton to drive motile activities of microglia including directed migration and 

phagocytosis. Thus, we characterized the role of NM2 in microglia by analyzing these 

functions of primary cells in vitro. 

We observed colocalization of NM2B with actin in cultured microglia suggesting the 

presence of actomyosin bundles which are known to act as contractile stress fibers in 

nonmuscle cells (Heissler and Manstein 2013). Compared to other cell types, in microglia, we 

found less defined and organized actomyosin structures which probably enable higher 

flexibility and dynamics of the cells during motility and morphological rearrangement. This 

has been suggested in other nonmuscle cell types before (Parsons et al. 2010; Shutova et al. 

2012; Vicente-Manzanares et al. 2009; Wolfenson et al. 2009). Accordingly, microglial shape 

determination was dependent on NM2 activity in our experiments, as microglia did not adopt 

a characteristic morphology and exhibited irregular cytoskeletal structures after treatment 

with blebbistatin. Our findings are in line with results from Shutova et al., who showed 

recently that blebbistatin-mediated loss of NM2 motor function leads to disruption of the actin 

cytoskeleton and inhibits the formation of lamellipodia and maturation of focal complexes, 

both of which are essential during morphological shaping as well as motility (Shutova et al. 

2012). 

Based on a range of previous studies in nonmuscle cells (Pool et al. 2011; Shutova et al. 2012; 

Wang et al. 2012), we made use of the acute and reversible pharmacological effect of 
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blebbistatin to focus our studies on rapid cell modifications that occur in microglia 

immediately after activation. Blebbistatin was previously found to specifically inhibit the 

ATPase activity in smooth muscle myosin and NM2 isoforms by slowing down the phosphate 

release after ATP hydrolysis (Kovacs et al. 2003; Ramamurthy et al. 2004; Straight et al. 

2003). Thus, myosins other than NM2 are unlikely to be targeted in our experiments. In 

nonmuscle cells, predominantly NM2 isoform B and, to a lesser extent, NM2A are affected 

by blebbistatin. Therefore, we assume that the overall effects observed in our functional 

studies using blebbistatin are a result of inhibition of NM2 function, but are not isoform 

specific. 

In functional assays, we obtained data supporting an essential role of NM2 for microglial 

migration and efficient phagocytosis. Activated microglia migrate over long distances, guided 

by a range of signals such as chemokines or phospholipids, to reach the site of lesion. The 

cytoskeleton is likely to be involved in such migratory processes (Cross and Woodroofe 1999; 

Siddiqui et al. 2012; Stuart et al. 2007; Yao et al. 2013). In a recent study, Yao et al. 

demonstrated that inflammation-induced migration of microglia can be attenuated in myosin 

light chain kinase-deficient mice or after blockade of myosin light chain kinase activity in 

primary cells (Yao et al. 2013). Correspondingly, we found that the treatment of microglia 

with an inhibitor of NM2 motor function diminished CCL-2 directed migration.  

We also found a reduction of phagocytic activity after treatment with blebbistatin. As 

blebbistatin treatment leads to NM2-dependent collapse of actomyosin structures within the 

cell, we conclude that efficient phagocytosis is critically dependent on the cytoskeletal actin-

associated motor NM2. Phagocytosis is one hallmark of activated microglia. In experimental 

demyelinating diseases, it was shown that recruitment of microglia to clear myelin debris is 

an essential process for subsequent repair mechanisms (Kotter et al. 2001; Skripuletz et al. 

2013). Inhibition of microglial functions and phagocytosis of debris inhibited regeneration of 
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oligodendrocytes and myelin proteins. However, others suggested detrimental effects of 

microglial phagocytosis as it was shown that “hyperactivated” microglia tackle viable neurons 

during inflammation (Block and Hong 2005; Brown and Neher 2012). Inhibition of 

phagocytosis by inducing cytoskeletal collapse under appropriate conditions could therefore 

protect from neuronal death that is associated with constant activation of microglia. 

The release of pro-inflammatory mediators by activated microglia is one of the most abundant 

arguments for microglia-promoted tissue damage during inflammation (Kadhim et al. 2001; 

Lassmann 2003; Tahraoui et al. 2001). To analyze the role of NM2 in microglial secretion of 

pro-inflammatory mediators, the release of TNFα and NO in LPS-activated microglia was 

examined. In this regard, we did not find any regulation of TNFα secretion by inhibition of 

NM2. Hence, TNFα release seems to be independent from NM2 mediated cytoskeletal 

changes. The mechanism by which cytokines like TNFα are released from immune cells, are 

largely unknown (Lacy and Stow 2011). In general, it is believed that cytokines and 

chemokines are packed in small vesicles, transported to the membrane and released. All of 

these are processes require different sets of trafficking machinery molecules. Thus molecules 

other than NM2 seem to be involved in this specialized kind of vesicle transport. 

Besides TNFα, NO is an important effector molecule produced in large amounts during CNS 

inflammation (Murphy 2000). High levels of NO produced by microglia are implicated in 

neuronal toxicity via inhibition of mitochondrial cytochrome oxidase and subsequent toxic 

glutamate release (Bal-Price and Brown 2001). Here, we report that the NO release was 

significantly reduced in the presence of the NM2 inhibitor blebbistatin. This result implicates 

a reduced pro-inflammatory response evoked by activated microglia when NM2 motor 

function is blocked. The glial production of NO under pathophysiological conditions is 

catalyzed by iNOS (NOS2) (Stuehr 1997) and iNOS expression has been found in microglia 

and macrophages in the diseased brain (Bagasra et al. 1995). In vitro, after stimulation with 
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LPS, we detected strong expression of iNOS in microglial cells, which is consistent with 

previous results (Possel et al. 2000). However, the expression level did not change in the 

presence of the NM2 inhibitor blebbistatin. Therefore, one explanation for the reduced levels 

of NO would be that inhibition of NM2, the active warden of the actin cytoskeleton, leads to 

disruption of actomyosin microfilament structures in microglia, like it was observed 

previously in other nonmuscle cells (Shutova et al. 2012). Hence, the transport of extracellular 

L-arginine into the cytoplasm, which is suggested to be directly linked to the actin 

cytoskeleton (Zharikov et al. 2001), might be indirectly affected by NM2 inhibition. As NO is 

produced from L-arginine via five-electron-oxidation (Michel et al. 1997), minor amounts of 

NO might be the consequence of reduced supply of L-arginine substrate caused by 

cytoskeletal breakdown. 

In conclusion, our results implicate a critical role for NM2 motor function in different aspects 

of microglial activation, as processes associated with the remodeling of the actin cytoskeleton 

like migration and phagocytosis are clearly impaired when NM2-mediated actomyosin 

contractility is blocked. Importantly, a major part of the immune response by activated 

microglia, measured by the production of NO, seems to be dependent on NM2 activity. These 

results are of particular interest to understand the mechanisms of microglial activation. 

However, NM2 is also implicated in the regulation of other glial cells, e.g. oligodendrocyte 

differentiation. Therefore, our results have to be kept in mind when cell specific modulation 

of NM2B is implicated to enhance remyelination or other regenerative processes. 

 



34 

Acknowledgements 

The authors thank I. Cierpka-Leja, S. Lang, and A. Niesel for excellent technical assistance. 

This manuscript is part of a doctoral thesis at the University of Veterinary Medicine Hannover 

which has been handed to the University (Stefanie Janßen, January 2014). 

References 

Arnett HA, Mason J, Marino M, Suzuki K, Matsushima GK, Ting JP. 2001. TNF alpha promotes proliferation of 
oligodendrocyte progenitors and remyelination. Nat Neurosci 4(11):1116-22. 

Bagasra O, Michaels FH, Zheng YM, Bobroski LE, Spitsin SV, Fu ZF, Tawadros R, Koprowski H. 1995. 
Activation of the inducible form of nitric oxide synthase in the brains of patients with multiple sclerosis. 
Proc Natl Acad Sci U S A 92(26):12041-5. 

Bal-Price A, Brown GC. 2001. Inflammatory neurodegeneration mediated by nitric oxide from activated glia-
inhibiting neuronal respiration, causing glutamate release and excitotoxicity. J Neurosci 21(17):6480-
91. 

Bao J, Jana SS, Adelstein RS. 2005. Vertebrate nonmuscle myosin II isoforms rescue small interfering RNA-
induced defects in COS-7 cell cytokinesis. J Biol Chem 280(20):19594-9. 

