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Actin dynamics shape microglia effector functions
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Abstract Impaired actin filament dynamics have been

associated with cellular senescence. Microglia, the resident

immune cells of the brain, are emerging as a central

pathophysiological player in neurodegeneration. Microglia

activation, which ranges on a continuum between classical

and alternative, may be of critical importance to brain

disease. Using genetic and pharmacological manipulations,

we studied the effects of alterations in actin dynamics on

microglia effector functions. Disruption of actin dynamics

did not affect transcription of genes involved in the LPS-

triggered classical inflammatory response. By contrast, in

consequence of impaired nuclear translocation of phospho-

STAT6, genes involved in IL-4 induced alternative acti-

vation were strongly downregulated. Functionally, im-

paired actin dynamics resulted in reduced NO secretion and

reduced release of TNFalpha and IL-6 from LPS-s-

timulated microglia and of IGF-1 from IL-4 stimulated

microglia. However, pathological stabilization of the actin

cytoskeleton increased LPS-induced release of IL-1beta

and IL-18, which belong to an unconventional secretory

pathway. Reduced NO release was associated with de-

creased cytoplasmic iNOS protein expression and de-

creased intracellular arginine uptake. Furthermore,

disruption of actin dynamics resulted in reduced microglia

migration, proliferation and phagocytosis. Finally, baseline

and ATP-induced [Ca2?]int levels were significantly in-

creased in microglia lacking gelsolin, a key actin-severing

protein. Together, the dynamic state of the actin cy-

toskeleton profoundly and distinctly affects microglia be-

haviours. Disruption of actin dynamics attenuates M2

polarization by inhibiting transcription of alternative acti-

vation genes. In classical activation, the role of actin re-

modelling is complex, does not relate to gene transcription

and shows a major divergence between cytokines following

conventional and unconventional secretion.

Keywords Actin cytoskeleton � Gelsolin � Inflammation �
Microglia polarization

Introduction

It is only in recent years that the view of actin as a uni-

versal and mundane protein has slowly begun to change. A

multitude of cellular processes ranging from morpho-

genesis, cell division and locomotion to intracellular
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transport depend on the finely regulated dynamic reorga-

nization of the actin cytoskeleton. Directed remodelling in

response to shifting internal and external demands consti-

tutes a fundamental mechanism in eukaryotic cells. A cell

with a less manoeuvrable actin cytoskeleton is, therefore,

increasingly unable to react effectively to novel challenges

(Gourlay and Ayscough 2005). Reduced turnover of

filamentous (F)-actin and increased stiffness of the actin

cytoskeleton have been associated with cellular senescence

and, ultimately, cell death (Wang and Gundersen 1984;

Leadsham et al. 2010). Furthermore, a link between reac-

tive oxygen species and actin stabilization has been

demonstrated experimentally (Gourlay and Ayscough

2006; Ni et al. 2013). Abnormal bundling and accumula-

tion of filamentous actin have also been implicated in the

etiopathogenesis of adult-onset neurodegenerative condi-

tions such as Huntington’s disease, stroke, severe epileptic

seizures, and most notably, Alzheimer’s dementia. Both

amyloid-b and phosphorylated tau protein promote actin

stabilization (Furukawa et al. 1997; Endres et al. 1999;

Fulga et al. 2007; Henriques et al. 2010; Kwan et al. 2012).

Microglia serve as the primary immune cell of the brain.

Microglia activation is a hallmark of a number of brain

diseases. Microglia engagement within a specific temporo-

spatial disease context may either foster regeneration and

confer neuroprotection, or alternatively, promote neuro-

toxicity and disease progression (Hanisch and Kettenmann

2007; Aguzzi et al. 2013). The functional spectrum of

microglia responses is broad. Here, we speculated that

disruption of actin dynamics and, in particular, patho-

logical stabilization of the actin network, would profoundly

affect a wide range of activated microglia phenotypes.

Quite surprisingly, this issue has only scarcely been ad-

dressed in the existing literature.

Two main patterns of microglia activation are widely

accepted, the so-called M1 (classical, LPS-induced) and

M2 phenotypes (‘alternatively activated’, induced by IL-4).

Activated M1 microglia secrete proinflammatory cytokines

such as IL-1beta, IL-6 and TNFalpha. Additionally, M1

microglia produce nitric oxide and reactive oxygen species.

The M2 phenotype is commonly distinguished by the ex-

pression of certain markers such as arginase and chitinase-

like protein 3 (YM1), as well as by the increased produc-

tion of neurotrophic molecules such as insulin-like growth

factor 1 (IGF-1) (Olah et al. 2011).

In the current study, we set out to probe the interplay

between microglia activation and the dynamic state of the

actin cytoskeleton using both pharmacological actin

modulators as well as cells derived from gelsolin-deficient

mice (Gsn-/-) (Witke et al. 1995). Gelsolin is a powerful

actin filament severing protein (Sun et al. 1999). Gsn-/-

mice, therefore, represent an excellent model system for

studying the pathophysiological sequelae of actin filament

stabilization on key aspects of cellular function. We sys-

tematically studied the effects of impaired actin dynamics

in microglia on (1) mRNA expression of key genes in-

volved in classical and alternative activation; (2) the re-

lease of proinflammatory cytokines, IGF-1 and nitric oxide;

(3) cell migration, proliferation and phagocytosis; and (4)

basal and ATP-induced intracellular calcium levels. Cu-

mulatively, our results yield the unexpected finding that the

respective pattern of effects of actin dynamics on microglia

function is distinct both as regards M1 and M2 polarization

as well as increased and decreased stability of the actin

filament network.

Materials and methods

Animals and drug treatments

All procedures conformed to national and institutional

guidelines and were approved by an official committee.

Mice lacking gelsolin (Gsn-/-) have been described in

detail previously (Witke et al. 1995; Azuma et al. 1998;

Endres et al. 1999). Bromodeoxyuridine (BrdU) was ad-

ministered intraperitoneally at a dose of 50 mg/kg body

weight.

Primary postnatal microglia cultures

Cultures of primary mouse microglia were prepared from

newborn mice (P0–3) as described in detail previously

(Hellmann-Regen et al. 2013). Briefly, microglial cells

were harvested by gentle shake off and seeded at an initial

density of 106 cells/ml. Cells remained in culture for an

additional 24 h before use. The purity of cultures exceeded

98 % as verified by regular flow cytometry analyses with

CD11b and CD45 staining (rat anti-mouse CD11b #553312

and rat anti-mouse CD45 #553081: both from BD Bio-

sciences). All experiments were performed in DMEM

containing 10 % foetal calf serum, 1 % Pen/Strep, 1 %

sodium-pyruvate and 4.5 g/l D-glucose (‘‘complete medi-

um’’; all from Biochrom/Merck KGaA). LPS (Escherichia

coli 055:B5, Sigma-Aldrich) was applied at a concentration

of 1 lg/ml (Hellmann-Regen et al. 2013). Unless indicated

otherwise, jasplakinolide (Calbiochem/Merck KGaA) was

applied at a concentration of 250 nM and cytochalasin D

(Sigma-Aldrich) was applied at a concentration of 2 lM.

