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Abstract
The glycoprotein osteopontin is highly upregulated in central nervous system (CNS) 
disorders such as ischemic stroke. Osteopontin regulates cell growth, cell adhesion, 
homeostasis, migration, and survival of various cell types. Accordingly, osteopontin 
is considered an essential regulator of regeneration and repair in the ischemic milieu. 
Astrocytes are the most abundant cells in the CNS and play significant roles in health 
and disease. Astrocytes are involved in homeostasis, promote neuroprotection, and 
regulate synaptic plasticity. Upon activation, astrocytes may adopt different pheno-
types, termed A1 and A2. The direct effects of osteopontin on astrocytes, especially 
in distinct activation states, are yet unknown. The current study aimed to elucidate 
the impact of osteopontin on resting and active astrocytes. We established an in-
flammatory in vitro model of activated (A1) primary astrocytes derived from neonatal 
wistar rats by exposure to a distinct combination of proinflammatory cytokines. To 
model ischemic stroke in vitro, astrocytes were subjected to oxygen and glucose dep-
rivation (OGD) in the presence or absence of osteopontin. Osteopontin modulated 
the activation phenotype by attenuating A1- and restoring A2-marker expression 
without compromising the active astrocytes’ immunocompetence. Osteopontin pro-
moted the proliferation of active and the migration of resting astrocytes. Following 
transient OGD, osteopontin mitigated the delayed ongoing death of primary astro-
cytes, promoting their survival. Data suggest that osteopontin differentially regu-
lates essential functions of resting and active astrocytes and confirm a significant 
regulatory role of osteopontin in an in vitro ischemia model. Furthermore, the data 
suggest that osteopontin constitutes a promising target for experimental therapies 
modulating neuroregeneration and repair.
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1  | INTRODUC TION

Osteopontin, also named secreted phosphoprotein 1 (SPP1), is an 
endogenous phosphoglycoprotein ubiquitously expressed in the 
CNS. It is classified as a component of the extracellular matrix (ECM) 
and as a soluble cytokine. Osteopontin regulates cell growth, cell 
adhesion, homeostasis, migration, and survival of various cell types 
(Briones-Orta et al., 2017; Huang et al., 2017; Oyama et al., 2018; 
Rabenstein et  al.,  2015; Rogall et  al.,  2018). Moreover, osteopon-
tin plays a role in various CNS diseases via modulating inflamma-
tory responses (Giachelli & Steitz,  2000; Rabenstein et  al.,  2016), 
promoting repair (Ladwig et al., 2019; Rogall et al., 2018; Schroeter 
et al., 2006), supporting neuroprotection, and restoring the blood–
brain barrier (Gliem et  al.,  2015; Rabenstein et  al.,  2016; Suzuki 
et  al.,  2010). Osteopontin is upregulated with striking abundance 
in the acute phase after ischemic stroke, brain injury, infection, or 
neoplasia (Brown et al., 2011; Choi et al., 2007; Gliem et al., 2015; 
Jin et al., 2006; Rakers et al., 2019; Riew et al., 2019; Szulzewsky 
et al., 2018). After a stroke, osteopontin is expressed by immigrating 
monocytes/macrophages and resident microglia (Gliem et al., 2015; 
Riew et al., 2019; Wang et al., 1998). We previously demonstrated 
that osteopontin counteracts the LPS-induced proinflammatory re-
sponse of microglia in vitro and after ischemic stroke (Rabenstein 
et al., 2016), drives microglial polarization toward an antiinflamma-
tory phenotype (Ladwig et  al.,  2017), and consequently reduces 
secondary neurodegeneration in the thalamus (Ladwig et al., 2019; 
Schroeter et al., 2006). Furthermore, osteopontin mediates the pro-
liferation and migration of neural stem cells toward the lesion site 
after stroke (Rabenstein et al., 2019; Rogall et al., 2018).

In the past decades, astrocytes have attracted growing attention 
due to discovering their crucial and diverse roles in the central nervous 
system (CNS), far exceeding the outdated idea of a mere mechanical 
stabilization of the brain. As the most abundant cells of the CNS, they 
provide diverse homeostatic maintenance functions, promote neuro-
trophic support, and regulate synaptic plasticity (Chung et al., 2013; 
Clarke & Barres,  2013; Liddelow & Barres B: SnapShot,  2015; 
Sofroniew & Vinters, 2010). Astrocytes promptly react to any brain 
injury by adapting their morphology and gene expression and forming 
the glial scar (Anderson et al., 2016; Rolls et al., 2009; Stoll et al., 1998). 
Moreover, active astrocytes regulate neuroinflammation and secrete 
inflammatory cytokines (Falsig et al., 2004, 2006). Intriguingly, astro-
cytes have beneficial and detrimental effects on CNS regeneration 
(Anderson et al., 2016; Bush et al., 1999; Faulkner et al., 2004; Liddelow 
et al., 2017; Schroeter et al., 2009; Sofroniew, 2015; Song et al., 2002; 
Stevens et al., 2007). Depending on their expression profile, active as-
trocytes are categorized as A1- or A2-activated astrocytes (Liddelow 
et al., 2017). Gliem et al. (2015) suggested that osteopontin supports 

active astrocytes' functions in vivo, thereby stabilizing the blood–brain 
barrier after ischemic stroke.

Accordingly, astrocytes and osteopontin play valuable roles after 
brain injury. However, their interplay in health and disease remains 
elusive. To shed light on this issue, we aimed to evaluate the effects of 
osteopontin on astrocytes' key functions, depending on their activa-
tion state. Therefore, we established an in vitro model of primary astro-
cytes induced to display distinct resting versus active phenotypes and 
examined proliferation, migration, marker expression, morphology, 
and immunocompetence in the presence and absence of osteopontin.

2  | MATERIAL AND METHODS

2.1 | Animals

Animal procedures for tissue harvesting obeyed the German Federal 
Laws for Animal Protection. The local animal care committee (AZ 
UniKöln_Anzeige §4.16.021) approved the study. Wistar rats for 
breeding were maintained in polysulfone cages with sawdust bed-
ding on a 12 hr light/dark cycle. Food and water were provided ad 
libitum in pathogen-free conditions. Six different litters maintained 
by two breeding pairs were used for the experiments, and all pups of 
each litter (9–15) were pooled for cultures independent of their sex.

2.2 | Astrocytes isolation and culture

Pure neonatal astrocytes cultures were obtained from the corti-
ces of neonatal Wistar rats (P1–P3). Rat cortices were incubated in 
trypsin/EDTA solution (1% trypsin, 0.02% EDTA) for 15 min at 37°C. 
The addition of the culture medium (Dulbeccos essential medium 
(DMEM) with the addition of 10% fetal calf serum (FCS), 1% peni-
cillin/streptomycin, and 2  mM l-glutamine) stopped the reaction. 
The cortices were dissociated by repeated up- and down-pipetting. 
The resulting cell suspension was centrifuged at 1,200  rpm for 
2 min. Cells were resuspended in DMEM (10% FCS, 1% penicillin/

RRID: AB_10983078, RRID: AB_11012229, RRID: AB_11181928, RRID: AB_11212597, RRID: 
AB_2224402, RRID: AB_330713, RRID: AB_331765, RRID: AB_476811, RRID: AB_476857, 
RRID: AB_94843, S100A10, S100A10 staining, SPP1

Significance

•	 the characteristics and functions of active astrocytes 
differ substantially from resting astrocytes in vitro,

•	 osteopontin has a significant regulating impact on the 
characteristics and functions of resting and active 
astrocytes.
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streptomycin, and 2 mM l-glutamine) and grown at 37°C with 5% 
CO2 for 8 to 10 days. The culture medium was changed after the 
third day. This prolonged cultivation approach promoted a selective 
growth of astrocytes and microglia. Culture flasks were shaken at 
least three times for 1 hr at 250 rpm on an orbital shaker (37°C), de-
taching microglia from the adherent astrocyte layer. This procedure 
removed microglia from the initial co-culture. The medium contain-
ing detached microglia was disposed of. The remaining astrocytes 
were detached using trypsin/EDTA solution (0.05% trypsin, 0.02% 
EDTA) for 15 min at 37°C and centrifuged for 2 min at 1,200 rpm, 
yielding a pure astrocyte pellet that was resuspended in fresh cul-
ture medium and sown into subcultures. All experiments were per-
formed with these purified astrocytes cultures. One to 3 days after 
seeding astrocytes in a subculture (at a density of 260 cells/mm2 
or for ATP assay, migration scratch and live/dead assay 624 cells/
mm2), cells were used for further experiments. Astrocytes were left 
unstimulated (resting astrocytes, control), or were stimulated with 
cytokine mix (CM) containing recombinant rat TNFα (10 ng/ml), re-
combinant rat IL1β (5 ng/ml) and recombinant rat IFNγ (10 ng/ml; all 
from Peprotech, Hamburg, Germany), to obtain active astrocytes. 
We chose the combination of these cytokines because they are 
known to be upregulated under neuroinflammatory conditions, for 
example, after cerebral ischemia (Walberer et al., 2010). The doses 
of cytokines were chosen based on studies on immortalized and pri-
mary mouse astrocytes in vitro by Neal et al. (2018) and Matsumoto 
et  al.  (2012). Cells were treated with 5 or 10  µg/ml recombinant 
rat osteopontin (R&D systems, Minnesota Canada) to investigate 
the effects of osteopontin on astrocytes. The doses of osteopon-
tin were chosen based on our previous studies investigating the 
effects of osteopontin on microglia and neural stem cells in vitro 
(Rabenstein et al., 2015, 2016). For some experiments, astrocytes 
were exposed to both CM plus osteopontin. All experiments were 
conducted in at least three biological triplicates that—in turn—were 
conducted with cell cultures out of at least three different litters.

