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ABSTRACT

The directed generation of pure astrocyte cultures from pluri-
potent stem cells has proven difficult. Generation of defined
pluripotent-stem-cell derived astrocytes would allow new
approaches to the investigation of plasticity and heterogene-
ity of astrocytes. We here describe a two-step differentiation
scheme resulting in the generation of murine embryonic stem
cell (mESC) derived astrocytes (MEDA), as characterized by
the upregulation of 19 astrocyte-associated mRNAs, and posi-
tive staining of most cells for GFAP (glial fibrillary acidic
protein), aquaporin-4 or glutamine synthetase. The MEDA
cultures could be cryopreserved, and they neither contained
neuronal, nor microglial cells. They also did not react to the
microglial stimulus lipopolysaccharide, while inflammatory
activation by a complete cytokine mix (CCM) or its individual
components (TNF-«, IL1-B, IFN-y) was readily observed.
MEDA, stimulated by CCM, became susceptible to CD95
ligand-induced apoptosis and produced NO and IL-6. This
was preceded by NF-kB activation, and up-regulation of rele-
vant mRNAs. Also GFAP-negative astrocytes were fully
inflammation-competent. Neurotrophic support by MEDA
was found to be independent of GFAP expression. In sum-
mary, we described here the generation and functional char-
acterization of microglia-free murine astrocytes, displaying
phenotypic heterogeneity as is commonly observed in brain
astrocytes. ©2011 Wiley Periodicals, Inc.

INTRODUCTION

Astrocytes are a functionally heterogeneous group of
cells that differ in function and phenotype, depending on
the local environment or their activation state (Allen
and Barres, 2009; Kimelberg, 2004; Kimelberg and
Nedergaard, 2010; Matyash and Kettenmann, 2010;
Walz, 2000; Wang and Bordey, 2008). They have homeo-
static functions and provide neuronal support. In addi-
tion, they also play an important role in neurotransmis-
sion (Nedergaard et al., 2003), in disease processes (Di
Giorgio et al., 2008; Di Giorgio et al., 2007; Eddleston
and Mucke 1993; Kimelberg and Nedergaard 2010;

Nagai et al., 2007; Quinlan et al., 2007) and in the
brain’s host defence (Falsig et al., 2008).

Some aspects of astrocyte plasticity and heterogeneity
are difficult to examine in primary astrocytes in vitro.
Such cultures are most frequently derived from newborn
mice and are usually optimized for homogeneity with
respect to GFAP expression. The cells are known to differ
significantly from adult astrocytes (Cahoy et al., 2008).

It is nowadays widely accepted that GFAP, the most
commonly used phenotypic marker, only labels a subset
of astrocytes (Cahoy et al., 2008; Kimelberg, 2004; Walz,
2000; Walz and Lang, 1998). Studies with GFAP™" mice
showed little alterations of phenotype. Astrocytes were
normally distributed and still expressed the intermedi-
ate filaments nestin and vimentin (Pekny et al., 1995).

The surface protein GLT-1 marks adult astrocytes and
was used to isolate GFAP' and GFAP™ astrocytes from
brain. GLT-1'/GFAP~ astrocytes showed a global gene
expression similar to GLT-1'/GFAP " astrocytes (Lovatt
et al., 2007).

Apart from GFAP, the water transport channel aqua-
porin-4 (Aqp4), the calcium binding protein S100beta,
and glutamine synthetase (GS), an enzyme important
for glutamate metabolism and ammonia detoxification in
the brain, are frequently used for identification of astro-
cytes (Hinkle et al., 1997; Nagelhus et al., 1997; Sudrez
et al., 2002). Recently, Aldh1L1, a member of the alde-
hyde dehydrogenase family 1, was described as a poten-
tial pan-astroglial marker (Cahoy et al., 2008).

Astrocytes are generally considered a very powerful line
of host defence in the brain. After primary recognition of
invading pathogens by microglia, astrocytes are activated
by their secreted cytokines such as TNF and IL-1 (Falsig
et al., 2008). In vitro cultured astrocytes, stimulated with
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such cytokines, behave similarly to activated macro-
phages, and upregulate a variety of inflammatory media-
tors (Falsig et al., 2006). The study of astrocyte-specific
inflammation in primary in vitro cultures is frequently
confounded by contamination with microglia, which are
difficult to separate during the isolation of astrocytes from
brain preparations (Hamby et al., 2006; Saura, 2007).

Differentiation of murine embryonic stem (mESC) cells
closely mimics sequential processes of brain development
(Abranches et al., 2009; Barberi et al., 2003; Zimmer
et al.,, 2011). Thus, differentiating mESC may provide
access to astrocytes of different developmental stages.
While the differentiation of neurons from embryonic stem
cells is a standard procedure nowadays, the differentia-
tion of astrocytes is less well characterized. Existing pro-
tocols mostly generate mixed cell populations with a low
percentage of astrocytes (Briistle et al., 1999; Fraichard
et al., 1995; Mujtaba and Rao 2002). Relatively pure cul-
tures have only been obtained by transient transfection
of a fluorescent-labeled astrocyte-specific reporter con-
struct (GFAP) and subsequent fluorescent-activated cell
sorting of GFP-positive cells (Kamnasaran et al., 2008).