Recombinant murine IL-4 (PeproTech) was used at a

concentration of 10 ng/ml.

Cultures of primary adult microglia

The procedure for the cultivation of adult-derived mi-

croglia has been described in detail recently (Scheffel et al.
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2012). Cell suspensions of adult (\6 months) and aged

([16 months) mouse brains were seeded into 75 cm2 cell

culture flasks containing a monolayer of neonatal astro-

cytes. This so-called ‘‘substrate culture’’ was derived from

neonatal mixed glial cultures of wild-type mice. After the

astrocytic monolayer of the neonatal mixed glial culture

had reached confluence, loosely attached microglia were

gently shaken off and discarded with the medium. Cultures

were then washed once with complete medium, incubated

with clodronate (200 lg/ml, Santa Cruz Biotechnology) in

complete medium (48 h, 37 �C, 5 % CO2) and vigorously

shaken (250 rpm, 37 �C, overnight) to deplete any residual

neonatal microglia. Cultures were washed once with

phosphate-buffered saline (PBS; Gibco/Life Technologies)

and once with complete medium and kept in an incubator

(37 �C, 5 % CO2) until further use (within 24–48 h). Be-

fore the addition of the adult cell suspension, the astrocytic

culture received another medium exchange. 24 h after

seeding, postnatal mixed glial cultures were washed (39

PBS) and received fresh complete medium. After 7 days,

cultures received complete medium with growth factors

GM-CSF (5 ng/ml, #14-8331) and M-CSF (10 ng/ml, #14-

8983) (both eBioscience). Genotyping PCR of adult mi-

croglia cultures derived from Gsn-/- mice showed muta-

tional insertion into the DNA of the gelsolin gene

(Supplementary Figure 1) confirming the purity of cultures

(i.e., no spillover of neonatal cells into adult cultures).

Ex vivo isolation of adult microglia

All kits were purchased from Miltenyi Biotec. Brains of

adult Gsn?/? and Gsn-/- mice were perfused transcar-

dially with 0.9 % saline. Brains were dissociated using the

Neural Tissue Dissociation Kit (P) according to the

manufacturer’s protocol. After dissociation, myelin was

removed using Myelin Removal Beads. Finally, for mag-

netic cell sorting (‘‘MACS’’) via columns, the cell sus-

pension was incubated with CD11b MicroBeads. For

calcium measurements, CD11b? cells were seeded onto

8-well chambered coverslips (ibidi) 24 h before imaging.

For the modified Boyden chamber assay, cells were im-

mediately seeded on FluoroBlokTM Multiwell Inserts

(8 lm pore size, Corning Incorporated).

Preparation of oligomeric b-amyloid1–42

Amyloid-b (Ab) protein(1–42)/FITC-coupled Ab(1–42)
(Bachem) was dissolved in ice-cold hexafluoro-2-propanol

(HFIP) (Sigma-Aldrich) at a concentration of 1 mM. The

solution was then incubated at room temperature for 2 h to

allow monomerization and randomization of structure

(Chromy et al. 2003). The HFIP was removed by vacuum

centrifugation (Fa et al. 2010) using the Eppendorf

concentrator 5301 until a clear peptide film appeared. The

film was stored at -80 �C. One day before the cell culture

experiment, the peptide film was dissolved in DMSO

(Sigma-Aldrich) at a concentration of 10 mM with further

dilution to 100 lM in PBS.

MTT assay

Microglia cell viability was assayed by measuring intra-

cellular reduction of the tetrazolium salt 3-(4,5-

dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide

(MTT) to formazan. The MTT labelling agent (Sigma-

Aldrich) was added to the cells at a final concentration of

0.5 mg/ml. The converted dye was solubilized in 10 %

SDS in 0.01 M HCl and measured at 550 nm with a plate

reader (TriStar LB941, Berthold Technologies).

LDH assay

Aliquots of the cell culture medium were collected for

analysis of lactate dehydrogenase (LDH) activity as de-

scribed previously (Koh and Choi 1987).

NO measurements

Nitric oxide (NO) production was quantified as nitrite ac-

cumulation using the Griess reagent for nitrite (Sigma-

Aldrich) as described previously (Hellmann-Regen et al.

2013). 100 ll of cell culture supernatant was incubated

with 100 ll Griess reagent. Absorption was measured at

550 nm with a microplate spectrophotometer (TriStar

LB941, Berthold Technologies). The concentration of ni-

trite in samples was calculated using a standard curve.

Cytokine measurements

The concentrations of IL-6 (R&D Systems), IL-1beta

(R&D Systems), TNFalpha (eBioscience), IGF-1 (R&D

Systems) and IL-18 (MBL International) were measured in

the cell culture supernatant by ELISA. For adult primary

Gsn-/- and Gsn?/? microglia, TNFalpha bioactivity was

measured using a modified L 929 cytotoxicity assay as

described in detail previously (Freyer et al. 1999).

Messenger RNA isolation and quantitative

polymerase chain reactions

Total RNA was extracted using the NucleoSpin� Tissue

XS kit (Macherey-Nagel). For polymerase chain reaction

amplification, we used gene-specific primers (Table 1) and

Light Cycler� 480 SYBR Green I Master (Roche Diag-

nostics). Polymerase chain reaction conditions were as

follows: preincubation 95 �C, 10 min; 95 �C, 10 s, primer-
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specific annealing temperature, 10 s, 72 �C, 15 s (45 cy-

cles). Crossing points of amplified products were deter-

mined using the Second Derivative Maximum Method

(Light Cycler 480 Version 1.5.0, Roche). Quantification of

messenger RNA expression was relative to tripeptidyl

peptidase (Tpp) 2 (Nishida et al. 2006). The specificity of

polymerase chain reaction products was checked using

melting curve analysis. PCR products were run on a 1.5 %

agarose gel to demonstrate the presence of a single am-

plicon of the correct size. Furthermore, negative controls

(i.e., reaction mix lacking either template DNA or reverse

transcriptase) yielded no bands on the gel.

