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Abstract

Astrocytes are the most common cells present in the brain and they are
responsible for metabolic support, characterized mainly for their close interaction
with neurons. Some glial markers are well recognized, as S100B, a calcium
binding protein that plays important intra and extracellular roles in central
nervous system. This protein is implicated in glial-neuron communication,
presenting neurotrophic or neurotoxic properties, depending on its concentration.
Among the models available to study astrocytes, C6 glioma cells in later than 100
passages are very useful, because have properties that are characteristic of the
glial cells. The objective of the present work is to evaluate the effect of
physiological concentration of exogenous S100B on glucose uptake in C6
astroglial cells. We observed a reduction of glucose uptake in the presence of
exogenous S100B, and the incubation with anti-S100B antibody reversed this
effect. The incubation with anti-RAGE antibody also reversed this effect,
demonstrating that this receptor is involved in the S100B effect. However, further

studies are necessary to unveil the S100B mechanism of action.

Keywords: Astroglial cells, S100B, Glucose Uptake, Energetic Metabolism
Highlights: We evaluated S100B effect on glucose uptake; Glucose uptake was
reduced after addition of S100B; S100B reduces glucose uptake in astroglial C6
cells.

Abbreviations: S100B: calcium binding protein; GFAP: glial fibrillary acidic
protein; CNS: central nervous system; RAGE: receptor for advanced glycation

end products; FBS: Fetal bovine serum; DMEM: Dulbecco’s modified Eagle



medium; EDTA: trypsin/ethylenediaminetetracetic acid; ANOVA: one way analysis
of variance; SPSS: Statistical Package for the Social Sciences; GLUTSs: glucose
transporters proteins; AGEs: advanced glycated end products; MAPKs: mitogen-

activated protein kinases.
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1. Introduction

Astrocytes are the most common cells present in the brain and they are
responsible for many effects of metabolic support, characterized mainly for their close
interaction with neurons. Furthermore they are the main non-neural cell type
responsible for the maintenance of brain homeostasis (Belanger and Magistretti,
2009). This cells act in the regulation and maintenance of restrictive properties of the
blood-brain barrier regulating the accessibility of factors or molecules which are
involved in neurogenesis (Sidoryk-Wegrzynowicz and Aschner, 2013).

The astrocytes are also involved in the energy metabolism, and are inserted in
the astrocyte-neuron lactate shuttle hypothesis, whit astrocytes contributing to brain
glucose uptake (Pellerin and Magistretti, 2004). The uptake depends of glucose
coming from the blood circulation, which is taken by the astrocytes and converted to
lactate. After, lactate is released on the extracellular space. The glucose processesd
by glycolysis is uptakenurs after the activation of Na',K'-ATPase. After that, the
lactate is taken up by neurons, and oxidized to produce the energy necessary for cell
survival (Pellerin, 2008).

Some glial markers are well recognized, as S100B, a calcium binding protein,
and glial fibrillary acidic protein (GFAP), an intermediate filament present in the
cytoskeleton (Kimelberg and Nedergaard, 2010). S100B is predominantly expressed
and secreted by astrocytes, and plays important intra- and extracellular roles in
central nervous system (CNS) (Donato, 2003; Donato et al., 2009, 2013). This
protein is implicated in glial-neuron communication, presenting neurotrophic
properties at nanomolar levels, like pro-survival effect in neurons and neurite

outgrowth (Donato et al., 2009). However at micromolar levels D100B should exert
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neurotoxic effects, by release of pro-inflammatory cytokines (Van Eldik and

Wainwright, 2003).

The secretion of S100B can be modulated by several compound, as IL-1
(de Souza et al., 2009), fluoxetine (Tramontina et al., 2008), huperzine-A (Lunardi et
al., 2013) and apomorphine (Nardin et al., 2011); high glucose levels (Tramontina et

al., 2012) and glutamate (Tramontina et al., 2006), which reduces the secretion.

S100B can act by interaction with the receptor for advanced glycation end
products (RAGE), that belongs to the immunoglobulin superfamily (Donato et al.,
2009). It was shown that RAGE is the main responsible receptor for S100B
intracellular signal transduction (Huttunen et al., 2000), and was found on the cell
surface or in the interior of astrocytes (Ponath et al., 2007). Because of these

peculiarities, in this work, we denominated C6 glioma cells as C6 astroglial cells.