2.3 | Griess assay

NO release from astrocytes was quantified by photometrical de-
tection of NO using a Griess reagent kit (Biotium, Hayward, USA). 
Twenty-four hours after the last stimulation of astrocytes, the super-
natant was collected, and the content of NO was measured following 
the manufacturer's protocol. The optical density (OD) of each sample 
was measured at 548 nm in a plate reader (FLUOstar Omega, BMG 
LABTECH, Ortenberg, Germany). Mean values ±  standard error of 
the mean (SEM) were established among equally treated samples. 
Each experiment was conducted in at least quadruplets.

2.4 | Enzyme-linked immunosorbent assays

Concentrations of the proinflammatory cytokines TNFα, IL1ß, and 
IL6 were measured in the supernatant of astrocytes 24 hr after the 

last stimulation, using the rat TNFα, IL1ß, or IL6 DuoSet enzyme-
linked immunosorbent assay (ELISA) Kit (Cat# DY510-05, #DY501, 
#DY506; R&D systems, Minnesota Canada). IL10 and insulin-like 
growth factor 1 (IGF1), as antiinflammatory cytokines, were meas-
ured using the rat IL10 ELISA and the mouse/rat IGF1 Quantikine 
ELISA Kit (Ca# BMS629, Thermo Fisher Scientific, Waltham, USA 
and Cat# MG100, R&D systems, Minnesota Canada). Experiments 
were conducted according to the manufacturer's protocol. The 
OD of each sample was measured using a plate reader. Cytokine 
and IGF1 concentrations of the samples were calculated based 
on standard curves. Mean values ± SEM were established among 
equally treated samples. Each experiment was conducted in at 
least triplicate.

2.5 | Real-time quantitative PCR

RNA from cultivated cells was isolated 24 or 72  hr after treat-
ment using the GeneUP total RNA mini Kit (Biotechrabbit, 
Henningsdorf, Germany), following the manufacturer's protocol. 
Total RNA concentration and purity were evaluated photometri-
cally. Total RNA (10 ng) was converted to cDNA by reverse tran-
scription with the QuantiTect reverse transcription kit (Qiagen, 
Hilden, Germany), following the manufacturer's recommenda-
tions. All primers used in this study were obtained from Biolegio 
(Nijmegen, The Netherlands). Primer sequences and PCR param-
eters are listed in Table 1. The samples were amplified and quan-
tified on a Bio-Rad CFX ConnectTM real-time system (Hercules, 
CA, USA) or LightCycler 96 (Roche, Mannheim, Germany). PCR 
product integrity was evaluated by melting point analysis and aga-
rose gel electrophoresis. The threshold cycle (CT) was normalized 
to ribosomal protein L13a (RPL13a; ΔCT). Data are depicted as 2(−
ΔΔCT). Real-time quantitative PCR (RT-qPCR) was performed in 
technical triplets, and each experiment was conducted in at least 
biological triplicate. Mean values  ±  SEM were calculated for all 
samples.

2.6 | Live/dead assay

Cells were sown on 96-well plates and exposed to either CM or 
oxygen-glucose deprivation (OGD) versus control, in the presence 
or absence of osteopontin. Dead cells were stained with propidium 
iodide (Life Technologies, Darmstadt, Germany), and all cells, irre-
spective of viability, were counterstained with Hoechst 33342 (Life 
Technologies, Darmstadt, Germany). Representative pictures were 
taken using an inverted fluorescence phase-contrast microscope. 
Ten images per well were taken, and Hoechst-stained and propidium 
iodide-stained cells were counted manually. The ratio of propidium 
iodide positives on total cell count provided the proportion of cell 
death. The experiment was performed in at least triplicate with four 
wells per condition. The resulting mean values ± SEM were estab-
lished among equally treated samples.
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2.7 | Bromodeoxyuridine proliferation assay

Bromodeoxyuridine (BrdU; Cayman Chemical Company, Michigan, 
USA) served to label and quantify proliferating astrocytes. Cells 
were sown on 24-well plates with glass coverslips inside the wells. 
Eighteen hours after treatment with CM and osteopontin, 10  µM 
BrdU were added to each well. After 6 hr of incubation, the experi-
ment was stopped by cell fixation with 4% PFA, and cells were stained 
for incorporated BrdU (see below). Ten pictures of each sample were 
taken using an inverted fluorescence phase-contrast microscope, 
and at least 250 total cells per sample and experiment were counted 
manually. The ratio of BrdU-positive cells on total cell count provided 
the proportion of proliferating cells. The experiment was performed 
in triplicate with two wells per condition. The resulting mean val-
ues ± SEM were established among equally treated samples.

2.8 | Immunocytochemistry

All antibodies used in this study are listed in Table  2. Staining 
against Glial Fibrillary Acidic Protein Antibody (GFAP; clone GA5, 
mouse monoclonal antibody, dilution 1:500, Cat# MAB360, Merck, 
Darmstadt, Germany; RRID: AB_11212597) was used to identify 

astrocytes. Marking the cytoskeleton of cells by anti-vimentin (clone 
V9, mouse monoclonal antibody, dilution 1:250, Cat#MAB3400, 
Merck Darmstadt, Germany; RRID:AB_94843) identified the shape 
of cells. The purity of astrocytes cultures was regularly verified by 
conducting co-stainings with anti-GFAP and anti-ionized calcium-
binding adapter molecule 1 (Iba1; goat polyclonal antibody, dilution 
1:500, Cat# ab5076, Abcam, Milton, UK; RRID: AB_2224402) to de-
tect microglia and allowing a maximal fraction of microglia <10%. 
Anti-complement component 3 (CC3, clone 12E2, mouse mono-
clonal antibody, dilution 1:500, Cat# HYB118-02, Thermo Fisher 
Scientific, Waltham, USA; RRID: AB_11181928) was used to identify 
the activated A1 phenotype of astrocytes. Anti-S100A10 (polyclonal 
rabbit antibody, dilution 1:50, Cat#NBP1-89370, Novus, Centennial, 
USA; RRID: AB_11012229) detected the A2 astrocytic phenotype. 
The translocation of resting NFκB from the cytoplasm into the cell 
nuclei of active astrocytes was identified using anti-NFκB p65 (rab-
bit polyclonal antibody, dilution for ICC and western blot 1:500, 
Cat#PA5-16545, Thermo Fisher Scientific, Waltham, USA; RRID: 
AB_10981081). Hemichannels of astrocytes, mainly composed of 
connexin-43 (CX43) protein, were detected by anti-CX43, (rabbit 
polyclonal antibody, dilution 1:8,000, Cat#C6219, Sigma Aldrich, St. 
Louis, USA; RRID: AB_476857). Astrocytes were stained with anti-
BrdU (clone BU-33, mouse monoclonal, dilution 1:200, Cat# B8434, 

TA B L E  1   Primers and parameters of RT-qPCR

RNA

Sequences forward/reversed Temperature (°C) Duration (s)

Accession number5′-3′ Step 1/2/3 Step 1/2/3

GFAP TGCATGTACGGAGTATCGCC/
GGGGGAGGAAAGGACAACTG

95/60/72 15/15/45 NM_017009.2

vimentin GCAGCCTCTATTCCTCGTCC/
TAGTTGGCGAAGCGGTCATT

95/60/72 15/15/45 NM_031140.1

osteopontin CCAGCCAAGGACCAACTACA/
AGTGTTTGCTGTAATGCGCC

95/60/72 15/15/45 NM_012881.2

S100A10 CACACCTTGATGCGTCCTCT/
GGCAACCGGATGCAAACAAT

95/60/72 15/15/45 NM_031114.1

complement C3 (CC3) ATCGAGGATGGTTCAGGGGA/
GCCTCTACCATGTCGCTACC

95/60/72 15/15/45 NM_016994.2

TNFα CATCCGTTCTCTACCCAGCC/
AATTCTGAGCCCGGAGTTGG

95/56.6/72 15/15/45 NM_012675.3

IL-6 CCCAACTTCCAATGCTCTCCT/
AGCACACTAGGTTTGCCGAG

95/57.3/72 15/15/45 NM_012589.2

IL1-β GACTTCACCATGGAACCCGT/
GGAGACTGCCCATTCTCGAC

95/56/72 15/15/45 NM_031512.2

IL-10 GAAAAATTGAACCACCCGGCA/
TTTCCAAGGAGTTGCTCCCG

95/56/72 15/15/45 NM_012854.2

connexin 43 CTCACGTCCCACGGAGAAAA/
CGCGATCCTTAACGCCTTTG

95/60/72 15/15/45 NM_012567.2

iNOS GCTTGTCTCTGGGTCCTCTG/
CTCACTGGGACAGCACAGAA

95/59.0/72 15/15/45 NM_012611.3

Ki67 TCTTGGCACTCACAGTCCAG/
GCTGGAAGCAAGTGAAGTCC

95/58.0/72 15/15/45 NM_001271366.1

RPL13a TCTCCGAAAGCGGATGAACA/
CAACACCTTGAGGCGTTCCA

15/15/45 NM_173340.2

info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_11212597
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:
info:x-wiley/rrid/A
info:x-wiley/rrid/B_94843
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2224402
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_11181928
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_11012229
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_10981081
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_476857
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TA B L E  2   Primary and secondary antibodies