Western blotting

Cells were fractionated into cytosolic, membrane and cy-

toskeletal (pellet) fractions using the Subcellular Protein

Fractionation Kit for Cultured Cells (Pierce Biotech-

nology) according to the manufacturer’s protocol. Protein

concentration was determined by BCA Protein Assay

(Pierce Biotechnology). Equal amounts of protein were

loaded on 10 % SDS–polyacrylamide gels (Pierce

Biotechnology) and blotted onto polyvinylidene fluoride

membranes for 90 min at 100 V using the Trans-Blot� SD

semi-dry transfer cell system (Bio-Rad Laboratories). In

the experiments investigating IL-4/STAT6 signalling

(Fig. 4), purity and equal loading of nuclear and cytosolic

fractions were confirmed by histone deacetylase 1

(HDAC1) and GAPDH, respectively. Blots were probed

with primary antibodies overnight at 4 �C. HRP-conju-

gated secondary antibodies were applied for 2 h at room

temperature on the following day. As a control, to rule out

unspecific binding or false positive signals due to the

secondary antibody, the primary antibody was omitted

from one strip of the membrane. Proteins were visualized

by an enhanced chemiluminescent detection method (Super

Signal West Dura Chemiluminescent Substrate, Pierce

Biotechnology). Antibodies were used in the following

dilutions: rabbit anti-b-actin (Cell Signalling #4967)

1:5000, mouse anti-GAPDH (Millipore #MAB374) 1:5000,

rabbit anti-iNOS (M19, Santa Cruz Biotechnology) 1:200,

rabbit anti-Gelsolin (Abcam #ab74420) 1:1000, rabbit anti-

SRF (Abcam #ab53147) 1:200, rabbit anti-Cofilin (Cell

Signalling #3312) 1:800, rabbit anti-Phospho-Cofilin (Cell

Table 1 Primer sequences used in quantitative real-time polymerase chain reactions

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

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

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

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

Ass1 Ass1_for GCC AAG TGT ACA TCC TCG GT Ass1_rev GAC CTT GCT CTG AAG GCG AT

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

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

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

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

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

Golga4 p230_for GAC CAG CTT GAT GAC GTG ACA C p230_rev CCT CGC TCT CCA TAT CAG AAG G

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

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

Il12 IL12b_for CCG GAC GGT TCA CGT GCT CA IL12b_rev CAC TGC CCG AGA GTC AGG GGA

Il18 IL18_for GAC TCT TGC GTC AAC TTC AAG G IL18_rev CTC GAA CAC AGG CTG TCT TTT G

Il1b IL1b_for CAA CCA ACA AGT GAT ATT CTC CAT G IL1b_rev GAT CCA CAC TCT CCA GCT GCA

Il6 IL6_for GAG GAT ACC ACT CCC AAC AGA CC IL6_rev AAG TGC ATC ATC GTT GTT CAT ACA

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

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

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

Otc Otc_for GTA CTC GAA CAA GAC TGT CCA C Otc_rev GCT AAC ACT GCA TCT GTC ATG C

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

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

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

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

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

Ym1 Ym1_for CTC TAC TCC TCA GAA CCG TCA G Ym1_rev GCA GCC TTG GAA TGT CTT TCT CC
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Signalling #3311) 1:500, rabbit anti-STAT6 (Cell Sig-

nalling #9362) 1:500, rabbit anti-Phospho-STAT6 (Cell

Signalling #9361) 1:500, rabbit anti-HDAC1 (Cell Sig-

nalling #2062) 1:500, rabbit anti-Phospho-eIF2alpha (Cell

Signalling #9721) 1:500, rabbit anti-eIF2alpha (Cell Sig-

nalling #9722) 1:500 horseradish peroxidase-conjugated

goat anti-mouse IgG (Pierce Biotechnology) 1:2000 and

horseradish peroxidase-conjugated goat anti-rabbit IgG

(Pierce Biotechnology) 1:2000.

14C-labelled L-arginine uptake studies

Briefly, arginine uptake into microglia was measured after

45 min preincubation with 250 nM jasplakinolide or 2 lM
cytochalasin D followed by 6-h cotreatment with LPS.

Cells were washed twice with 500 ll prewarmed (37� C)

wash buffer [137 mM NaCl, 5.4 mM KCl, 1.2 mM

MgSO4�7H2O, 2.8 mM CaCl2�2H2O, 10 mM HEPES and

1 mM KH2PO4 (pH 7.4)]. Cells were then resuspended in

250 ll of 50 lM L-[14C(U)]arginine] (274.3 mCi/mmol,

0.1 mCi/ml; Perkin-Elmer) prewarmed wash buffer sup-

plemented with 5 mM L-leucine. The reaction was stopped

after 10 min. Samples were washed three times with ice-

cold stop solution [10 mM HEPES, 10 mM Tris, 137 mM

NaCl, 10 mM nonradioactive L-arginine (pH 7.4)]. Cells

were then lysed with 1 % sodium dodecyl sulphate, and

radioactivity was counted in a liquid scintillation counter

(Wallac 1414, Perkin Elmer).

Microglial phagocytosis

Phagocytosis of bacterial particles was assessed using the

pHrodoTM Red S. aureus Bioparticles� Conjugate for

Phagocytosis (Life Technologies) according to the

manufacturer’s manual. Postnatal microglia were pretreat-

ed with cytoskeletal drugs for 45 min before experimen-

tation. For the Ab phagocytosis studies, 5 lM FITC-

coupled oligomeric Ab (Bachem) was added to the mi-

croglia cultures. After incubation for 2 h at 37 �C, cultures
were stained with NucBlue� Live ReadyProbes� Reagent

containing Hoechst 33342 (Life Technologies) for 20 min

at room temperature. After washing with live cell imaging

solution (Molecular Probes/Life Technologies), extracel-

lular fluorescence was quenched by addition of 0.4 %

trypan blue solution (Gibco/Life Technologies). FITC and

Hoechst fluorescence were measured at wavelengths of

485(ex)/535(em) and 340(ex)/460(em), respectively.

Modified Boyden chamber assay

Cells were seeded onto FluoroBlokTM Inserts (8 lm pore

size, Corning Incorporated) at a density of 15 9 103

cells/transwell insert. 100 lM ADP (Sigma-Aldrich) was

added to the well below the insert. After 6 h of incu-

bation at 37 �C and 5 % CO2, the membranes of the

inserts were stained with 10 lm CFSE dye (Sigma-

Aldrich), and then fixed with 4 % paraformaldehyde

(PFA) and counterstained with 2 lm 40,60-diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich). Migrated cells

below the FluoroBlok membranes were visualized using

an inverted fluorescence microscope (Leica DMI3000).

The rate of microglia migration was calculated by

counting cells in four different microscope fields of each

membrane (at 2009 magnification). In order to account

for basal microglia migration, data are presented as the

ratio of microglia migration to ADP/microglia migration

without ADP.

Calcium imaging

Ex vivo-isolated microglia were seeded onto eight-well l-
Slides (Ibidi) at a density of 3 9 104 cells/well. 24 h after

seeding, experiments were performed in HEPES buffer

(130 mM NaCl, 4.7 mM KCl, 1 mM MgSO4, 1.2 mM

KH2PO4, 1.3 mM CaCl2, 20 mM Hepes, 5 mM glucose,

pH 7.4). Cells were loaded with Fura-2/AM (5 lM; stock

solution dissolved in 20 % pluronic F-127) (Molecular

Probes/Life Technologies) by incubation in HEPES buffer

at 37 �C for 30 min. After loading, Fura-2 was allowed to

de-esterify for at least 10 min at room temperature in

standard solution. Cells were monitored with an inverted

Olympus IX71 stage equipped with an UPLSAPO X2 409/

0.95 objective (Olympus). Fluorescence data were acquired

on a PC running xcellence software (Olympus) via a cooled

CCD camera (ORCA, Hamamatsu). For stimulation ex-

periments, 100 lM freshly prepared ATP was applied.