Among the models available to study astrocytes, C6 astroglial cells in later
than 100 passages are very useful, mostly because their similar glial cells properties.
Biochemical and metabolic parameters are very similar between astrocytes and
glioma C6 cells, including the expression of glutamine synthetase (Bobermin et al.,
2012), glutamate uptake activity (Baber and Haghighat, 2010), and the expression of

GFAP and S100B (Esposito et al., 2008).

Some animal models have shown reduced levels of extracellular S100B and a
decrease in glucose uptake in CNS (Biasibetti et al., 2013; Vizuete et al., 2013), but
the link between these two events was not investigated. In order to evaluate the
possibility of this link, we decided to evaluate the effect of exogenous S100B on

glucose uptake in C6 astroglial cells.



2. Materials and Methods

2.1. Materials

Fetal bovine serum (FBS), Dulbecco’s modified Eagle medium (DMEM) and other
materials for cell culture were purchased from Gibco BRL (Carlbad, CA, USA). D-[3-
3H] glucose (20 Ci/mmol) were purchased from Perkin-Elmer (Boston, MA, USA).
S100B protein, Anti-S100B antibody (clone SH-B) and Anti-GFAP (clone G-A-5) were
purchased from Sigma-Aldrich (St. Louis, MO- USA). Anti- RAGE (clone N-16) was
purchased from Santa Cruz Biotechnology (Santa Cruz CA-USA). Other reagents
were purchased from local commercial suppliers (Sulquimica, Labsul or Biogen;

Porto Alegre, Brazil).

2.2. C6 Astroglial Cell Culture

The C6 astroglial cell line was obtained from the American Type Culture
Collection (Rockville, MA, USA) and cultured according to a previously described
procedure (Bobermin et al., 2012; de Souza et al., 2009; Tramontina et al., 2012).
Late passage cells (i.e. after at least 100 passages) were seeded in flasks and
cultured in DMEM (pH 7.4) containing 5% FBS, 0.1% amphotericin B and 0.032%
gentamicin. Cells were maintained at a temperature of 37°C in an atmosphere of 5%
CO,/95% air. At log phase, cells were detached from the culture flasks using 0.05%
trypsin/ethylenediaminetetracetic acid (EDTA) and seeded (5x10° cells/cm?) in 24-
well plates. The cells were maintened at the same parameters cited before, for three

days or until reach confluence.

2.3. Treatments
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At confluence, the culture medium was removed, and the cells were treated
with different S100B concentrations (0.01, 0.05 and 0.1 ng/ml - pmol) to evaluate the
glucose uptake. After determine the high S100B concentration, the cells were
incubated with 0.1 ng/ml S100B, in the presence of anti-S100B, anti-RAGE or anti-
GFAP (diluted 1:50; 1:100 and 1:500) at the indicated concentrations. After, labeled

glucose was added, and the glucose uptake assay was started.

2.4. Glucose uptake assay

Glucose uptake was performed, as previously described (Pellerin and
Magistretti, 1994), with some modifications. Briefly, C6 astroglial cells were incubated
at 35 °C in a Hank’s balanced salt solution (HBSS) containing (in mM): 137 NacCl,
5.36 KClI, 1.26 CaCl,, 0.41MgS0O,, 0.49 MgCl,, 0.63 Na,HPO4-7H,0, 0.44 KH,POy,
4.17 NaHCOs3, and 5.55 glucose, adjusted to pH 7.2. The assay was started by the
addition of 0.1 uCi/well D-[3-*H] glucose. The incubation was stopped after 15 min by
removing the medium and rinsing the cells twice with ice-cold HBSS. The cells were
then lysed in a 0.5M NaOH solution. Radioactivity was measured in a scintillation
counter. Glucose uptake was calculated by subtracting the non-specific uptake,
obtained by the glucose transporter inhibitor, cytochalasin B (25 uM), from the total
uptake . This assay demonstrates glucose uptake as an indirect measurement of
intracellular tritiated-glucose and derived-metabolites. Results were expressed as

nmol/mg protein/min.

2.5. Protein Determination

Protein content was measured by Lowry’s method with some modifications

using bovine serum albumin as the standard (LOWRY et al., 1951).
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2.6. Statistical Analysis

Data are presented as mean + S.E.M. Each experiment was performed in
triplicate from at least three independent cultures. The data were subjected to one
way analysis of variance (ANOVA) followed by the Tukey’s test. Values of P<0.05
were considered significant. All analyses were performed using the Statistical

Package for the Social Sciences (SPSS) software.
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3. Results

3.1. Glucose uptake is reduced in C6 astroglial cells exposed to

different S100B concentrations.