Block ML, Hong JS. 2005. Microglia and inflammation-mediated neurodegeneration: multiple triggers with a 
common mechanism. Prog Neurobiol 76(2):77-98. 

Block ML, Zecca L, Hong JS. 2007. Microglia-mediated neurotoxicity: uncovering the molecular mechanisms. 
Nat Rev Neurosci 8(1):57-69. 

Brown GC, Neher JJ. 2010. Inflammatory Neurodegeneration and Mechanisms of Microglial Killing of 
Neurons. Mol Neurobiol 41(2-3):242-247. 

Brown GC, Neher JJ. 2012. Eaten alive! Cell death by primary phagocytosis: 'phagoptosis'. Trends Biochem Sci 
37(8):325-32. 

Caberoy NB, Alvarado G, Li W. 2012. Tubby regulates microglial phagocytosis through MerTK. J 
Neuroimmunol 252(1-2):40-8. 

Cheng TP, Murakami N, Elzinga M. 1992. Localization of myosin IIB at the leading edge of growth cones from 
rat dorsal root ganglionic cells. FEBS Lett 311(2):91-4. 

Conti MA, Even-Ram S, Liu C, Yamada KM, Adelstein RS. 2004. Defects in cell adhesion and the visceral 
endoderm following ablation of nonmuscle myosin heavy chain II-A in mice. J Biol Chem 
279(40):41263-6. 

Cross AK, Woodroofe MN. 1999. Chemokines induce migration and changes in actin polymerization in adult rat 
brain microglia and a human fetal microglial cell line in vitro. J Neurosci Res 55(1):17-23. 

Franklin RJ, Kotter MR. 2008. The biology of CNS remyelination: the key to therapeutic advances. J Neurol 255 
Suppl 1:19-25. 

Gitik M, Reichert F, Rotshenker S. 2010. Cytoskeleton plays a dual role of activation and inhibition in myelin 
and zymosan phagocytosis by microglia. FASEB J 24(7):2211-21. 

Giulian D, Baker TJ. 1986. Characterization of ameboid microglia isolated from developing mammalian brain. J 
Neurosci 6(8):2163-78. 

Graeber MB, Streit WJ. 2010. Microglia: biology and pathology. Acta Neuropathol 119(1):89-105. 
Gudi V, Moharregh-Khiabani D, Skripuletz T, Koutsoudaki PN, Kotsiari A, Skuljec J, Trebst C, Stangel M. 

2009. Regional differences between grey and white matter in cuprizone induced demyelination. Brain 
Res 1283:127-38. 

Gudi V, Skuljec J, Yildiz O, Frichert K, Skripuletz T, Moharregh-Khiabani D, Voss E, Wissel K, Wolter S, 
Stangel M. 2011. Spatial and temporal profiles of growth factor expression during CNS demyelination 
reveal the dynamics of repair priming. PLoS One 6(7):e22623. 

Hall GL, Wing MG, Compston DA, Scolding NJ. 1997. beta-Interferon regulates the immunomodulatory 
activity of neonatal rodent microglia. J Neuroimmunol 72(1):11-9. 



35 

Hanisch UK, Kettenmann H. 2007. Microglia: active sensor and versatile effector cells in the normal and 
pathologic brain. Nat Neurosci 10(11):1387-94. 

Heissler SM, Manstein DJ. 2013. Nonmuscle myosin-2: mix and match. Cell Mol Life Sci 70(1):1-21. 
Hodges JL, Newell-Litwa K, Asmussen H, Vicente-Manzanares M, Horwitz AR. 2011. Myosin IIB Activity and 

Phosphorylation Status Determines Dendritic Spine and Post-Synaptic Density Morphology. PLoS One 
6(8). 

Jack C, Ruffini F, Bar-Or A, Antel JP. 2005. Microglia and multiple sclerosis. J Neurosci Res 81(3):363-73. 
John GR, Chen L, Rivieccio MA, Melendez-Vasquez CV, Hartley A, Brosnan CF. 2004. Interleukin-1beta 

induces a reactive astroglial phenotype via deactivation of the Rho GTPase-Rock axis. J Neurosci 
24(11):2837-45. 

Kadhim H, Tabarki B, Verellen G, De Prez C, Rona AM, Sebire G. 2001. Inflammatory cytokines in the 
pathogenesis of periventricular leukomalacia. Neurology 56(10):1278-84. 

Kawamoto S, Adelstein RS. 1991. Chicken nonmuscle myosin heavy chains: differential expression of two 
mRNAs and evidence for two different polypeptides. J Cell Biol 112(5):915-24. 

Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. 2011. Physiology of microglia. Physiol Rev 91(2):461-
553. 

Kim MO, Si Q, Zhou JN, Pestell RG, Brosnan CF, Locker J, Lee SC. 2002. Interferon-beta activates multiple 
signaling cascades in primary human microglia. J Neurochem 81(6):1361-71. 

Kotter MR, Setzu A, Sim FJ, Van Rooijen N, Franklin RJ. 2001. Macrophage depletion impairs oligodendrocyte 
remyelination following lysolecithin-induced demyelination. Glia 35(3):204-12. 

Kovacs M, Wang F, Hu A, Zhang Y, Sellers JR. 2003. Functional divergence of human cytoplasmic myosin II: 
kinetic characterization of the non-muscle IIA isoform. J Biol Chem 278(40):38132-40. 

Lacy P, Stow JL. 2011. Cytokine release from innate immune cells: association with diverse membrane 
trafficking pathways. Blood 118(1):9-18. 

Lassmann H. 2003. Axonal injury in multiple sclerosis. J Neurol Neurosurg Psychiatry 74(6):695-7. 
Ma X, Jana SS, Conti MA, Kawamoto S, Claycomb WC, Adelstein RS. 2010. Ablation of nonmuscle myosin II-

B and II-C reveals a role for nonmuscle myosin II in cardiac myocyte karyokinesis. Mol Biol Cell 
21(22):3952-62. 

Ma X, Kawamoto S, Hara Y, Adelstein RS. 2004. A point mutation in the motor domain of nonmuscle myosin 
II-B impairs migration of distinct groups of neurons. Mol Biol Cell 15(6):2568-79. 

May RC, Machesky LM. 2001a. Phagocytosis and the actin cytoskeleton. J Cell Sci 114(Pt 6):1061-77. 
May RC, Machesky LM. 2001b. Plagiarism and pathogenesis: common themes in actin remodeling. Dev Cell 

1(3):317-8. 
Michel JB, Feron O, Sacks D, Michel T. 1997. Reciprocal regulation of endothelial nitric-oxide synthase by 

Ca2+-calmodulin and caveolin. J Biol Chem 272(25):15583-6. 
Miller M, Bower E, Levitt P, Li D, Chantler PD. 1992. Myosin II distribution in neurons is consistent with a role 

in growth cone motility but not synaptic vesicle mobilization. Neuron 8(1):25-44. 
Murphy S. 2000. Production of nitric oxide by glial cells: regulation and potential roles in the CNS. Glia 

29(1):1-13. 
Parsons JT, Horwitz AR, Schwartz MA. 2010. Cell adhesion: integrating cytoskeletal dynamics and cellular 

tension. Nat Rev Mol Cell Biol 11(9):633-43. 
Pool M, Rambaldi I, Durafourt BA, Wright MC, Antel JP, Bar-Or A, Fournier AE. 2011. Myeloid lineage cells 

inhibit neurite outgrowth through a myosin II-dependent mechanism. J Neuroimmunol 237(1-2):101-5. 
Possel H, Noack H, Putzke J, Wolf G, Sies H. 2000. Selective upregulation of inducible nitric oxide synthase 

(iNOS) by lipopolysaccharide (LPS) and cytokines in microglia: in vitro and in vivo studies. Glia 
32(1):51-9. 

Pul R, Chittappen KP, Stangel M. 2013. Quantification of microglial phagocytosis by a flow cytometer-based 
assay. Methods Mol Biol 1041:121-7. 

Ramamurthy B, Yengo CM, Straight AF, Mitchison TJ, Sweeney HL. 2004. Kinetic mechanism of blebbistatin 
inhibition of nonmuscle myosin IIb. Biochemistry 43(46):14832-9. 