To study astrocytes in greater detail, astroglial cul-
tures would be desirable that closer represent the astro-
cytic heterogeneity of the brain and would allow the
detailed investigation of functional attributes such as
inflammatory responses and trophic support. We there-
fore initiated this study to generate microglia-free cul-
tures containing GFAP' and GFAP  astrocytes. We
asked whether such astrocyte cultures differentiated
from mESC can perform typical functions of astrocytes,
such as inflammatory activation, metabolic conversion of
drugs and toxicants as well as trophic support of neu-
rons. We further examined on a single cell level whether
there is a correlation between GFAP expression and
functional properties of astrocytes.

MATERIALS AND METHODS
Maintenance of Murine Embryonic Stem Cell
Lines

The mESC lines [E14.1 and CGR8 (wildtype and stably
expressing GFP under EFlalpha—promoter and RFP
under tubulin-alpha-1—promoter (Suter et al., 2006)] were
maintained in GMEM containing high glucose (4.5 g/L),
10% fetal bovine serum (FBS; PAA, Pasching, Austria), 2
mM GlutaMax, 2 mM sodium pyruvate, 2 mM nonessential
amino acids, 50 pM B-mercaptoethanol, and 1,000 U/ml
LIF. Cells were passaged every other day and fed daily
with medium with freshly added LIF (1,000 U/mlL,
Millipore, Billerica, MA, USA)(Zimmer et al., 2011).

Differentiation into Astrocytes

Maintenance cultures were used for differentiation at
80% confluency. The cells were harvested with trypsin,
pelleted and resuspended in N2-medium [DMEM/F12,
N2 supplement, 10 ng/mL bFGF, 20 ng/mL EGF (both
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R&D Systems, Minneapolis, MN)]. Single cells (2 X 10°%)
were seeded into ultralow attachment 6-well plates
(Corning Life Sciences, Lowell, MA) in 2 mL N2-me-
dium. The medium was changed every third day. After
21 days, the obtained cell aggregates (20-50 per well)
were plated onto fibronectin-coated (1 pg/mlL; Sigma)
dishes in astrocyte differentiation medium (DMEM/F12,
2% FBS, N2, 2 mM GlutaMax, 50 pM B-mercaptoetha-
nol, 5 pg/mL heparin) and differentiated further for 28
days. The medium was changed every third day.

For replating or cryopreservation, the cells were trypsi-
nized at the end of differentiation, triturated with a 5-mL
pipette and filtered through a 100-pm cell strainer to yield
a single cell suspension. They were then cryopreserved in
1 ml FBS containing 10% DMSO at 5 X 10° cells per cryo-
tube (Nunc, Thermo Fisher Scientific, Waltham, MA) by
freezing over night to —80°C in a freezing container
(Nalgene, Thermo Fisher Scientific) and stored in liquid
nitrogen. For continued culturing, 20,000 cells/cm? were
seeded onto fibronectin-coated dishes.

Preparation of Cerebellar Granule Cells

Cerebellar granule cells (CGC) were prepared as
described (Volbracht et al., 1999, 2009). Briefly, cerebella
were isolated from postnatal Day 7 BALB/c mice, dissoci-
ated by trypsinization and trituration and plated in BME
medium containing 10% FBS, 20 mM KCl, 0.5 mM Gluta-
Max, 100 U/ml penicillin, and 0.1 mg/mL streptomycin
into cell culture plates at varying densities and with differ-
ent coatings [poly-L-lysine as positive control (Leist et al.,
1997)]. After 45 min, the medium was changed to Neuro-
basal medium (Invitrogen, Carlsbad, CA) supplemented
with 2% B27, 20 mM KCl, 0.5 mM GlutaMax, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin. For longer obser-
vations, 50% of the medium was changed every third day.

Stimulation Assays

Stimulation agents were added directly to medium that
had been on the cells for a minimum of 24 h. The cells
were stimulated with a “complete cytokine mix” (CCM)
composed of 10 ng/mL TNF-q«, 10 ng/mL IL1-B, and 20 ng/
ml IFN-y or with its single components (Falsig et al.,
2004), or with 10 pg/mL lipopolysaccharide (LPS). For IL-
6 ELISA and the Griess assay, supernatants were col-
lected at designated time points and stored at —80°C
until further processing. For the CD95L stimulation
experiments, MEDA were pre-stimulated with CCM
for 24 h and incubated in presence of CD95L/Fas-ligand
(50 pg/mL, BD Pharmingen, Franklin Lakes, NJ) for 24 h.

