
Contents lists available at ScienceDirect

Neurochemistry International

journal homepage: www.elsevier.com/locate/neuint

Astrocyte culture models: Molecular and function characterization of
primary culture, immortalized astrocytes and C6 glioma cells

Fabiana Gallanda, Marina Seadya, Jessica Tadaya, Soraya Soubhi Smailib,
Carlos Alberto Gonçalvesa, Marina Concli Leitea,⁎

a Departamento de Bioquímica, Instituto de Ciências Básicas da Saúde, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil
bDepartamento de Farmacologia da Escola Paulista de Medicina, Universidade Federal de São Paulo, São Paulo, Brazil

A R T I C L E I N F O

Keywords:
Astrocyte culture
C6 cells
Immortalized astrocytes
Astrocyte function

A B S T R A C T

The understanding of the physiology of astrocytes and their role in brain function progresses continuously.
Primary astrocyte culture is an alternative method to study these cells in an isolated system: in their physiologic
and pathologic states. Cell lines are often used as an astrocyte model, since they are easier and faster to ma-
nipulate and cost less. However, there are a few studies evaluating the different features of these cells which may
put into question the validity of using them as astrocyte models. The aim of this study was to compare primary
cultures (PC) with two cell lines - immortalized astrocytes and C6 cells, in terms of protein characterization,
morphology and metabolic functional activity. Our results showed, under the same culture condition, that im-
mortalized astrocytes and C6 are positive for differentiated astrocytic markers (eg. GFAP, S100B, AQP4 and
ALDH1L1), although expressing them in less quantities then primary astrocyte cultures. Glutamate metabolism
and cell communication are reduced in proliferative cells. However, glucose uptake is elevated in C6 lineage
cells in comparison with primary astrocytes, probably due to their tumorigenic origin and high proliferation rate.
Immortalized astrocytes presented a lower growth rate than C6 cells, and a similar basal morphology as primary
astrocytes. However, they did not prove to be as good reproductive models of some of the classic astrocytic
functions, such as S100B secretion and GFAP content, especially while under stimulation. In contrast, C6 cells
presented similar results in comparison to primary astrocytes in response to stimuli. Here we provide a func-
tional comparison of three astrocytic models, in an attempt to select the most suitable model for the study of
astrocytes, optimizing the research in this area of knowledge.

1. Introduction

Many important advances in the knowledge of astrocytes have been
facilitated due to the isolation of these cells in culture (Lange et al.,
2012). Primary astrocyte cultures enable the study of these cells in
basal and neurotoxic conditions. Although this model may be limited by
being an isolated system, it has been demonstrated recently that, under
standard protocol, it shares similar gene expression characteristics
when compared with freshly isolated astrocytes (Hertz et al., 2017).
Astrocyte culture is a potent instrument to study mechanistic features in
well-controlled conditions, such as calcium signaling, the release and
uptake of gliotransmitters, as well as morphologic and biochemical
changes. This model may also help in the development of new drugs for
neurodegenerative diseases.

However, even though these advantages exist, the isolation of the
primary astrocyte culture is a laborious process, both in terms of time

consumption and high maintenance costs. Besides, it generates variable
results since astrocytes are highly heterogeneous cells, making it diffi-
cult to compare results among different research groups. An alternative
is the use of cell lines, such as C6 glioma cells (ATCC CCL-10), which is
a highly used model. These cells are isolated from a rat brain tumor
(Benda et al., 1968) and are used as astrocyte-like cell line in high
passages (over a hundred) due to the increased expression of some
astrocyte markers, as glial fibrillary acidic protein (GFAP), S100B,
glutamine synthetase (GS) and glutamate transporters (Baber and
Haghighat, 2010; Haghighat, 2005; Parker et al., 1980; Raju et al.,
1980; Tabuchi et al., 1982). Another model to study astrocytes in cul-
ture is immortalized astrocytes, which are genetically transformed cells
with higher proliferative rate (Frisa and Jacobberger, 2002; Furihata
et al., 2016; Morikawa et al., 2001). These cells have the advantage of
originating from a primary astrocyte culture and not from a tumor. Both
transformed cells could provide more homogeneous features than
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primary astrocyte cell cultures, originating from clones. Furthermore,
they are faster and easier to manipulate than primary cultures once they
can be stocked and thawed.