Antibody name Immunogen structure Origin Type Dilution

Mouse anti-
BRDU, clone 
BU-33

Bromodeoxyuridine conjugated to KLH Sigma Aldrich, Cat# 
B8434

Primary, monoclonal 1:200

RRID: AB_476811

Mouse anti-CC3, 
clone 12E2

C3 purified from rat serum Thermo Fisher Scientific, 
Cat# HYB118-02

Primary, monoclonal 1:500

RRID: AB_11181928

Rabbit anti-CX43 Synthetic peptide corresponding to the C-terminal 
segment of the cytoplasmic domain (amino acids 
with N-terminally added lysine) of human/rat 
connexin-43

Sigma Aldrich, Cat#C6219, Primary, polyclonal 1:8,000

RRID: AB_476857

Mouse anti-
GFAP, clone 
GA5

Purified GFAP from porcine spinal cord Merck Millipore, Cat# 
MAB360

Primary, monoclonal 1:500

RRID: AB_11212597

Rabbit anti- 
Histone H3 
XP® (D1H2)

Synthetic peptide corresponding to the C- terminal of 
the human histone H3 protein

Cell Signaling Technology, 
Cat#4499, RRID: 
AB_10544537

Primary, monoclonal 1:1,000

Goat anti- Iba1 Synthetic peptide corresponding to human 
Iba1 aa 135–147 (C terminal); Sequence: 
C-TGPPAKKAISELP

Abcam, Cat# ab5076 Primary, polyconal 1:500

RRID: AB_2224402

Rabbit anti-NFκB 
p65

Synthetic peptide from the C-terminus of human 
NFkappaB protein

Thermo Fisher Scientific, 
Cat#PA5-16545,

Primary, polyclonal 1:500

RRID: AB_10981081

Rabbit anti-
phospho-
NFκB p65

Synthetic phosphopeptide corresponding to residues 
surrounding pSer536 of human NFkB p65

Thermo Fisher Scientific, 
Ca#MA5-15160

Primary, monoclonal 1:1,000

RRID: AB_10983078

Rabbit anti-p38 
MAPK

Synthetic peptide corresponding to the sequence of 
human p38 MAPK

Cell Signaling Technology, 
Cat#9212

Primary, polyclonal 1:500

RRID: AB_330713

Rabbit anti-
phospho-p38 
MAPK

Synthetic phosphopeptide corresponding to residues 
surrounding Thr180/Tyr182 of human p38 MAPK

Cell Signaling Technology, 
Cat#4631

Primary, monoclonal 1:500

RRID: AB_331765

Rabbit 
anti- S100A10

Recombinant protein corresponding to amino acids: 
MPSQMEHAMETMMFTFHKFAGDKGYLTKED

LRVLMEKEFPGFLENQKDPLAVDKIMKDLDQCRDGKV

Novus, Cat#NBP1-89370, 
RRID: AB_11012229

Primary, polyclonal 1:50

Mouse anti-
vimentin, 
clone V9

Purified vimentin from pig eye lens Merck Millipore, Cat# 
MAB360

Primary, monoclonal 1:250

RRID: AB_94843

Donkey anti-
Goat IgG 
(H + L), Alexa 
Fluor 568

Gamma immunoglobins heavy and light chains Thermo Fisher Scientific, 
Cat# A11057

Secondary, polyclonal 1:200

RRID: AB_2534104

Goat anti-Mouse 
IgG (H + L) 
Alexa Fluor 
488

Gamma immunoglobins heavy and light chains Thermo Fisher Scientific, 
Cat# A11001

Secondary, polyclonal 1:200

RRID: AB_2534069

Goat anti-Rabbit 
IgG (H + L), 
Alexa Fluor 
568

Gamma immunoglobins heavy and light chains Thermo Fisher Scientific, 
Cat#11011,

Secondary, polyclonal 1:200

RRID: AB_143157

Donkey anti-
Rabbit IgG 
(H + L), Alexa 
Fluor 488

Gamma immunoglobins heavy and light chains Thermo Fisher Scientific, 
Cat# A21206,

Secondary, polyclonal 1:200

RRID: AB_2535792

info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_476811
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_11181928
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_476857
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_11212597
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_10544537
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2224402
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_10981081
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_10983078
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_330713
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_331765
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_11012229
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_94843
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2534104
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2534069
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_143157
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2535792
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Sigma Aldrich, St. Louis, USA; RRID: AB_476811) to assess the pro-
liferation rate via BrdU incorporation. For visualization of primary 
antibodies, fluorescein-labeled anti-mouse immunoglobulin G (IgG), 
anti-rabbit IgG, or anti-goat IgG were used (dilution 1:200, Cat# 
A11001; RRID: AB_2534069, Cat#11011; RRID: AB_143157, Cat# 
A11057; RRID: AB_2534104, and Cat# A21206; RRID: AB_2535792, 
Thermo Fisher Scientific, Waltham, USA). All cells were counter-
stained with Hoechst 33342.

Pictures were taken using an inverted fluorescence phase-
contrast microscope (Keyence-3000). All immunocytochemical ex-
periments were performed in triplicate.

2.9 | Western blot analysis

For western blot analyses, astrocytes were sown and treated with CM 
in 6-well plates. Twenty-four hours after stimulation, cells were lysed 
and scraped using radioimmunoprecipitation assay-buffer containing 
proteinase and phosphatase inhibitors. Buffer containing the lysed cells 
was collected, and protein was separated by centrifuging. According to 
the manufacturer's protocol, 15 µg protein of each sample were applied 
to a 12% BisTris gel after determining protein concentrations with the 
Pierce bicinchoninic acid protein assay kit. After blotting on a nitrocel-
lulose membrane, samples were stained for phospho-NFκB (Ser536, 
p65 antibody, rabbit monoclonal, dilution 1:1,000, Ca#MA5-15160, 
Thermo Fisher Scientific, Waltham, USA; RRID: AB_10983078) 
as well as for total NfκB (see above). Furthermore, phospho-p38 
MAPK (Thr180/Tyr182; rabbit monoclonal antibody, Cat#4631, Cell 
Signaling Technology, Boston, USA; RRID: AB_331765) and total p38 
MAPK (rabbit polyclonal antibody, dilution 1:500, Cat#9212, Cell 
Signaling Technology, Boston, USA; RRID: AB_330713) were detected. 
Anti-Histone H3 XP® (D1H2, rabbit monoclonal antibody, dilution 
1:1,000, Cat#4499, Cell Signaling Technology, Boston, USA; RRID: 
AB_10544537) served as a loading control. Blots were visualized by 
peroxidase-linked secondary antibodies on a film.

2.10 | Oxygen-glucose deprivation

The culture medium of astrocytes was removed, and cells were gen-
tly rinsed with PBS to induce OGD. Cells were placed in a hypoxic 
chamber (Electrotek, Shipley, UK) with insufflation of gas containing 
80% N2, 10% CO2, and 10% H2 at 37°C. Cells were covered with 
deoxygenated cell culture medium (DMEM) without glucose in the 
presence or absence of osteopontin. The oxygen concentration was 
below 0.1% throughout all experiments, as measured with an oxy-
gen meter (GMH 3611-GL, Greisinger, Regenstauf, Germany). After 
10 min, 1, 2, 3, 4, or 8 hr, cells were removed from the chamber for 
either an immediate live/dead assay or left to recover in fresh glu-
cose- and oxygen-containing culture medium under normoxia (5% 
CO2) at 37°C. After 24 hr, those recovered cultures were used for 
live/dead assays, or RNA was extracted to perform RT-qPCR. Under 
control conditions, cells remained untreated.

2.11 | Migration assay

Cell migration was analyzed via scratch assay. After seeding on a 
96-well plate and stimulation with CM in the presence or absence 
of osteopontin (5 and 10 µg/ml), the well's floor with the adhering 
astrocytes was scratched with a sterile 200-μl pipette tip. Brightfield 
images were recorded for up to 50 hr, and BZ analyzer was used for 
further analysis.

2.12 | Data processing and statistical analyses

Raw numerical data were processed with Microsoft Excel (Version 
2016, Microsoft Corp., Seattle, WA, USA). All images were edited 
with Adobe Photoshop (Version CS2) by adjusting brightness, con-
trast, sharpness for each color channel, however, without exerting 
major modifications on images. ImageJ (version 1.52a) was used to 
switch the red and green color of the images shown in Figure  2c. 
Microsoft PowerPoint (Version 2016, Microsoft Corp.) and PDF 
creator (PDF24, pdfforge GmbH, Hamburg, Germany) were used to 
generate figures.