Intracellular free Ca2? concentration [(Ca2?)int] was

derived from background-subtracted F340/F380 fluores-

cent ratios (R) after in situ calibration according to the

following equation: [Ca2?]int (nM) = Kd � Q � (R - Rmin)/

(Rmax - R), where Kd is the dissociation constant of Fura-2

for Ca2? at room temperature (225 nM); Q is the fluores-

cence ratio of the emission intensity excited by 380 nm in

the absence of Ca2? to that during the presence of

saturating Ca2?; and Rmin and Rmax are the minimal or

maximal fluorescence ratios, respectively. Rmin was mea-

sured by perfusion with Ca2?-free HEPES buffer (as de-

scribed above) containing 10 lM ionomycin (Sigma-

Aldrich). Rmax was obtained by perfusion with standard

solution containing 10 mM CaCl2/10 lM ionomycin. The

increase in intracellular Ca2? was calculated by subtracting

baseline Ca2? and plotted over time. Ionomycin (viability

control after ATP measurements) was applied at 10 lM
(not shown).
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Facial nerve axotomy

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

and Gsn-/- mice. The experimental procedures including

subsequent histological analyses have been described in

detail previously (Pannasch et al. 2006).

Induction of cerebral ischaemia

Mice were anaesthetized with 1.5 % isofluorane and

maintained in 1 % isofluorane in 69 % N2O and 30 % O2

using a vaporizer. Ischaemia was induced by 30 min

filamentous middle cerebral artery occlusion (MCAo)/

reperfusion as described in detail previously (Kronenberg

et al. 2005).

Histological procedures, quantification and imaging

The immunohistological procedures including incubation

times and temperatures have been described in detail

elsewhere (Kronenberg et al. 2003). Briefly, after tran-

scardial perfusion with 0.9 % saline followed by 4 %

paraformaldehyde in 0.1 mol/l phosphate buffer, brains

were stored in the fixative for 48 h and then transferred into

30 % sucrose in 0.1 mol/l phosphate buffer for 24 h.

Coronal sections of 40 lm thickness were cut from a dry

ice-cooled block on a sliding microtome (Leica Biosys-

tems). Sections were stored at -20 �C in cryoprotectant

solution containing 25 % ethylene glycol, 25 % glycerin

and 0.05 mol/l phosphate buffer. All antibodies were di-

luted in Tris-buffered saline containing 0.1 % Triton X-100

(Sigma-Aldrich) and 3 % donkey serum (Gibco/Life

Technologies). Primary antibodies were rat anti-BrdU

(Harlan Sera Lab) 1:500, rabbit anti-Iba1 (Wako Chemi-

cals) 1:500 and rabbit anti-Ki67 (Novocastra/Leica

Biosystems) 1:100. FITC- or RhodX-conjugated secondary

antibodies (from the AffiniPure Donkey Anti-Mouse IgG

(H?L) series; Jackson ImmunoResearch Laboratories)

were all used at a concentration of 1:250. Confocal mi-

croscopy was performed using a spectral confocal micro-

scope (LSM 700; Carl Zeiss Microscopy). Appropriate

gain and black level settings were corroborated using

negative control slices. These slices were only stained with

secondary antibodies, but not with primary antibodies

(Glass et al. 2005).

Statistics

Experiments were carried out in a blinded fashion. Data are

presented as mean ± SD. Unless otherwise indicated,

groups were compared by ANOVA with level of sig-

nificance set at 0.05 and two-tailed p values using Graph-

Pad Prism 6 (GraphdPad Software).

Results

Disruption of actin dynamics, but not LPS

activation, alters the expression of actin-regulating

proteins

In an initial dose-finding experiment, the viability of pri-

mary postnatal mouse microglia in response to cytoskeletal

drugs cytochalasin D and jasplakinolide was assessed after

24 h incubation. Both compounds are cell permeable and

serve as pharmacological tools to study the effects of actin

depolymerization or increased actin filament stabilization,

respectively (Casella et al. 1981; Goddette and Frieden

1986; Bubb et al. 2000; Holzinger 2001). Experiments

were performed in the presence or absence of LPS. In the

lower concentration ranges used in subsequent ex-

periments, no significant effects on MTT production and

LDH release were apparent. However, at higher concen-

trations, cytotoxicity was observed with both agents

(Fig. 1a, b).

Activation of BV-2 microglia with LPS failed to elicit

an increase in the protein expression of actin-binding

proteins gelsolin and cofilin after 6- and 24-h incubation

(Fig. 1c, d). Similar to gelsolin, cofilin is an actin-binding

molecule which induces the disassembly of actin filaments

(Loisel et al. 1999). Total cofilin levels in brain did not

remarkably differ between treatments. However, phos-

phorylated cofilin, which lacks actin depolymerizing

cFig. 1 Actin dynamics and the mRNA and protein expression of

actin-regulating molecules in activated microglia. Viability of

primary mouse microglia as assessed by MTT dye assay (a) and

LDH release (b) was not affected by treatment with either cytocha-

lasin D or jasplakinolide for 24 h at the concentrations used in

subsequent experiments (highlighted by grey bars). However, at

higher concentrations, toxic effects were observed for both cytoskele-

tal drugs. LPS was applied at 1 lg/ml for 24 h as indicated. *p\ 0.05

relative to respective controls (i.e., cells not treated with cytochalasin

D or jasplakinolide). N = 3–5 independent measurements per data

point. Western blot of protein extracts of non-LPS and LPS-exposed

BV-2 microglial cells after 6 h (c) and 24 h (d) probed with

antibodies against gelsolin, phospho-cofilin and cofilin. Note down-

regulation of phospho-cofilin in the presence of both cytoskeletal

drugs (cytochalasin D, 2 lM; jasplakinolide, 250 nM) as well as

strong upregulation of gelsolin in the presence of jasplakinolide (d).
By contrast, activation of cells with LPS did not result in upregulation

of actin-binding proteins. Comparable loading of protein is confirmed

by GAPDH staining. e Analysis of mRNA expression of key genes

involved in actin cytoskeleton organization. Primary microglia were

exposed to cytoskeletal drugs (cytochalasin D, 2 lM; jasplakinolide,

250 nM) for 6 h. Note that activation of microglia with LPS did not

increase mRNA transcription of any of the genes investigated. By

contrast, disruption of actin filament dynamics resulted in an overall

pattern characterized by increased gene transcription independent of

activation status. N = 4–5 independent measurements per data point.

Two-way ANOVA followed by Tukey’s multiple comparisons test.

*p\ 0.05 within LPS/non-LPS treatment condition; #p\ 0.05

between LPS and non-LPS treatment condition
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activity (Morgan et al. 1993), was reduced in the presence

of both cytoskeletal drugs. In parallel, both actin-binding

compounds induced gelsolin expression, an effect which

was particularly prominent after 24-h incubation with jas-

plakinolide (Fig. 1c, d).