The addition of exogenous S100B reduced the glucose uptake in C6 astroglial
cells, when compared to basal conditions (Fig. 1). C6 cells treated with different
physiological concentrations (0.01; 0.05; or 0.1 ng/ml) presented the same profile of

glucose uptake.

3.2. The effect of S100B on glucose uptake is reversed by the addition

of anti-S100B or anti-RAGE.

In order to confirm the specificity of exogenous S100B and to exclude the
possible interference of other compounds, we added the antibody anti-S100B (diluted
1:500; 1:100 or 1:50) in the cells previously incubated with 0.1 ng/ml S100B. We
observed glucose uptake returning to basal levels (Fig. 2A), which demonstrates that
the reduction of glucose uptake was really caused by S100B. In order to evaluate if
the effect of S100B occurs via RAGE, we added the antibody anti-RAGE (diluted
1:500; 1:100 or 1:50). We observed the reversal of S100B effects, with glucose

uptake returning to basal levels (Fig. 2B).

3.3.  Anti-GFAP does not reverse the effect of S100B on glucose uptake.

In order to evaluate if the reversal effect of anti-S100B and anti-RAGE was a
simple effect of the antibody conformation or structure, we exposed the cells treated
with 0.1 ng/mL S100B to an intracellular protein antibody (anti-GFAP) and no

reversal was observed (Fig. 3).
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4. Discussion

This study was designed to investigate the effect of S100B upon glucose
uptake by astroglial cells, and the possible pathways involved. It is know that S100B,
a protein expressed and secreted by glial cells, mainly by astrocytes, can regulate
glucose metabolism, cytoskeleton dynamyres and cell proliferation (Donato et al.,
2009). S100B, at nanomolar levels stimulates neurite growth and promote neural
survival, while micromolar levels results in neurotoxic effects (Van Eldik and
Wainwright, 2003). The levels of this protein are elevated in many brain disorders,
like, brain ischemia, neurodegenerative diseases and psychiatric disorders
(Goncalves et al., 2008), and because of that, S100B is known as an astrocytic
marker of brain injury. In animal models of dementia it was found, reduced levels of
S100B in cerebrospinal fluid (CSF) and increased in hippocampus (Biasibetti et al.,
2013; Rodrigues et al., 2009, 2010; Vicente et al., 2009). In the same models, it was
found a reduction on glucose consumption. Considering that, we hypothesized that
might be a link between glucose consumption and S100B.

Our study demonstrates that exogenous S100B in physiological
concentrations (pmol) cause a reduction in glucose uptake in astroglial C6 cells. It is
unclear if this reduction is due to a decrease in glucose consumption by the cell, or
because occurs a blockage of the glucose transporter. In both assumptions, the
extracellular concentration of glucose are increased. In order to confirm the
specificity of exogenous S100B on the glucose uptake, and to exclude the possible
interference of other compounds, we incubated the cells with anti-S100B antibody, to
block the S100B effect, and we observed that glucose uptake returned to basal

levels.
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The energy metabolism homeostasis is essential for the maintenance of the
organism, and the specific family of facilitative glucose transporters proteins (GLUTS)
is responsible to mediate these processes. In the brain are mainly found the GLUT1
and GLUT3. GLUTL1 is present in blood-brain barrier and in glial cells, and GLUT3
mainly in neurons. The remainig transporters have lower levels of expression in CNS
(Vannucci et al., 1997). The neuronal glucose transporter GLUT3 is associated with
peripheral processes, mostly in cell bodies, which often have a high energy capacity.
GLUT1 is abundant in endothelial cells, in astrocytic foot processes associated with
blood vessels and in small astrocytic processes located between the neuronal
elements (Leino et al., 1997). C6 astroglial cells astrocytic-shaped express mostly
GLUT1, in contrast with human astrocytic tumors that express GLUT3 predominantly

(Nagamatsu et al., 1996).

S100B can act by binding with RAGE, that was shown to be the responsible
receptor for intracellular S100B signal transduction (Huttunen et al., 2000). RAGE is
composed of a V-type immunoglobulin domain and two C-type immunoglobulin
domains (C1 and C2) (Schmidt et al., 1992). VC1 (complex V) has been show to bind
advanced glycated end products (AGEs) and S100B (Dattilo et al., 2007). The
structure of VC1 and NMR-based models of the VC1-S100B complex provide
detailed insights into the mechanism of ligand recognition and binding, as well as

how RAGE can be activated by the diverse range of ligands.

