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Abstract

S100B is a small calcium-binding protein expressed primarily by astrocytes involved in several pathologies.
Several studies have shown S100B protein immunoreactivity (S100B-IR) in brain specific areas, and some of
them showed the cells identity under physiological and/or pathological conditions. This review reports the S100B-
IR distribution in the brain specific areas of different adult mammals and complement with our results in order to
provide a complete overview about the S100B-IR distribution and cell identity. This review highlights a heterogeneous
distribution of S100B-IR in prosencephalic, diencephalic, brainstem and cerebellum areas. Regarding cellular identity,
the co-localization of S100B-IR and GFAP-IR occurred predominantly in periventricular areas, in the hippocampus
and the septal area in contrast with cortical regions. In addition, cells S100B-IR but not GFAP-IR were also found
in these areas. The analysis throughout the rostro-caudal axis of the brain showed that S100B-IR did not present
colocalization with neurons (NeuN-IR). This complete description can be potentially used for researches that aim to
consider changes in S100B expression in different pathologies.

It has been shown that this protein affects neuronal electrical
discharge activity by modulating potassium currents at very low
concentrations [13].
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Introduction

S100B is a calcium-binding protein produced and released
constitutively mainly by astrocytes, and like other S100 proteins it
interacts with several effector proteins exerting intra and extracellular
actions.

NeuN/S100B

Many hypotheses have been formulated concerning the biological
role(s) of this protein found in soluble form in intracellular membranes,
centrosomes, microtubules and type III intermediate filaments [1,2].
Although the cellular production of S100B is primarily involved in
the modulation of the intracellular milieu, S100B is also secreted in a
regulated manner, and it is possible to detect it both in brain tissue or
in bodily fluids [3,4].

Most S100B studies have been performed in bodily fluids of
humans in pathological conditions or in animal pathological models
since increased levels of S100B have been positively correlated with
brain pathological conditions [5]. For example, S100B was examined
in the CSF (cerebrospinal fluid) and serum of adult patients with acute
cerebral infarction, meningitis, multiple sclerosis, dementia, and others
neurological pathologies [6-10].

cortex

Figure 1: Different shapes of S100B-IR cells in brain coronal sections of
adult male rats. The expression of S100B along the rostrocaudal axis revealed
cells that had different cellular morphology. Bright-field photomicrographs
showing the different shapes of S100B-IR cells. (a1) and (a2): S100B-IR
Bergman cells that have an irregular shape, (b1): S100B-IR ependymal cell
that have a rounded shape, (c1): S100B-IR astrocytes that have an oval shape.
(c2): S100B-IR astrocytes that have few cytoplasmic ramifications. (a), (b), and
(c): Nissl staining. Scale bars, 100 ym in (a1), (a2), (b1), (b2), (c1) and (c2);
20 ym in (a), (b) and (c)

In the central nervous system (CNS), the immunoreactivity (IR) of
this protein has been found in astrocytes, oligodendrocytes, Bergman and
ependymal cells types. Regarding to the presence of SI00B-IR in neurons,
results in our lab showed a lack of colocalization of S100B in mature
neurons in the rat brain (Figure 1), in contrast to (adult) human brain [11].

Looking for elucidate the role of this protein, several studies in the
literature have shown S100B expression in specific areas, and some
mapped the identity and distribution of the expressing this protein in the
brain under physiological and pathological conditions. In this review we
summarize and discuss the main findings on S100B distribution along
the brain rostrocaudal axis and its strict cell localization described in
the literature and with data of our laboratory.

During normal physiological conditions, S100B acts changing
calcium levels to regulate the activity of target proteins which are
related to normal cellular function [2], besides a neurotrophic role
during brain development [12].
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Figure 2 Bright-field photomicrographs showing expression of the S100B protein (indirect immunohistochemistry) along the rostrocaudal axis of the adult
male rat brain. S100B-IR in different brain areas revealed a heterogeneous pattern of cell population with the strongest density in the periventricular areas: (b1): the
corpus callosum, (c1): lateral part of the septal area, (d1): the fimbria of the hippocampus, (f1): the habenular comn, (g1): lateral periaquedutal gray. The cortical area
adjacent to longitudinal fissure (a1), the central region of hippocampus between dentate gyrus (e1) and specific cerebellar layers (h1) also showed a high density of
cells that were S100B-IR. Schematic drawings in a, b, ¢, d, e, f, g and h were obtained from Paxinos and Watson, 1998. The squares indicate the respective magnified
areas. Scale bar: 100 pm.