Immunofluorescence Staining

Cells were washed with PBS, fixed with either 4%
formaldehyde in PBS for 10 min or ice-cold MeOH for 20
min at —20°C, permeabilized with 0.1% Triton X-100 in
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TABLE 1. Gene Expression Levels and Relative Gene Expression Changes of Astrocyte Marker Genes During Differentiation of mESC to MEDA

Gene Corresponding protein Expression (rel. to Gapdh)"

Symbol Name DoD 0 DoD 21 DoD 28 DoD 49 DoD 49 vs. 0" + SEM?
Gapdh glycerinaldehyde-P dehydrog® 1000 1000 1000 1000 1
Gfap glial fibrillary acidic protein 0.02 0.03 0.08 61 2912 + 46
Aqp4 aquaporin-4 0.02 0.1 0.2 37 1885 + 98
Slc1A2 GLT-1, EAAT2 0.02 0.15 2.2 20 576 + 249
Gjb6 connexin 30 0.05 0.3 0.2 4.9 108 + 0
Pla2g7 PAF-acetylhydrolase® 0.45 2.2 3.5 54 80 + 28
S1008 S100beta 0.02 0.03 0.08 0.6 29 + 2
Acta2 Alpha-actin-2 45 4 97 177 28 + 8
Vim Vimentin 27 29 341 741 24 + 3
PygB brain glycogen phosphorylase 2 3 5.4 44 23 = 38
Aldh1L1 aldehyde dehydrog.1 L1¢ 0.3 2 L1 9 21+
Sle1A3 Glast, EAAT1 2 4.2 2.9 34 14 + 4
ApoE apolipoprotein E 159 633 167 2497 11+3
Glul glutamine synthetase 24 13 20 384 11+4
AldoC fructose biphosphate aldolase C 4 5 4 32 7+0
Gjal connexin 43 82 90 159 627 6+1
Csad cysteine SA decarbox” 1 3.3 0.9 8.3 5+£2
BysL bystin, bystin-like 4 6.4 8 21 41
Kenjl0 potassium channel Kir4.1 0.6 0.6 0.3 2 3+0
Car2 carbonic anhydrase 2 9.2 4.6 3.3 20 2+0
Poubf1“ 4-Oct 29 10 1 0.7 0.02 + 0.01
Nanog"” nanog homeobox 2692 1110 202 98 0.06 + 0.02
Nes" nestin 0.1 0.2 3.5 15 8+2

“Gapdh was used as housekeeping gene and its expression was arbitrarily set to 1,000. The expression of all other genes was expressed as 2 ', relative to Gapdh. Thel
Ct-values above >35 were set to 35. Gapdh Ct were mESC 19.5; DoD21 20.1; DoD28 21.4; DoD49 23.4.

"Relative gene expression levels over time are displayed as 2~ A

“!. The expression of each mRNA at DoD 49 was normalised to its own expression on DoD 0 (=mESC).

“Abbreviations: Gapdh, glycerinealdehydephosphate dehydrogenase; Pla2g7, platelet-activating factor acetylhydrolase; Aldh1L1, aldehyde dehydrogenase 1 L1; Csad, cys-

teine sulfinic acid decarboxylase.

dAverage variation of the upregulation factors for DoD49 vs. DoDO are displayed for two independent differnentiations.
“The pluripotency markers Pou5f1 and Nanog and the neuroectoderm marker Nestin were included for comparison to the astrocyte-specific markers above.

PBS for 10 min, and blocked with 10% FBS in PBS or
1% BSA for 30 min. Cells were then stained with pri-
mary antibodies and appropriate secondary antibodies

(see Supp. Info. Table 1). Nuclei were counterstained
with H-33342 (Hoechst dye).

Viability Assays

For calcein/H-33343 or Sytox/H-33342 staining (Loth-
arius et al., 2005), the dyes were added to live cells for
up to 30 min before they were imaged (see Supp. Info.
Table 1).

Quantitative-RTPCR

Total RNA was isolated using TRIzol® (Invitrogen) or
PeqGold TriFast (Peqlab, Erlangen, Germany) according
to the manufacturers’ instructions and reverse tran-
scribed to ¢cDNA using Superscript II Reverse Transcrip-
tase (Invitrogen). Quantitative-RT-PCR to measure
mRNA expression levels was performed using a MylQ
cycler (BioRad, Hercules, CA) and the Platinum®
SYBR® Green qPCR Supermix kit (Invitrogen) according
to the manufacturers instructions. Raw data were proc-
essed as described previously (Zimmer et al., 2011). For a
list of primers see Supp. Info. Table 1.

Protein Isolation and Western Analysis

About 10 pg of total protein were separated by SDS-
PAGE and the gels were blotted onto nitrocellulose

membranes. The membranes were incubated with pri-
mary and secondary antibodies diluted in 2% milk in
TBST (Supp. Info. Table 1). Blots were developed using
Pierce® ECL Western Blotting Substrate (Thermo
Fisher Scientific) and were imaged on a BioRad imaging
system (ChemiDOC XRS).

Detection of NO and IL-6

Nitrite in the supernatant was quantified using the
Griess assay (Leist et al., 1995). For detection of IL-6 in
the supernatant, a mouse IL-6 ELISA Ready-SET-GO
kit (eBioscience, San Diego, CA) was used according to
the manufacturers’ instructions.