Despite these facilities, the use of cell lines has been questioned in
the literature due to their glioma features and certain different char-
acteristics from primary culture which put into question the validity of
these cell line models (Haghighat and McCandless, 1997a, 1997b; Leite
et al., 2009; Nardin et al., 2007; Tabernero et al., 2006). There are no
data in the literature that show a complete and integrative evaluation of
primary astrocytes culture (PC) as compared to immortalized astrocytes
(IA) and C6 glioma cell line (C6). Here we show a comparative analysis
of these three models with regards to their morphological and func-
tional features under the same growth conditions. We show differences
in the cell morphology and protein expression characteristics of astro-
cytes, such as GFAP, S100B, aldehyde dehydrogenase 1 family, member
L1 (ALDH1L1), aquaporin-4 (AQP4) and potassium channel-4 (Kir4.1).
Furthermore, glutamate metabolism was evaluated by glutamate up-
take, protein expression of its transporters (EAAT1 and EAAT2), glu-
tamine synthetase activity and GSH content. Glucose metabolism was
also assessed using H3-glucose uptake and its transporter protein con-
tent (GLUT1). We also evaluated the communication of these cells by
gap junction, checking Cx43 expression and its coupling. In addition,
we showed the responsiveness of these cell models under toxic stimuli,
evaluating astrocytic activation through GFAP content and S100B se-
cretion, glutamate and glucose metabolism and inflammatory cytokine.
This study contributes to the evaluation of different model of astrocyte
culture, optimizing the research in this area of knowledge and a better
understanding of astrocyte cell physiology.

2. Materials and methods

2.1. Materials

Poly-L-lysine, methylthiazolyldiphenyl-tetrazolium bromide (MTT),
neutral red, glutathione standard, phthaldialdehyde, lipopolysacchar-
ides from Escherichia coli (LPS) 055:B5, L-glutamate, o-phenylenedia-
mine (OPD), γ-glutamylhydroxamate acid, N-methyl-d-glucamine and
aminoguanidine hemisulfate salt (AG) were purchased from Sigma [St.
Louis, USA]. Lipofectamine, Fetal calf serum (FCS), Dulbecco's modified
Eagle's medium (DMEM) and other materials for cell culture were
purchased from Gibco [Carlsbad, USA]. l-[2,3-3H] glutamate was pur-
chased from Amersham International [Buckinghamshire, United
Kingdom] and deoxy-d-glucose, 2-[3H(G)] (10 Ci/mmol) was purchased
from American Radiolabeled Chemicals, Inc. [Saint Louis, USA]. Lucifer
Yellow was purchased from Invitrogen, Life Technology Corporation
[Carlsbad, USA]. Antibodies obtained from Sigma [St. Louis, USA]
were: anti-S100B (SH-B1) and anti-GFAP. Human GFAP from
Calbiochem. Antibodies obtained from Santa Cruz Biotechnology
[Santa Cruz, USA]: polyclonal anti-RAGE (N16), anti-glutamine syn-
thetase, polyclonal anti-Kir4.1, anti-BDNF, anti-GLUT1 and anti-goat
IgG-R. Antibodies obtained from Chemicon [Temecula, USA]: poly-
clonalanti-AQP-4 antibody and anti-conexin-43. Monoclonal anti-alde-
hyde dehydrogenase family 1-member L1 was obtained from Neuromab
(Davis, USA). Polyclonal anti-S100B and anti-rabbit peroxidase were
purchased from DAKO [São Paulo, Brazil] and GE [Little Chalfont,
United Kingdom], respectively. Antibodies anti-EAAT1 and EAAT2
were purchased form Abcam [Cambridge, USA], and anti-actin from
Merck Millipore Corporation [São Paulo, Brasil].

2.2. Astrocytes primary cell culture

Primary astrocyte cultures from Wistar rats were prepared as pre-
viously described by Gottfried et al. (2002). Procedures were carried
out in accordance with the NIH Guide for the Care and Use of La-
boratory Animals and were approved by the local authorities. Briefly,
cerebral cortices of newborn Wistar rats (1–2 days old) were removed

and mechanically dissociated in Ca2+- and Mg2+-free balanced salt
solution, pH 7.4, containing (in mM): 137 NaCl; 5.36 KCl; 0.27
Na2HPO4; 1.1 KH2PO4 and 6.1 glucose. The cortices were cleaned of
meninges and mechanically dissociated by sequential passage through a
Pasteur pipette. After centrifugation at 300×g for 5min, the pellet was
suspended in DMEM (pH 7.6) supplemented with 8.39mM HEPES,
23.8 mM NaHCO3, 0.1% amphotericin B, 0.032% gentamicin and 10%
fetal calf serum (FCS). Cells were plated onto 12 or 24-well- plates
(800.000 and 300.000 cells/well, respectively) pre-treated with poly-L-
lysine. Cultures were maintained in DMEM containing 10% FCS in 5%
CO2/95% air at 37 °C. The medium was changed every 3–4 days. Cells
were allowed to grow to confluence and used at 21 days in vitro. Im-
munocytochemistry was made with pre-confluent cells, approximately
10 days in vitro, seeded on coverslips covered with poly-L-lysine. The
purity of astrocyte primary cell culture was more than 95%, assessed by
immunocytochemistry (GFAP/S100B double staining). We were unable
to label neurons or microglia, using anti-NeuN or anti-Iba-1 respec-
tively.