The expression pattern of S100B could be representative of its
function in the maintenance of Ca2+ homeostasis, energy metabolism, periventricular
cellular structure, regulation of intracellular signal transduction, cell area
cycle, as well as synaptic plasticity as observed in memory and learning
studies [1,2,14,15,16].

As a matter of fact there is a S100B expression in the hippocampus periventricular [ESEHE 28 mm
under basal conditions (Figure 2, Table 1) and also an evidence of daily e
and developmental homestatic variations in the hippocampus of male
and femalerats [17]. Thisregion was characterized by a dense distribution
of S100B-IR cells throughout the rostrocaudal axis (Figure 2 d1, el) that fmbria of
were colocalized with GFAP-IR, mainly in the hippocampusfimbria hippocampus
(Figure 3C2, Table. 2). These findings are consistent with suggestions
that S100B could be important to hippocampal neuroplasticity [18-23].

It must be pointed that beside S100B present a high colocalization
with GFAP in the periventricular area, hippocampal formation and in
the septal area there are some S100B-IR cells that do not express GFAP
mainly in the cortex (Figure 3 A2, B2; Figure 4, Table 2). These cells
had an irregular shape, and the whole cell body was stained, although
the immunoreactivity is stronger in the cytoplasm than in processes
(Figure 5 cl and c2).

cerebellum SRR

Figure 3: Photomicrographs of brain coronal sections of the Wistar rat
double labeled by immunofluorescence (GFAP/red and S100B/green).

In the tel hal £ S100B i labeli Arrowheads indicate the high S100B and GFAP colocalization observed in the
1 the telencephalon, a greater amount o Immunofabeling periventricular areas (yellow in A2 and B2), in the fimbria of the hippocampus

was observed in the frontal cortex compared to the other lobes (Figure (yellow in C2) and in the cerebellum (yellow in D2). Arrow indicates S100B-IR
2 al, Table 1) in physiological [11,24] and pathological [25] conditions. cells. Note that many S100B-IR cells (green) are not also GFAP IR (red) in
Oval-shape d cells with few ramifications were labeled speciﬁcally in A2 and D2. Asterisks indicate S100B-IR ependymal cells. Scale bar: 100 pm.

the region of the medial orbital cortex and area 1 and 2 of the cingulate
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Mapping and identity of cells expressing S100B protein in the brain under physiological and pathological conditions.
Physiological Conditions Pathological Conditions
Data from Steige(z)roe;t al., Miiller. 1992 Dyck et al., 2?}/1658? Sathe et al.,, = Steineretal., Vaq I_Eldik and
our study ’ 1993 N 2012 2008 Griffin, 1994
TELENCEPHALON 2
Frontal Cortex =} oe . o Oe
medial orbital cortex o o
cingulate cortex, area 1 [%] m
visual cortex %) Aoe Aoe
Corpus callosum Ao oe .
Septal region 7] 7] 7] 7] 2 2 %)
lateral ventricles cell ependymal Ao e
lateral septal nu, dorsal part Ao e
lateral septal nu, dorsal part intermédia Ao e
lateral septal nu, dorsal part ventral Ao e
Hippocampal region 7] 7] 7] . 7] o oe
dentate gyrus (CA4) Ao e
hippocampus (CA1, CA2, CA3) Ao e
Fimbria Ao e
Basal nuclei region 7] 7] 7] . %) [ [
caudate nuclei Ao
DIENCEPHALON [ [ [ %) %) [ [
Thalamus region 7] 7] 7] %) 7}
paraventricular th nu, posterior oe
Hipothalamus region 7] (7] 7] 7] (7] 7] 7]
periventricular hypothamic nu Ao e
3rd ventricle region Ace
ependymal cell o
BRAINSTEM %} %} %} o %] %} oe
Substantia nigra o =i =l
Pyramide Ace [%]
Raphe nuclei region [%] [%] %] [%] [%] %] [%]
pallidus raphe nu Aoe
ventricle perinvetricular region Ao e
CEREBELLUM %} %] %] %} 7] oe
Cerebellar Cortex region
Bergman cell o o
granulosa layer Ao

Table 1: S100B cell IR: S100B IR (o); GFAP IR (A); Colocalization of S100B/GFAP IR(e); (&) not analyzed.

cortex. This labeling was found predominantly in the rostral portions and
was markedly decreased moving in the caudal direction. The exception
was the visual cortex that showed high expression of S100B [26,27]. In
physiological condition [11,24] it was also shown that S100B at low doses
stimulates astrocyte cell line proliferation [19]. On the other hand, in
pathological conditions [25] S100B at higher concentrations stimulates
nitric oxide synthase (INOS) activity and increase the mRNA levels of
this enzyme in rat cortical astrocytes via activation of NF-kB [28].