S100B can modulates the receptor RAGE by two pathways, depending on its
concentration: nanomolar concentrations activates Ras/Mek/ERK-1/2/NF-kb, and
causes an upregulation of the anti-apoptotic factor Bcl-2 in order to protects neurons,

while the micromolar concentration activates MEK-ERK1/2 with overproduction of
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reatives oxygen species leading to neurotoxicity (Huttunen et al., 2000). To evaluate
if the effect of S100B on glucose uptake was mediated by RAGE, we blocked the
receptor with an anti-RAGE antibody, which is specific for the C-terminal region of the
complex V. We observed that this blockage was capable of prevent S100B effects,
with glucose uptake returning to basal levels. This finding demonstrates that the

effect of S100B on glucose uptake was really mediated via RAGE.

Many extracellular signals stimulates a specific intracellular signaling cascade
that leads to activation of the mitogen-activated protein kinases (MAPKS). The
ERK1/2 is the classical mitogen kinase, modulates the cascade of MAPKKKSs, and
play key roles in cellular proliferation, differentiation, migration, and gene expression
(Roux and Blenis, 2004). ERK1/2 has been shown to be critical in neuronal survival,
plasticity and regeneration of many types of brain cells (Miloso et al., 2008).
Typically, cell surface receptors such as tyrosine kinases and RAGE transmit
activating signals to the Raf/MEK/ERK cascade. Treatment with IFNa, especially with
IFNa2b in C6 glioma cells, demonstrated by Wang et all decreased glucose
consumption and decreased the expression of GLUT1. Moreover, the
phosphorylation of MAPK family members (IJNK, ERK1/2 and p38MAPK), are
involved in the IFN-induced cell proliferation and apoptosis. This study also
demonstrates that the activation of JNK and of p-ERK1/2 in astrocytes treated with
IFN is related to the reduced consumption of glucose (Wang et al., 2012). Another
find that corroborates with the assumption that GLUTs and the cascade of MAPKs
are connected is the activation of ERK1/2 by angiotensin, which leads to glucose
uptake inhibition in muscle cells (lzawa et al., 2005). The mechanisms which

connects RAGE/ERK1/2 and the GLUTs remains inconclusive, however it seems like
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that the reduction on glucose uptake find in our study can be modulated by this

pathway.

In the last set of results, we decide to evaluate if the effect of S100B and
RAGE antibodies on glucose uptake was an unspecific effect of its conformation or
structure. Therefore, we treated C6 astroglial cells with an intracellular protein
antibody, anti-GFAP, and no effect was observed. These finding confirms the specific

effect of the antibodies.

In conclusion, the presented data demonstrates that glucose uptake in C6
astroglial cells was negatively modulated by exogenous S100B in physiological
concentrations, and this effect was mediated via RAGE. We hypothesized that
activation of ERK1/2 pathway is involved. However, further studies are necessary to

clarify this correlation.
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Figure Legends

1)

2)

3)

The effect of different concentrations of S100B on glucose uptake by C6 astroglial
cells. C6 astroglial cells were cultivated and after confluence, the medium was
replaced by HBBS containing different concentrations of S100B (0.01, 0.05 and 0.1
ng/ml), and immediately incubated with [H®- glucose for 15 minutes. Data are
expressed as mean * standard error for 5 experiments performed in triplicate. *
Significant statistical difference from control, represented by the line on 100%. (One-

Way ANOVA, followed by Tukey’s test, p<0.05).

The effect of anti-S100B and anti-RAGE antibodies on glucose uptake by C6
astroglial cells. C6 astroglial cells were cultivated and after confluence, the medium
was replaced by HBBS containing A) S100B 0.1 ng/ml and different dilutions of anti-
S100B (1:500, 1:100 and 1:50) or B) S100B 0.1 ng/ml and different dilution of anti-
RAGE (1:500, 1:100 and 1:50), and immediately incubated with [H*]- glucose for 15
minutes. Data are expressed as mean * standard error for 5 experiments performed
in triplicate. * Significant statistical difference from control, represented by the line on

100%. (One-Way ANOVA, followed by Tukey’s test, p<0.05).

The effect of anti-GFAP antibody on glucose uptake by C6 astroglial cells. C6
astroglial cells were cultivated and after confluence, the medium was replaced by
HBBS containing S100B 0.1 ng/ml and different dilutions of anti-GFAP (1:500, 1:100
and 1:50), and immediately incubated with [H]- glucose for 15 minutes. Data are
expressed as mean * standard error for 5 experiments performed in triplicate. *
Significant statistical difference from control, represented by the line on 100%. (One-

Way ANOVA, followed by Tukey’s test, p<0.05).
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Fig. 2B
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