2.3. C6 glioma cell culture

The C6 glioma cell line was obtained from the American Type
Culture Collection (Rockville, MD). Late passage cells (i.e. after at least
100 passages) were seeded in 25 cm2

flasks and cultured in DMEM 10%
FCS (same medium as described for astrocytes primary culture).
Exponentially growing cells were detached from the culture flasks using
0.05% trypsin/ethylenediaminetetraaceticacid (EDTA) and seeded on
coverslips (immunocytochemistry) on 12 or 24-well plates. Cells were
allowed to grow to confluence and used in 3 days in vitro.

2.4. Culture of immortalized astrocytes

Immortalized astrocytes were donated by Professor Soraya Soubhi
Smaili (Laboratory of Calcium Signaling and Cell Death). Briefly, as-
trocyte primary culture with 11 days in vitro was transfected with a
mixture of 3 μg of pSV3-neo plasmid and 10 μg of lipofectamine over a
period of 5 h. The plasmid pSV3 contains the gene for the large SV40 T
antigen, which interferes with the expression of tumor suppressor
proteins. As a control, cells were also transfected with GFP plasmid
(pcDNA3 vector). Four days after transfection, the antibody G418 was
added for the selection of neomycin-resistant colonies. The medium was
changed every 3–4 days and the concentration of G418 was gradually
increased from 200 to 800 μg/mL. After 3 weeks, isolated colonies were
selected and seeded on 24-well plates and gradually expanded in
75 cm2

flasks. The transfected cells were maintained in DMEM with
10% FCS, 1% penicillin/streptomycin and 200 μg/mL of G418.
Immortalized astrocytes from 10 to 30 passages were used in these
experiments.

2.5. Immunocytochemistry

Immunocytochemistry was performed as described previously by
(Lasič et al., 2016) with some modifications. Briefly, cell cultures were
fixed with 4% paraformaldehyde/4% sucrose for 10min and permea-
bilized with 0.1% Triton X-100 in PBS for 20min at room temperature.
After blocking 1 h with 2% albumin bovine, the cells were incubated
overnight with anti-GFAP, anti-S100B or anti-actin. For PC, antibodies
were incubated at a concentration of 1:1000 and for IA and C6, anti-
bodies were incubated at 1:250. After a 3-stage washing with PBS,
specific secondary antibodies conjugated with Alexa Fluor 488 (green
staining) or 568 (red staining) were incubated for 1 h at room tem-
perature. For all the immunostaining-negative controls, the reactions
were performed by omitting the primary antibody. No reactivity was
observed when the primary antibody was excluded. Cell nuclei were
stained with 0.2mg/mL of 49,69-diamidino-2 phenylindole (DAPI).
The cells were visualized with a Nikon inverted microscope and the

F. Galland, et al. Neurochemistry International 131 (2019) 104538

2



images were transferred to a computer with a digital camera (Sound
Vision Inc.).

2.6. S100B measurement

S100B was measured by ELISA, as previously described by Leite
et al. (2008). Briefly, 50 μl of sample (previously homogenized and
diluted) plus 50 μl of tris buffer 50mM were incubated for 2 h on a
microtiter plate previously coated overnight with monoclonal anti-
S100B and blocked for 1 h with 2% albumin from chicken egg. Poly-
clonal anti-S100 was incubated for 30min and then peroxidase-con-
jugated anti-rabbit antibody was added for a further 30min. The mi-
crotiter plate was rinsed three times between each step with a wash
solution. O-phenylenediamine was added for 30min and the colori-
metric reaction was determined at 492 nm. The standard S100B curve
ranged from 0.002 to 1 ng/mL.