Statistical analyses were performed with IBM SPSS Statistics 
(Version 24, International Business Machines Corp. IBM, Armonk, 
USA), and graphics were created using GraphPad Prism (Version 
6.01, GraphPad Software Inc., San Diego, CA, USA). Data are pre-
sented as scatter dot plots with a line indicating the mean value and 
standard deviation (SD). The migration assays are presented with su-
perimposed symbols at mean value plus SD with a connecting line. 
The Supporting Information Figure S1f offers the affiliated scat-
ter dot plots. To determine whether variables met the linear mod-
els' assumptions, Kolmogorov–Smirnov or Shapiro–Wilk tests for 
normal distribution and Levene's variance homogeneity test were 
performed. If all variables analyzed met the normality assumption, 
a t test or one-way analysis of variance (ANOVA) was conducted 
to compare multiple groups. An ANOVA was followed up by pair-
wise comparisons using the Tukey honest significant difference or 
Game's Howell test, used for variables with unequal variances. In 
case parameters turned out to be not normally distributed, the non-
parametric Mann–Whitney U test (MWU) or, in case of comparing 
multiple groups, the Kruskal–Wallis test was calculated and followed 
up by Bonferroni correction. Statistical significance was assumed at 
less than the 5% level (p < 0.05).

3  | RESULTS

3.1 | Proinflammatory cytokines impact the 
function, phenotype, and expression pattern of 
primary astrocytes in vitro

The purity of the primary rat astrocyte culture was assessed by im-
munocytochemical staining for GFAP, expressed by >90% of all cells 
(Figure 1a). To obtain an active phenotype, astrocytes were treated 
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with a mix of the proinflammatory cytokines TNFα, IL1ß, and IFNγ, 
known to be upregulated under neuroinflammatory conditions, for 
example, after cerebral ischemia (Walberer et  al.,  2010). We first 
aimed to characterize active astrocytes exposed to the proinflam-
matory cytokine mix (CM) for 24 hr, compared to unstimulated con-
trols. The number of viable cells was 93.8% in the resting, and 92.7% 
in CM-treated astrocytes, demonstrating that the CM exerted no 
toxic effects on astrocytes (n = 6–11/group, t test: n.s.; Figure 1b,c). 
While absolute cell numbers were not affected by CM (n  =  3–4/
group, MWU: n.s.; Figure 1b, right panel), the proliferation rate of 
astrocytes exposed to CM was significantly reduced, as measured 
by the expression of ki67 (0.36-fold in comparison to untreated con-
trol = 1; n = 6/group; MWU: p < 0.01; Figure 1d, left panel) and the 
BrdU-incorporation rate (8.1% with CM compared to 15.3% in the 
controls, n = 3–7/group, MWU: p < 0.05; Figure 1d, right panel and 
1e).

A migration assay, establishing a central gap in a confluent as-
trocyte culture by a scratch with a pipette tip, and recording its 
repopulation by migrating cells at intervals for up to 48  hr, was 
used to assess proinflammatory cytokine effects on astrocyte mi-
gration. Under the influence of CM, astrocytes displayed a signif-
icant increase in migration, reflected by the area under the curve 
(AUC; 1,599 in the CM-treated group vs. 2,276 in the control group; 
n = 4–5/group, MWU: p < 0.05; Figure 1f). Notably, the effect of 
CM on astrocyte migration became detectable after 12  hr at the 
earliest. Also, we investigated the expression of two acknowledged 
markers of astrocyte activation, namely vimentin and GFAP, using 
RT-qPCR. Surprisingly, our data showed that—compared to control 
conditions—after both 24 and 72 hr of exposure to CM, primary rat 
astrocytes expressed less vimentin (0.35-fold at 24 hr, p < 0.01, and 
0.29-fold at 72 hr, p < 0.05, control = 1, n = 4–7/group, Kruskal–
Wallis test: H(3) = 11.03, p = 0.0005), and less GFAP (0.33-fold after 

24 hr, p < 0.05, and 0.26-fold after 72 hr, p < 0.01; n = 4–7/group, 
Kruskal–Wallis test: H(3) = 10.15, p = 0.001; Figure 1g). Additionally, 
treatment with CM led to morphological changes in GFAP-positive 
astrocytes, forming condensed, radial, or bidirectional orientated 
cytoplasmatic processes (Figure  1h). Of note, the morphological 
changes affected only a part of astrocytes in the cell culture after 
treatment with CM (cf., to the lower part of the representative 
image of Figure 1h). Interestingly, regardless of the cell shape, CM-
stimulated astrocytes showed translocation of NfκB into the nucleus 
(Figure 1i), suggesting an activation of the Nfkb signal transduction 
pathway, as only phosphorylated Nfkb can transfer the membrane 
of the nucleus. Corroborating this finding, we observed an upregula-
tion of phosphorylated Nfkb after CM treatment (1.67-fold in com-
parison to untreated control = 1; n = 4/group; MWU: p < 0.05), while 
the expression of total Nfkb remained stable (n = 4/group, MWU: 
n.s.; Figure 1j). Of note, MAPK was not phosphorylated under the 
influence of CM (Supporting Information Figure S1a).

At the functional level, expression of inducible nitric oxide syn-
thetase (iNOS) from astrocytes increased 26-fold upon CM expo-
sure, compared to control (n = 7/group, MWU: p < 0.001; Figure 2a, 
Supporting Information Figure S1b). At the same time, the proin-
flammatory cytokines IL6 and IL1ß were increased 3.4-fold (IL6; 
n = 8/group, MWU: p < 0.01) and 6.9-fold (IL1ß; n = 7/group, MWU: 
p < 0.001), compared to control (Figure 2a, Supporting Information 
Figure S1b). Expression of IL10 as an antiinflammatory cytokine 
was increased only by trend (~1.9-fold, n  =  10/group, MWU: n.s.; 
Figure 2a, Supporting Information Figure S1b). As for the distinction 
between A1- and A2-activated astrocytes, exposure to CM led to a 
1.6-fold upregulation of the designated A1-marker complement com-
ponent 3 (CC3; n = 6/group, MWU: p < 0.05), compared to control, as 
assessed by RT-qPCR (Figure 2a, Supporting Information Figure S1c). 
In contrast, mRNA expression of the A2-marker calcium-binding 

F I G U R E  1   Function and morphology of primary resting and active astrocytes in vitro. *p < 0.05; **p < 0.01 compared different 
experimental groups as marked by a horizontal bar; each data point represents a biological experimental replicate with n = 3–11 
experimental replicates/group ± standard deviations (SD). Each experimental replicate is the average value of three technical replicates with 
four pooled wells for RT-qPCR data; for live dead (B) and BrdU assay (D), each experimental replicate is the average value of two wells with 
ten field of views counted/well. For migration assay (F), each data point represents the mean value of three to seven biological experimental 
replicates/group/time point ± standard deviations (SD); for scatter plot, see Supporting Information Figure S1f. (a) Representative image 
depicting the homogenous culture of primary rat GFAP+ astrocytes (green) derived from rat cortices of newborns. Hoechst stained all cell 
nuclei blue, scale bar = 20 µm. (b) Ratio of viable astrocytes (in %; left panel) and total number of astrocytes per field of view (FOV; right 
panel) in the absence (control) or presence or of cytokine mix (CM, containing TNFα 10 ng/ml, IL1β 5 ng/ml, and IFNγ 10 ng/ml). Viable 
astrocytes were assessed by live/dead assay. (c) Representative images of the live/dead assay. All cells, regardless of their viability, were 
stained by Hoechst (blue), and dead cells were identified by propidium iodide (PI) incorporation (red); scale bars = 20 µm. (d) Proliferation 
rate after exposure to CM as assessed by ki67 expression (RT-qPCR; data are presented as mean fold change 2(−ΔΔCT); left panel) and by BrdU 
incorporation (in %; right panel). (e) Representative images of the BrdU assay. Hoechst stained all cell nuclei blue, BrdU (green) identified 
proliferating cells; scale bars = 50 µm. (f) Migration of astrocytes as assessed by scratch assay, in the absence (control) or presence of CM. 
Data were normalized to the scratch area at time point 0 hr in each experiment and condition (left panel). Supporting Information Figure 
S1f provides scatter plots for each condition. The scatter plot (right panel) depicts the area under the curve (AUC), illustrating enhanced 
astrocyte migration upon CM exposure. (g) Expression of the astrocytic markers vimentin and GFAP as measured by RT-qPCR in the 
absence (control) or presence of CM for 24 or 72 hr. Data are presented as 2(−ΔΔCT). (h) Representative immunocytochemical stainings of 
GFAP+ primary astrocytes (green) subjected to CM. Hoechst stained all cell nuclei blue; scale bar = 20 µm. (i) Upper row: representative 
immunocytochemical co-stainings of astrocytes against Nfκb (red) and GFAP (green) in the absence (control) and presence of CM. Lower 
row: exclusive depiction of the red channel illustrates the translocation of NfκB into the nucleus following CM exposure. Scale bars = 20 µm. 
(j) Expression of NfκB and its phosphorylated active form assessed on the protein level by Western blot in control- and CM-exposed 
astrocytes. Data were normalized to loading control Histone H3 and untreated control = 1. For representative western blots see Supporting 
Information Figure S1a 
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protein S100A10 was reduced 0.6-fold, compared to control (n = 5/
group, t test: p  <  0.01; Figure  2a, Supporting Information Figure 
S1c). Immunocytochemical staining of astrocytes against CC3 and 
S100A10 protein revealed similar expression differences between 
control- and CM-exposed cells (Figure 2b,c). To further corroborate 
those findings on the mRNA level, secretion of the corresponding 
pro- and antiinflammatory cytokines, as well as nitric oxide (NO) re-
lease, were quantified from the supernatant of cultured astrocytes 
by ELISA and Griess Assay, respectively. Confirming the RT-qPCR 
results, CM induced the release of the proinflammatory cytokine IL6 
(964 pg/ml vs. 516 pg/ml in the control group; n = 5/group, t test: n.s.) 
and of NO (3.98 µM vs. 1.01 µM in the control group; n = 8–12, t test: 
p < 0.001; Figure 2d). The release of the antiinflammatory proteins 
IL10 and IGF-1 from astrocytes was reduced only by trend, follow-
ing exposure to CM (IL10: 51.7 pg/ml vs. 65.2 pg/ml in the control 
group, n = 4/group, t test: n.s.; IGF-1:4.6 pg/ml vs. 11.7 pg/ml in the 
control group, n = 3/group, MWU: n.s; Figure 2d). Astrocytes com-
municate with the extracellular space via releasing small molecules 
and ions forming hemichannels in their plasma membrane. Since 
hemichannels mainly consist of connexin 43 (CX43), we used CX43 
expression as a surrogate for astrocyte hemichannel expression and 
assessed it on the mRNA level by RT-qPCR and the protein level by 
immunocytochemistry. Exposure to CM reduced CX43 expression 
in astrocytes by over 70%, compared to control (n = 8/group, t test: 
p < 0.001, Figure 2e,f). Likewise, ATP, reflecting astrocytic activity, is 
mainly released through hemichannels. ATP release was significantly 
decreased in astrocytes exposed to CM (0.93 µM vs. 1.56 µM in the 
control group, n = 10/group, t test: p < 0.001, Figure 2g). Finally, the 
endogenous expression of osteopontin mRNA was reduced in astro-
cytes exposed to CM (70% reduction compared to control, n = 5/
group, MWU: p  <  0.01; Figure  2h). Similarly, astrocytes subjected 
to oxygen-glucose deprivation (OGD) for 60–240 min with subse-
quent reoxygenation for 24 hr, an in vitro model of transient cerebral 

