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A B S T R A C T

Streptozotocin (STZ) is a glucosamine-nitrosourea commonly used to induce long-lasting models of diabetes
mellitus and Alzheimer's disease. Direct toxicity of STZ on the pancreas and kidneys has been well characterized,
but the acute effect of this compound on brain tissue has received less attention. Herein, we investigated the
acute and direct toxicity of STZ on fresh hippocampal slices, measuring changes in BDNF and S100B secretion
(two widely-used peripheral markers of brain injury), as well as glucose metabolism. Moreover, we investigated
in vivo changes of these proteins in the hippocampus, 48 h after intracerebroventricular STZ administration.
Transverse hippocampal slices (0.3mm thick) were obtained using a McIlwain tissue chopper and target proteins
were measured in the incubation medium by ELISA. STZ decreased S100B secretion, but increased BDNF se-
cretion as well as causing impairment in glucose uptake in hippocampal slices, measured using [3H] deoxy-
glucose. Glucose levels and glucose metabolism differentially modulated S100B secretion in astrocytes and BDNF
secretion in neurons, when evaluated under specific conditions (high-potassium medium, presence of te-
trodotoxin or fluorocitrate). Moreover, at 48 h after intracerebroventricular STZ, hippocampal BDNF content,
but not S100B, was reduced. Our results indicate that BDNF and S100B are useful and sensitive markers of
glucose metabolism disturbance and reinforce these proteins as general acute markers of brain disorders.

1. Introduction

Streptozotocin (STZ) is a glucosamine-nitrosourea compound pro-
duced by the Streptomyces achromogenes bacteria and is currently used
to treat some types of endocrine tumors (Okusaka et al., 2015). Its
action appears to be dependent upon the glucose transporter type 2
(GLUT2). Experimentally, STZ is used to induce diabetes mellitus (DM),
types 1 and 2, due to its high toxicity to pancreas tissue, which affects
glucose metabolism and insulin secretion (Chen and Zhong, 2013;
Okusaka et al., 2015). Once inside the pancreatic beta cell, STZ causes
DNA alkylation and, consequently, cell death (Bennett and Pegg, 1981).
The in vitro and acute in vivo toxicity of STZ on the pancreas and kidneys
has been well characterized (Eizirik et al., 1993; Katakam et al., 2005;
Harb et al., 2007; Rosenberger et al., 2008; Brouwers et al., 2013).

A subdiabetogenic dosage of STZ was first used in the 1990's to
produce a sporadic Alzheimer's disease (AD) model in rodents by in-
tracerebroventricular (ICV) administration (Hoyer et al., 1994; Frölich
et al., 1998; Lannert and Hoyer, 1998). This model reproduces several

AD characteristics, including glucose hypometametabolism, and has
been widely used to investigate potential strategic therapies (Salkovic-
Petrisic et al., 2013). The chronic effect of STZ toxicity on brain tissue
has been investigated at weeks or months after ICV administration and
in particular to investigate cognitive deficit and long-term neuro-
chemical alterations (Rodrigues et al., 2009; Salkovic-Petrisic et al.,
2013; Biasibetti et al., 2017).

The hippocampus is an important brain region for cognition, and
cognitive deficits associated with hippocampal dysfunction have been
characterized in many brain disorders, including in patients and STZ
models of DM and AD (Nardin et al., 2016; Flores-Gómez et al., 2019).
Moreover, some in vitro assays of STZ toxicity in brain tissue prepara-
tions suggest that acute and/or early changes are important for un-
derstanding long-lasting brain changes induced by this compound
(Kraska et al., 2012; Ju et al., 2016; Knezovic et al., 2017; Souza et al.,
2017).

Acute administration of STZ ICV induces an astrocytic response, as
assessed by glial fibrillary astrocytic protein (GFAP) immunoreactivity,
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one hour after infusion as well as increased hippocampal GLUT2 ex-
pression and a decrease in insulin receptor (IR) expression (Knezovic
et al., 2017). Another study investigated the effect of STZ ICV in mice
one, six, twenty-four hours and one week after administration on de-
pressive-like parameters, hippocampal cytokines and brain-derived
neurotrophic factor (BDNF) levels (Souza et al., 2017).