Messenger RNA expression of gelsolin (Gsn), serum

response factor (Srf), cofilin 1 (Cfl1), villin 1 (Vil1), profilin

1 (Pfn1) and actin-related protein 2/3 complex subunit 5

(Arpc5), key genes associated with actin cytoskeleton or-

ganization, was assessed in primary postnatal microglia

after 6-h stimulation. Interestingly, activation with LPS did

not increase mRNA transcription of any of the genes in-

vestigated. However, pharmacological disruption of actin

filament dynamics resulted in increased gene transcription

independent of stimulation with LPS (Fig. 1e). A similar

pattern of gene regulation emerged when alternative
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microglia activation was studied. While exposure to IL-4

(10 ng/ml, 24 h) failed to elicit a response, both cy-

toskeletal drugs again induced upregulation of actin-asso-

ciated genes (not shown).

Disruption of actin filament dynamics impairs LPS-

induced microglial NO release

Production of nitric oxide (NO) is a hallmark of classical

microglia activation. LPS-induced NO release from acti-

vated primary postnatal mouse microglia was significantly

and dose-dependently inhibited by both jasplakinolide and

cytochalasin D (Fig. 2a). NO release from gelsolin-defi-

cient microglia harvested from adult and aged mouse brain

is illustrated in Fig. 2b.

Activated microglia produce NO from the amino acid L-

arginine via inducible nitric oxide synthase (iNOS). Tran-

scription of iNos mRNA was significantly upregulated after

6-h LPS stimulation, but was not influenced by co-treat-

ment with either cytoskeletal drug (Fig. 2c). Cationic

amino acid transporters (CAT-1, -2 and -3) serve as the

principal arginine transporters in most tissues and cells

(Macleod and Kakuda 1996). Arginine is not only a sub-

strate for iNOS, but also for arginase (ARG1), an enzyme

belonging to the urea cycle that is upregulated by M2

microglia (Colton 2009). Argininosuccinate lyase (ASL),

argininosuccinate synthase 1 (ASS-1) and ornithine tran-

scarbamoylase (OTC) are further urea-cycle enzymes. Of

the three cationic amino acid transporters, only Cat2 ex-

pression was significantly induced in LPS-activated mi-

croglia. By contrast, Asl and Arg1 were downregulated by

LPS. Co-treatment with jasplakinolide or cytochalasin D

did not affect any of these LPS-regulated genes (Fig. 2c).

Expression of Cat1, Cat3, Ass1 and Otc was not increased

in activated microglia (not shown). Taken together, NO

production by LPS-stimulated microglia is associated with

increased mRNA expression of substrate transporter Cat2

and of Nos2. At the same time, alternative degradation of

arginine via arginase is repressed. Remarkably, however,

disruption of actin dynamics does not modify the effects of

LPS on the transcription of key genes related to increased

nitric oxide production by activated microglia.

Next, we studied iNOS protein levels using Western

blotting. LPS challenge led to an upregulation of iNOS in

BV-2 and in primary postnatal microglia cells (Fig. 2d).

Inducible NOS protein was detected in both the membrane

and the cytosolic fractions of cell lysates. Interestingly, and

in contrast to their effects on iNos mRNA concentrations,

both cytoskeletal drugs decreased iNOS protein expression

in activated microglia. Neither G- nor F-actin levels were

affected by LPS activation. However, expectedly, F-actin

levels were robustly increased by incubation in the pres-

ence of jasplakinolide (Fig. 2d). Protein expression of

iNOS may be regulated at the translational level by phos-

phorylation of the eukaryotic translation initiation factor 2

(eIF2alpha). An increase in eIF2alpha phosphorylation has

been shown to decrease iNOS protein expression (Lee et al.

2003). Here, we found a profound increase in the amount

of phosphorylated eIF2alpha in the presence of the actin-

stabilizing agent jasplakinolide. However, overall levels of

eIF2alpha did not differ between experimental groups

(Fig. 2e).

In turn, substrate availability of arginine has been shown

to affect eIF2alpha phosphorylation (Lee et al. 2003). We,

therefore, also measured L-(14C)-arginine uptake into pri-

mary postnatal microglia. Arginine uptake was strongly

increased after LPS stimulation. Co-treatment with jas-

plakinolide resulted in significantly decreased L-(14C)-

arginine uptake by activated microglia (Fig. 2f).

Finally, oligomeric Ab has also been shown to induce

M1-like microglia activation (Michelucci et al. 2009;

Dhawan et al. 2012). Here, we investigated whether in-

terference with actin dynamics influences the uptake of

oligomeric Ab (1–42) by primary postnatal microglia and

alters the subsequent transcription of pro-inflammatory

molecules such as iNos. Compared to non-treated cells

(dashed line in Fig. 2g), incubation with cytoskeletal drugs

cFig. 2 Actin filament dynamics and microglial NO release. Primary

postnatal mouse microglia (a) and microglia cultured from adult

(\6 months, ‘‘young’’) and aged ([16 months, ‘‘old’’) Gsn?/? and

Gsn-/- brains (b) were stimulated with LPS (1 lg/ml; ?) or vehicle

(-) for 24 h. N = 3–5 independent measurements per data point.

c Regulation of genes involved in arginine transport and turnover in

primary postnatal microglia at 6 h after LPS stimulation. While LPS

significantly induced iNos and Cat2 mRNA expression, we did not

observe any effect of either cytoskeletal drug. N = 4–5 independent

measurements per data point. Western blots of protein extracts of non-

LPS and LPS-exposed BV-2 (left in d, e) and primary postnatal (right

in d) microglia cells after 6 h. Note strong LPS-induced upregulation

of iNOS in the cytosolic fraction which is attenuated by both

jasplakinolide (250 nM) and cytochalasin D (2 lM). In the corre-

sponding cytoskeletal (‘‘pellet’’) fractions, the actin polymerizing and

stabilizing effects of jasplakinolide are reflected by increased

filamentous (F)-actin levels. e Overall eIF2alpha protein concentra-

tions did not differ significantly across experimental groups. How-

ever, independent of LPS stimulation, co-treatment with actin

stabilizing agent jasplakinolide increased phosphorylation of eIF2al-

pha. f Measurement of the uptake of 14C-L-arginine (disintegrations

per minute; dpm) into primary postnatal microglia after 6 h prein-

cubation with LPS. N = 5 independent measurements per data point.

g Treatment with cytoskeletal drugs impairs phagocytosis of FITC-

coupled oligomeric Ab (1–42). Nuclear counterstaining with Hoechst

33342 was performed to confirm equal seeding densities. N = 7

independent measurements per data point. h In line with reduced

phagocytosis of Ab (1–42), cells treated with cytoskeletal drugs

showed significantly reduced iNos mRNA expression after 6 h

incubation with 10 lM oAb. N = 3 independent measurements per

data point. One-way ANOVA followed by Dunnett’s post hoc test (a,
g) or two-way ANOVA followed by Tukey’s post hoc test (b, c, f, h).
*p\ 0.05 within LPS/non-LPS treatment condition; #p\ 0.05

between LPS and non-LPS treatment condition
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led to reduced phagocytosis of FITC-labelled oligomeric

Ab. Nuclear counterstaining was performed to confirm

equal seeding densities (Fig. 2g). In keeping with reduced

phagocytosis of Ab (1–42), cells treated with cytoskeletal

drugs also displayed reduced iNos mRNA transcription

after 6-h incubation with Ab (Fig. 2h).

