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ARTICLE INFO ABSTRACT

Keywords: Astrocytes respond to injury by modifying the expression profile of several proteins, including the S100 calcium-
Arundic acid binding protein B (S100B), assumed to be a marker as well as a mediator of brain injury. AA is an inhibitor of
Astrocyte ) S100B synthesis and plays a protective role in different models of brain injury, as decreases in S100B expression
Is\Ilegg];mﬂammatwn cause decreases in extracellular S100B. However, SI00B mRNA expression, S100B protein content and S100B
GFAP secretion do not always occur in association; as such, we herein investigated the effect of AA on S100B secretion,

using different approaches with three stimulating conditions for S100B secretion, namely, low potassium me-
dium, TNF-a (in hippocampal slices) and LPS exposure (in astrocyte cultures). Our data indicate that AA directly
affects S100B secretion, indicating that the extracellular levels of this astroglial protein may be mediating the
action of this compound. More importantly, AA had no effect on basal S100B secretion, but inhibited stimulated
S100B secretion (stimulated either by the proinflammatory molecules, LPS or TNF-a, or by low potassium me-
dium). Data from hippocampal slices that were directly exposed to AA, or from animals that received the acid by
intracerebroventricular infusion, contribute to understanding its neuroprotective effect.

1. Introduction stimulates differentiation, mitosis and plasticity of the cytoskeleton [9],

while the extracellular effect of S100B is dependent on its concentration

Astrocytes interact with neurons, forming the synapse tripartite with
pre- and post-neurons, supporting and regulating neuronal activity (see
[1] for a review). These cells also play key role in the immune system
and are active elements in neuroinflammatory signaling [2,3]. Astro-
gliosis and astrocyte reactivity are related to brain injury and the
development of psychiatric disorders and neurologic diseases [4,5].
Glial fibrillary acidic protein (GFAP), a specific component of the in-
termediate cytoskeleton filaments of astrocytes [6], and S100
calcium-binding protein B (S100B) [7] are widely used as markers of
astroglial activity and injury.

S100B is not exclusively astroglial, but astrocytes are mainly
responsible for the synthesis and secretion of this protein in the brain
[8]. The intracellular action of S100B regulates cell metabolism and

(see [10] for a review). At nanomolar levels, the protein acts as a neu-
rotrophic factor, but higher levels of S100B lead to brain damage and
stimulate tissue injury signaling pathways, inflammatory responses and
apoptosis.

Arundic acid’ ((2R) -2-propyloctanoic acid), also denominated ONO-
2526, has been proposed as a protective drug in many brain disorders
including hypoxia, chronic hypoperfusion, ischemic stroke and intra-
cerebral hemorrhage [11-14]. The mechanism of action of this molecule
was initially proposed to occur via the inhibition of SI00B mRNA syn-
thesis and, consequently, the reduction of its protein level [15]. How-
ever, other studies have suggested that this compound affects other
targets in reactive astrocytes, besides S100B synthesis [13,16,17].
Therefore, the mechanism action of AA needs clarification. Despite

Abbreviations: AA, arundic acid; GFAP, glial fibrillary acidic protein; ICV, intracerebroventricular; LPS, lipopolysaccharide; SI00B, S100 calcium-binding protein

B; TNF-a, tumor necrosis factor.
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uncertainties, there is no doubt about the involvement of S100B in the
mechanism of action of AA, especially considering that the inhibition of
the protein may be accompanied by a reduction in its secretion. How-
ever, S100B mRNA expression, S100B protein content and S100B
secretion do not always occur in association [7] and, therefore, it is
necessary to determine the effect of AA on S100B secretion.

In order to study the specific effect of AA on basal and stimulated
S100B secretion, we used three different experimental approaches.
Firstly, we exposed acute hippocampal slices to AA, then astrocyte
cultures and finally we used hippocampal slices of animals after intra-
cerebroventricular (ICV) administration.

2. Materials and methods
2.1. Material

AA was purchased from Tocris (Bristol, United Kingdom). A com-
plete list of material, as well as details of the methodology, are provided
in Supplement 1.

2.2. Animals

Fifty male Wistar rats, at postnatal day 90, were obtained from our
breeding colony (Department of Biochemistry, UFRGS) and maintained
under controlled light and environmental conditions. Procedures were
in accordance with the National Institute of Health Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 80-23) and
Committee of Animal Use of UFRGS (number 34,321).

The animal study was divided into two parts. Firstly, we observed
S100B secretion in acute hippocampal slices exposed to AA. Secondly,
we analyzed hippocampalS100B at 24 h after ICV administration of AA
or vehicle. See also graphical abstract.