2.7. GFAP measurement

The ELISA for GFAP was carried out, as previously described by
Tramontina et al. (2007). Homogenates of cell culture (100 μl) pre-
viously diluted in TBS or standard human GFAP ranging from 0.1 to
5 ng were incubated in microtiter plates for 24 h at 4 °C. After blocking
with 5% milk-TBS (M-TBS) for 2 h at room temperature, a rabbit
polyclonal anti-GFAP (dilution in 0.5% M-TBS) was incubated for 1 h.
Then, secondary antibody conjugated with peroxidase was incubated
for 1 h at room temperature. The microtiter plate was rinsed three times
between each step with a wash solution. O-phenylenediamine was
added for 30min and the colorimetric reaction was determined at
492 nm.

2.8. Glutamine synthetase activity

The enzymatic activity of glutamine synthetase was determined
using the procedures described previously by Minet et al. (1997), with
modifications. Briefly, homogenized samples diluted in 50mM imida-
zole were incubated with (mM): 50 imidazole, 50 hydroxylamine,
100 L-glutamine, 25 sodium arsenate dibasic heptahydrate, 0.2 ADP, 2
manganese chloride, pH 6.2 for 15min at 37 °C. The reaction was
stopped by the addition of 0.2 mL of 0.37M FeCl3, 200mM tri-
chloroacetic acid, and 0.67M HCl. After centrifugation, the absorbance
of the supernatant was measured at 540 nm and compared to the ab-
sorbance generated by standard quantities of γ-glutamyl hydroxamate
acid diluted in the same solution as the samples. Glutamine synthetase
activity was expressed as μmol/h/mg protein.

2.9. GSH

Reduced glutathione content was determined as previously de-
scribed (Browne and Armstrong, 1998). Briefly, the samples were
homogenized in sodium phosphate buffer (0.1M, pH 8.0) containing
5mM EDTA and protein was precipitated with 1.7% meta-phosphoric
acid. Supernatant was assayed with o-phthaldialdehyde (1mg/mL
methanol) at room temperature for 15min. Fluorescence was measured
using excitation and emission wavelengths of 350 and 420 nm, re-
spectively. A calibration curve was employed using standard GSH so-
lutions (0–500 μM).

2.10. Glutamate uptake assay

Glutamate uptake was measured, as previously described by
Gottfried et al. (2002) with some modifications (Thomazi et al., 2004).
Cell cultures were incubated at 37 °C in Hank's balanced salt solution
(HBSS) containing (in mM): 137 NaCl, 5.36 KCl, 1.26 CaCl2, 0.41
MgSO4, 0.49 MgCl2, 0.63 Na2HPO4·7 H2O, 0.44 KH2PO4, 4.17 NaHCO3

and 5.6 glucose, pH 7.4. The assay was started by the addition of

0.1 mM L-glutamate and 0.66 μCi/mL L-[2,3-3H] glutamate. Incubation
was stopped after 7min for PC and 10min for IA and C6 cells, by re-
moving the medium and rinsing the cells three times with ice cold
HBSS. The cells were then lysed in a 0.5M NaOH solution. Sodium-
independent uptake was determined using N-methyl-D-glucamine in-
stead of NaCl. Sodium dependent glutamate uptake was obtained by
subtracting the non-specific uptake from the total uptake to obtain the
specific uptake. Radioactivity was measured in a scintillation counter.
Results were expressed as nmol/mg protein/min.

2.11. Glucose uptake assay

Glucose uptake was measured as previously described (Pellerin and
Magistretti, 1994), with modifications. Cell cultures were rinsed in
HBSS. Subsequently, cells were incubated at 35 °C in HBSS (described
above). The assay was initiated by the addition of 0.1 μCi/well deoxy-d-
glucose, 2-[3H(G)]. The incubation was stopped after 15min by re-
moving the medium and rinsing the slices three times with ice-cold
HBSS. The cells were then lysed in a solution containing 0.5M NaOH.
Glucose uptake was calculated by subtracting the non-specific uptake,
obtained by using the glucose transporter inhibitor, cytochalasin B
(10 μM), from the total uptake in order to obtain the specific uptake.
Radioactivity was measured using a scintillation counter. Results were
expressed as nmol/mg protein/min.

2.12. TNF alpha measurement

TNF-α was measured using a commercial ELISA colorimetric kit
(eBioscience, Inc. San Diego, USA) in the supernatant of cell cultures,
following the manufacturer's instructions.