BDNF is the most abundant brain neurotrophin (see Kowiański
et al., 2018 for a review) and strongly associated with brain plasticity
and energetic metabolism. Changes in the levels of this neurotrophin in
the brain, as well as peripheral changes in plasma or serum have been
associated with acute brain injury, neurodegenerative disease and
psychiatric disorders (Fernandes et al., 2014; Serra-Millàs, 2016; Stanne
et al., 2016). In STZ-induced type 2 DM, rats reportedly have reduced
levels of BDNF in the brain tissue, liver and pancreas (Bathina et al.,
2017; Bathina and Das, 2018). Hippocampal changes in BDNF levels
have been observed under other toxic conditions, such as hyper-
ammonemia (Galland et al., 2017), Pb exposure (Baranowska-Bosiacka
et al., 2013), and excitotoxicity (Rosa et al., 2016). BDNF is produced
mainly by neurons in brain tissue, but astrocytes are able to convert
pro-BDNF, released by neurons, to BDNF (Bergami et al., 2008). How-
ever, under conditions of injury, astrocytes begin to express and release
BDNF (Kimura et al., 2016).

S100B protein is an astrocyte marker of activation and/or brain
damage in acute and chronic conditions (see Gonçalves et al., 2008
et al., 2008 for a review). The mechanism of S100B secretion remains
unclear (Leite et al., 2017), but the neurotrophic and toxic effect of this
protein appears to be mediated by RAGE, the receptor for advanced
glycated end products and also beta-amyloid peptides (Donato, 2007).
Recent findings suggest that S100B modulates glucose metabolism in
the brain tissue (Wartchow et al., 2016).

Clinical and experimental studies have shown that several psy-
chiatric disorders are associated with changes in glucose metabolism in
the brain, and type 2 DM is a frequent comorbidity in bipolar disorder,
schizophrenia e major depressive disorder (Regenold et al., 2002;
Ohaeri and Akanji, 2011). Molecular imaging of glucose uptake by with
18F-fluorodeoxy-glucose positron-emission tomography seems to be
useful in the diagnosis of neuropsychiatric diseases, particularly in their
early stages (Schöll et al., 2014). Changes in S100B and BDNF levels
have also been described in these psychiatric diseases (Kalia and Costa
E Silva, 2015; Dorofeikova et al., 2018) and it is possibly that these
changes are linked to alterations in glucose metabolism.

Herein, we investigated the acute effect of STZ on hippocampal
slices, measuring changes in BDNF and S100B secretion, two widely
used markers for brain disorders, as well as glucose metabolism using
3H-deoxy-glucose. Moreover, we investigated in vivo changes of these
proteins the in hippocampus and CSF 48 h after ICV STZ administration.

2. Material and methods

2.1. Subjects

For the preparation of hippocampal slices and the STZ model, male
90-day-old Wistar rats were obtained from our breeding colony
(Department of Biochemistry, UFRGS, Porto Alegre, Brazil). The ani-
mals were maintained under controlled light and environmental con-
ditions (12 h light/12 h dark cycle at a constant temperature of
22 ± 1 °C) with free access to commercial chow and water.

2.2. Chemicals

Streptozotocin (STZ), Methylthiazolyldiphenyltetrazolium bromide
(MTT), cytochalasin B (Cyt B), fluorocitrate (FC), tetrodotoxin (TTX),
S100B protein, anti-S100B antibody (SH-B1), o-phenylenediamine
(OPD) were purchased from Sigma-Aldrich (St. Louis, MO- USA).
Polyclonal anti-S100B (clone SH-B) and anti-GFAP antibodies were
purchased from Dako (São Paulo, Brazil). Anti-BDNF antibody was

obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Peroxidase secondary antibodies were from GE (Little Chalfont, United
Kingdom) and fluorescent from Alexa Fluor (Invitrogen). Deoxy-[3-3H]
glucose (20 Ci/mmol) was purchased from PerkinElmer (Boston, MA,
USA). Other reagents were purchased from local commercial suppliers
(Sulquímica or Labsul, Porto Alegre, Brazil).