2.3. Surgical procedure

Animals were divided into the following groups: Naive (anesthesia
alone), sham (surgery + vehicle) and AA dissolved in saline solution
(0.1,1 or 10 pg/Kg in 5 pL). They were anesthetized with isoflurane and
placed in a stereotaxic frame for ICV administration of AA [18]. Rats
received a single unilateral infusion of 5 pL AA (0.1, 1, 10 and 100
pg/Kg) or sham (vehicle, 0.9 % NaCl). See methodological details in
Supplement 1.

2.4. Preparation and incubation of hippocampal slices

Animals were euthanized by decapitation and the hippocampi were
dissected and transverse slices of 0.3 mm were obtained using a Mcll-
wain Tissue Chopper. Slices were incubated with AA at 10, 50 and 100
uM, or without AA, in normal saline (basal) or low potassium (0.2 mM)
medium. Hippocampal slices from animals that received ICV AA were
incubated at 24 h after administration in basal medium, low potassium
medium or in saline medium containing TNF-a (10 ng/mL) [19,20].
Details are described in Supplement 1.

2.5. Astrocyte cultures

In order to observe the direct effect of AA on astrocytes and the
S100B protein, we performed studies on astrocyte cultures under basal
and inflammatory conditions induced by lipopolysaccharide (LPS), as
previously described [21]. Details are described in Supplement 1. Cells
were grown until confluence and used at 21 days. At this time, these
primary astrocyte cultures were characterized as being cells that were
positive for GFAP and negative for NeuN and Iba-1 [22]. For the S100B
secretion assay, medium was replaced by DMEM without FBS, and in the
presence of LPS (10 pg/mL) or not (basal). The effect of 100 pM AA was
evaluated at 1 and 24 h.
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2.6. Cell integrity and viability

Cell integrity and viability of cell cultures and brain slices were
evaluated by measuring extracellular lactate dehydrogenase (LDH) ac-
tivity and (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bro-
mide) (MTT) reduction assay [23].

2.7. S100B and GFAP measurement

Contents of S100B and GFAP were measured by ELISA as previously
described [24,25].

2.8. Determination of mRNA S100B expression by quantitative real time
RT-PCR

The analysis of SI00B gene expression was performed by quantita-
tive real time reverse transcription polymerase chain reaction (RT-
qPCR) using SYBR Green I (Molecular Probes) as the fluorescent detector
in astrocyte culture. All reactions were carried out in a StepOnePlus®
real-time PCR system. Relative ratios were calculated using the
comparative cycle threshold (CT) method (AACT method) [26].
Detailed methodology, including primer sequences, is described in
Supplement 1 and Table 1.

2.9. Statistical analysis

All results are expressed as means =+ standard error mean (SEM) and
analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s
test. For observing the associations of mRNA with protein and secretion
of S100B, data were analyzed by Pearson correlation coefficient. The
level of statistical significance was set at P < 0.05. All analyses were
performed using Prism 5.0 (GraphPad).

3. Results
3.1. AA abrogates low potassium-induced increases in S100B secretion

Initially, we exposed acute hippocampal slices from animals to AA
(10, 50 or 100 pM) (Fig. 1). Only AA at 100 pM per se increased the
S100B secretion (Fig. 1A, P = 0.0023; F(3 20y = 6.858). Moreover, 10 and
50 pM AA prevented the increment in S100B secretion induced by the
low potassium concentration in the incubation medium (Fig. 1B, P =
0.0247; F(4,29) = 3.278). Cell viability and integrity were not changed by
AA at these concentrations, in either media (Figs. 1C and D, P = 0.8451
and P = 0.7675; F4,25) = 0.3447 and F(4, 24) = 0.4555, respectively).

3.2. AA prevents the effect of LPS on S100B secretion in astrocyte
cultures

Firstly, we studied AA effect in astrocytes under basal conditions (See
Supplement 2). We then investigated the effect of AA on LPS-modulated
S100B secretion at 1 h and 24 h later. It is important notice that LPS
induced a biphasic response, as it increases S100B secretion at 1 h and
decreases S100B secretion at 24 h (Fig. 2A and 2B, respectively). Fig. 2A
shows that LPS increased S100B secretion, while AA at 100 pM per se did

Table 1
Primer sequences for RT-qPCR.
Geneld  Accession 5'- 3'Sequence Size
number
S100b NM_013191 Forward: 103
GAGGAAATCAAAGAGCAGGAA bp

Reverse: TGGAGACGAAGGCCATAA
Forward: GCAGGAGTACGATGAGTCCG 74 bp
Reverse: ACGCAGCTCAGTAACAGTCC