2.13. Western blot analyses

Cell cultures were homogenized in a sample buffer (0.0625M
tris–HCl, pH 6.8, 2% (w/v) SDS, 5% (w/v) b-mercaptoethanol, 10% (v/
v) glycerol, 0.002% (w/v) bromophenol blue) and subsequently boiled
and centrifuged. Equal amounts (25 μg) of total protein was electro-
phoresed in a 12% (w/v) SDS–polyacrylamide gel. The separated pro-
teins were blotted onto a nitrocellulose membrane. Membranes were
incubated in TBS-T (20mmoL/L Tris–HCl, pH 7.5, 137mmoL/L NaCl,
0.05% (v/v) Tween-20) containing 2% (w/v) bovine albumin for 1 h at
4 °C. Subsequently, the membranes were incubated overnight, at 4 °C,
with the appropriate primary antibody in a dilution (1:5000): anti-
GFAP, anti-vimentin, anti-GS, anti Kir4.1, anti-AQ-4, anti ALDH1L1,
anti-Cx43, anti-BDNF, anti-EAAT1, anti-EAAT2 or anti-GLUT-1.
Membranes were then rinsed with TBS-T and exposed to horseradish
peroxidase-linked anti-IgG antibodies for 1 h at 4 °C.Equivalent loading
of each sample was confirmed with anti-actin. The chemiluminescence
signal was detected using an ECL kit from Amersham and evaluated in
the luminescence image analyzer (Image Quant LAS4000 from GE). The
luminescence signal differences were analyzed using ImageJ software.

2.14. Cell coupling

Scrape loading/dye transfer was carried out as previously described
(Leite et al., 2009). After treatment, the conditioned incubation
medium was removed and saved. The cultures were quickly and care-
fully rinsed in Ca+2-free HBSS to prevent uncoupling of the cells as a
result of high Ca2+ levels. Two parallel scrapes were performed with a
scalpel blade in the Ca+2 free HBSS with 0.1% (w/v) Lucifer yellow at
room temperature. Disruption of the cell membrane allows the dye to
permeate the cells and to diffuse to surrounding cells through GJ
channels. The dye was rinsed away with HBSS after 1min. The condi-
tioned incubation medium was reintroduced, and cultures were left for
7min. After that, cells were viewed with a Nikon inverted microscope
and images transferred to a computer with a digital camera. All images
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are representative fields from at least three experiments carried out in
triplicate.

2.15. MTT reduction assay

Cells were incubated with 50 μg/mL methylthiazolyldiphenyl-tet-
razolium bromide (MTT) during the last 30min of incubation at 37 °C.
Afterwards, the medium was removed and MTT crystals were dissolved
in DMSO. Absorbance values were measured at 560 and 650 nm. The
reduction of MTT was calculated as (abs at 560 nm)− (abs at 650 nm)
and expressed as a percentage of basal.

2.16. Protein determination

Protein content was measured by Lowry's method, modified by
Peterson, using bovine serum albumin as standard (Peterson, 1977).

2.17. Statistical analysis

Parametric data are reported as means ± standard errors and were
analyzed by t-test or one-way analysis of variance (ANOVA) followed
by Tukey's post-hoc, using SPSS-16.0. Tests are specified in the legends,
with the level of significance set at p < 0.05.

3. Results

Cell astrocyte morphology was evaluated with the label of actin,
GFAP and S100B proteins (Fig. 1). PC and IA showed similar polygonal
shape with few cell processes. Actin label revealed organized filaments
in both cell types. In contrast, C6 glioma cells presented an elongated
body with diffuse actin fibers. In contrast to IA, PC and C6 presented
morphological alterations induced by forskolin 10 μM stimulus. PC
showed stellated characteristic shape and C6 showed a cell body re-
traction with thin processes. As is known, an increase on GFAP/vi-
mentin ratio during development is associated with astrocytic differ-
entiation (Menet et al., 2001). In our study, IA and C6 showed the same
GFAP/vimentin ration as PC, indicating a similar differentiation state
(Fig. 2A).

Regarding the astrocytic markers, C6 and IA were positive, but
showed reduced levels of GFAP, S100B, ALDHL1 and AQP4, compared
to PC (Fig. 2 A, B, D and E). Interestingly, Kir4.1 showed similar levels
in all tested cell models (Fig. 2F).

Glutamate metabolism was assessed by measuring glutamine syn-
thetase (GS) and glutamate transporters content (EAAT1 and EAAT2),
as well as GS activity and glutamate uptake. All these measurements
were reduced in IA and C6 cells (Fig. 3A–E). Interestingly, GSH content,
which is the main antioxidant in astrocytes and whose biosynthesis also
depends on glutamate content, was produced in equivalent amounts by
PC, IA and C6 (Fig. 3F).

Glucose metabolism was evaluated through the measurement of
glucose transporter and uptake. In these analysis, C6 glioma cells
showed higher rate of glucose uptake than PC and IA (Fig. 4A). Despite
this data, IA and C6 presented lower levels of glucose transporter
(GLUT-1) content as compared to PC (Fig. 4B).