Rehbinder C, Baneux P, Forbes D, van Herck H, Nicklas W, Rugaya Z, Winkler G. 1996. FELASA 
recommendations for the health monitoring of mouse, rat, hamster, gerbil, guinea pig and rabbit 
experimental units. Report of the Federation of European Laboratory Animal Science Associations 
(FELASA) Working Group on Animal Health accepted by the FELASA Board of Management, 
November 1995. Lab Anim 30(3):193-208. 

Rochlin MW, Itoh K, Adelstein RS, Bridgman PC. 1995. Localization of myosin II A and B isoforms in cultured 
neurons. J Cell Sci 108 ( Pt 12):3661-70. 

Shutova M, Yang C, Vasiliev JM, Svitkina T. 2012. Functions of nonmuscle myosin II in assembly of the 
cellular contractile system. PLoS One 7(7):e40814. 



36 

Siddiqui TA, Lively S, Vincent C, Schlichter LC. 2012. Regulation of podosome formation, microglial migration 
and invasion by Ca(2+)-signaling molecules expressed in podosomes. J Neuroinflammation 9:250. 

Skripuletz T, Bussmann JH, Gudi V, Koutsoudaki PN, Pul R, Moharregh-Khiabani D, Lindner M, Stangel M. 
2010. Cerebellar cortical demyelination in the murine cuprizone model. Brain Pathol 20(2):301-12. 

Skripuletz T, Gudi V, Hackstette D, Stangel M. 2011. De- and remyelination in the CNS white and grey matter 
induced by cuprizone: the old, the new, and the unexpected. Histol Histopathol 26(12):1585-97. 

Skripuletz T, Hackstette D, Bauer K, Gudi V, Pul R, Voss E, Berger K, Kipp M, Baumgartner W, Stangel M. 
2013. Astrocytes regulate myelin clearance through recruitment of microglia during cuprizone-induced 
demyelination. Brain 136(Pt 1):147-67. 

Skuljec J, Sun H, Pul R, Benardais K, Ragancokova D, Moharregh-Khiabani D, Kotsiari A, Trebst C, Stangel M. 
2011. CCL5 induces a pro-inflammatory profile in microglia in vitro. Cell Immunol 270(2):164-71. 

Stangel M, Compston A. 2001. Polyclonal immunoglobulins (IVIg) modulate nitric oxide production and 
microglial functions in vitro via Fc receptors. J Neuroimmunol 112(1-2):63-71. 

Straight AF, Cheung A, Limouze J, Chen I, Westwood NJ, Sellers JR, Mitchison TJ. 2003. Dissecting temporal 
and spatial control of cytokinesis with a myosin II Inhibitor. Science 299(5613):1743-7. 

Streit WJ. 2002. Microglia as neuroprotective, immunocompetent cells of the CNS. Glia 40(2):133-9. 
Stuart LM, Bell SA, Stewart CR, Silver JM, Richard J, Goss JL, Tseng AA, Zhang A, El Khoury JB, Moore KJ. 

2007. CD36 signals to the actin cytoskeleton and regulates microglial migration via a p130Cas 
complex. J Biol Chem 282(37):27392-401. 

Stuehr DJ. 1997. Structure-function aspects in the nitric oxide synthases. Annu Rev Pharmacol Toxicol 37:339-
59. 

Tahraoui SL, Marret S, Bodenant C, Leroux P, Dommergues MA, Evrard P, Gressens P. 2001. Central role of 
microglia in neonatal excitotoxic lesions of the murine periventricular white matter. Brain Pathol 
11(1):56-71. 

Takeda K, Kishi H, Ma X, Yu ZX, Adelstein RS. 2003. Ablation and mutation of nonmuscle myosin heavy 
chain II-B results in a defect in cardiac myocyte cytokinesis. Circ Res 93(4):330-7. 

Togo T, Steinhardt RA. 2004. Nonmuscle myosin IIA and IIB have distinct functions in the exocytosis-
dependent process of cell membrane repair. Mol Biol Cell 15(2):688-95. 

Tullio AN, Accili D, Ferrans VJ, Yu ZX, Takeda K, Grinberg A, Westphal H, Preston YA, Adelstein RS. 1997. 
Nonmuscle myosin II-B is required for normal development of the mouse heart. Proc Natl Acad Sci U S 
A 94(23):12407-12. 

Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR. 2009. Non-muscle myosin II takes centre stage in 
cell adhesion and migration. Nat Rev Mol Cell Biol 10(11):778-90. 

Walter L, Neumann H. 2009. Role of microglia in neuronal degeneration and regeneration. Semin Immunopathol 
31(4):513-25. 

Wang H, Rusielewicz T, Tewari A, Leitman EM, Einheber S, Melendez-Vasquez CV. 2012. Myosin II is a 
negative regulator of oligodendrocyte morphological differentiation. J Neurosci Res 90(8):1547-56. 

Wang H, Tewari A, Einheber S, Salzer JL, Melendez-Vasquez CV. 2008. Myosin II has distinct functions in 
PNS and CNS myelin sheath formation. J Cell Biol 182(6):1171-84. 

Wolfenson H, Henis YI, Geiger B, Bershadsky AD. 2009. The heel and toe of the cell's foot: a multifaceted 
approach for understanding the structure and dynamics of focal adhesions. Cell Motil Cytoskeleton 
66(11):1017-29. 

Yao H, Duan M, Yang L, Buch S. 2013. Nonmuscle myosin light-chain kinase mediates microglial migration 
induced by HIV Tat: involvement of beta1 integrins. FASEB J 27(4):1532-48. 

Zharikov SI, Sigova AA, Chen S, Bubb MR, Block ER. 2001. Cytoskeletal regulation of the L-arginine/NO 
pathway in pulmonary artery endothelial cells. Am J Physiol Lung Cell Mol Physiol 280(3):L465-73. 

Ziv Y, Ron N, Butovsky O, Landa G, Sudai E, Greenberg N, Cohen H, Kipnis J, Schwartz M. 2006. Immune 
cells contribute to the maintenance of neurogenesis and spatial learning abilities in adulthood. Nat 
Neurosci 9(2):268-75. 

 



37 

Figure legends 

 

FIGURE 1: GFAP+ astrocytes express very low levels of NM2B and APC+ oligodendrocytes 

do not express nonmuscle myosin 2B (NM2B) during cuprizone-induced de- and 

remyelination. At week 4, the time point of strong demyelination, NM2B is barely expressed 

in GFAP+ astrocytes in the corpus callosum (A-D). APC+ oligodendrocytes can be detected in 

week 5 after cuprizone feeding in the corpus callosum. NM2B expression is not evident in 

APC+ cells (E-H). Detailed images (D, H) illustrate small amounts of NM2B in GFAP+ cells 

and no NM2B in APC+ cells. 
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FIGURE 2: Nonmuscle myosin 2B (NM2B) is strongly expressed in activated microglia 

during cuprizone-induced de- and remyelination. RCA-1+ activated microglia strongly 

express NM2B in the corpus callosum during cuprizone-induced demyelination. This is 

evident at onset of microglial recruitment (week 2; D-G) as well as at the peak of microglial 

recruitment (week 4; H-K). Detailed pictures (G, K) clarify colocalization of RCA-1 and 

NM2B in activated microglial cells. In comparison, activated microglia as well as NM2B+ 

cells are absent in untreated control animals (A-C). 
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FIGURE 3: Nonmuscle myosin 2B (NM2B) is expressed in cultured primary microglia. 

Confocal images illustrate that NM2B is diffusely expressed in untreated CD11b+ microglia 

(A-C) as well as in in microglia after stimulation with 50 ng/ml LPS for 12 h (D-F). During 

activation, NM2B is redistributed to the perinuclear area. 
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FIGURE 4: Nonmuscle myosin 2 (NM2) is essential during cell shaping, migration, and 

phagocytosis. (A-H) Microglia were plated in the presence or absence of the NM2 inhibitor 

blebbistatin. Immunostaining was performed after 6 h. Confocal microscopy displayed that 

NM2 inhibition interferes with normal process extension and shaping of microglia. In 

untreated microglia, NM2B is expressed diffusely and predominantly colocalizes with 

phalloidin-labeled actin in the periphery of the cell (A, B, D). After treatment with 

blebbistatin, NM2B and actin are co-localized in the perinuclear area. (E, F, H). 

The directed migration of microglia towards the chemokine CCL-2 was assayed in the 

Boyden chamber. Quantitative analysis illustrates that inhibition of NM2 significantly 

inhibited the migration of microglia compared to untreated cells (K; n=3). Representative 

pictures of migrated cells are shown in I and J. 