2.3. Preparation and incubation of brain hippocampal slices

Rats were decapitated and their hippocampi were quickly dissected
out. Transverse sections (0.3 mm) of tissue were rapidly obtained using
a McIlwain tissue chopper. One slice was placed into each well of a 24-
well culture plate. Slices were incubated in oxygenated physiological
medium containing, in mM, 120 NaCl, 2.0 KCl, 1.0 CaCl2, 1.0 MgSO4,
25.0 Hepes, 1.0 KH2PO4 and 10.0 glucose, pH 7.4, at room temperature.
The medium was changed every 15min with fresh medium. Following a
120-min equilibration period, slices were incubated in medium in the
presence/absence of treatment conditions for 1 h at 30 °C (Nardin et al.,
2009).

2.4. Hippocampal slices treatments

To evaluate S100B, BDNF secretion and glucose uptake, hippo-
campal slices (1 slice/well) were treated with different concentrations
of STZ (100 μM, 1 and 10mM) for 1 h in 0.3 mL saline medium. In order
to evaluate different mechanism, slices were also treated with TTX
(1 μM), cytochalasin B (25 μM), high potassium medium (30mM KCl),
fluorocitrate (100 μM) and glucose (10, 1, 0.1 and 0mM) in the pre-
sence, or not, of 1 mM STZ.

2.5. Surgical procedure

STZ was ICV infused, based on previous studies (Rodrigues et al.,
2009; Biasibetti et al., 2017). Briefly, on the day of the surgery, animals
were anesthetized with ketamine/xylazine (75 and 10mg/kg, respec-
tively, i.p.) and placed in a stereotaxic apparatus. A midline sagittal
incision was made in the scalp. Burr holes were drilled in the skull on
both sides over the lateral ventricles. The lateral ventricles were ac-
cessed using the following coordinates: 0.9 mm posterior to bregma;
1.5 mm lateral to sagittal suture; 3.6mm beneath the surface of the
brain. Rats received a single bilateral infusion of 5 μL STZ (3mg/kg) or
vehicle (Hank's balanced salt solution−HBSS−containing in mM: 137
NaCl; 0.63 Na2HPO4; 4.17 NaHCO3; 5.36 KCl; 0.44 KH2PO4; 1.26 CaCl2;
0.41 MgSO4; 0.49 MgCl2 and 10 glucose, in pH 7.4) using a Hamilton
syringe. The infusion of 5μL/ventricle was carefully performed at a rate
of 1 μL/min. After the surgical procedure, rats were placed on a heating
pad to maintain body temperature at 37.5 ± 0.5 °C and were kept
there until recovery from anesthesia. The animals were submitted to
biochemical analysis at 48 h after STZ injection.

2.6. ELISA for S100B and GFAP

S100B content in the hippocampus and in the incubation medium of
slices were determined by ELISA, as described previously (Leite et al.,
2008). Briefly, 50 μL of sample plus 50 μL of Tris buffer were incubated
for 2 h on a microtiter plate, previously coated with anti-S100B
monoclonal antibody (SH-B1, from Sigma). Anti-S100 polyclonal anti-
body (from DAKO) was incubated for 30min and then peroxidase-
conjugated anti-rabbit antibody was added for a further 30min. The
color reaction with o-phenylenediamine was measured at 492 nm. The
standard S100B curve ranged from 0.002 to 1 ng/mL. ELISA for GFAP
in the hippocampal slice was carried out by coating the microtiter plate
with 100 μL samples overnight at 4 °C. Incubation with a rabbit poly-
clonal anti-GFAP for 2 h was followed by incubation with a secondary
antibody conjugated with peroxidase for 1 h, at room temperature; the
standard GFAP curve ranged from 0.1 to 10 ng/mL (Tramontina et al.,
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2007).

2.7. ELISA for BDNF

BDNF protein was assessed using the ChemiKine BDNF Sandwich
ELISA kit (Millipore, USA), according to the manufacturer's re-
commendations. Briefly, the slices of hippocampus were individually
homogenized in buffer containing 100mM Tris-HCl (pH 7.0), con-
taining 2% bovine serum albumin (BSA), 1M NaCl, 4 mM EDTA·Na2,
2% Triton X-100, 0.1% sodium azide, and a protease inhibitor cocktail
(Sigma). Samples were centrifuged for 30min at 14 000×g. The hip-
pocampus was homogenized and the slice incubation medium was in-
cubated on a 96-well microplate previously coated with anti-BDNF
monoclonal antibody. After blocking, plates were incubated with bio-
tinylated mouse anti-BDNF monoclonal antibody for 3 h and strepta-
vidin-HRP conjugate solution for 1 h. The color reaction with the
3,3′,5,5′-tetramethylbenzidine substrate was then quantified with a
plate reader at 450 nm. The standard BDNF curve ranged from 7.8 to
500 pg/mL.