Quantification of MPTP Conversion

MEDA were incubated with 1-methyl-4-phenyl-tetrahy-
dropyridine (MPTP, Sigma) for 72 h. Then supernatants
were sampled and cleared by centrifugation (20,000g, 20
min). The method for the detection and quantification of
the MPTP metabolite 1-methyl-4-phenylpyridinium
(MPP") in cell culture supernatant was adapted from
Zhang et al., (2008) with the following changes: aliquots (10
uL) of thawed supernatants were directly injected into a
HPLC-coupled High Resolution ESI-TOF mass spectrome-
ter (Bruker Daltonics micrOTOF II). The retention time of
MPP" was identified using a UV-detector that detected
MPP' at 295 nm. The desired peaks were automatically
further analyzed by mass spectrometry. QuantAnalysis 2.0
Software (Bruker Daltonics) was used for quantification.



Statistics

Data are presented as means = SEM and the statisti-
cal differences were tested by ANOVA with Bonferroni’s
Multiple Comparison Test post-hoc test, using Graph-
Pad Prism 4.0 (Graphpad Software, La dJolla, CA).
Statistical significance was assumed when P < 0.05,
and was indicated by an asterisk on the respective data
point in figures.

RESULTS
Differentiation of mESC to Highly
Astrocyte-Enriched Cultures

A two-step procedure was developed and optimized to
generate murine embryonic stem cell-derived astrocytes
(MEDA). The neural induction phase during the first
step was based on suspension cultures that were started
from single cells. These formed cell aggregates that were
grown for 21 days. Cell aggregates were plated onto
fibronectin-coated plates and expanded in astrocyte dif-
ferentiation medium for additional 28 days. During this
time the aggregates adhered and cells migrated out,
developing a flat transparent morphology resembling
primary astrocytes (Fig. 1A). Protein expression analysis
of the astrocyte marker GFAP during differentiation
revealed a sharp increase in expression during the last
week of the adherent culture phase (day of differentia-
tion (DoD) 41-DoD49) (Fig. 1B).

We used a broad panel of genes characterizing astro-
cytes (Kuegler et al., 2010), to analyze the differentia-
tion kinetics in more detail. All 19 marker genes were
upregulated between 3- and 3000-fold (Table 1), while
the pluripotency genes coding for Oct-4 and Nanog
decreased steadily. Nestin, a marker for neural progeni-
tor cells increased transiently. When astrocytic marker
proteins were investigated by immunostaining, we
observed high expression of GFAP, Aqp4, glutamine syn-
thetase, and S100B in a majority of cells throughout the
cultures on DoD49 (Fig. 1C). CNPase, a marker for oli-
godendrocytes, or beta-III tubulin, a neuronal marker
were not detectable (data not shown). Robustness and
general applicability of the differentiation protocol was
verified with other mESC lines such as E14.1 and sub-
clones of CGR8 (data not shown).

Cytokine Activation of MEDA Cultures

Following injury, and as a result of other inflamma-
tory signals, astrocytes undergo activation (Blomgren et
al., 2007; Falsig et al., 2008). This is commonly modelled
in vitro by cytokine stimulation and measurement of the
production of key inflammatory mediators. Here, we
examined the acquisition of inflammatory competence by
MEDA during differentiation, by measuring release of
interleukin 6 (IL-6) and nitric oxide (NO) into the cul-
ture supernatants. Stimulations were performed with a
frequently used ‘complete cytokine mix’ (CCM) (Falsig et
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Fig. 1. Differentiation of mESC to MEDA. A: The key steps in the
generation of MEDA from mESC are displayed schematically along
with the typical morphological appearance of the cultures at selected
days of differentiation (DoD). B: During the differentiation process,
GFAP expression was assessed by Western Blot. C: On DoD49, the cul-
tures were immunostained for the astrocytic marker proteins (green)
GFAP, S1008, GS, and Aqp4 and counterstained for DNA (red) with H-
33342. Scale bar = 100 pum. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

al., 2004; Falsig et al., 2006; Henn et al., 2011), consist-
ing of interleukin 1 beta (IL1-B), interferon gamma
(IFN-y) and tumour necrosis factor alpha (TNF-«).
While pluripotent mESC showed no response to CCM,
the response increased steadily from DoD28 onwards in
the differentiating cultures. On DoD49, the fully differ-
entiated, CCM-stimulated MEDA secreted high amounts
of NO and IL-6 (Fig. 2A), while unstimulated MEDA did
not secrete such mediators (not shown). This response
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Fig. 2. Differentiation of mESC into inflammation-competent astro-
cytes. The undifferentiated (mESC) and differentiating cells were
stimulated at different stages (DoD) with a “complete cytokine mix”
(CCM), comprising TNF-a (10 ng/mL), IL1-B (10 ng/mL), and IFN-y (20
ng/mL) for 24 h, and the release of NO and IL-6 into the supernatant
was measured. B: MEDA were stimulated on DoD49 with CCM for 16
h before RNA expression was analyzed by qPCR for the astrocyte
inflammation markers Cmpk2 (Tyki), Ifit3, and Mmp3. Data represent
means + SEM from three independent differentiations. *P < 0.05 (vs.
mESC (A), vs. unstimulated control (B)).