ischemia, showed significantly reduced osteopontin mRNA expres-
sion, compared to control (p < 0.05; n = 3–5/group, ANOVA, post 
hoc Game's Howell test: (F(5,17) = 3.492; p = 0.0236); Figure 2h).

Overall, the characterization of primary astrocytes exposed to 
CM revealed significant structural and functional differences, com-
pared to control cells, especially regarding morphology, marker ex-
pression, and immunocompetence. Therefore, we term the control 
cells “resting astrocytes” and the CM-exposed cells “active astro-
cytes” for the following experiments.

3.2 | Osteopontin regulates the activation 
phenotype but does not affect the 
immunocompetence of resting and active astrocytes

To assess the effects of osteopontin on resting and active astro-
cytes, we stimulated cells with osteopontin at 5 or 10  µg/ml, re-
spectively. In resting astrocytes, osteopontin had no impact on the 
mRNA expression of GFAP and vimentin as markers of general ac-
tivation (Figure 3a,b). In active astrocytes displaying reduced GFAP 
and vimentin mRNA expression (cf., Figure 1g), this low expression 
remained unchanged in the presence of osteopontin (Figure  1a,b; 
GFAP: n = 3–6/group, ANOVA, post hoc Game's Howell test: F(5, 
16)  =  22.46; p  =  0.0001; vimentin: n  =  3–7/group, Kruskal–Wallis 
test: H(5) = 14.827; p = 0.011). However, after treatment with 5 µg/
ml osteopontin, expression of the A1 marker CC3 was reduced 0.68-
fold in resting astrocytes, compared to control (p < 0.05; Figure 3c,e). 
Furthermore, CM-induced upregulation of CC3 (cf., Figure  2a 
and Supporting Information Figure S1c) was counteracted by os-
teopontin (0.88-fold downregulation upon 10  µg/ml osteopontin, 
compared to control, p < 0.05; n = 2–5/group, Kruskal–Wallis test: 
H(5) = 16.917, p = 0.005, Figure 3c,e). In parallel, CM-induced down-
regulation of the A2 marker S100A10 was abolished by osteopontin 

F I G U R E  2   The secretory function and hemichannel activity of resting and active astrocytes. *p < 0.05; **p < 0.01; ***p < 0.001 
compared to control; each data point represents a biological experimental replicate with n = 3–12 experimental replicates/group ± standard 
deviations (SD). Each experimental replicate is the average value of three technical replicates with four pooled wells for RT-qPCR. For 
ELISA and Griess Assay each experimental replicate is the average value of three wells with two technical replicates/well. For ATP 
assay, each experimental replicate is the value of one well. (a) Heatmap of the pro- and antiinflammatory, as well as A1 and A2 marker 
expression, in primary astrocytes after exposure to cytokine mix (CM), assessed by RT-qPCR. Proinflammatory markers included inducible 
nitric oxide synthetase (iNOS) and the cytokines IL6 and IL1β, while IL10 served as an antiinflammatory marker. Complement component 
3 (CC3) characterized A1-activated, S100A10 the A2-activated astrocytes. Values are presented color coded as −ΔΔCT, compared to 
control astrocytes (in the absence of CM). For an extensive depiction of the data, cf., Supporting Information Figure S1b,c. (b) Upper row: 
representative immunocytochemical stainings of GFAP+ (red) and CC3+ (A1-activated) astrocytes (green) in the absence (control) or 
presence of CM. Lower row: exclusive depiction of the green channel to discern CC3. Hoechst stained all cell nuclei blue; scale bars = 20 µm. 
(c) Upper row: representative immunocytochemical stainings of GFAP+ (red) and S100A10+ (A2-activated) astrocytes (green) in the absence 
(control) or presence of CM. Lower row: exclusive depiction of the green channel to discern S100A10. Hoechst stained all cell nuclei blue; 
scale bars = 20 µm. (d) Release of the proinflammatory mediators IL6 (first panel, ELISA) and nitric oxide (second panel, Griess Assay), and 
the antiinflammatory mediators insulin-like growth factor 1 (IGF1, third panel, ELISA) and IL10 (fourth panel, ELISA) in the absence (control) 
or presence of CM. (e) Expression of connexin 43 (CX43) RNA in the absence (control) or presence of CM. Data are presented as 2(−ΔΔCT). 
(f) Upper row: representative immunocytochemical stainings of astrocytes against vimentin (green) and CX43 (red); lower row: exclusive 
depiction of the red channel to discern CX43; Hoechst stained all cell nuclei blue; scale bars = 20 µm. (g) ATP release from astrocytes in 
the absence (control) or presence of CM. (h) Expression of osteopontin in astrocytes as measured on the RNA level by RT-qPCR. Data are 
presented as 2(−ΔΔCT); Left panel: osteopontin expression in the absence (control) or presence of CM. Right panel: osteopontin expression in 
astrocytes subjected to oxygen-glucose deprivation of varying duration with subsequent reoxygenation of 24 hr 
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at 10 µg/ml (0.64-fold downregulation upon 10 µg/ml, compared to 
control, p < 0.05; n = 3–6/group, ANOVA, post hoc Game's Howell 
test: F(5, 15) = 4.29; p = 0.0001, Figure 3d,e).

We next investigated whether osteopontin affected the astro-
cytes’ immunocompetence, that is, their function to produce pro- and 
antiinflammatory mediators. The panel of proinflammatory mediators 
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included iNOS, IL1ß, and IL6 (assessed on the mRNA level by RT-qPCR, 
for each: n = 3–7/group, Kruskal–Wallis test: n.s., Figure 4a–c), NO (as-
sessed by Griess assay, n = 4–8/group, Kruskal–Wallis test: H(6) = 13.6; 
p  =  0.0186, Figure  4d), and the cytokines IL1ß and TNFα (assessed 
on the protein level by ELISA, IL1ß: n = 3–6/group, ANOVA, post hoc 
Tukey honest test: F (5, 16) = 5.711; p = 0.0033; TNFα : n = 4–7/group, 
ANOVA, post hoc Game's Howell test: F (5, 27) = 104.2; p < 0.0001, 
Figure  4e,f). The panel of antiinflammatory mediators included 
IL10 (assessed on the mRNA as well as on the protein level (mRNA: 
n  =  4–10/group, Kruskal–Wallis test: n.s.; protein: n  =  2–6/group, 
Kruskal–Wallis test: n.s., Figure 4d,h) and IGF-1 (assessed on the pro-
tein level, n = 2–3/group, Kruskal–Wallis test: n.s., Figure 4i). Treatment 
of resting astrocytes with osteopontin at either concentration changed 
neither their production of proinflammatory (Figure 4a–f) nor of an-
tiinflammatory mediators (Figure  4g–i). As detailed above, exposure 
of resting astrocytes to CM resulted in producing the proinflamma-
tory mediators iNOS, IL6, IL1ß, and NO (cf., Figure 2a,d, Supporting 
Information Figure S1b). Corroborating this finding, active astrocytes 
showed upregulation of those proinflammatory mediators, compared 
to resting astrocytes (Figure 4a–c,e–g). Of note, the CM itself, used 
to induce active astrocytes, contained the cytokines TNFα and IL1ß. 
However, treatment with osteopontin at either concentration did not 
affect the production of proinflammatory (Figure 4a–c,e–g) or antiin-
flammatory mediators (Figure 4d,h,i) in active astrocytes, suggesting 
that their immunocompetence was not compromised by osteopontin. 
In line with these findings, immunocytochemical stainings of active as-
trocytes treated with osteopontin showed unaltered translocation of 
NfkB into the astrocytes' nucleus (Figure 4j, cf., Figure 1i).