2.8. Glucose uptake assay

Glucose uptake was performed as previously described (Pellerin and
Magistretti, 1994), with some modifications. Briefly, hippocampal
slices were incubated at 35 °C in a Hank's balanced salt solution (HBSS).
The assay was started by the addition of 0.1 μCi/well D-[3-3H] deoxy-
glucose. The incubation was stopped after 30min by removing the
medium and rinsing the slices twice with ice-cold HBSS. The slices were
then lysed in a 0.5 M NaOH solution. Radioactivity was measured using
a scintillation counter. Glucose uptake was calculated by subtracting
the nonspecific uptake, obtained by the glucose transporter inhibitor,
cytochalasin B (25 μM), from the total uptake. Results were expressed
as nmol/mg protein/min.

2.9. Western blot analysis

Proteins of sample were homogenized in sample buffer (62.5mM
Tris–HCl, pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 5% (w/v) β-
mercaptoethanol and 0.002% bromphenol blue) and separated by SDS-
PAGE on 10% (w/v) acrylamide gel and electro transferred onto ni-
trocellulose membranes. Membranes were incubated in TBS-T
(20mmol/L Tris–HCl, pH 7.5, 137mmol/L NaCl, 0.05% (v/v) Tween
20) containing 5% (w/v) bovine serum albumin (BSA) for 1 h at room
temperature. Subsequently, the membranes were incubated overnight
with the appropriate primary antibody BDNF (dilution 1:1000) (Santa
Cruz Biotechnology), and β-actin (dilution 1:5000) (Sigma Aldrich),
rinsed with TBS-T, and exposed to horseradish peroxidase-linked anti-
IgG antibodies for 2 h at room temperature. Chemiluminescent bands
were detected using Image Quant LAS4000 GE Healthcare, and densi-
tometry analyses were performed using Image-J software. The results
were expressed as a percentage of the control.

2.10. Immunofluorescence

Protocol was performed accordingly (Biasibetti et al., 2017). Briefly,
rats were anesthetized using ketamine/xylazine and were perfused
through the left cardiac ventricle with 200mL of saline solution, fol-
lowed by 200mL of 4% paraformaldehyde in 0.1M phosphate buffer,
pH 7.4. The brains were removed and left for post-fixation in the same
fixative solution at 4 °C for 2 h. After this, the material was cryopro-
tected by immersing the brain in 15% and 30% sucrose in phosphate
buffer at 4 °C. The brains were sectioned (40 μm) on a cryostat (Leitz)
and incubated with polyclonal anti-GFAP from rabbit, diluted 1:500 in
2% BSA in PBS-Triton X-100 0.4%, for 48 h at 4 °C. After washing
several times, tissue sections were incubated in secondary anti-rabbit
IgG Alexa Fluor 586 (A11011), diluted 1:500 in PBS, at room

temperature for 1 h. Afterwards, the sections were mounted on slides
with Fluor Save® and covered with coverslips. Images were viewed with
an Olympus confocal microscope and transferred to a computer with
digital camera and Fluoviewer 3.1 FV1000 software.

2.11. Lactate dehydrogenase assay for membrane integrity

The lactate dehydrogenase (LDH) assay was conducted in 150 μL of
extracellular medium using a commercial kinetic UV assay from Bioclin
(Brazil), according to the manufacturer's instructions. Results are ex-
pressed as percentages of the control value.

2.12. MTT reduction assay for cell viability

Slices were treated with 0.5mg/mL of MTT for 30min at 30 °C. The
MTT formazan was dissolved in DMSO. Absorbance values were mea-
sured at 560 and 650 nm. Results are expressed as percentages of the
control value (Hansen et al., 1989).