Disruption of actin filament dynamics differentially

affects ‘conventional’ and ‘unconventional’ cytokine

release from LPS-activated microglia

TNFalpha and IL-6 represent cytokines following the so-

called conventional secretory pathway characterized by
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synthesis in the endoplasmic reticulum and Golgi complex

and subsequent membrane-bound transport to the cell

surface (Lacy and Stow 2011). TNFalpha release from

activated primary postnatal mouse microglia was sig-

nificantly and dose-dependently inhibited by both jas-

plakinolide and cytochalasin D (Fig. 3a) after 6-h

stimulation. A relatively similar pattern of effects was

noted when IL-6 release was measured (Fig. 3c).

Furthermore, increased actin filament stabilization also

impaired TNFalpha release from LPS-stimulated microglia

harvested from adult and even more so from aged gelsolin-

deficient brain (Fig. 3b). By contrast, IL-1beta and IL-18

are synthesized in the cytoplasm and released via non-

classical routes (Hanamsagar et al. 2011; Lacy and Stow

2011). As expected, LPS activation increased IL-1beta and

IL-18 levels in the cell culture supernatant. Interestingly,
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Fig. 3 Actin filament dynamics and cytokine release. Disruption of

actin filament dynamics impairs conventional cytokine release.

TNFalpha release from primary postnatal microglia (a) as well as

from microglia cultured from adult (\6 months) and aged

([16 months) Gsn?/? and Gsn-/- brains (b) was measured after

6 h incubation with LPS (1 lg/ml). c IL-6 release and d IL-1beta

release from primary postnatal microglia was measured after 6 and

24 h incubation with LPS (1 lg/ml), respectively. d Actin filament

stabilization with jasplakinolide significantly increases IL-1beta

release (unconventional pathway of cytokine release). e Strong IL-

18 release from 24 h LPS activated microglia treated with actin

polymerizing agent jasplakinolide. f mRNA expression of key genes

associated with classical microglia activation after 6 h incubation

with LPS (1 lg/ml) and/or cytoskeletal drugs (cytochalasin D, 2 lM;

jasplakinolide, 250 nM). While LPS strongly induced mRNA tran-

scription of genes associated with microglia activation, we did not

observe any significant effect of either cytoskeletal drug. N = 3–5

independent measurements per data point. One-way ANOVA fol-

lowed by Dunnett’s post hoc test (a, c, d, e) or two-way ANOVA

followed by Tukey’s multiple comparisons test (b, f). *p\ 0.05

within LPS/non-LPS treatment condition; #p\ 0.05 between LPS and

non-LPS treatment condition
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treatment with jasplakinolide led to further increases in the

secretion of IL-1beta (Fig. 3d). Remarkably, strong release

of IL-18 could only be detected after LPS stimulation in

conjunction with actin filament stabilization (Fig. 3e).

Again, the effects of altered actin turnover on cytokine

release were not regulated at the transcriptional level

(Fig. 3f). Although all pro-inflammatory genes tested

(Nfkb1, Il6, Il1b, Il18, Il12, Tnfa) were found to be strongly

upregulated after LPS, disruption of actin dynamics did not

produce any further effects. Adam17 and Golga4 are genes

encoding proteins involved in the processing and traffick-

ing of TNFalpha. Adam17 and Golga4 were not affected by

either LPS activation or treatment with cytoskeletal drugs

(Fig. 3f).

Disruption of actin filament dynamics impairs IL-4/

STAT6 signalling and transcription of IL-4

responsive genes

IL-4 was used to induce the alternative microglia activation

state. A strong increase in insulin-like growth factor 1

(IGF-1) release was seen in IL-4 induced primary postnatal

microglia (Fig. 4a). Disruption of actin filament dynamics

attenuated IGF-1 production (Fig. 4a). This was paralleled

by decreased mRNA transcription of Igf1 as well as of

other M2-specific genes such as Ym1, Arg1, Mrc1 and

Fizz1 (Fig. 4c). To further pinpoint the site of action of the

actin agents, the IL-4/STAT6 signalling pathway upstream

of the transcription of IL-4 responsive genes was investi-

gated (Goenka and Kaplan 2011; Maier et al. 2012). After

phosphorylation of STAT6 by Janus kinases (JAKs),

phospho-STAT6 is translocated into the nucleus to act as a

transcriptional activator (Nelms et al. 1999; Gordon and

Martinez 2010; Zhou et al. 2012). IL-4/STAT6 signalling

was analysed in BV2 microglia by monitoring (1) STAT6

phosphorylation in the cytosol and (2) the accumulation of

transcription factor pSTAT6 in the nucleus after 60-min

activation with IL-4. Neither cytoskeletal drug impacted

STAT6 phosphorylation in the cytosol. The amount of

phospho-STAT6 in the nuclear fraction was robustly in-

creased after IL-4 stimulation. However, disruption of actin

dynamics led to reduced phospho-STAT6 levels in the
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Fig. 4 Actin filament dynamics and alternative microglia activation.

a IGF-1 release after 24 h incubation of primary microglia with IL-4.

b BV-2 microglia were stimulated with IL-4 for 60 min. IL-4

stimulation resulted in increased levels of phospho-STAT6 in the

nucleus. The IL-4 induced increase in pSTAT-6 levels in the nucleus

was attenuated in the presence of cytoskeletal drugs. c Cytoskeletal

drugs (jasplakinolide, 250 nM; cytochalasin D, 2 lM) inhibit tran-

scription of IGF-1 and key genes implicated in alternative activation

of microglia. N = 4–5 independent measurements per data point.

Two-way ANOVA followed by Tukey’s multiple comparisons test.

*p\ 0.05 within IL-4/non-IL-4 treatment condition; #p\ 0.05

between IL-4 and non-IL-4 treatment condition
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nucleus (Fig. 4b). Taken together, the effects of altered

actin turnover on the M2 phenotype relate to impaired IL-

4-/STAT6 signalling resulting in reduced transcription of

M2-specific genes (Fig. 4c).

Disruption of actin filament dynamics impairs

microglia chemotaxis, phagocytosis

and proliferation

Migration, phagocytosis and proliferation constitute core

elements of microglial behaviour (Hanisch and Ketten-

mann 2007). To analyse the effect of impaired actin dy-

namics on microglial migration, we used the Boyden

Chamber microchemotaxis model. Primary mouse mi-

croglia were treated with either jasplakinolide (250 nM) or

cytochalasin D (2 lM) alone or in combination with the

chemoattractant agent ADP (100 lM). Neither cytoskeletal

drug exerted a significant effect on constitutive microglial

migration as compared to the control condition. However,

ADP-induced chemotaxis was reduced by [50 % in the

presence of actin toxins (Fig. 5a). Chemotaxis of microglia

derived from adult and aged Gsn-/- mice was also sig-

nificantly reduced without an additional effect of the factor

age (Fig. 5b). Similarly, phagocytosis of bacterial particles

was impaired when actin turnover was disrupted pharma-

cologically or through gelsolin deficiency (Fig. 5c, d). Fi-

nally, we studied growth characteristics of cultured adult

microglia derived from wild-type and Gsn-/- mice over a

period of 4 weeks. Since microglia and astrocytes are

cultivated in the same dish, this genetic approach allowed

us to specifically address the effects of impaired actin dy-

namics in microglia (see also Supplementary Figure 1).