3.3 | Osteopontin enhances proliferation of active 
astrocytes and migration of resting astrocytes

Astrocytic proliferation was assessed by BrdU incorporation. In resting 
astrocytes, osteopontin only marginally enhanced proliferation (17.6% 
for 5  µg/ml and 16.7% for 10  µg/ml, compared to 15.3% in the ab-
sence of osteopontin, Figure 5a,c). As detailed above, active astrocytes 
exposed to CM displayed decreased proliferation (cf., Figure  1d,e). 
Interestingly, osteopontin abolished this effect (8.1% proliferation 
rate for active astrocytes, increased to 21% with 5 µg/ml (p < 0.05), 
and to 20% with 10 µg/ml osteopontin (n = 3–7/group, ANOVA post 
hoc Tukey honest test: F(5, 23)  =  2.992; p  =  0.0318; Figure  5a,c). 
Total cell count appropriately reflected the effects on proliferation 

(Supporting Information Figure S1d; n  =  4–8/group, Kruskal–Wallis 
test: H(6) = 15.3; p = 0.0092), and the live/dead assay confirmed that 
osteopontin had no negative effect on the survival of resting or active 
astrocytes (n = 3–11/group, Kruskal–Wallis test: n.s., Figure 5b). As de-
tailed above, active astrocytes—following exposure to CM—displayed 
enhanced migration, compared to resting astrocytes (cf., Figure  1f). 
Interestingly, osteopontin induced a similar effect in resting astrocytes 
and enhanced their migration into the central gap (AUC for 5 µg/ml 
osteopontin: 1,295, compared to control: 2,276, p < 0.01; n = 5/group, 
ANOVA, post hoc Tukey honest test: F(2, 12)  =  5.920, p  =  0.0163, 
Figure 6a,c). However, treatment of active astrocytes with osteopon-
tin did not result in an additional increase in migration (n = 4/group, 
ANOVA, post hoc Tukey honest test: n.s., Figure 6b,c).

3.4 | Osteopontin mitigates the ongoing death of 
astrocytes after a transient OGD

We used OGD as an in vitro model of cerebral ischemia to approxi-
mate osteopontin effects on astrocytes in ischemic stroke (cf., 
Figure 2h). Primary astrocytes were pre-conditioned with osteopon-
tin for 24 hr, while untreated cells served as control. Then, all cells 
were subjected to OGD for 2, 4, or 8 hr in the presence of osteo-
pontin (vs. control, as initiated before (Figure 7a). The ratio of dead 
astrocytes was measured by live/dead assay (1) immediately after 
OGD and (2) after astrocytes were allowed to recover from OGD 
for 24 hr under normoxia and normoglycemia (Figure 7a). Analyses 
immediately after OGD of various durations revealed a modest pro-
tective effect of osteopontin on astrocytes, displayed by a reduc-
tion in dead cells, especially after an OGD duration of 4 hr (5.14% 
without osteopontin vs. 1.98% and 2.86% with osteopontin, respec-
tively; n = 6–7/group, ANOVA, post hoc Game's Howell test: F (2, 
16) = 4.086, p = 0.0368, Figure 7b). Interestingly, when OGD was 
followed by a 24 hr recovery period under normal culture conditions, 
we observed astrocytes’ ongoing death even during this recovery 
phase. This was most pronounced following the longest OGD dura-
tion of 8 hr, when astrocytes' death rate increased from 8.6% imme-
diately after OGD to 33.9% 24 hr later (Figure 7b,c). Osteopontin, in 
particular, counteracted this delayed cell death, with the rate of dead 
cells decreasing from 33.9% to 18.8% by pre-conditioning with 5 µg/
ml osteopontin, and to 18.6% by pre-conditioning with 10 µg/ml os-
teopontin (both p < 0.05; n = 6–8/group, ANOVA, post hoc Game's 
Howell test: F (2, 19) = 4.394, p = 0.0270, Figure 7c,d).

F I G U R E  3   Osteopontin suppresses A1 while supporting A2 activation of astrocytes. In the following figures, astrocytes exposed to a 
cytokine mix (CM; TNFα 10 ng/ml, IL1β 5 ng/ml and IFNγ 10 ng/ml) are termed “active,” while unexposed astrocytes are termed “resting” 
(based on the data from Figures 1 and 2); *p < 0.05; **p < 0.01; ***p < 0.001 compared to different experimental groups as marked by a 
horizontal bar; #p < 0.05; ##p < 0.01; ###p < 0.001 compared to the control group; each data point represents a biological experimental 
replicate with n = 2–7 experimental replicates/group ± standard deviations (SD). Each experimental replicate is the average value of three 
technical replicates with four pooled wells. RT-qPCR data are presented as 2(−ΔΔCT). (a–d) Characterization of resting and active astrocytes 
in the absence or presence of osteopontin, assessed by the expression of (a) GFAP (RT-qPCR) (b) vimentin (RT-qPCR) (c) CC3 (RT-qPCR) and 
(d) S100A10 (RT-qPCR). (e) Upper row: representative immunocytochemical stainings of astrocytes against S100A10 (red) and GFAP (green); 
lower row: representative immunocytochemical stainings of astrocytes against CC3 (green) and GFAP (red); Hoechst stained all cell nuclei 
blue; scale bars = 20 µm 
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4  | DISCUSSION

This study is the first to investigate in vitro the effects of osteopon-
tin on survival, proliferation, migration, immunocompetence, and 
marker expression of resting astrocytes compared to astrocytes 
in an inflammatory milieu. Several years ago, Zamanian et al. pos-
tulated diverse types of activated astrocytes based on different 
gene expression profiles. Liddelow et al. recently categorized active 

astrocytes into two different activation types, termed “A1” and “A2” 
(Liddelow & Barres B: SnapShot, 2015; Zamanian et al., 2012). A1 
astrocytes upregulate many classical complement cascade genes 
destructive to synapses and exert cytotoxic effects on both neu-
rons and oligodendrocytes (Liddelow et  al.,  2017). In contrast, A2 
astrocytes upregulate neurotrophic factors and have been sug-
gested to promote recovery and repair in the CNS (Bush et al., 1999; 
Sofroniew, 2015; Sofroniew & Vinters, 2010). These categories were 
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coined parallel to Th1 cells or M1 microglia, associated with excito-
toxic inflammation, as opposed to regulatory and protective Th2 or 
M2 phenotypes, respectively. However, similar to microglia, which 
can simultaneously possess multiple active profiles and cannot sim-
ply be dichotomized into M1 and M2 microglia, A1 and A2 astrocytes 
most likely represent the two extremes of a continuous spectrum 
of activation profiles (Liddelow & Barres B: SnapShot,  2015; Vay 
et al., 2018).

In the present study, we chose TNFα, IL1β, and IFNγ to acti-
vate resting astrocytes since those proinflammatory cytokines are 
highly expressed by CNS-resident microglia under neuroinflamma-
tory conditions such as CNS infection, but also upon sterile neu-
roinflammation after a stroke or traumatic brain injury (Walberer 
et al., 2010). Compared to resting astrocytes, cells exposed to this 
proinflammatory cytokine mix revealed major differences in mor-
phology (cf., Figure 1h), a reduced proliferation rate (cf., Figure 1d,e), 
enhanced migratory potential (cf., Figure  1f), strong expression of 
proinflammatory markers (cf., Figure  2a,d, Supporting Information 
Figure S1a,b), and reduced hemichannel activity (cf., Figure  2e-g). 
Moreover, astrocytes exposed to the cytokine mix increased the ex-
pression of complement component 3 (CC3) as a typical marker of 
A1 astrocytes while reducing the expression of S100A10 as an A2 
marker (cf., Figure 2a,b, Supporting Information Figure S1c). Thus, 
we conclude that the used cytokine mix converted resting astro-
cytes to an active phenotype with A1 characteristics.

For decades, expression of GFAP has been used as a prototypic 
marker for the immunohistochemical identification of astrocytes, 
and an increase in GFAP expression has been associated with the 
formation of active gliosis after various brain injuries, for exam-
ple, ischemic stroke, traumatic brain injury, or neurodegenera-
tive diseases (Antanitus et  al.,  1975; Bignami et  al.,  1972; Burda 
et  al.,  2016; Potokar et  al.,  2020). At first sight counterintuitive 
to that, our active astrocytes decreased expression of GFAP and 
vimentin, that is, another marker associated with astrocyte activa-
tion, on the mRNA level (cf., Figure 1g,h). However, those findings 
are in line with other studies reporting at least an initial downregu-
lation of GFAP expression on the mRNA level early after exposure 
to proinflammatory cytokines, followed by a late upregulation of 
GFAP on the protein level, as late as 24 hr after cytokine exposure 

(Falsig et al., 2004, 2006). Moreover, in an attempt to induce A1 ac-
tivation of astrocytes in vivo, Liddelow et al. injected lipopolysac-
charides (LPS) into the cerebral ventricles of mice (Vay et al., 2018). 
This procedure induces a strong microglial activation and affects 
astrocytes indirectly via microglial signaling, due to their own 
shallow expression of the key LPS-receptor toll-like receptor 4 
(Bowman et al., 2003; Sola et al., 2002). This procedure successfully 
induced a robust A1 activation phenotype in astrocytes, which—
similar to our present study—displayed unchanged or even reduced 
expression of GFAP (Liddelow et al., 2017; Potokar et al., 2020). A 
priori, we have established matrix-free primary astrocyte cultures 
depleted of any other cell type or extracellular matrix (ECM) to 
assess mere astrocyte activation functionally. Therefore, the in-
flammatory stimuli might have evoked the surprising response of 
early and latent GFAP depression in our purified astrocyte cultures 
that differs from previous study results derived from more com-
plex settings, usually in vivo experiments, in which various factors 
including microglia and ECM proteins influence the expression and 
drive GFAP mRNA to higher results.