2.13. Protein determination

Protein content was measured by Lowry's method with some mod-
ifications, using bovine serum albumin as the standard (Peterson,
1977).

2.14. Statistical analysis

For brain hippocampal slices, data are presented as mean ± S.E.M.
Each experiment was performed in triplicate (i.e., 3 slices from each
rat) in at least six independent experiments (i.e., 6 rats). The data were
subjected to one-way analysis of variance (ANOVA), followed by the
Tukey's test. Correlations were analysed by Pearson correlation coeffi-
cient. For the in vivo STZ model, data are presented as mean ± S.E.M.
and statistically evaluated by Student's t-test. Values of P < 0.05 were
considered significant. All analyses were performed using the Graphpad
Prism software version 6 (La Jolla, CA, USA).

3. Ethics statement

All animal experiments were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Federal University of Rio Grande do
Sul Animal Care and Use Committee (process number 28035).

4. Results

4.1. STZ decreases S100B secretion but increases BDNF in hippocampal
slices

We evaluated three concentrations of STZ (0.1, 1 and 10mM), based
on cell culture studies (Plaschke and Kopitz, 2015). In Fig. 1A
(p < 0.0001 and F (3,16)= 15.53), we show that STZ exposure de-
creased S100B secretion, in a concentration-dependent manner. On the
other hand, BDNF secretion was induced by STZ at 1mM (Fig. 1B)
(p= 0.0028 and F (3,15)= 7.440). We have used the term “secretion”
because we measured S100B and BDNF proteins in the incubation
medium, and cell integrity in hippocampal slices was confirmed by
unchanged levels of LDH (Fig. 1C) (p= 0.9858 and F (3,26) = 0.04736).
Moreover, the viability of these preparations was examined by an MTT
reduction assay (Fig. 1D) (p=0.5582 and F (3,16) = 0.7133). In all
experiments, both MTT and LDH were evaluated and statistical differ-
ences were not observed (data not shown).
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4.2. STZ exposure causes impairment in glucose uptake in hippocampal
slices

Since STZ affects glucose flux we measured its direct effect on
glucose uptake. In fact, STZ decreased glucose uptake in a concentra-
tion-dependent manner (Fig. 2A) (p < 0.0001 and F (3,16)= 59.32). In
another set of experiments, we measured glucose uptake and S100B
secretion, or BDNF secretion, in hippocampal slices exposed to different
concentrations of STZ. A positive correlation between the STZ-induced
decrease in glucose uptake and the decrease in S100B secretion was
observed (Fig. 2B, r= 0.7872, p < 0.0001). However, no correlation
was observed between the decrease in glucose uptake and the increase
in BDNF secretion in hippocampal slices exposed to STZ (Fig. 2C,
r=−0.06020, p=0.8066).

4.3. Glucose levels and glucose metabolism differentially modulate S100B
and BDNF secretion

We investigated the effect of different glucose concentrations in the
incubation medium on S100B (Fig. 3A) (p= 0.8902 and F
(3,23) = 0.2068 ) and BDNF (Fig. 3B) (p= 0.0486 and F (3,23) = 3.058)
in acute hippocampal slices. Note that 10mM glucose was the basal
concentration used in our experiments. Lower levels of glucose (1 and
0.1 mM) or even the absence of glucose in the incubation medium do
not alter S100B secretion. However, an increase in BDNF secretion was
observed when hippocampal slices were incubated with lower levels of
glucose. In order to clarify the effect of glucose, we incubated hippo-
campal slices with cytochalasin B, an inhibitor of glucose transport, and
fluorocitrate, a preferential astrocytes metabolic inhibitor. S100B se-
cretion was not affected by cytochalasin B, but was dramatically in-
hibited by flurocitrate (Fig. 3C) (p < 0.0001 and F (2,12) = 143.0). On
the other hand, cytochalasin B and fluorocitrate stimulated BDNF se-
cretion (Fig. 3D) (p=0.0041 and F (2,21) = 7.223).