was similar to that of primary astrocytes (Falsig et al.,
2004, 2006; Henn et al., 2011). MEDA stimulated on
DoD49 (Supp. Info. Fig. 1A) also upregulated other typi-
cal astrocyte inflammation markers (Crocker et al.,
2008; Falsig et al.,, 2004; Henn et al., 2011), such as
Cmpk2 (Tyki), Ifit3 and matrix metalloprotease 3
(Mmp3) after stimulation (Fig. 2B).

Replated MEDA Cultures with Different
Subpopulations

For the use of MEDA in inflammation studies, repro-
ducible cell numbers and similar cell populations across
multiple wells are desirable. This was achieved by large
scale differentiation, and subsequent replating at
defined cell numbers. After replating, such secondary
cultures were phenotyped and used for all further func-
tional experiments (Supp. Info. Fig. 1B). Immunofluores-
cence microscopy revealed several subpopulations. While
most cells (81 + 16%) expressed S100B protein (Fig. 3A,
Supp. Info. Fig. 2A), 31 *+ 18 % of the cells were GFAP-
positive (Fig. 3B, Supp. Info. Fig. 2B). In addition, many
of the GFAP-negative cells were positive for other astro-
cytic markers such as glutamine synthetase (Fig. 3C,
Supp. Info. Fig. 2C) or Aqp4 (Fig. 3D, Supp. Info. Fig.
2D). These results suggest the presence of different
astrocyte subpopulations, including GFAP-negative
astrocytes.

Microglia-Free MEDA Cultures
For Inflammation Studies

Generation of microglial precursor cells from murine
embryonic stem cells has recently been described under
neural-inductive conditions, and via nestin-postive inter-
mediate stages (Napoli et al., 2009). Therefore, we exam-
ined the potential presence of microglial cells. However,
we never detected the microglial markers CD11b and
F4/80 in MEDA in immunofluorescence microscopy (data
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Fig. 3. Characterization of GFAP-negative cells in replated MEDA
cultures by other astrocyte markers. MEDA were differentiated and
replated at a density of 2 X 10° cells/em® The cultures were immuno-
stained for astrocyte markers 48 h after passaging, and nuclei were
labelled with H-33342. A: The majority of the cells stained positive for
S100B8 (green); B: GFAP staining (green) indicated the presence of
GFAP-positive and GFAP-negative subpopulations; C,D: Costaining of
GFAP (green) with Aqp4 or GS (red) indicated several subpopulations
of cells. Some were double positive; others (arrows indicate examples)
were negative for GFAP and positive for other astrocyte markers. Sin-
gle channel images are provided in Supp. Info. Fig. 2. E: Total RNA
was prepared from secondary MEDA cultures 48 h after replating. Con-
trol-RNA was prepared from microglia, and all samples were analyzed
for the levels of Gfap and the microglia markers Emrl (F4/80) and
Itgam (CD11b). Data are means = SEM from three experiments. [Color
figure can be viewed in the online issue, which is available at wileyonli-
nelibrary.com.]

not shown), nor did we detect expression of two micro-
glial marker genes, Emr1 (F4/80) and Itgam (CD11b) by
quantitative RT-PCR (Fig. 3E).

Microglia are functionally characterized by their sen-
sitive inflammatory reaction to lipopolysaccharide (LPS),
while primary (Passage 1) astrocyte cultures devoid of
microglial contamination do not respond to LPS (Falsig
et al., 2004; Henn et al., 2011). As NF-kB translocation
is a sensitive readout for LPS stimulation on a single
cell level (Lund et al., 2005), we examined this response
in MEDA and detected no NF-kB translocation in
response to LPS stimulation (Supp. Info. Fig. 3). We also
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Fig. 4. Inflammatory activation of MEDA cultures by CCM but not

by LPS. A: Replated MEDA were stimulated with the microglial stimu-
lant LPS (1 pg/mL), solvent control or an astrocyte-stimulating proin-
flammatory cytokine mix (CCM) for 16 h, before mRNAs for inducible
nitric oxide synthetase (iNOS) and IL-6 were analyzed by qPCR. B:
Replated MEDA were stimulated with CCM or with LPS in the pres-
ence or absence of IFN-y (20 ng/mL) for 16 h. Nitrite and IL-6 were
determined in the supernatant. All data are means + SEM from three
experiments. n.s., no significant difference (P > 0.05); *P < 0.05.

compared the response of MEDA to LPS and CCM.
Increased mRNA levels for inducible nitric oxide synthe-
tase (iNOS) and IL-6 were observed after stimulation
with CCM for 16 h, but not after stimulation with LPS
(Fig. 4A). This suggests that contaminations, even with
small functional microglia subpopulations can be
excluded. This was further confirmed when IL-6 and NO
secretion were used as physiological response endpoints.
Co-administration of IFN-y, which is a potential
enhancer of LPS responses, also had no effect (Fig. 4B).