Astrocytic communication is essential for many of their functions
(Rouach et al., 2002). This communication was evaluated by the ana-
lysis of conexin-43 content, the most abundantly expressed connexin in
astrocyte cultures, and by a scrap loading assay carried out with Lucifer
Yellow dye. Both analyses revealed impaired gap junction commu-
nication in IA and C6 cells when compared to PC (Fig. 5 A and B).

Considering that the three models of astrocytes presented variation
in basal protein profile, we wondered if they would respond differently
under the same stimulus. We used well described stimuli to interfere
with astrocyte function. As shown in Table 1, the three cell models
responded in a similar way under stimuli relative to glucose and glu-
tamate uptake, as well as TNFα secretion. However, IA was unaffected
by stimuli regarding S100B secretion, GS activity and GSH content, in
opposite to PC and C6 which had similar response. Interestingly, the
increase in GFAP under LPS stimuli observed in PC was not shown in
either IA nor C6. Viability of the cells under all stimuli was not com-
promised, based on MTT reduction assay (data not shown).

4. Discussion

4.1. Morphology and plasticity evaluation

Astrocyte morphology and plasticity may be critical in the regula-
tion of extracellular microenvironment and synaptic activity (De Pittà
et al., 2016; Ostroff et al., 2014). In this study, morphological evalua-
tion in basal conditions showed a similar polygonal shape between PC
and IA. In contrast, C6 cells showed a fusiform or triangular cell body
and irregular actin network, which was previously associated with
glioma invasiveness (Zhou et al., 2008). Although C6 have been used in
high passages in our work, these cells have a tumoral origin and may

Fig. 1. Morphological evaluation of PC, C6 and IA. Immunocytochemistry for actin, GFAP and S100B was done in basal and forskolin 10 μM stimulated conditions
(15min) in primary culture (PC), immortalized astrocytes (IA) and C6 cells (C6). Scale bar= 50 μm.
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preserve some characteristics of transformed cells.
Under forskolin stimulus, which classically induces an increase in

the intracellular content of cAMP, PC showed cell body retraction and
prominent long processes as expected (Pinto et al., 2000). Under the
same condition, C6 showed a cell body retraction, but sparse and
thinner processes than PC. Even though IA are morphologically similar
to PC, they were not affected by forskolin stimuli. Interestingly, primary
astrocyte culture was shown to lose processes after subculturing
(Passaquin et al., 1994) which may explain part of IA unresponsiveness.
Similar to our results, dibutyryl-cAMP did not induce up-regulation of
GFAP in immortalized cell lines as did to C6 and PC (Geller and Dubois-
Dalcq, 1988). Furthermore, astrocyte hypertrophy is highly dependent
on GFAP content which is already shown to be reduced in lineage cells
(Wilhelmsson et al., 2004) and was confirmed by this study. In sum-
mary, our results show that morphology plasticity may be compromised
in IA, making this cell line a disadvantageous model for this evaluation.

4.2. Protein expression profile of astrocyte models

Astrocytes are functional and molecularly heterogeneous cells.
However, they have some protein markers, like S100B and GFAP
(Brozzi et al., 2009; Eng, 1985; Van Eldik and Wainwright, 2003). C6
and IA were positive for both markers, although in significantly less
quantities than PC. Similar results were previously observed in other
works (Furihata et al., 2016; Groves et al., 1993; Morikawa et al., 2001;
Raju et al., 1980; Tabuchi et al., 1982). Besides these markers, we also
evaluated ALDH1L1 protein which has been used as a new astroglial
marker (Souza et al., 2013; Yang et al., 2011). Although this protein
participates in folate metabolism, interfering in cell division and growth
(Krupenko, 2009), IA and C6 cells showed reduced levels of ALDH1L1
compared to PC. The same result was seen with AQP4 levels, which is
widely expressed in astrocyte membranes (Papadopoulos and Verkman,
2013).

The reduced levels of important astrocytic markers in IA and C6

cells may be explained by their high proliferative profile. In this sense,
both cell lines may invest more in the synthesis of proteins related to
cell proliferation instead of specific astrocytic markers. It is known the
level of any specific protein inside cells is dynamic. Gene expression
may vary dependent on cell density or cell cycle transition time. For
example, a decrease in proliferative associated genes is expected in
confluent cells or, an upregulation in genes associated with cell dif-
ferentiation (Frisa and Jacobberger, 2002). The attenuation in pro-
liferative abilities may allow the cell to undergo a more differentiated
status. Therefore, it is important in this analysis, and in any other study
that uses these cell models, to maintain a confluence pattern in order to
reach gene expression stability.