Cultured microglia were incubated with fluorescent latex beads with or without blebbistatin 

for 2 h. The uptake of beads by microglial cells was measured by flow cytometry. When NM2 

activity was inhibited, the phagocytosis rate decreased significantly (N, n=4). Confocal 

images (L, M) show Iba1+ microglia that have taken up beads in different conditions. For 

migration and phagocytosis assay, values are represented as mean ± SEM; *p < 0.05, 

**p < 0.01, ***p < 0.001. 
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FIGURE 5: Microglial production of NO, but not TNFα is dependent on NM2 activity. 

Cultured microglia were activated with LPS for 12 h. Supernatants were collected and the 

release of TNFα and NO was measured. Related to untreated cells, LPS treatment stimulated 

the production of TNFα and NO (A, B, black bars). NM2 inhibition by blebbistatin did not 

affect the LPS-induced production of TNFα (A, n=3) but significantly reduced the release of 

NO (B, n=4). Confocal images show Iba1+ microglia expressing iNOS after LPS activation 

(C-E). LPS treatment induced iNOS expression in comparison with untreated cells (C, D). 

Intensity-based analysis revealed that iNOS expression is not affected in the presence of 

blebbistatin when related to LPS treatment alone (F, n=6). Values are represented as mean ± 

SEM; *p < 0.05, **p < 0.01, ***p < 0.001. 
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Abstract 

FTY720 is a structural analogue of the naturally occurring lipid mediator sphingosin-1-

phosphate (S1P) and a new oral immune-modulatory therapy for the treatment of multiple 

sclerosis (MS). There is strong evidence that, beside the immune-related properties, FTY720 

has direct effects on brain resident cells acting via S1P receptors present on neurons and glial 

cells. Here, we studied the mRNA expression pattern of S1P receptors as well as selected 

cytokines, chemokines and growth factors in primary murine astrocytes under inflammatory 

conditions in the presence and absence of the phosphorylated form of FTY720 (FTY720-P). 

After stimulation with either the pro-inflammatory cytokine tumor necrosis factor α (TNFα) 

or with bacterial lipopolysaccharide (LPS) we found an increased expression of the receptors 

S1P1, S1P3, the cytokines and chemokines interleukin (Il)-1β, chemokine (C-C-motif) ligand 

CCL-2, CCL-20, and chemokine (C-X-C-motif) CXCL-12 as well as the growth factors 

insulin-like growth factor (IGF)-1, ciliary neurotrophic factor (CNTF) and glial cell line-

derived neurotrophic factor (GDNF). Although the presence of FTY720-P did not influence 

the expression of S1P receptors, we observed an increased expression of IL-1β and GDNF 

after co-stimulation with TNFα and FTY720-P as compared to TNFα treatment alone. These 

results imply that, besides limiting inflammation, FTY720-P has a potential to support the 

regenerative capability of astrocytes. 
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Introduction 

Multiple sclerosis (MS) is a demyelinating autoimmune disease of the central nervous system 

(CNS). Histopathologically, MS is characterized by infiltration of peripheral immune cells 

into the CNS, oligodendrogliopathy, demyelination, and axonal loss. Remyelination is the 

natural repair process of demyelination, but in the diseased brain it is often incomplete 

(Goldschmidt et al. 2009; Patrikios et al. 2006). Current treatments for MS predominantly 

modulate immunological pathways to dampen inflammatory outbreaks. However, 

regenerative therapies are not available. 

FTY720 (clinically known as fingolimod; GILENYA®) is a structural analogue of the 

naturally occurring lipid mediator sphingosin-1-phosphate (S1P) and is an approved oral 

immune-modulatory therapy in relapsing-remitting MS (Cohen et al. 2010; Kappos et al. 

2010). The mechanism of action is proposed to be mainly affecting lymphocyte migration. 

After phosphorylation in vivo (Billich et al. 2003; Brinkmann et al. 2002), binding of 

FTY720-P to S1P receptor 1 (S1P1) on lymphocytes causes internalization of the surface 

receptor and its subsequent degradation (Oo et al. 2007). Due to this functional antagonism, 

infiltration of the CNS is prevented since lymphocytes cannot respond to S1P gradients and 

do not egress from lymphoid tissue (Mandala et al. 2002; Matloubian et al. 2004). 

Besides their expression on cells of the immune system, four of five S1P receptor subtypes 

(namely S1P1, 2, 3 and 5) were found to be expressed in the CNS (Chun et al. 2000; Rao et 

al. 2003; Spiegel and Milstien 2003). The presence of S1P receptors on brain resident cells 

and the lipophilic nature of the pre-drug FTY720, which enables easy access to the CNS 

(Foster et al. 2007) led to the assumption that, besides the immune-modulatory function, 

FTY720 may also have direct effects within the CNS. By using S1P1 gene-modified animal 
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models, Choi and colleagues have shown that FTY720-P exert its functions in the animal 

model experimental autoimmune encephalomyelitis (EAE) via action on S1P1 receptors on 

astrocytes (Choi et al. 2011). In vitro, treatment with FTY720-P increased migration of 

astrocytes and was shown to be involved in phosphorylation of extracellular-signal regulated 

kinase (ERK), Ca2+ signaling as well as mediation of phospholipase C (PLC) and adenylyl 

cyclase (Mullershausen et al. 2007; Osinde et al. 2007). 

Astrocytes were shown to play a beneficial role in neuronal and oligodendrocyte protection 

(Pekny and Nilsson 2005; Sofroniew 2005) and can promote an environment which is 

supportive for successful remyelination (Skripuletz et al. 2013). It was suggested that S1P 

receptor signaling might be involved in neuroprotection as the growth factor GDNF is 

upregulated after stimulation with S1P in astrocytes (Yamagata et al. 2003). Here, we 

analyzed the effects of FTY720-P on S1P receptors as well as cytokine, chemokine, and 

growth factor expression in primary murine astrocytes after inflammatory stimuli. 

 

Materials and Methods 

Preparation and culture of astrocytes 

Brains from newborn C57BL/6 mice were collected and after removing olfactory bulbs and 

cerebellum, brains were freed from meninges and dissociated mechanically and enzymatically 

(0.1% Trypsin; Gibco, Karlsruhe, Germany). Cells from 2 brains were plated per poly-L-lysin 

(PLL; Sigma-Aldrich, St. Louis, USA) coated tissue culture flask (75 cm2; Sarstedt, 

Nümbrecht, Germany) containing Dulbecco´s Modified Eagle Medium (DMEM; Invitrogen, 

Karlsruhe, Germany) supplemented with 10% fetal calf serum (FCS; Biochrom, Merck 

Millipore, Darmstadt, Germany) and 1% Penicillin/ Streptomycin (life technologies, 
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Carlsbad, USA; medium referred to as MGP+). MGP+ was changed after 24 hours and on day 

(d) 4 and d8. After removal of loosely attached microglia at day 9 or day 10 (shaking for 1-2 

hours in an orbital shaker) and oligodendrocyte precursor cells at day 10 or day 11 (shaking 

overnight in an orbital shaker), the remaining astrocytes were treated with antimitotic 

Arabinosylcytosine (Ara-C, 100 µM, Sigma-Aldrich Inc., St. Louis, MO, USA) to avoid the 

growth of newly arising oligodendrocytes and microglia. Medium containing Ara-C was then 

removed after 72 h, cells were washed with PBS and harvested with 0.25% trypsin/ 0.05% 

EDTA (PAA, Coelbe, Germany). Astrocytes were plated at indicated cell densities for each 

experiment. These cultures yielded a purity of approximately 99% as judged by glial fibrillary 

acidic protein (GFAP) immunostaining. 

 

TNFα, LPS and FTY720-P stimulations 

For all experiments, the phosphorylated form of FTY720 (2-amino-2-[2-(4-octylphenyl) 

ethyl] propane-1, 3 diol) (Cayman Chemicals, Michigan, USA) was reconstituted in 

dimethylsulfoxide hydrochloric acid (DMSO-HCl; Sigma Aldrich, St. Louis, MO, USA) (50 

mM), aliquoted and stored at -20°C. The final FTY720-P concentration for treatment of 

astrocytes was 1 µM. This was based on previous studies in vitro (Osinde et al. 2007) and in 

EAE rats (Foster et al. 2007). In our experiments, FTY720-P was also tested in concentrations 

of 0.01 µM and 0.1 µM (data not shown). However, the strongest effect on gene expression 

was found with 1 µM FTY720-P.  