One strength of our study is that it bridges the gap between pre-
vious studies on the concise transcriptional signature of resting and 
active astrocytes, on the one hand, and their critical functions, on 
the other hand, an approach with translational significance regarding 
the development of new therapeutic targets in neuroinflammation 
(Liddelow et al., 2020). Previous studies suggest that the function 
and reaction of the immune system and of brain cells—including as-
trocytes in health and disease—strongly depend on the organism's 
age (for review, see (Palmer & Ousman, 2018)). Therefore, one limita-
tion of the present study is the exclusive use of primary astrocytes 
derived from neonatal rats.

Osteopontin is a pleiotropic protein highly expressed in the CNS 
during neuroinflammatory processes associated with infections (Brown 
et  al.,  2011; Jin et  al.,  2006), injury (Chan et  al.,  2014; Hashimoto 
et  al.,  2003; Li et  al.,  2017), ischemic stroke (Gliem et  al.,  2015; 
Rabenstein et al., 2019; Riew et al., 2019), and neoplasia (Szulzewsky 
et al., 2018). Osteopontin has even been suggested as a prognostic 
blood biomarker, for example, after hypoxic brain injury or trauma (Gao 
et al., 2020; Li et al., 2017). For the most part, osteopontin is derived 
from invading macrophages, monocytes, and resident microglia (Gliem 

F I G U R E  4   Osteopontin does not mitigate astrocytic immunocompetence. *p < 0.05 compared to different experimental groups 
as marked by a horizontal bar; #p < 0.05; ##p < 0.01; ###p < 0.001 compared to control group; each data point represents a biological 
experimental replicate with n = 2–8 experimental replicates/group ± standard deviations (SD). Each experimental replicate is the average 
value of three technical replicates with four pooled wells for RT-qPCR. For ELISA and Griess Assay each experimental replicate is the 
average value of three wells with two technical replicates/well. (a–f) Regulation of specific proinflammatory mediators in resting and active 
astrocytes in the absence or presence of osteopontin on the RNA or protein level assessed by RT-qPCR (presented as 2(−ΔΔCT)), Griess Assay 
and ELISA: (a) inducible nitric oxide- synthetase (iNOS) assessed by RT-qPCR (b) IL1ß assessed by RT-qPCR (c) IL6 assessed by RT-qPCR 
(d) Release of nitric oxide from resting and active astrocytes in the absence or presence of osteopontin as evaluated by Griess Assay (e) 
IL1ß measured by ELISA (f) TNFα measured by ELISA (g–i) Regulation of antiinflammatory mediators in resting and active astrocytes in the 
absence or presence of osteopontin on the RNA or protein level as assessed by RT-qPCR and ELISA: (g) IL10 assessed by RT-qPCR (h) IL10 
measured by ELISA (i) IGF1 measured by ELISA (j) Representative immunocytochemical stainings of astrocytes against Nfκb (red) and GFAP 
(green) under resting conditions (first image) and after activation in the absence (second image) or presence of osteopontin at 5 µg/ml (third 
image) or 10 µg/ml (fourth image), respectively. Hoechst stained all cell nuclei blue; scale bars = 20 µm 
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et al., 2015; Riew et al., 2019; Szulzewsky et al., 2018). In vivo data are 
sparse and imply an upregulation of osteopontin on the mRNA level 
in astrocytes in the early phase (d1-3) after an ischemic stroke (Rakers 
et al., 2019; Zamanian et al., 2012), with subsequent downregulation 
by day 7 (Choi et al., 2007; Zamanian et al., 2012). In contrast, in our 
primary astrocytes in vitro, both the proinflammatory cytokine mix and 
the exposure to OGD downregulated osteopontin on the mRNA level 
(cf., Figure 2h). This discrepancy between in vitro and in vivo findings 
may result from indirect effects involving, for example, intercellular 
cross-talk in vivo, and warrants further investigation.

Stimulation of active astrocytes with osteopontin attenuated 
the expression of the A1-marker CC3 and restored the expression 
of the A2-marker S100A10 (cf., Figure 3c–e). Based on this finding, 
we hypothesize that osteopontin may switch the phenotype of ac-
tive A1 astrocytes towards an A2-activation type. This conjecture 
suggests parallels to microglia since M1-activated (neurotoxic) mi-
croglia lose their M1 competence upon osteopontin stimulation in 
vitro (Rabenstein et  al.,  2016), and exogenous application of oste-
opontin shifts microglia polarization toward the (neuroprotective) 
M2 phenotype after experimental ischemic stroke in vivo (Ladwig 
et  al.,  2017), modulating inflammatory responses toward regen-
eration (Ladwig et  al.,  2019; Schroeter et  al.,  2006). However, 
while osteopontin is known to modulate the expression of pro- 
and antiinflammatory cytokines from microglia in vitro and in vivo 
(Ladwig et al., 2017; Rabenstein et al., 2016; Schroeter et al., 2006; 
Tambuyzer et al., 2012), we here found no effect of osteopontin on 
the production of pro- or antiinflammatory mediators in astrocytes 
(cf., Figure 4). We interpret this as the astrocytes' ability to maintain 
their immunocompetence independent of subsequent signals, while 
microglia rather constitute versatile effector cells. Undoubtedly, 
this incongruity between microglial and astrocytic phenotypes and 
functionality stresses that a careful evaluation is needed to prevent 
oversimplification by transferring nomenclature between different 
types of glial cells.

In 2001, Chabas et al. first discussed osteopontin as a detrimen-
tally acting proinflammatory agent. They and others showed that in 
mouse models of multiple sclerosis, the presence of osteopontin is 
necessary to induce recurrent relapses, worsen paralysis, and induce 
neurological deficits, including optic neuritis (Boggio et  al.,  2016; 
Chabas et al., 2001; Hur et al., 2007). These effects were mediated 
by enhancing myelin-reactive T cells' survival and proinflammatory 
function (Boggio et al., 2016; Chabas et al., 2001; Hur et al., 2007). 
On the other hand, other studies link osteopontin to regeneration 
and recovery of function (Cappellano et  al.,  2021). Lack of osteo-
pontin in rodents has detrimental effects on lesion size, secondary 
neurodegeneration, and clinical outcome after cerebral ischemia 
or other CNS injury (Schroeter et  al.,  2006; Suzuki et  al.,  2010; 
Velthoven et al., 2011). The positive effects of osteopontin on brain 
repair after ischemic stroke are, at least in part, due to its effects 
on astrocytes to restore the blood–brain barrier by extending their 
astrocytic processes (Gliem et  al.,  2015). Another study revealed 
that the absence of osteopontin is associated with decreased pro-
liferation of astrocytes after a brain lesion (Ikeshima-Kataoka 

et al., 2018). This finding is in line with our data, demonstrating os-
teopontin to completely restore the impaired proliferative capacity 
of active astrocytes (cf., Figure 5a,c). The proliferation of astrocytes 
plays a crucial role in regeneration as the basis of glial scar formation, 
protecting healthy tissue by distancing it from the necrotic area con-
taining cytotoxic substances (Liu et al., 2014; Rolls et al., 2009). Thus, 
ablation of active astrocytes, for example, after spinal cord injury, is 
associated with a detrimental outcome (Faulkner et  al.,  2004). Of 
note, the glial scar is not only beneficial for recovery, since, at later 
stages of tissue remodeling, it may also block pivotal steps of repair 
and impede axon regeneration (Bush et al., 1999; Davies et al., 1999; 
Menet et al., 2003). However, it is currently assumed that not the as-
trocytic scar formation impairs recovery, but rather an improper tim-
ing of scar forming and scar resolution (Rolls et al., 2009; Shechter 
et al., 2011). Overall, the current study demonstrates robust effects 
of osteopontin on astrocytic proliferation. Our study thereby sub-
stantiates the high relevance of the interplay between osteopontin 
and active astrocytes in a neuroinflammatory milieu.

Given the known upregulation of osteopontin in ischemic brain 
tissue (Stoll et al., 1998) and to elaborate on the functional impact 
of osteopontin on astrocyte responses in CNS disease, we chose 
OGD as an in vitro model of ischemic stroke. OGD induced the im-
mediate death of about 3.8%–8.6% of astrocytes, depending on 
its duration. Furthermore, the most substantial cell death of up to 
34% occurred after astrocytes were allowed to recover for 24 hr 
under normoxic and normoglycemic conditions (cf., Figure  7b,c). 
We here report for the first time that pre-conditioning with os-
teopontin partly counteracts this OGD-induced delayed cell 
death in astrocytes (cf., Figure  7). Osteopontin is known to pro-
mote the survival of various cells, including bone marrow cells 
(Lin et  al.,  2000), dendritic cells (Kawamura et  al.,  2005), cancer 
cells (Lee et al., 2007), neural stem cells (Rabenstein et al., 2015), 
and microglia (Rabenstein et al., 2016). Besides, osteopontin was 
reported necessary for the survival of astrocytes in the retina 
(Ruzafa et al., 2018) or glioblastoma, conferring resistance to radia-
tion (Friedmann-Morvinski et al., 2016). In vivo, osteopontin atten-
uates neuronal cell death via apoptotic pathways (Sun et al., 2019; 
Topkoru et al., 2013). Overall, our data on osteopontin promoting 
the survival of ischemia-inflicted astrocytes are relevant for a bet-
ter understanding of stroke pathophysiology and the development 
of novel treatment approaches.