Interestingly, Kir4.1 channel, which is also a glial specific protein
(Seifert et al., 2016), showed similar content in all tested cell types.
However, potassium conductance has been shown to be impaired in
gliomas due to a nucleus membrane localization instead of cellular
membrane (Olsen and Sontheimer, 2008). Therefore, similar protein
expression does not necessarily represent Kir4.1 function.

4.3. Functional characterization of glutamate metabolism

An impaired glutamate metabolism in astrocytes may compromise
the glutamate-glutamine cycle and many brain functions as seen in
neurodegenerative diseases (Benarroch, 2010). Recently it was shown
that astrocyte glutamate uptake depends on GS activity, which ensures
an efficient clearance of glutamate captured by EAATs (Trabelsi et al.,
2017). Therefore, rather than observe only expression, as seen in earlier
studies (Baber and Haghighat, 2010; Furihata et al., 2016), our analysis
evaluated the functionality of this clearance mechanism. We found a
reduced glutamate metabolism in IA and C6 cells compared to PC. Al-
though the basal expression of glutamate transporters in cell lines is not
so different to PC, its functionality was extremely low, suggesting that
EAAT1 and EAAT2 could be poorly located in plasmatic membrane in
these cells. It is important to note that other studies have not detected

Fig. 2. Protein profile of astrocytic markers in PC, IA and C6. The content of characteristic proteins of astrocytes was analyzed under basal conditions in PC, IA
and C6. GFAP-vimentin ratio was measured by Western blot (A); GFAP (B) and S100B (C) content was measured by ELISA; ALDH1L1 (D); AQP4 (E) and Kir4.1 (F)
content was measured by Western blot. Representative immunoblots are shown in inserts. Each value is the mean (± standard error) from at least 5 experiments.
Statistical analysis was performed by one-way ANOVA followed by Tukey's test, with a significance level of p < 0.05.
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glutamate transporters in lineage cells, however this was analyzed in C6
low passages, in opposed to our cells, that were subcultured at least 100
times (Palos et al., 1996; Vanhoutte and Hermans, 2008). The me-
chanistic reason for the switching of C6 from a glioma to a differ-
entiated astrocyte model is still unknown. Interestingly, EAAT2 over-
expression was shown to reduce the proliferative rate of C6 cells under
glutamate stimulus, showing a negative correlation between glutamate
transporters and cell proliferation (Vanhoutte and Hermans, 2008).

GSH production gives astrocytes a high capacity to oxidative de-
fense in the brain (Matés et al., 2002) and all tested cell types showed
similar GSH content. It is known that GSH production is dependent on
glutamate content. Considering that glutamate uptake and GS activity
were lower in IA and C6 cells than PC, we can assume that glutamate is
mainly directed to GSH production in these cell lines (McKenna et al.,
1996). Therefore, these pathways may be differently controlled in PC,

IA and C6 cells. Corroborating this idea, the Xc-cysteine/glutamate
antiporter system has been shown to be overexpressed in glioma cells
compared with normal astrocytes, contributing to their growth, survival
and expansion (Bridges et al., 2012). Moreover, high GSH production
may protect glioma cells against the high oxidative metabolism ob-
served in proliferative cells (Marie and Shinjo, 2011; Pallardó et al.,
2009).

4.4. Energy metabolism and gap junction communication in astrocytes

Astrocytes represent a key element in brain energy homeostasis.
Most glucose captured by astrocytes is driven to glycogen stores and/or
is converted to lactate for neuronal export (Bouzier-Sore and Pellerin,
2013; Pellerin, 2008). Although the main glucose transporter in astro-
cyte (GLUT-1) is under expressed in IA and C6 compared to PC, glucose

Fig. 3. Glutamate metabolism in PC, IA and C6 cells. Glutamate uptake was assessed under basal conditions by a radiometric assay (A). The immunocontent of
EAAT1 (B) and EAAT2 (C) was measured by Western blot. Glutamine synthetase activity was measured by a colorimetric assay (D) and GS immunocontent by
Western blot analysis(E). GSH content was measured by fluorimetric assay (F). Representative immunoblot are shown in inserts. Each value is the mean (± standard
error) from at least 5 experiments. Statistical analysis was performed one-way ANOVA followed by Tukey's test, with a significance level of p < 0.05.
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uptake is more pronounced in C6 cells (Fig. 4). It is known that tumor
derivative cells present the Warburg Effect, that is when glycolysis is
the primary method of energy derivation. Therefore, they use much
more glucose than normal cells (Labak et al., 2016). Accordingly, a
previous study showed that C6 glioma cells utilize more glucose and
produce less lactate than normal astrocytes (Haghighat and
McCandless, 1997a). It was suggested that glucose may be used in an-
other pathway such as the pentose phosphate shunt, which increases
NADPH and GSH content produced by glutathione reductase activity
(Dringen et al., 2015). In accordance with this, an increase in energy
metabolism is common in proliferative cells (Marie and Shinjo, 2011).