Again, impaired actin turnover impeded microglia growth

in culture (Fig. 5e).

Finally, we studied the implications of pathological

actin filament stabilization for microglia behaviour in vivo.

So far, neuropathological analyses of the brain of Gsn-/-

mice have yielded no overt anatomic abnormalities (Endres

et al. 1999; Yildirim et al. 2008; Kronenberg et al. 2010).

Here, we investigated microglia densities in hippocampus

and striatum of adult (\6 months) and aged ([16 months)

Gsn?/? and Gsn-/- mice. Microglia densities did not differ

between genotypes. However, a significant increase in

Iba1-immunoreactive cells was detected as a consequence

of ageing (Supplementary Figure 2).

Facial nerve axotomy results in the proliferation of resident

microglia in the ipsilateral facial motor nucleus in the absence

of infiltrating hematogenous cells (Kreutzberg 1996). Using

microglia marker Iba1, we quantified microglia densites

3 days after facial nerve axotomy. Mice of either genotype

showed an increase in the number of Iba1-immunoreactive

cells in the ipsilateral facial nucleus. However, the increase in

Gsn-/- mice was clearly reduced (Fig. 5f).

The peri-ischaemic area is quickly populated by Iba1-

positive monocytic cells at early time points after is-

chaemic reperfusion injury to the brain (Farber et al. 2008).

We, therefore, also investigated the effects of pathological

actin filament stabilization on the percentage of Iba1? cells

that showed BrdU labelling in a well-established model of

mild brain ischaemia [30 min middle cerebral artery oc-

clusion (MCAo)/reperfusion]. Mice received five BrdU

injections at 12-h intervals starting after induction of

MCAo. Animals were killed after 72 h. The percentage of

Iba1? cells showing BrdU labelling was significantly re-

duced in Gsn-/- as compared to Gsn?/? mice (Fig. 5g;

analysis of 100 randomly selected Iba1? cells located in

the border zone of the infarct per animal).

Increased intracellular Ca21 levels in microglia

harvested from Gsn2/2 brain

Calcium is a common and versatile second messenger in

microglia (Farber and Kettenmann 2006). Here, we mon-

itored intracellular Ca2? ([Ca2?]int) levels in microglia

harvested from adult and aged brain of Gsn?/? and Gsn-/-

mice (Fig. 6). Baseline and ATP-induced [Ca2?]int was

significantly higher in gelsolin-deficient microglia

(Fig. 6b). Furthermore, the ATP-induced increase in

[Ca2?]int was higher in the aged microglia derived from

Gsn-/- relative to wild-type brain (Fig. 6c).

cFig. 5 Actin filament dynamics, microglia chemotaxis, phagocytosis

and proliferation. Microglial migration was measured in a modified

Boyden chamber chemotaxis assay in combination with ADP

(100 lM) over a time period of 6 h. The migration rate was

normalized to basal migration (DMEM only, 100 %). Pharmaco-

logical disruption of actin dynamics in primary postnatal microglia

(a) as well as gelsolin deficiency in microglia derived from adult and

aged brain resulted in a significant reduction in migratory capacity

(b). Phagocytosis was measured based on the uptake of bacterial

particles conjugated to pH-sensitive dye over 2 h. Pharmacological

disruption of actin dynamics in primary postnatal microglia (c) as

well as gelsolin deficiency in microglia harvested from adult and aged

brain (d) resulted in a significant impairment of phagocytosis.

e Growth characteristics of cultured primary microglia harvested from

adult and aged brain. Microglia numbers were assessed by cell

counting in a Fuchs–Rosenthal chamber after shake-off from the

astrocytic feeder layer. N = 3 independent measurements per data

point. One-way ANOVA followed by Dunnett’s multiple comparison

test (a, c) or two-way ANOVA followed by Tukey’s multiple

comparison test (b, d, e), *p\ 0.05. f Microglia densities in the

contralateral and ipsilateral facial nuclei of Gsn?/? and Gsn-/- mice

were quantified using Iba1 staining. Representative images of Iba1

immunoreactivity 3 days after facial nerve axotomy. Results are

expressed as the increase (in %) in the ipsilateral nucleus over the

contralateral side. N = 5 animals per group. *p\ 0.05, unpaired

student’s t test. Scale bar 50 lm. g Reduced proliferation of Iba1?

cells (green) in the peri-ischaemic area of Gsn-/- mice at 3 days after

30 min MCAo/reperfusion. Red DNA synthesis marker BrdU.

*p\ 0.05, unpaired student’s t test. N = 4–5 animals per group.

Scale bar 40 lm
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Discussion

In the present study, we manipulated the actin cytoskeleton

and determined, as read-outs, the respective effects on the

different activation patterns of microglia. Our study yielded

the following major findings: (1) Disruption of actin dy-

namics in LPS-activated microglia inhibits NO release and

reduces the secretion of TNFalpha and IL-6, two prototype

molecules falling into the category of conventional cy-

tokine release (Lacy and Stow 2011). By contrast,
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increased actin filament stabilization promotes the secre-

tion of IL-1beta and IL-18, which are produced in the

cytoplasm and released by way of nonclassical routes

(Lacy and Stow 2011). Importantly, all of these effects of

actin dysregulation on the behaviour of M1 microglia were

not related to altered transcription of M1 genes such as

Nfkb1, iNos, Tnfa, Il1b, Il6, Il12 and Il18. (2) Disruption of

actin filament dynamics impairs IL-4/STAT6 signalling.

This leads to decreased mRNA transcription of key M2-

specific genes such as Igf1, Ym1, Fizz1, Mrc1 and Arg1.

Correspondingly, release of IGF-1, a crucial trophic factor

derived from M2 microglia (Ueno et al. 2013), was

markedly reduced when actin dynamics were disrupted. (3)

In general agreement with earlier studies in macrophages,

impaired actin dynamics lead to reduced microglia

chemotaxis, proliferation and phagocytosis (e.g. de Oli-

veira and Mantovani 1988; Allen et al. 1997, 1998; Jonsson

et al. 2012; Iqbal et al. 2013).