Cryopreservation of Functional MEDA

Cryopreservation of MEDA cultures would facilitate
their wide-spread use and comparability between experi-
ments. Therefore, MEDA were cryopreserved on DoD49
by standard methods and the cultures were character-
ized as described above (also see Supp. Info. Fig. 1B). Vi-
ability after thawing was > 90% for different batches (n
= 10). CCM-stimulated cultures released NO and IL-6
in similar amounts and with similar kinetics as freshly
replated cells, while nonstimulated cells remained quies-
cent after thawing (Supp. Info. Fig. 4A). In order to get
more detailed information on the functional capacity of
thawed MEDA, they were stimulated with all single con-
stituents of CCM and combinations thereof. The
response pattern and the strong synergy of the cytokines
(Supp. Info. Fig. 4B) were similar to the one described
earlier for primary murine astrocytes (Falsig et al.,
2004, 2006; Henn et al., 2011). In a similar manner,
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Fig. 5. Astrocyte-specific functional properties of MEDA. A: Cells
were stimulated for 24 h with CCM and exposed to CD95L (FasL) for
24 h. FasL-induced cell death was quantified by co-staining with Sytox
(dead cell marker) and H-33342, and counting of live and dead cells.
Data are means = SEM of triplicates. *P < 0.05. B: MEDA were incu-
bated with MPTP for 72 h. Conversion of MPTP to MPP" by astrocytes
was measured in the supernatant using quantitative HPLC-ESI-TOF-
MS. Data are means = SEM of two independent differentiations. Pri-
mary murine astrocytes were used once for comparison.

MEDA developed sensitivity to CD95L after previous
inflammatory stimulation, as reported for primary astro-
cytes (Falsig et al., 2004) (Fig. 5A). Thus, functions and
regulations relevant for inflammatory activation of pri-
mary astrocytes seem to be active in MEDA, even after
freezing and thawing.

To investigate also the capacity of MEDA to metabo-
lize drug-like compounds after thawing, we examined
the conversion of nontoxic methylphenyltetrahydropyri-
dine (MPTP) into its neurotoxic metabolite methylphe-
nylpyridinium (MPP') and compared the conversion
rate with primary astrocytes. This metabolic function of
brain astrocytes is the basis for the frequently used
MPTP model of Parkinsonian dopaminergic neurodegen-
eration. As both cell types converted MPTP into MPP'
within 72 h at comparable levels (Fig. 5B), we conclude
that MEDA thawed from cryopreservation retained the
capacity to metabolize this xenobiotic.

Evidence For Inflammatory Activation of MEDA
on the Single Cell Level

To provide a basis for the study of the inflammatory
activation of astrocyte subpopulations, we chose translo-
cation of the pivotal inflammation-activated transcrip-
tion factor NF-kB from the cytoplasm into the nucleus
as read-out. NF-kB is expressed constitutively and
resides in the cytoplasm of resting cells (Fig. 6A, Supp.
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A NFkB (p65

unstimulated

stimulated

Fig. 6. Characterization of inflammatory activation of MEDA on sin-
gle cell level. MEDA were used 48 h after plating. A: The cultures were
stimulated with CCM for 1 h and stained for the p65 subunit of NF-kB.
Arrows indicate NF-kB staining in the cytosol, arrowheads point to nu-
clear NF-kB staining. Nuclear translocation of NF-kB of activated

Info. Fig. 3). The time course of translocation following
CCM stimulation was studied. After 15 min, the major-
ity (90 = 2%) of all cells stained positive for nuclear NF-
kB (Fig 6A). Then, relocation to the cytosol started, and
after 60 min 50 *= 4% of the cells stained for nuclear
NF-kB. We chose inducible nitric oxide synthetase
(iINOS/NOS2) as second inflammation marker measura-
ble on single cell level. MEDA cultures stimulated with
CCM for 24 h were immunostained for iNOS. The per-
centage of iNOS expressing cells reached 70 + 12% (Fig.
6B). Costaining with S1008 confirmed that the iNOS-
positive cells were astrocytes (data not shown).

Neuronal Support Function by GFAP-Positive and
GFAP-Negative MEDA

As support of developing neurons is an important
astrocytic function, we tested this potential feature of

NFkB (p65)
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MEDA was quantified at indicated time points. Data are means + SEM
from at least 170 cells from two experiments. B: MEDA were stimu-
lated with CCM for 24 h, fixed and stained for iNOS. Data are means
+ SEM from three experiments. *P < 0.05. Scale bar = 50 um.

MEDA. Primary murine cerebellar granule cells (CGC)
were seeded in the presence or absence of a confluent
layer of MEDA, and were allowed to mature for at least
six days. Neurons formed dense and branched networks,
when plated on poly-L-lysine (not shown), but did not
survive in the absence of coating. When plated on
uncoated plastic covered with a layer of MEDA, a com-
plex neuronal network developed within 6 days after
plating (Fig. 7A), while a layer of 3T3 fibroblasts did not
support neurons (not shown).