To simulate inflammatory conditions, we used recombinant murine tumor necrosis factor α 

(TNFα [20 ng/ ml]; PeproTech, Rocky Hill, USA) and bacterial lipopolysaccharide (LPS [100 

ng/ ml] from Escherichia coli 0111:B4; Sigma-Aldrich, St. Louis, USA). For the stimulations 

as well as co-stimulations, all reagents were diluted in MGP+ to the final concentrations. 
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Proliferation assay 

To determine the number of astrocytes undergoing cell division during 24 hours of 

incubation, 1x104 cells were seeded on uncoated 12 mm glass cover slips (Thermo Fisher 

Scientific Inc., Waltham, MA, USA). After 24 hours, astrocytes were treated with MGP+ ± 

1 µM FTY720-P and incubated for 24 hours. Dividing nuclei were then labeled with the anti-

KI-67 antibody (1:300; BD biosciences, CA, USA) and 4-, 6-diamidino-2-phenylindole 

(Dapi; life technologies, Carlsbad, USA) in a final concentration of 1:1000. Anti-glial 

fibrillary acidic protein (GFAP; 1:300; DAKO, Glostrup, Denmark) antibody was used as a 

marker for astrocytes. For quantification, the cover slips were divided into 6 optic fields and 

three images per field were analyzed in a blinded manner using the Olympus BX61 

Microscope (Olympus, Tokyo, Japan). GFAP/ KI-67 positive cells were counted and set in 

relation of the total astrocyte number. Only cells with Dapi-labeled nuclei were included in 

the analysis. 

 

Isolation of RNA and quantitative real time PCR 

For mRNA measurements, 3x105 astrocytes were plated per well in 6 well plates (Nalgene/ 

Nunc, NY, USA) in MGP+. Medium was changed after 24 h. After 5 days of incubation, cells 

were treated for 3 h, 6 h, 12 h, or 24 h with 100 ng/ ml LPS ± FTY720-P (1 µM) or 20 ng/ ml 

TNFα ± FTY720-P or FTY720-P alone. Total RNA was isolated using the RNeasy Mini Kit 

(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions and RNA 

concentration was measured with the BioPhotometer plus (Eppendorf, Hamburg, Germany). 

cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, CA, USA). Real-time PCR analysis was performed using the StepOne™ Real-
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Time PCR System (life technologies, Carlsbad, USA ) and appropriate TaqMan assays 

(Applied Biosystems; S1P receptor 1 (S1P1): mm00514644_m1; S1P3: mm04229896_m1; 

S1P5: mm01177724_m1; interleukin (Il) -1β: mm01336189_m1; chemokine (C-C motif) 

ligand 2 (CCL-2): Mm00441242_m1; CCL-20: Mm01268754_m; chemokine (C-X-C motif) 

ligand 12 (CXCL-12): mm00445553_m1; insulin-like growth factor (IGF) -1: 

Mm00439560_m1; ciliary neurotrophic factor (CNTF): Mm 00446373_m1; glial cell line-

derived neurotrophic factor (GDNF): mm00599849_m1; transforming growth factor (TGF) -

1β: Mm01178820_m1; platelet-derived neurotrophic factor (PDGF) α: Mm01205760_m1; 

hypoxanthine guanine phosphoribosyl transferase (HPRT): mm00446968_m1). A negative 

control containing PCR amplification mix without reverse transcribed cDNA template was 

included for each PCR plate. The ∆∆Ct method was used to determine differences in 

expression between untreated and stimulated cells. The gene expression of S1P1, S1P3, S1P5, 

Il-1β, CCL-2, CCL-20, CXCL-12, IGF-1, CNTF, GDNF, TGF-1β and PDGFα was quantified 

against the housekeeping gene HPRT. 

 

Statistical Analysis 

All data were plotted using GraphPad Prism version 5.02 (GraphPad software, San Diego CA, 

USA). One way analysis of variance (ANOVA) was used for statistical analysis followed by 

the Fisher test for post hoc comparison. Values are given as arithmetic means ± standard error 

of the mean (SEM). P-values < 0.05 were considered as statistically significant. In the figures 

p-values are indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001 or rhombs #p< 0.05, 

##p< 0.01, ###p < 0.001. 
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Results 

S1P receptors are expressed on astrocytes and treatment with FTY720-P augments astrocytic 

proliferation 

First, we evaluated the level of mRNA of each S1P receptor (S1P1, 3 and 5) on primary rat 

astrocytes under basal conditions using real time PCR. As it is known that S1P4 receptor 

expression is limited to lymphoid tissues (Graeler and Goetzl 2002) and the S1P2 receptor is 

not activated by FTY720-P (Brinkmann et al. 2002) we omitted both receptors from our 

experiments. We found that the expression levels in primary murine astrocytes followed a 

pattern of S1P3 > S1P1 > S1P5 in untreated cells (figure 1A). Due to the fact that we could 

hardly detect any mRNA levels of S1P5 in our experiments, we excluded this receptor 

subtype and focused on S1P1 and 3 in the subsequent experiments. 

Based on previous studies (Osinde et al. 2007; Pebay et al. 2001; Yoshida et al. 2010) we 

analyzed the effect of 24 h treatment with FTY720-P on the proliferation of cultured 

astrocytes compared to untreated control cells. Figure 1B illustrates that FTY720-P increased 

the proliferation rate in primary astrocytes as measured by KI-67 immunostaining. 

 

S1P receptor expression is increased under pro-inflammatory conditions and is not affected 

by FTY720-P 

Inflammatory conditions were induced by stimulating astrocytes with either LPS (100 ng/ ml) 

or the pro-inflammatory cytokine TNFα (20 ng/ ml) in the presence or absence of the active 

phosphorylated form of FTY720, FTY720-P. After different time points (3 h, 6 h, 12 h and 

24 h), we measured the mRNA levels of S1P1 and S1P3. 
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As shown in figure 2A and B, the mRNA levels of S1P1 increased significantly after 

treatment with TNFα or LPS compared to untreated control cells. Similarly, we measured an 

increase in mRNA levels of S1P3 after stimulation, with an immediate significant effect at 

early time points in TNFα-stimulated cells (3 h and 6 h; figure 2C) and at later time points 

(12 h) in LPS-treated astrocytes (figure 2D). Overall, both inflammatory stimuli induced 

significant upregulation of S1P1 and S1P3 mRNA. In comparison to TNFα or LPS treatment 

alone, we could not observe any significant differences in S1P1 or S1P3 expression after co-

stimulation with LPS and FTY720-P or TNFα and FTY720-P. 

 

Expression of cytokines and chemokines is increased under pro-inflammatory conditions and 

FTY720-P augments Il-1β expression 

Astrocytes are known to release a number of pro- but also anti-inflammatory factors, such as 

cytokines and chemokines (Miljkovic et al. 2011; Williams et al. 2007). In our experiments, 

treatment with TNFα or LPS induced an increase in the expression of the cytokine Il -1β 

(figure 3A, B). Similarly, both, TNFα and LPS upregulated the expression of CCL-2 and 

CXCL-12 (figure 3C, D and G, H). Expression of CCL-20 was significantly increased after 

3 h treatment with TNFα and subsequently decreased, while after treatment with LPS an 

increased expression was only seen after 24 h treatment (figure 3E, F). 

Recent reports suggested that FTY720-P mediates effects on the inflammation-induced 

expression and secretion of different types of cytokines and chemokines (Sheridan and Dev 

2012; Van Doorn et al. 2010; Wu et al. 2013). Here, treatment with FTY720-P did not affect 

the inflammation-induced expression of CCL-2, CCL-20, or CXCL-12. Neither the LPS-

induced nor the TNFα-induced expression was altered (figure 3C-H). However, the TNFα-

induced upregulation of Il-1ß was significantly augmented in the presence of FTY720-P after 
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6 h (figure 3A). These effects were not observed after stimulation with LPS and FTY720-P 

(figure 3B). 

 

Expression of IGF-1 and CNTF is increased under pro-inflammatory conditions and is not 

affected by FTY720-P 

We further evaluated the effect of TNFα and LPS stimulation on the expression of several 

growth factors. After inflammatory stimulation, we could not detect any significant changes 

in TGF-1β or PDGFα expression albeit a slight upregulation of TGF-1β mRNA after TNFα 

treatment for 6 h. FTY720-P did not induce any gene expression. (supplementary figure 1). 