Osteopontin has multiple functional adhesive motifs that bind to 
various cell surface integrins and CD44 (Schroeter et al., 2006), induce 
different signaling pathways, and regulate a broad range of biological 
functions. The biological activity of osteopontin is modulated by pro-
teolytic processing, which can reveal cryptic binding sites and remove 
or separate functional domains. One of the highly conserved motifs 
of osteopontin is the adhesive RGD domain that interacts with a va-
riety of integrins including αvβ1, αvβ3, αvβ5, αvβ6, α8β1, and α5β1 
integrins (Liaw et al., 1995; Yokosaki et al., 2005). Another part of the 
RDG motif is a cryptic SVVYGLR sequence that becomes exposed 
upon cleavage with thrombin and mediates interactions with α9β1, 
α4β1, and α4β7 integrins (Green et al., 2001; Ito et al., 2009; Yokosaki 
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F I G U R E  5   Osteopontin enhances the proliferation of active astrocytes. *p < 0.05 compared to different experimental group as marked 
by a horizontal bar; each data point represents a biological experimental replicate with n = 3–11 experimental replicates/group ± standard 
deviations (SD). Each experimental replicate is the average value of two wells with 10 field of views counted/well. (a) The proliferation rate 
of resting and active astrocytes was assessed by BrdU incorporation (in %) after treatment with osteopontin at 5 or 10 µg/ml. (b) The ratio 
of viable resting and active astrocytes after treatment with osteopontin at 5 or 10 µg/ml was assessed by live/dead assay. (c) Representative 
images of the proliferation assay identify BrdU+ proliferating astrocytes in green, all cell nuclei were counterstained with Hoechst; scale 
bars = 50 µm 
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F I G U R E  6   Osteopontin induces the migration of resting astrocytes. **p < 0.01 compared to different experimental group as marked 
by a horizontal bar; each data point represents the average value of n = 3–10 biological experimental replicates ± standard deviations (SD). 
Supporting Information Figure S1f provides scatter plots for each condition, shown in A and B. (a) Migration of resting astrocytes as assessed 
by scratch assay, in the absence (control) or presence of osteopontin at 5 or 10 µg/ml. Data were normalized to the scratch area at time 
point 0 hr in each experiment and condition (left panel). The boxplot (right panel) depicts the area under the curve (AUC) of each condition, 
illustrating enhanced astrocytic migration in the presence of 5 µg/ml osteopontin. (b) Migration of active astrocytes as assessed by scratch 
assay, in the absence (cytokine mix) or presence of osteopontin at 5 or 10 µg/ml. Data normalization and AUC calculation were performed as 
described above (6A). (c) Representative images of astrocyte cultures 24 hr after scratching, illustrating the repopulation of the central gap 
with astrocytes. Scale bars = 100 µm 

(a)

(b)

(c)
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et al., 1999). Furthermore, several different CD44 isoforms exist, and 
osteopontin can bind some CD44 splice variants, notably v6 and v7 
(Katagiri et  al.,  1999; Smith et  al.,  1999). Furthermore, interactions 
between OPN and CD44 appears to be mediated via β1 integrins 
in an RGD independent manner (Katagiri et  al.,  1999). Of note, our 
experiments showed that there is not an apparent dose-effect cor-
relation. Proliferation and migration even showed the maximal effect 

of osteopontin in a lower dose (5 µg/ml) in comparison to 10 µg/ml 
(cf., Figures 5 and 6a). In line with this, in previous studies on serum-
deprived microglia, we observed that the lower dose of osteopontin 
(6,25 µg/ml) has an enhanced effect on cell survival than the higher 
dose of 12.5 µg/ml (Briones-Orta et al., 2017). In contrast, our study 
reveals that the S100A10/CC3 expression was more affected when 
a higher dose of osteopontin was used (cf., Figure 3c,d), whereas the 

F I G U R E  7   Osteopontin increases astrocyte survival upon deprivation of oxygen and glucose. *p < 0.05 compared to different 
experimental group as marked by a horizontal bar; each data point represents a biological experimental replicate with n = 3–12 experimental 
replicates/group ± standard deviations (SD). Each experimental replicate is the average value of three wells with five field of views counted 
per well. (a) Schematic overview of the experimental setup. Green thunderbolt: astrocytes were pre-treated with osteopontin at 5 or 10 µg/
ml versus 0 µg/ml (control) under normal cell culture conditions for 24 hr. Red thunderbolt: astrocytes were subjected to oxygen-glucose 
deprivation (OGD) for 2, 4, or 8 hr versus normal culture conditions (control) while being kept in the absence or presence of osteopontin as 
initiated before. Immediate read-out (1.): With some of the cells, a live/dead assay was performed immediately after OGD. Delayed read-
out (2.): The remaining cells were reoxygenated under normoglycemic conditions for another 24 hr, followed by the live/dead assay. (b) 
Immediate read-out: The ratio of dead astrocytes following OGD for 2, 4, or 8 hr in the absence (control) or presence of osteopontin at 
5 or 10 µg/ml, assessed by live/dead assay immediately after OGD. (c) Read-out after recovery: After OGD in the absences or presence 
of osteopontin, astrocytes were reoxygenated under normoglycemic conditions for 24 hr, followed by live/dead assay. (d) Representative 
immunocytochemical live/dead assays of astrocytes subjected to OGD in the absence or presence of osteopontin. All cells, regardless of 
their viability, were stained by Hoechst (blue), and dead cells were identified by propidium iodide incorporation (red); scale bars = 100 µm 
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effects of osteopontin on survival appeared to be independent of its 
dose (cf., Figure 7b). We speculate that the different effects of differ-
ent doses of recombinant osteopontin on the biological functions of 
primary astrocytes might be due to inhomogeneous receptor-ligand 
binding affinities, sensitivities, and receptor saturation, dependent on 
the stimulated pathway. In this study, we did not evaluate the targeted 
cell signaling pathways. Therefore, additional studies are warranted to 
elucidate this issue further.

5  | CONCLUSION

Whereas its effects were subtle under resting conditions, osteo-
pontin promoted migration, proliferation, and survival of primary 
astrocytes under stressful conditions in vitro. As contributed ear-
lier, osteopontin is robustly upregulated and secreted in the ex-
tracellular space in several CNS conditions. It regulates microglial 
activation and promotes neuronal survival and blood–brain barrier 
function. Hence, we suggest osteopontin a vital determinant of the 
extracellular matrix milieu that plays a pivotal role in regulating de-
generation and regeneration. Elucidating the interactions between 
osteopontin and astrocytes provides new insights into CNS patho-
physiology and may facilitate the development of novel treatment 
approaches enhancing the endogenous regenerative capacity of 
the brain.
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FIGURE S1 (a) Data refer to the graphs in Figure 1j. Representative 
western blot images on the left side show the expression of NfκB, 
MAPK and their phosphorylated active forms in control- and CM-
exposed astrocytes. Data were normalized to Histone H3 that 
served as loading control. On the right, uncropped blots are pre-
sented that refer to the graphs in Figure 1j. (a) and (c) Data refer to 

the heat map results in figure 2A; *p < 0.05; **p < 0.01; ***p < 0.001 
compared to controls; data are presented as 2(−ΔΔCT);each data point rep-
resents a biological experimental replicate with n = 5–10 experimental 
replicates/group ± standard deviations (SD). Each experimental replicate 
is the average value of three technical replicates with four pooled wells. 
(b) Expression of inducible nitric oxide synthetase (iNOS), the pro-
inflammatory cytokines IL6 and IL1ß and the antiinflammatory cyto-
kine IL10 in primary astrocytes after exposure to cytokine mix (CM) 
measured by RT-qPCR. (c) Expression of the A1-marker CC3 and the 
A2-marker S100A10 in primary astrocytes after exposure to cyto-
kine mix (CM) as measured by RT-qPCR. (d) Representative immuno-
cytochemical stainings of astrocytes against CX43 (red) and vimen-
tin (green). Hoechst stained all cell nuclei blue; scale bars = 50 µm. 
(e) Each data point represents a biological experimental replicate with 
n = 4–8 experimental replicates/group ± standard deviations (SD). Each 
experimental replicate is the average value of two wells with 10 field of 
views counted/well. Total cell count of resting and activated astro-
cytes after exposure to osteopontin at 5 or 10 µg/ml. Data were 
normalized to untreated control. (f) Data refer to the graphs in figure 1 
F, 6 A and B; each data point represents a biological experimental repli-
cate with n = 3–10 experimental replicates/group ± standard deviations 
(SD). Migration assay of resting and active astrocytes was assessed 
by scratch assay after treatment with osteopontin at 5 or 10 µg/ml. 
Data were normalized to the scratch area at time point 0 hours in 
each experiment and condition
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