The actin cytoskeleton is sensitive to oxidative stress,

which may lead to oxidation of exposed cysteine residues,

disulphide bonds and, ultimately, reduced dynamic cy-

toskeletal plasticity (Bencsath et al. 1996; Dalle-Donne

et al. 2001; Haarer and Amberg 2004). Furthermore, both

Ab and tau have been demonstrated to promote actin

polymerization (Fulga et al. 2007; Henriques et al. 2010;

Frandemiche et al. 2014). The results gathered here,

therefore, have a direct bearing on our understanding of the

role of impaired actin dynamics in age-dependent neu-

rodegeneration and Alzheimer’s pathogenesis. Interesting-

ly, functional impairments in microglia motility and

phagocytic activity reminiscent of the effects of actin

dysregulation reported here have recently been observed in

mice with Alzheimer-like neuropathology. Importantly,

these impairments coincided with b-amyloid deposition

and were reversible with an amyloid-lowering intervention

by Ab vaccination (Krabbe et al. 2013).

It is generally held that a perturbation in the homeostasis

of Ab is intricately involved in the pathogenesis of Alz-

heimer’s disease. In line with an earlier report (Mandrekar

et al. 2009), we also found that disruption of actin filament

dynamics markedly inhibited microglial uptake of

oligomeric Ab. Taken together, actin pathology in mi-

croglia may be partly cause and partly consequence of an

Ab dysequilibrium in the brain. Heterogeneous functional

phenotypes of microglia ranging from classical to M2 ac-

tivation in the brain of Alzheimer’s disease patients as well

as in Alzheimer’s mouse models have been reported

(Colton et al. 2006). Our results clearly suggest that im-

paired actin dynamics in cells shifting toward an M2

phenotype may dampen their neuroprotective capacity, e.g.

by decreasing IGF-1 release. The diverse effects of altered

actin dynamics on M1 microglia are more difficult to ex-

trapolate to a disease context. However, it deserves men-

tion that IL-1beta, which is induced by pathological actin

filament stabilization, stimulates Ab generation by c-sec-
retase-mediated cleavage of APP (Liao et al. 2004).

Inducible nitric oxide synthase, the NO producing en-

zyme in microglia and macrophages, is an essential in-

flammatory mediator (Brown and Neher 2010). It is the

only NO synthase capable of producing micromolar
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Fig. 6 Decreased baseline and ATP-evoked intracellular Ca2? con-

centration in gelsolin-deficient microglia. Ex vivo isolated microglia

derived from adult (\6 months) and aged ([16 months) Gsn?/? and

Gsn-/- mice were studied 24 h after seeding. a Representative

[Ca2?]int traces from the four experimental groups. b Baseline

[Ca2?]int is higher in Gsn-/- as compared to Gsn?/? microglia.

c Furthermore, the increase in [Ca2?]int following 100 lm ATP is

significantly higher in aged Gsn-/- as compared to Gsn?/? microglia.

Two-way ANOVA followed by Tukey’s multiple comparison tests.

N = 14–26 from at least three independent experiments per condi-

tion. At the end of experiments, cells were exposed to calcium

ionophore ionomycin to corroborate the responsiveness of the cells as

well as of the detection system
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amounts of nitric oxide (Moss and Bates 2001). In mac-

rophages, iNOS has been shown to associate with cortical

actin. Furthermore, in line with our results, this peripheral

iNOS colocalized with the cortical cytoskeleton was re-

moved by disruption of actin dynamics (Webb et al. 2001).

The current study demonstrates that actin dysregulation

strongly inhibits NO release from LPS-stimulated mi-

croglia. It is a recurrent pattern in the findings reported here

that the effects of cytoskeletal dysregulation on M1 mi-

croglia are not mediated at the transcriptional level. While

LPS strongly induced mRNA expression of iNos and of

substrate transporter Cat2 and repressed mRNA transcrip-

tion of urea cycle enzymes Asl and Arg1, actin disruption

did not modify expression of these genes in activated mi-

croglia. Interestingly, however, iNOS protein expression

after LPS stimulation, which was studied in both primary

postnatal microglia and the immortalized murine BV2

microglial cell line, was reduced in the presence of cy-

toskeletal drugs. The substrate for iNOS is L-arginine, a

semi-essential amino acid that needs to be actively trans-

ported into the cell. In line with previous studies of mac-

rophages and microglia, arginine transport via the cell

membrane was found to be increased after LPS stimulation

(Kawahara et al. 2001; Yeramian et al. 2006). This initial

crucial step in the activation of the nitric oxide pathway

was significantly inhibited by pathological actin filament

stabilization. This finding may also partly explain reduced

iNOS protein levels in the presence of cytoskeletal drugs.

Translational control of iNOS protein expression by argi-

nine concentrations via negative regulation of eIF2alpha

phosphorylation status has previously been demonstrated

(Lee et al. 2003). In line with this earlier report and the

results of the L-(14C)-arginine uptake assay, we found in-

creased levels of phosphorylated eIF2alpha in activated

microglia in the presence of actin stabilizer jasplakinolide.

However, considering the results we obtained with actin

disruptor cytochalasin D, it has to be acknowledged that

translational control of iNOS is likely not the only

mechanism underlying the inhibitory effects of actin dys-

regulation on NO release from activated microglia.

How, if not at the transcriptional level, does the state of

the actin cytoskeleton interfere with differential modes of

cytokine release after classical microglia activation? IL-

1beta and IL-18 maturation is under the control of caspase

1, which cleaves both pro-IL-1beta and pro-IL-18 (Yao

et al. 1992; Prinz and Hanisch 1999; Walsh et al. 2014). IL-

1beta and IL-18 are leaderless proteins whose release oc-

curs via ectosomes and is regulated by intracellular Ca2?

levels (Semino et al. 2005; Carta et al. 2013; Prada et al.

2013). The mechanisms involved in unconventional cy-

tokine secretion are thus quite akin to exocytotic neuro-

transmitter release from neurons. The increased release of

both IL-1beta and IL-18 from activated microglia in the

presence of jasplakinolide, therefore, fits well with our

earlier finding of increased Ca2? influx in gelsolin-deficient

synaptosomes resulting in enhanced neurotransmitter re-

lease (Kronenberg et al. 2010). In contrast, synthesis and

release of TNFalpha as well as of IL-6 involve the endo-

plasmic reticulum and the Golgi apparatus. Conventional

cytokine release was dose-dependently inhibited by both

cytoskeletal compounds. Diverse mechanisms may be at

play here. For example, actin dysfunction has been

demonstrated to affect both translation and degradation of

Il6 mRNA in airway epithelial cells (van den Berg et al.

2006). Furthermore, another study in a macrophage-like

cell line found that actin dynamics influence post-Golgi

trafficking of TNFalpha (Shurety et al. 2000).

In summary, our study demonstrates that actin dys-

function profoundly and distinctly affects microglia be-

haviours. Disruption of actin filament dynamics impedes

IL-4/STAT6 signalling and thereby dampens M2 polar-

ization of IL-4 stimulated microglia. This effect of altered

actin turnover relates primarily to reduced transcription of

alternative activation genes. By contrast, the role of actin

dynamics in classical activation does not relate to

modulation of gene transcription and shows a major di-

vergence in the pattern of cytokine release between actin

depolymerization and increased actin stabilization.
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