The expression of IGF-1 was, similar to CNTF, slightly elevated after LPS treatment, whereas 

TNFα evoked even more prominent induction of gene expression (figure 4A-D). In the 

presence of FTY720-P the mRNA level of IGF-1 was found to be slightly increased after 3 h 

LPS treatment. However, this effect was not significant (figure 4B). In comparison to TNFα 

treatment alone, FTY720-P did not induce any changes in gene expression of IGF-1 or CNTF 

(figure 4A, C). 

 

FTY720-P potentiates inflammation-induced GDNF expression 

GDNF gene expression was shown to be induced via S1P receptor signaling in astrocytes 

(Yamagata et al. 2003). As illustrated in figure 4E and F we found that both LPS and TNFα 

induced a significant increase in GDNF mRNA after 6 h (and 12 h and 24 h for LPS); 

however, the measurements at later time points showed that this effect decreased with time 

and mRNA was back at basal level at 24 h. Notably, in the presence of FTY720-P, we 

observed that the expression of GDNF was potentiated. Compared to TNFα alone, the mRNA 
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level was significantly higher at 24 h after stimulation with TNFα and FTY720-P (figure 4E). 

However, this effect could not be observed for LPS and FTY720-P (figure 4F). 

Collectively, our gene expression data show that inflammatory stimuli by TNFα or LPS 

upregulate IL-1ß, CCL-2, CCL-20, CXCL-12, IGF-1, CNTF and GDNF in cultured murine 

astrocytes. Importantly, FTY720-P treatment seems to have an impact of the inflammation-

induced expression of Il-1β and GDNF.  

 

Discussion 

Beside its immune-modulatory effects in peripheral immune organs, FTY720 was suggested 

to exert direct functions on CNS glial cells. Astrocytes are known to be involved in 

neuroprotection and remyelination and it was suggested that FTY720 might influence CNS 

regeneration via S1P receptor modulation on astrocytes. In the present study we used the real 

time PCR technique to investigate the impact of FTY720-P on inflammation-induced changes 

in primary murine astrocytes. We mimicked an inflammatory environment in vitro and 

measured mRNA levels of S1P receptors as well as selected cytokines, chemokines, and 

growth factors. 

Under resting conditions, astrocytes expressed predominantly S1P1 and S1P3 mRNA and 

almost no S1P5, which is in accordance with previous studies (Osinde et al. 2007; Pebay et al. 

2001; Rao et al. 2003). Upon stimulation with TNFα or LPS, the expression of S1P1 as well 

as S1P3 mRNA increased significantly indicating an important role for both receptors during 

inflammatory processes. These results are consistent with previous experiments 

demonstrating increased levels of S1P1 and S1P3 on astrocytes under pro-inflammatory 

conditions and in lesions from MS patients (Fischer et al. 2011; Van Doorn et al. 2010). 
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In our experiments, S1P receptor modulation via FTY720-P did not change the inflammation-

induced increase of the receptors. We therefore assume that FTY720-P is not involved in 

transcriptional regulation of these receptors. 

Activated astrocytes are proposed to produce and secrete a number of inflammatory and 

protective factors (Williams et al. 2007). For the chemokines CCL-2, CCL-20, and CXCL-12 

we observed increased mRNA levels after both, LPS and TNFα stimulation. However, these 

effects were not changed by FTY720-P. This is in contrast to previous studies by van Doorn 

and colleagues who reported limitation of TNFα-induced CCL-2 release after treatment of 

human cultured astrocytes with FTY720-P. The reason for the different results observed in 

this study could be species differences or the higher FTY720-P concentrations used in the 

studies by van Doorn (Van Doorn et al. 2010). The concentration of FTY720-P in our 

experiments was chosen based on studies by Foster et al., who observed similar 

concentrations in the brain of EAE rats that were given FTY720 (Foster et al. 2007). We 

therefore assume that we used a concentration that can be achieved in the brain in vivo. 

Besides cytokines and chemokines, astrocytes produce a number of neurotrophic factors such 

as GDNF. In our experiments, GDNF was upregulated under inflammatory conditions and 

this effect was augmented in the presence of FTY720-P. GDNF belongs to the TGFß 

superfamily and was found to be a potent mediator of survival of different types of neurons 

(Arenas et al. 1995; Henderson et al. 1994; Lin et al. 1993). In accordance with our data, 

Yamagata et al. showed that the treatment of astrocytes with S1P, the natural occurring S1P 

receptor modulator, enhanced the production of GDNF mRNA and protein levels within 

24 hours of incubation (2003). Thus, the potentiation of GDNF expression could represent an 

FTY720-P-mediated neuroprotective effect during inflammatory processes. 
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Upregulation of Il-1β mRNA levels was also augmented in the presence of FTY720-P in our 

experiments. Il-1β is known to be a pro-inflammatory cytokine that is predominantly 

expressed by microglia, macrophages and astrocytes (Bauer et al. 1993; Merrill 1992) and is 

associated with an exacerbation of inflammation. However, regenerative functions were also 

proposed, as the genetic deletion of Il-1β led to failure of remyelination after cuprizone-

induced demyelination (Mason et al. 2001). The delayed myelin repair was associated with a 

lack of mature oligodendrocytes due to decreased differentiation of OPC. Herx et al. showed 

that Il-1β is critically involved in the production and regulation of the ciliary neurotrophic 

factor (CNTF), which is another important factor in oligodendrocyte survival (Herx et al. 

2000). Hence, the upregulation of Il-1β in our experiments might be indicative for a beneficial 

potential of FTY720-P. 

In conclusion, FTY720-P seems not to be involved in transcriptional S1P receptor modulation 

as it did not affect the inflammation-induced expression of S1P receptors in our experiments. 

GDNF and Il-1β gene expression in astrocytes were potentiated by FTY720-P. Since both, 

GDNF and Il-1β possess regenerative functions, FTY720-P might play a beneficial role 

during inflammation by supporting a regenerative and protective environment. 
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Figure legends 

 

FIGURE 1: Expression of S1P receptors is S1P3>S1P1>S1P5 in untreated murine astrocytes 

and proliferation is induced by treatment with FTY720. Real time PCR technique was used to 

quantify the expression levels of S1P1, S1P3, and S1P5 in untreated cultured astrocytes (A). 

Compared to S1P1, S1P3 mRNA was significantly higher expressed (***p<0.001). mRNA 

for S1P5 was detected only at an extremely low level compared to S1P1. Data from 4 

independent experiments are represented as mean ± SEM. 

The biological activity of FTY720-P was evaluated by measuring the proliferation of 

astrocytes via KI-67 immunocytochemistry (B). Treatment of astrocytes with 1 µM FTY720-

P for 24 h significantly induced proliferation (*p<0.05). Data from 4 independent experiments 

are presented as mean ± SEM. 
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FIGURE 2. S1P receptor expression is induced upon stimulation with TNFα and LPS in 

cultured murine astrocytes and is not affected by FTY720-P. Cultured astrocytes were treated 

with TNFα (20 ng/ ml; A and C, grey columns) or LPS (100 ng/ ml; B and D, grey columns), 

or co-stimulated with TNFα/ LPS + FTY720-P (1 µM; white columns) for 3 h, 6 h, 12 h or 24 

h. For real time PCR analysis, mRNA levels were normalized with HPRT using the ∆∆Ct 

method. The dashed line represents the basal expression level in untreated astrocytes. Upon 
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activation with TNFα or LPS, mRNA levels of S1P1 and S1P3 are upregulated compared to 

untreated astrocytes (grey columns); this effect is not altered in the presence of FTY720-P 

(white columns). Data from 3 to 5 experiments are represented as mean ± SEM; asterisks are 

related to basal expression column (black) and are *p<0.05, **p<0.005, ***p<0.001, RQ: 

relative quantification; n.s.: not significant). 
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FIGURE 3. Expression of cytokines and chemokines is increased under pro-inflammatory 

conditions and FTY720-P augments Il-1β expression. Cultured astrocytes were treated with 

TNFα (20 ng/ ml; A, C, E, G, grey columns) or LPS (100 ng/ ml; B, D, F, H, grey columns), 

or co-stimulated with TNFα/ LPS + FTY720-P (1 µM; white columns) for 3 h, 6 h, 12 h or 