Actb NM_031144.3
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Fig. 1. Effect of AA on S100B secretion in acute hippocampal slices. In A, basal S100B secretion in the presence of AA (10-100 pM) was increased with AA only at the
100 uM concentration. In B, when hippocampal slices were maintained in a low-potassium medium (containing 0.2 mM KCl), AA (10 and 50 pM) reverted the
augmentation of S100B secretion induced by low K'. These treatments did not affect cell viability (measured by MTT reduction assay) (in panel C) or cell integrity
(measured LDH activity) (in panel D). Values are expressed as means + SEM of 6-8 animals per group; independent experiments were performed in triplicate,
assuming the control value as 100 %. Data were analyzed by ANOVA, followed by the Tukey’s test, assuming p < 0.05. * indicates difference from other groups.

not affect S100B secretion, but prevented LPS-stimulated S100B secre-
tion (Fig. 2A, P = 0.0110; F39) = 7.332). Moreover, Fig. 2B demon-
strates that AA also did not affect S100B secretion, but prevented the
LPS-induced decrease in S100B secretion at 24 h (P = 0.0065; F(3 9y =
8.046). The S100B cell content did not change at 24 h after LPS exposure
and/or AA exposure (Fig. 2C, P = 0.9553; F(3 12y = 0.1055), neither was
GFAP content altered (data not shown). However, interestingly, LPS
stimulated an increase in S100B mRNA at 24 h and AA prevented this
change (Fig. 2D, P = 0.0048; F(3,11) = 7.681).

We took the opportunity to evaluate the possible correlations be-
tween mRNA expression, protein content and S100B secretion, in
astrocyte cultures. The gene expression of S100B did not correlate with
intracellular S100B protein levels under any of the conditions tested (See
Supplement 3).

3.3. ICV AA alters S100B secretion in acute hippocampal slices

We analyzed basal and stimulated S100B secretion (in low potassium
medium or in the presence of TNF-a) in acute hippocampal slices from
rats at 24 h after ICV administration of AA (Fig. 3). There was no dif-
ference in basal S100B secretion between the groups, including in the
naive animals (Fig. 3A, P = 0.9285; F(4 32) = 0.2145), after different ICV
doses of AA (0.1, 1 or 10 ug/kg). When acute hippocampal slices were
incubated in low-potassium medium, S100B secretion augmented
(Fig. 3B), but this effect was prevented in slices from animals that had
previously received AA at a dose of 1 or 10 pg, but not at 0.1 pg (P =
0.0470; F(3,11) = 3.675). A similar profile was observed when hippo-
campal slices were incubated in the presence of TNF-a (Fig. 3C).

Previous exposure to AA (ICV, at 1 and 10 pg) prevented the augmen-
tation of S100B secretion induced by incubation with this inflammatory
cytokine (Fig. 3C, P = 0.0051; F(z,17) = 6.117).

A low dose of ICV AA, which did not prevent low potassium or TNF-
a- stimulated S100B secretion, increased hippocampal S100B content
(Fig. 3D, P = 0.0005; F(4,17) = 8.664). This effect also was observed for
GFAP content (Fig. 3E, P = 0.0191; F4 24y = 3.620).

4. Discussion

AA is proposed as a neuroprotective compound in many models of
brain injury [11-14]. In all these studies, it is assumed that the protec-
tive activity of AA involves the inhibition of S100B synthesis and that
this in turn leads to a change in S100B extracellular activity. Recently,
we evaluated the direct and protective effect of AA through ICV
administration in a model of intracerebral hemorrhage [14,27], but
S100B secretion was not directly evaluated. Herein, we investigated the
direct effect of AA on S100B secretion, which is not always related to
protein synthesis or expression [7].

The mechanism of S100B secretion remains unclear [28], but some
secretagogues have been identified, such as LPS [21], pro-inflammatory
cytokines such as IL-1p and TNF-a [29] and low potassium medium [19],
which were used in this study. Our results show that AA did not alter
basal S100B secretion in hippocampal slices or astrocyte cultures;
however, AA (10 or 50 pM) prevented low potassium medium-induced
S100B secretion in hippocampal slices. AA at 100 pM per se increased
S100B secretion, making it difficult to identify any inhibition of
low-potassium induced S100B secretion at this concentration. As
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Fig. 2. Effect of AA on S100B secretion, S100B protein and S100B mRNA in astrocyte cultures exposed to LPS. Astrocyte cultures were incubated with LPS (10 pg/
mL) or not (basal) for 1 h (Panel A) or 24 h (Panel B). AA at 100 pM was added in both conditions. Secretion assays were performed, assuming the control value as
100 %. Note that LPS increased S100B secretion at 1 h and decreased it at 24 h. Panel C depicts cellular S1I00B protein content, measured by ELISA at 24 h. Panel D
shows S100B mRNA, measured by RT-qPCR at 24 h. Values are expressed as means + SEM of 3-4 animals; independent experiments were performed in triplicate.
Values of S100B protein are expressed in ng/mg protein. Values of gene expression of S100B are expressed as gene expressions relative to beta actin (S100B/beta
actin). Data were analyzed by ANOVA, followed by the Tukey’s test, assuming P < 0.05. * indicates difference from other groups.