Metabolic substrates, such as glucose, can cross astrocytic gap
junctions and this communication is inversely associated with pro-
liferative rate (Tabernero et al., 2006). Tumor cell lines are usually

devoid of gap junction, and its presence is inhibited by tumor-pro-
moting molecules (Budunova and Williams, 1994). In fact, C6 are
known to have low levels of cell communication, which is in accordance
with the low expression of Cx43 seen in our results and in previous
studies (Liu et al., 2012; Rouach et al., 2002). Interestingly, an increase
in gap junction communication decreases glucose uptake and pro-
liferative rate in C6 cells (Tabernero et al., 2006). At the same time an
inhibition of gap junction by endothelin stimulates the translocation
and up-regulation of GLUT-1 from the intracellular pool to the plasma
membrane in astrocytes (Sánchez-Alvarez et al., 2004). Thus, beyond
the Warburg Effect, gap junction also may play an important role in
glucose uptake regulation in proliferative cells.

4.5. Response of culture models to different stimuli

Some contradictory results are found in the literature when different
models of astrocyte culture are submitted to the same treatment
(Haghighat and McCandless, 1997a; Leite et al., 2009; Morikawa et al.,
2001; Nardin et al., 2007). These varying results make the analysis
difficult and raise doubt as to the validity of the model. Therefore, we
tested how the three different models of astrocyte culture would re-
spond to the same treatment. For that, we used stimuli that were al-
ready known in the literature to cause functional changes in primary
culture. It is important to mention that variation in culture response
may also be influenced by differences in culture procedure, such as
medium composition, culture plate coating and days in vitro (Lange
et al., 2012). These differences may interfere in gene expression and
morphological variations (Passaquin et al., 1994). In fact, recently it
was shown that extracellular matrix composition determines astrocyte
responses to mechanical and inflammatory stimuli (Johnson et al.,
2015). In this work, we applied the same procedures to all three cul-
tured models, ensuring that the treatment effects observed were due to
biological cell variation.

Overall, our results showed that PC and C6 cells respond similarly to
the same stimulus, specifically in relation to S100B secretion, GSH
content, glutamine synthetase activity, glucose and glutamate uptake
and TNFα secretion (Table 1). Therefore, although they often presented
differences in the basal amount of protein, the activation of these
pathways appears to be similar, at least for the tested stimuli. In con-
trast, IA showed less reactivity, indicating that this transfected clone is
not a good model for the study of certain astrocyte features. Recently, it
was shown that p53 isoform, expressed in different passages, regulates
astrocyte-mediated neuroprotection and neurodegeneration (Turnquist
et al., 2016). Therefore, IA, that has p53 inhibition (due to the trans-
fection process) may have compromised functionality. It is important to
note that IA preserved the response to glutamate and glucose uptake, as
well as TNF α secretion.

5. Conclusions

Based on our data, although PC is a more time-consuming and costly

Fig. 4. Glucose metabolism in PC, IA and C6 cells. Glucose uptake was as-
sessed under basal conditions by a radiometric assay (A). The immunocontent
of GLUT-1 was measured by Western blot (B). Representative immunoblot is
shown in the insert. Each value is the mean (± standard error) from at least 5
experiments. Statistical analysis was performed one-way ANOVA followed by
Tukey's test, with a significance level of p < 0.05.

Fig. 5. Gap junction communication in PC, IA and C6. Conexin-43 immunocontent was evaluated under basal conditions by Western blot (A). Representative
images of scrape loading with Lucifer yellow dye (B). Scale bar= 50 μm.
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technique, its use as a reproductive model for astrocyte studies is un-
doubtedly preferential. However, the C6 cell line, although presenting
certain limitations, seems to reproduce an astrocyte in a significant
way. In summary, this work identified the limitations and advantages of
each type of culture, providing a complete and integrative comparison
of astrocytes function and optimizing the research in this area of
knowledge. Besides, it highlighted the importance of validating cell
culture models for each stimulus of interest, in order to choose an ap-
propriate cell model, when the use of PC is not possible.
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