24 h. For real time PCR analysis, mRNA levels were normalized with HPRT using the ∆∆Ct 

method. The dashed line represents the basal expression level in untreated astrocytes. Both, 

TNFα and LPS treatment induced the expression of the cytokine Il-1β and the chemokines 

CCL-2, CCL-20 and CXCL-12 (grey columns). The presence of FTY720-P did not alter the 

expression of CCL-2, CCL-20, or CXCL-12 (C-H, white columns), but potentiates TNFα-

induced expression of Il-1β (A, white columns). Data from 3 to 5 experiments are represented 

as mean ± SEM; asterisks are related to basal expression column (black) and are *p<0,05, 

**p<0,005, ***p<0,001; rhombs are related as indicated and are #p<0,05, ##p<0,005, ### 

p<0,001; RQ: relative quantification; n.s.: not significant). 
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FIGURE 4. Expression of IGF-1, CNTF and GDNF is increased under pro-inflammatory 

conditions and GDNF expression is potentiated by FTY720-P. Cultured astrocytes were 
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treated with TNFα (20 ng/ ml; A, C, E, grey columns) or LPS (100 ng/ ml; B, D, F, grey 

columns), or co-stimulated with TNFα/ LPS + FTY720-P (1 µM; white columns) for 3 h, 6 h, 

12 h or 24 h. For real time PCR analysis, mRNA levels were normalized with HPRT using the 

∆∆Ct method. The dashed line represents the basal expression level in untreated astrocytes. 

IGF-1 and CNTF mRNA levels were increased upon TNFα stimulation (A, C, grey columns), 

but not LPS stimulation (B, D, grey columns). FTY720-P induced only slight upregulation of 

IGF-1 after LPS treatment (B, white columns). CNTF expression was not altered by FTY720-

P (C, D, white columns). Strong GDNF upregulation was induced by both, TNFα and LPS (E, 

F, grey columns), and the presence of FTY720-P significantly augments TNFα-induced 

expression of GDNF (E, white columns) after 24 h stimulation. Data from 3 to 5 experiments 

are represented as mean ± SEM; asterisks are related to basal expression column (black) and 

are *p<0,05, **p<0,005, ***p<0,001; rhombs are related as indicated and are #p<0,05, 

##p<0,005, ### p<0,001; RQ: relative quantification; n.s.: not significant). 
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SUPPLEMENTARY FIGURE 1. Expression of TGF-1β, but not PDGFα, is slightly altered 

under pro-inflammatory conditions and is not affected by FTY720-P. Cultured astrocytes 

were treated with TNFα (20 ng/ ml; A, C grey columns) or LPS (100 ng/ ml; B, D grey 

columns), or co-stimulated with TNFα/ LPS + FTY720-P (1 µM; white columns) for 3 h, 6 h, 

12 h or 24 h. For real time PCR analysis, mRNA levels were normalized with HPRT using the 

∆∆Ct method. The dashed line represents the basal expression level in untreated astrocytes. 

TGF-1β expression was only very slightly upregulated after 6 h TNFα treatment, but not after 

LPS treatment (A, B, grey columns). The level of PDGFα was not altered in our experiments 

after stimulation with TNFα or LPS (C, D, grey columns). The presence of FTY720-P did not 
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have any effects on TGF-1β or PDGFα expression. Data from 3 experiments are represented 

as mean ± SEM; asterisks are related to basal expression column (black) and are *p<0,05, 

**p<0,005, ***p<0,001; rhombs are related as indicated and are #p<0,05, ##p<0,005, ### 

p<0,001; RQ: relative quantification; n.s.: not significant). 
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6. COMPREHENSIVE DISCUSSION 

The role of glial cells like microglia and astrocytes during the pathogenesis of 

neurodegenerative diseases has long been neglected. However, in recent years it has become 

clear that ameliorating neurodegeneration implies understanding the mechanisms of glial 

functioning and modulation. Glia are involved in all brain diseases, including the most 

common traumatic brain injury, stroke, spinal cord injuries, MS, epilepsy, Alzheimer´s 

disease, Parkinson´s disease, and amyotrophic lateral sclerosis. In the present work, we 

analyzed the role of NM2 as a part of the microglial cytoskeleton and a possible target to 

modulate microglial activation. In the second study, we investigated the astrocytic response 

towards an immunosuppressive oral drug for treatment of MS, FTY720 (fingolimod, 

GILENYA®). 

Cytoskeletal modulation interferes with microglial activation 

The aim of the first study was to investigate the role of the cytoskeleton during microglial 

activation. An important role for the cytoskeleton was proposed in 2008 by Wang and 

colleagues in oligodendrocyte differentiation and myelination (Wang et al. 2008). They 

overexpressed NM2A and B, respectively, in oligodendrocyte cultures and found decreased 

branching and differentiation. Furthermore, inhibition of NM2 activity by blebbistatin 

increased branching so that NM2 was assumed to be a negative regulator of oligodendrocyte 

morphological maturation in vitro. Based on their results, we first investigated the expression 

of the brain specific NM2 isoform B in glial cells during cuprizone-induced demyelination 

and detected only rare expression in oligodendrocytes. In vitro, it was proposed that the 

expression of NM2B is decreasing during development in oligodendrocytes (Wang et al. 

2008). Hence, we concluded that during cuprizone-induced de- and remyelination the amount 
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of NM2B protein in oligodendrocytes might be downregulated, and is therefore not detectable 

via immunohistochemistry. In astrocytes, we could only detect weak NM2B expression 

during cuprizone-induced demyelination. 

In striking contrast to oligodendrocytes and astrocytes, we found massive upregulation of 

NM2B expression during the peak of microglial activation, particularly week 4 of cuprizone 

treatment and we verified the presence of NM2B in activated (RCA-1+) microglia by double 

fluorescence stainings. This finding led us to the assumption that the cytoskeletal activity via 

NM2 might have an important role in microglia, in particular during activation. In any 

pathologic condition of the CNS, microglia are activated and thus can promote inflammatory 

insults and trigger neurodegeneration. It was shown in previous studies that the functionality 

of cytoskeletal components including actin, Rho and its kinase ROCK, and focal adhesion 

kinase are needed to ensure proper microglial functioning (Caberoy et al. 2012; Cross and 

Woodroofe 1999; Gitik et al. 2010; May and Machesky 2001a; Yao et al. 2013). Here, we 

could confirm that microglial shape determination, migration, and phagocytosis are disturbed 

when NM2 is inhibited by blebbistatin. Upon any signs of brain injury, activated microglia 

immediately modify their morphological status, migrate over long distances towards sites of 

lesion and phagocytose cells or debris. Our data demonstrate that these important effector 

functions of microglia are dependent on the activity of NM2. In part, our results are in 

accordance with previous data obtained in other nonmuscle cell types, in which NM2 

inhibition by blebbistatin leads to disruption of actomyosin cytoskeletal structures and inhibits 

the formation of lamellipodia and maturation of focal complexes, both of which are essential 

during morphological shaping as well as motility (Shutova et al. 2012). We used the NM2 

inhibitor blebbistatin to examine the rapid cellular responses that can be observed 

immediately after microglial activation. However, it has to be noted that blebbistatin targets 
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both, NM2B and NM2A isoforms (Straight et al. 2003) indicating that the effects on the 

microglial response might result from inhibition of NM2 and are not isoform specific. 

During our functional studies, we also found that blebbistatin-mediated collapse of the actin 

cytoskeleton interfered with the phagocytic potential of microglia. It was shown previously 

that efficient microglial phagocytosis is critically needed during regenerative processes after 

induced demyelination (Kotter et al. 2001; Skripuletz et al. 2013). However, hyperactivated 

microglia were shown to attack viable neurons during inflammation suggesting that there is 

also a detrimental role for phagocytosis (Block and Hong 2005; Brown and Neher 2012). 

Inhibition of phagocytosis by inducing cytoskeletal collapse under appropriate conditions 

could therefore protect from neuronal death that is associated with constant activation of 

microglia. 

After activation, microglia enhance gene expression and start to produce inflammatory 

cytokines as well as cytotoxic agents like NO and hydrogen peroxide which contribute to 

large scale neural damage. Here, the LPS-induced release of TNFα was not found to be 

altered in the presence of the NM2 inhibitor. Small cytokines like TNFα are suggested to be 

packed into vesicles and transported to the membrane where they are finally released; all of 

these processes might be regulated by a variety of different motor proteins. Due to our 

findings it is likely that proteins other than NM2 are involved in the release of small cytokines 

produced by microglia. 