We reduced the standard CGC plating density 25-fold
to 10" cells/cm”. This allowed the formation of single,
isolated neurons that survived well on MEDA as shown
by immunostaining for the neuronal marker Tubb3 (Fig.
7B). The neurons grew on top of the MEDA cells with
axons spanning the intercellular space (Fig. 7C). In the
absence of MEDA, no live neuron was detectable in
these low density neuronal cultures, whether they were
coated with poly-L-lysine or not.
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Fig. 7. Neurosupportive properties of GFAP-positive and GFAP-neg-
ative MEDA. Cerebellar granule cells (CGC) were plated at suboptimal
(10,000 cells/em?) or optimal (250,000 cells/cm?) density in untreated
cell culture dishes or in dishes containing a confluent layer of MEDA.
A: After six days in low density culture the CGC had formed a neuro-
nal network on top of MEDA while no neurons survived in the absence
of MEDA. B: The neuron-MEDA cocultures were immunostained for
the neuronal marker Tubb3, and nuclei were labelled with H-33342.
CGC preferably grew as single neurons on top of MEDA cells (white
circles) and were connected by long neurites. C: Live cells were labelled
with calcein (green), and nuclei were counterstained with H-33342
(blue). The arrow points to individual neurons growing on top of
MEDA. Neurons appeared as particularly bright cells. D: The cultures
were immunostained for GFAP (green) and Tubb3 (red), and nuclei
were labelled with H-33342 (blue). CGC were identified both on GFAP-
positive (yellow arrowhead) and on GFAP-negative MEDA (arrow).
Scale bar = 200 pm, dotted line = 50 pum. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Attachment of CGC to MEDA was independent of
their subtype as neurons survived both on GFAP-posi-
tive and GFAP-negative cells (Fig. 7D). Interestingly,
neurons on MEDA survived for longer than three
weeks, while CGC grown under standard conditions on
poly-L-lysine generally lose viability after two weeks in
culture.
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Inflammatory Competence of GFAP-Positive and
GFAP-Negative MEDA Subpopulations

After our observation that GFAP-negative MEDA pro-
vided neuronal support, we also addressed the question
whether this subpopulation can also be activated by
cytokines to a similar degree as GFAP-positive cells. We
studied NF-kB translocation in individual CCM-acti-
vated MEDA. Both, GFAP" as well as GFAP /Aqp4'
MEDA showed nuclear NF-kB staining (Fig. 8A,B).
Thus, GFAP expression was not required for an initial
inflammatory signal transduction of MEDA. Further-
more, we tested whether this also applied to more down-
stream cellular responses, such as the expression of
iNOS. We found that both GFAP-positive and GFAP-neg-
ative (S1008 ") MEDA were positive for iNOS 24 h after
stimulation by CCM (Fig. 8C). Thus, it appears likely
that all MEDA subpopulations, in particular GFAP-posi-
tive and GFAP-negative MEDA, contribute to the pro-
duction of inflammatory mediators.

DISCUSSION

A particular aim of our study was to derive astrocyte
cultures from mESC that are useful for inflammation
studies and that represent a broad variety of astrocyte
subpopulations. We identified here GFAP-positive and
GFAP-negative subpopulations of MEDA. A subpopula-
tion of cells with astrocytic markers, but without GFAP
expression, was capable of an inflammatory response,
similar to the one of the well-characterized GFAP-posi-
tive astrocytes. Only few papers describe the generation
of astrocytes from pluripotent stem cells (ESC or
induced pluripotent cells (iPSC)). For example, Mujtaba
and Rao generated astrocyte precursor cells from embry-
onic stem cells by sequential immunopanning and mag-
netic bead sorting (Mujtaba and Rao, 2002). These pro-
genitors were matured further to astrocytes. Using a
further optimization of this approach, Kamnasaran et
al., describe the generation of astrocytes from mESC
(Kamnasaran et al., 2008). However, the final astrocyte
populations were restricted to a strongly GFAP-positive
subpopulation.

Astrocyte cultures may also be generated from more
committed tissue-specific stem cells, such as neural stem
cells isolated from the rodent brain (Crocker et al., 2008;
Gritti et al., 1994; Reynolds and Weiss, 1992; Vanhoutte
et al., 2004). To our knowledge, little information is
available on such cultures concerning the degree of ma-
turity, the dependence on the cell source (age, brain
region, isolation, and culture procedure) and the hetero-
geneity with respect to astrocyte subpopulations.

Primary neonatal astrocytes differ from adult astro-
cytes and may only reflect a small subpopulation of
astrocytes in the brain (Cahoy et al., 2008). Usually, the
majority of the cells from primary astrocyte cultures are
GFAP-positive. However, in the adult brain GFAP-nega-
tive astroglial populations have been reported in several
studies (Cahoy et al., 2008; Lovatt et al., 2007). For
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instance, in the adult rat brain, GFAP negative astro-
cytes constitute 40% of the entire astrocytic population
(Walz and Lang, 1998). Therefore, the contribution of
the different subtypes to brain inflammation cannot be
studied in standard primary cultures.