In the corpus callosum (medial surface of the telencephalon):
higher S100B-IR was observed in the genu (anterior portion) (Figure
5C c2; Figure. 2 b1, Table 1), when compared to the splenium (posterior
portion). The S100B-IR cells, similar to those of the cortex, showed an
oval shape with few branches (Figure 5C c2).

In the septal region (medial surface of the telencephalon): S100B-
IR cells were detected in the dorsal, medial and ventral septal nuclei
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Mapping of cells expressing S100B protein in the brain under physiological conditions.

Steiner et al., 2007 Dyck et al., 1993; Boyes et al., 1986

Data from our study |Gos et al., 2013 Miiller, 1992
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mammillary nu, lateral -

arcuate hy nu, medial post +

BRAINSTEM 7}

Substantia nigra -

superior colliculus -

inferior colliculus -

nucleus gracile -

nucleus cuneiforme -

Pyramids +

facial nerve, nu -

hypoglossal nerve, nu -

reticular nu, lateral -

vestibular nu, medial -

vestibular nu, inferior -

nucleo tractus solitarius -

area postrema -
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+
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ependymal cell +

locus coeruleus -

tegmental nu, dorsal -

tegmental nu, ventral -

RAPHE o o

(SERSEESERCERSERSERCRRESERSERCRESERSERCRRESERSERCRRSRESERS R ]
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Granulosa layer

Molecular layer -
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+ 0 Q +

Table 2: S100B cell IR: Present (+), Absent (-), Not analyzed (J)

throughout the rostrocaudal axis (Figure 2 cl), mainly in the dorsal
portion and periventricular regions.

In the basal nuclei: weak S100B-IR was observed in the claustrum
mainly close to the insular cortex and in the corpus striatum. Similarly,
weak S100B-IR as observed in putamen, head of the caudate nucleus,
in the caudal portions of the globus pallidus and throughout the areas
adjacent to the lateral ventricles.

In the amygdaloid complex: weak S100B-IR was observed
throughout the medial ventroposterior amygdaloid nucleus and in the
rostral portion of the medial posterior cortical nucleus.

In the Diencephalon, the paraventricular nucleus of the thalamus
presents S100B-IR throughout its anteroposterior axis, with GFAP-IR
colocalization mainly in the periventricular portion. S100B-IR cells
were also detected in the medial portion of habenula throughout
the rostrocaudal axis, in the lateral habenular nucleus as well as in
the caudal portion of the habenular commissure in the epithalamus
(Figure 2 f1). In the region of the hypothalamus S100B was colocalized
with GFAP along the third ventricle in periventricular areas including
the periventricular nucleus (Figure 3A2). Colocalization of S100B
with ependymal cells was also observed in this region (Figure 3 B2
asterisk).

In the Brainstem, S100B-IR cells were detected in ependymal cells
in the caudal portion of the fourth ventricle (Figure 3 B2 - asterisk)
and colocalized with GFAP-IR in periventricular cells (Figure 3 A2, B2;
Figure 4b). In pyramids and in the nucleus raphe pallidus S100B-IR
cells were observed along the rostrocaudal axis. The nucleus tractus
solitarius also had S100B-IR cells in the rostral portion of the gracile
tubercles.

In the Cerebellum, SI00B-IR cells were observed mainly in Bergman
cells around Purkinje neurons (Figure 5 al, a2) which are consistent
with previous results that showed S100B-IR in this specialized type
of astrocyte [29]. Additionally, there was colocalization of S100B with
GFAP in the granular layer (Figure 3 D2).

S100B in Pathological Conditions

In pathological conditions, secretion of S100B from astrocytes is
stimulated by metabolic stress (oxygen, serum and glucose deprivation)
and is suppressed by glutamate [30,31]. Once released, S100B can affect
neurons, primarily by engagement of RAGE (Receptor for Advanced
Glycation End Products), its primary receptor [32]. Then, depending
on the intracellular calcium concentration, it exerts either a trophic
(nanomolar) or destructive (micromolar levels) effect on neurons when
can lead to cellular lesions or death [18,19,33,34].
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Figure 4: S100B IR and GFAP-IR in the cortex and periventricular areas
of Wistar rats. Arrow 1 indicates S100B-IR cells (green), Arrow 2 indicates
GFAP-IR cells (red) a, and the arrowheads indicate double-immunoreactive
cells (yellow) observed in the cortex (a) and periventricular areas (b). Note
that in contrast to the periventricular areas, the colocalization of S100B-IR in
GFAP-IR cells was lower in cortical areas (a). In b asterisk indicates S100B-IR
ependymal cells. Scale bar: 100 ym.