Importantly, we show that the inflammation-induced secretion of the reactive oxygen species 

NO was reduced when we inhibited NM2 motor function indicating an essential role for the 

cytoskeleton during microglial activation. In glial cells including microglia, NO is 

synthesized from L-arginine, a step which is catalyzed by the enzymatic activity of iNOS. As 

we could not find any alteration regarding the microglial iNOS expression in our experiments, 
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we conclude that the expression and enzymatic activity of iNOS could not be the limiting 

factor for the decreased NO production. Instead, the observed decline in NO release might be 

dependent on the substrate L-arginine and its delivery into the cell. Most of the available L-

arginine is located extracellular and has to be transported into the cytoplasm via actin-

dependent mechanisms to be available as a source for production of NO (Zharikov et al. 

2001). Inhibition of NM2, the active warden of the actin cytoskeleton, leads to disruption of 

actomyosin structures and would thus indirectly interfere with actin-dependent processes. As 

NO is produced from L-arginine via five-electron-oxidation (Michel et al. 1997), minor 

amounts of NO might be the consequence of reduced supply of L-arginine substrate caused by 

cytoskeletal breakdown. 

Under basal conditions, the release of NO is harmless; however, in pathological conditions, 

NO production by microglia increases dramatically and exerts neurotoxic effects via 

inhibition of neuronal mitochondrial cytochrome oxidase and subsequent toxic glutamate 

release (Bal-Price and Brown 2001). NM2 inhibition during microglial activation could 

therefore attenuate the upregulation of NO levels and might protect other cells from toxic 

death. 

In demyelinating diseases like MS, microglial activation occurs throughout the CNS thereby 

serving as a source of inflammation from inside. Hence, microglia contribute actively to 

neuroinflammation. Within the first part of this thesis, we show that a variety of effector 

functions of activated microglia is dependent on the functionality of NM2. These results help 

to further understand the mechanisms involved in microglial activation and might open 

possible targets for therapeutic strategies against inflammatory events in the CNS. 
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FTY720-P modulates the expression of inflammation-induced GDNF and Il-1β in 

astrocytes 

The above discussed neuroinflammation is implicated in a range of neuropathologies 

including MS and is largely accompanied by neurodegeneration which is thought to be the 

main cause of neurological impairments. As indicated, there is no current therapy to enhance 

regenerative processes in MS. Among neuroglia, astrocytes are suggested to play a specific 

beneficial role in neuronal and oligodendrocyte protection (Pekny and Nilsson 2005; 

Sofroniew 2005) and recently it was shown that astrocytes promote environmental conditions 

supporting successful remyelination (Skripuletz et al. 2013). Hence, in the second part of this 

thesis we studied the astrocytic expression of S1P receptors as well as inflammatory and 

neuroprotective mediators in the presence of an oral drug for treatment of MS, namely 

FTY720. 

Astrocytes are the most abundant glial cell type and besides microglia they are important 

active regulators of brain homeostasis and neuronal function. Currently, astrocytes are under 

debate to be modulated by FTY720 via S1P receptor signaling pathways (Choi et al. 2011; 

Mullershausen et al. 2007). FTY720, which is approved as an oral drug for the treatment of 

relapsing-remitting MS, was identified as an immune-modulatory agent functionally 

antagonizing the S1P1 receptor function on lymphocytes and thereby preventing lymphocyte 

infiltration into the brain (Mandala et al. 2002; Matloubian et al. 2004; Oo et al. 2007). The 

expression of S1P receptors on brain resident cells and the easy access of the pre-drug 

FTY720 to the CNS led to the assumption that FTY720 might also have direct functions 

within the CNS. 

We show that the active phosphorylated form of FTY720, FTY720-P, did not change the 

expression of S1P receptors, neither under resting nor under inflammatory conditions in 
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primary murine astrocytes. The expression of S1P1 and S1P3 was upregulated after 

inflammatory stimuli like LPS or TNFα implicating a possible role for both receptors in the 

astrocytic response towards neuroinflammation. Previous studies in human astrocytes 

indicated that the upregulation of S1P1 might be directly linked to the anti-inflammatory 

potential of astrocytes as the release of pro-inflammatory molecules such as CCL-2 was 

attenuated in the presence of FTY720-P (Van Doorn et al. 2010). In our experiments, we 

could not detect any limitation of inflammation via FTY720-P as measured by the unaltered 

expression of the cytokines CCL-2 and CCL-20, both of which are potent attractants of 

peripheral immune cells and thus contribute to neuroinflammation. We argue that the 

conflicting data obtained by van Doorn and colleagues might result from species differences 

or variations in FTY720-P concentrations used in their study. We used a final concentration 

of 1 µM FTY720-P in all experiments as it was shown to be efficient in oligodendrocyte and 

astrocyte cultures (Healy et al. 2013; Miron et al. 2008). Importantly, similar concentrations 

were found in the brain of EAE rats that received different dosages of oral FTY720 (Foster et 

al. 2007). 

Our data suggest that the S1P receptor expression seems not to be regulated by FTY720-P on 

the transcriptional level. Instead, receptor redistribution seems to be the main mechanism of 

FTY720-P potency. The internalization of S1P1 on lymphocytes, CHO cells, and primary 

astrocytes shown in previous studies could explain the antagonistic role of FTY720-P but also 

indicated a possible agonistic role for FTY720-P in cAMP signaling (Healy et al. 2013; 

Mullershausen et al. 2009; Oo et al. 2007). 

Astrocytes were shown to produce a number of molecules that support neuroprotection and 

regeneration (Moore et al. 2011). We therefore focused on the effects of FTY720-P on 

astrocytic expression of selected molecules involved in regenerative processes. Treatment 

with TNFα or LPS elevated the expression of various neuroprotective molecules, including 
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GDNF. Interestingly, we found that the inflammation-induced upregulation of GDNF could 

be further potentiated in the presence of FTY720-P. Our data are compatible with previous 

experiments from Yamagata et al., who showed that GDNF gene expression and protein 

translation were enhanced in astrocytes that were stimulated with S1P (Yamagata et al. 2003). 

The pleiotropic actions of GDNF in the developing and adult brain are well described. Several 

studies showed that survival and protection of dopaminergic neurons, spinal motor neurons, 

brain noradrenergic neurons, and some peripheral neurons are modulated by GDNF (Arenas 

et al. 1995; Henderson et al. 1994; Lin et al. 1993; Trupp et al. 1995). 

Besides GDNF, we found strong upregulation of Il-1β in inflammatory conditions and this 

effect was augmented in the presence of FTY720-P. Il-1β is a cytokine that has been pre-

dominantly linked to reactive astrogliosis and pathological inflammatory responses (Basu et 

al. 2004). However, under different conditions Il-1β might behave as a mediator of 

regeneration and neuroprotection. A beneficial role for Il-1β during oligodendrocyte 

maturation and subsequent myelination was described in a study by Mason and colleagues 

where genetic deletion of Il-1β led to failure of remyelination after cuprizone-induced 

demyelination (Mason et al. 2001). Additionally, Il-1β-deficient mice failed to produce the 

neurotrophic factors CNTF and IGF after CNS trauma (Herx et al. 2000; Mason et al. 2001). 

Taken together, in the second study we could show that S1P receptors are upregulated upon 

inflammatory stimuli and thus are likely to be involved in the regulation of inflammatory 

processes. However, FTY720-P did not have effects on S1P receptor expression in vitro. 

Furthermore, we demonstrated that FTY720-P potentiates the expression of GDNF and IL-1β 

in TNFα-treated astrocytes implicating a beneficial role of FTY720-P during inflammation by 

supporting the regenerative and protective environment that can be created by astrocytes. 
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Conclusion 

The aim of this thesis was to investigate microglial and astrocytic responses during CNS 

inflammation. We conclude from our overall results that first, cytoskeletal modulation might 

serve as an attractive target to interfere with activation of microglia. This has to be kept in 

mind when microglia are implicated in regenerative and anti-inflammatory strategies towards 

neurodegenerative disorders. Second, the regenerative possibilities that are linked to 

astrocytes appear to be directly modulated by the treatment with FTY720. This could lead the 

way to therapeutic enhancement of neuronal regeneration after MS-related neurodegeneration, 

which is especially evident in progressive phases of the disease. 
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