observed for hippocampal slices, AA did not alter basal S100B secretion
in astrocyte cultures (even at 100 pM). AA also did not affect basal
secretion in astrocyte cultures. However, this molecule caused a
reduction in the LPS-induced S100B secretion observed during the first
hour of LPS exposure.

On the other hand, in astrocyte cultures, 24 h of LPS exposure re-
duces extracellular levels of S100B [23], and AA was also able to prevent
this effect of LPS. Therefore, AA prevented the biphasic effect of LPS on
S100B secretion in astrocytes, i.e. the increase at 1 h and the decrease at
24 h. In addition, rats that received ICV AA exhibited no alterations in
basal S100B secretion in acute hippocampal slices at 24 h after admin-
istration. However, previous ICV administration of AA at 1 or 10 pg/Kg
prevented the S100B augmentation induced by low potassium and
TNF-a in hippocampal slices. Therefore, in vivo or in vitro administration
of AA prevented S100B secretion in an inflammatory scenario, which
could be induced by LPS (in isolated astrocytes) or by TNF-a (in hip-
pocampal slices).

When rats received ICV AA at 0.1 pg/kg, they exhibited increased
S100Blevels in hippocampal slices, as well as an increase in GFAP. This
was not observed when 1 or 10 pg of AA was administered. No changes
were observed in naive and sham animals. The astrogliosis induced by
the lowest dose of AA (based on the GFAP content increment) seems to
be brain region-dependent, as preliminary results in the striatum show a
contrasting decrease in GFAP (data not shown). At this point, we can
only speculate on an in vivo double effect of AA on the hippocampal
tissue, where at low doses it could cause astrogliosis, but where this
effect is absent / blocked at high doses. However, this hypothesis should
be further explored in further studies.

No changes in S100B content were observed in astrocyte cultures
exposed only to AA. Although the S100B protein content was not altered
by LPS at 24 h, S100B mRNA expression increased at this time and this
augmentation was prevented by AA. As such, AA prevented S100B
secretion and gene expression under inflammatory conditions. However,
AA per se did not affect the gene expression in astrocyte cell cultures, in
contrast to the pioneer study in astrocyte cultures that reported that
S100B gene and protein expression were downregulated by AA [15].

5. Conclusions

This study indicates that AA directly affects S1I00B secretion, indi-
cating that the extracellular levels of this astroglial protein may be
mediating the action of the acid. More importantly, the effect of AA was
not seen on basal S100B secretion, but on stimulated S100B secretion (in
response to inflammatory stimuli with LPS or TNF-a or the presence of a
medium with low potassium). Data were obtained using different
experimental approaches; acute hippocampal slices and astrocyte cul-
tures exposed to AA, as well as hippocampal slices from animals that
received the compound by intracerebroventricular administration.
These data contribute to understanding the protective effect of AA in
brain tissue.

Note

All authors had full access to all the data in the study and take re-
sponsibility for the integrity of the data and the accuracy of the data
analysis.
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Fig. 3. Effect of intracerebroventricular AA administration on S100B secretion in acute hippocampal slices. In Panel A, basal secretion of S100B in hippocampal
slices from rats that received ICV AA (0.1, 1 or 10 pg/Kg) or saline (sham) or were not submitted to stereotaxic injection (naive). In Panel B, low potassium-induced
S100B secretion in hippocampal slices from rats that received ICV AA (0.1, 1 or 10 pg/Kg) or saline (sham). In Panel C, TNF-a-induced S100B secretion in hip-
pocampal slices from rats that received ICV AA (0.1, 1 or 10 pg/Kg) or saline (sham). Secretion assays in B and C panels were performed assuming the control value as
100 % in normal potassium medium and without TNF-a, respectively. S100B (Panel D) and GFAP (Panel E) hippocampal contents (expressed in ng/ mg of protein)
from rats that received ICV AA (0.1, 1 or 10 pg/Kg) or saline (sham) or were not submitted to stereotaxic injection (naive). Values are expressed as means + SEM of 3-
8 animals per group; independent experiments were performed in triplicate. Data were analyzed by ANOVA, followed by the Tukey’s test, assuming P < 0.05. *

indicates difference from other groups.
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