A NFkB translocation in GFAP™ and GFAP* cells

GFAP / Aqp4 / NFxB

C

Replating of MEDA facilitated the quantitative pheno-
typing by immunocytochemistry. Most of the replated or
thawed MEDA stained positive for S1008 (81 + 16%).
These cells contained an astrocytic GFAP" subpopula-
tion (31 + 18%), of which 19 * 13% also expressed
Aqp4. In the GFAP ™ subpopulation, 15 = 10% were posi-
tive for Aqp4. The relative amount of GFAP™ cells was
higher in the nonreplated DoD49 cultures (Fig. 1C), but
exact quantification was difficult because the cells had
grown into a tissue-like multilayer before they were
trypsinized.

Neurons, microglia or oligodendrocytes were undetect-
able after replating as assessed by immunofluorescence
staining and qPCR for RNA expression. Similarly, no
remaining pluripotent stem cells were observed, but a
subpopulation of other nonastrocytic cells cannot be
excluded. A minor proportion of the cells did not stain
positive for any marker tested.

Inflammatory activation is one of the most prominent
plastic changes of astrocytes, and primary astrocyte cul-
tures have been used in many studies to examine mech-
anisms of inflammation (Ambrosini et al., 2003; John et
al., 2005; Meeuwsen et al., 2003). When stimulated with
CCM, MEDA reacted similar to primary astrocytes.

Astrocytes may affect neuronal viability by metabolic
conversion of endogenous compounds and xenobiotics. A
prominent example is the generation of the toxic metab-
olite MPP" from MPTP via a reaction catalyzed by mon-
oamine oxidase (MAO) (Aschner and Kimelberg, 1991;
Chiba et al., 1984; Marini et al., 1989). As we have
shown here, MEDA have a conversion activity similar to
primary astrocytes. It may thus be possible to use them
in cocultures with dopaminergic neurons to examine me-
tabolism-dependent toxicity of MPTP and other com-
pounds (Schildknecht et al., 2009).

GFAP is the most frequently used marker for inflam-
matory activation of astrocytes in the brain, and for
astrogliosis under pathological circumstances. Fre-
quently, the astrocyte population is defined exclusively
by staining for GFAP (Walz 2000). Therefore, data on
GFAP-negative astrocytes, and in particular on their
inflammatory reaction, are scarce. Most data come from
GFAP™~ mice. These animals can develop reactive gliosis
similarly to wild-type animals (Pekny et al.,, 1995).
GFAP expression is thus no absolute prerequisite for
inflammatory competence, but it is not clear from these
studies, how the normal GFAP-negative subpopulation
behaved, and which subpopulation reacted with gliosis.

Fig. 8.
tive MEDA. MEDA were replated on DoD49. A,B: After 48 h, the cul-
tures were stimulated with CCM for 15 min and immunostained for the
p65 subunit of NF-kB and the astrocyte markers GFAP (green) and
Aqp4 (red). A: NF-kB translocating GFAP '/Aqp4 MEDA and NF-kB
translocating GFAP /Aqp4  MEDA (arrow). B: NF-kB translocating
GFAP'/Agp4d ' MEDA and NF-kB translocating GFAP /Aqp4" MEDA
(arrowhead). C: MEDA were stimulated with CCM for 24 h and immu-
nostained for inducible nitric oxide synthetase (iNOS, red) and the
astrocyte markers GFAP (green) and S1008. A GFAP /iNOS" cell is
shown next to a GFAP /iNOS' MEDA cell (arrow). Scale bar = 20 um.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Inflammatory activation of GFAP-positive and GFAP-nega-



MEDA cultures allowed us to show here, that activation
of the NF-kB pathway in astrocytes upon a proinflam-
matory stimulus occurs also in the GFAP-negative sub-
population. Furthermore, iNOS was upregulated simi-
larly in GFAP-negative and GFAP-positive MEDA. Thus,
not only the GFAP-expressing astrocyte population was
inflammation competent. These data suggest that, as in
our study, a combination of astrocyte markers (e.g. Aqp-
4, GFAP and S100B) may be useful to also detect subpo-
pulations of astrocytes. This would also apply to brain
tissue, as already described by Heinrich et al. (2010).

In summary, we established microglia-free cultures of
mouse embryonic stem cell-derived astrocytes. The possi-
bility to generate different subpopulations allows studies
of astrocyte development and plasticity not possible with
other culture models. More advanced protocols may in the
future allow the generation of different pure subpopula-
tions, and facilitate studies examining the factors control-
ling their differentiation. In addition, we showed that co-
cultures of neurons with MEDA are feasible. This opens up
new possibilities of studying the interplay of neurons and
astrocytes during development, the influence of astrocyte-
mediated inflammation on neurons or the role of astrocytes
for the generation of (developmental) neurotoxicity.
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