~* Bergman Cell

Ependymal Cell

cl 51008
&
e~
c2 - S1008

[ ' — Astrocytes

Figure 5: Double labeling of S100B and NeuN (by indirect
immunofluorescence) in the cortex of Wistar rats. Arrowhead indicates
NeuN-IR cell (green) and arrow indicates S100B-IR cell (red). Note that
neurons (green NeuN-IR) are also not labeled with S100B-IR (red). This finding
was true for the whole rostro-caudal axis. Scale bar: 100 pm.

Variations in the S100B levels have rendered it a status as biomarker
for astrocytic damage or dysfunction. Several postmortem studies
on Alzheimer's disease and Down's syndrome describe predominant
S100B immunostaining in reactive astrocytes surrounding neuritic
plaques [35,36].

A role in heterogeneously distribution of S100B Protein

In this review we observed that S100B-IR in physiological condition
is heterogeneously distributed in the brain and in diferent cell types
with more pronounced expression in areas such as the cerebral cortex
and cerebellum, hippocampus and periventricular areas. Its physiologic
role in these areas should be examined in future.

The expression of S100B protein is known to be colocalized with
GFAP, which is highly expressed in astrocytes [37]. This review showed
that the astrocytes GFAP-IR of periventricular areas exhibit a large
amount of co-localization with S100B-IR. In these situations, S100B-
IR is primarily located in the astrocytes cytoplasm, while GFAP-IR is
expressed primarily in astrocytes extentions [38,39]. This distribution
could indicate a homeostatic role of S100B in glial cells that involves
ventricular areas. Similarly co-localization of S100B with ependymal
cells, suggests that in the CNS, cells other than astrocytes can secrete
this protein into the CSE In chronic neuropathologies (e.g., in
Parkinson’s disease), S100B protein levels in the CSF are increased.
This high expression of S100B in periventricular areas probably reflects
the role of these areas in detecting the health condition and in turn
reflexly regulating S100B levels in the CSF [40].

In contrast to the periventricular areas, GFAP-IR and S100B-IR
colocalization in astrocytes was lower in cortical areas maybe because
of its state of activation since GFAP is a marker for activated astrocytes
[41,42]. Thus, one possible hypothesis is that under normal conditions,
astrocytes in the periventricular areas remain more active than in the
cerebral cortex.

Astrocytes are the most common glial cells in the CNS, and they
feature a heterogeneous group that has distinct functions such as the
regulation of metabolism and control of glucose by modulating neuronal
release of neuroactive substances and the control of neurotransmitter in
the synaptic cleft [38,43,].

Conclusion

S100B exerts intracellular and extracellular actions that are not
completely clarified. Despite it is possible to detect it either in brain
tissue or in bodily fluids, most studies of S100B have been performed
in bodily fluids of humans in pathological conditions or in animal
pathological models. Increased levels of S100B in fluids have been
positively correlated with brain pathological conditions like cerebral
infarction, meningitis, multiple sclerosis and dementia.

Identity of cells expressing this protein in the brain under
physiological conditions and in pathological conditions showed that
this protein is presented in astrocytes, oligodendrocytes, Bergman
and ependymal cells in both conditions. In physiological conditions
there is a high but not total co-localization of SI00B and GFAP in the
periventricular areas, hippocampus and in the septal area. On the other
hand, cortical regions are highlighted predominantly by S100B-IR
astrocytes that not express GFAP.

Regarding the brain mapping in physiological conditions, the more
pronounced S100B expression was in areas such as the cortex cerebral
and cerebellum, hippocampus and periventricular areas. All main
areas of telencephalon, corpus callosum, Septal area, Hippocampus,
Basal Nuclei, almost all parts of Amygdala and Thalamus, Epithalamus,
periventricular hypothamic nucleus, periaquedutal gray, Substantia
nigra and cerebellum Granulosa layer express SI00B-IR.

Anterior commissure, Subthalamus, Zona incerta, almost
all Hypothalamic nuclei, almost all brainstem nuclei, cerebellum
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molecular layer do not express S100B-IR in physiological conditions.
The Substantia nigra was the only area analyzed until this moment
that shows co-localization of S100B-IR and GFAP-IR in pathological
conditions unlike in the physiological conditions.

The high expression of S100B in periventricular areas could be due
to these areas sensing the state of health and regulating S100B levels in
the CSE

This complete description can be potentially used for researches that
aim to consider changes in S100B expression in different pathologies.
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