4.4. The effects of STZ on S100B and BDNF secretion are cell-specific

In order to confirm the cell sources of S100B and BDNF, as well as
the possible alterations in membrane depolarization induced by STZ,
we incubated hippocampal slices in the presence of high potassium
medium (high K+) and tetrodotoxin (TTX), an inhibitor of voltage-

regulated Na+ channels. High K+ induced a decrease in S100B secre-
tion, while TTX had no effect per se on S100B secretion (Fig. 4A)
(p= 0.0011 and F (3,16) = 8.891). However, TTX partially restores the
STZ-induced reduction in S100B secretion induced by high K+. More-
over, the decrease in S100B secretion caused by STZ (at 1mM) was not
prevented by the presence of TTX (Fig. 4B) (p= 0.0005 and F
(2,12) = 15.24). BDNF secretion was stimulated in high K+ and TTX was
able to partially block this stimulation (Fig. 4C) (p= 0.0149 and F
(3,42) = 3.917). However, TTX tended to diminish STZ-stimulated BDNF
secretion (Fig. 4D) (p= 0.0027 and F (2,31) = 7.229).

4.5. Intracerebroventricular STZ reduces hippocampal BDNF content but
not S100B

In order to evaluate the acute in vivo toxicity of STZ, we infused this
compound ICV (3mg/kg, bilaterally) and determined the content of
BDNF and S100B in the hippocampus 48 h later. The hippocampal
BDNF content was reduced when analysed by ELISA (Fig. 5A,
p=0.0396), as well as when observed by Western blotting (Fig. 5B,
p=0.0329). On the other hand, the hippocampal content of S100B was
unchanged (Fig. 5C, p=0.7104). However, the astroglial reactivity
indicated GFAP increment (Fig. 5D, p= 0.0391). Im-
munohistochemistry analysis for GFAP confirmed the hippocampal glial
commitment to STZ exposure (Fig. 5, panels F and G).

5. Discussion

The present study provides data that help to elucidate the early
alterations and acute mechanisms of STZ toxicity and disease me-
chanisms in the brain tissue. Most studies have characterized cell death
markers even several weeks after ICV STZ, identifying long-term
changes rather than a direct toxic effect of this compound (Saxena
et al., 2011; Rai et al., 2014). The STZ-induced model of AD is well
established but the direct and acute effects of this compound on ner-
vous tissue are poorly understood. In fact, only a few studies have
looked at the acute effects of STZ on brain tissue. Herein, we in-
vestigated STZ toxicity and glucose metabolism dysfunction in the
hippocampus by looking at its direct effects on ex vivo preparations,
evaluating two well-characterized markers of brain injury, BDNF and
S100B. Additionally, early hippocampal alterations in these markers

Fig. 1. Effect of STZ on S100B and BDNF secretion in
acute hippocampal slices. A, Fresh hippocampal slices were
incubated in the presence of STZ, at indicated concentra-
tions, and S100B secretion was measured by ELISA 1 h
afterwards. B, Fresh hippocampal slices were incubated in
the presence of STZ for 1 h and the BDNF concentration in
the incubation medium was measured by ELISA. C,
Evaluation of cell integrity of hippocampal slices during STZ
exposure was measured by LDH activity in the incubation
medium. D, MTT reduction assay was used for evaluation of
cell viability in hippocampal slices. Data are shown as ab-
solute values (A and B) or percentage means ± SE of 6 in-
dependent experiments performed in triplicate. Letters in-
dicate different statistical groups (one-way ANOVA followed
by Tukey's test).
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were also determined at 48 h after STZ exposure in vivo.
STZ impairs the glucose metabolism in many cell types and is ap-

parently influenced by the presence of GLUT2 (Szkudelski 2001, 2012).
N2A neuronal cultures and C6 glioma cells exposed to STZ (from 0.01 to
1mM) for 48 h exhibited decreases in glucose uptake, accompanied by
lower ATP levels and decreased glucose transporter expression (Biswas
et al., 2016; Biswas et al., 2017). The decrease in extracellular S100B
has been related to glucose metabolism in hippocampal slices and C6
glioma cells (Wartchow et al., 2016) and our observation of a decrease
in glucose uptake reinforces a possible association. Moreover, a positive
correlation was observed between the decrease in S100B and the de-
crease in glucose uptake induced by STZ. In the STZ model of AD, both
hippocampal glucose uptake and decreased cerebrospinal fluid S100B
have been reported (Rodrigues et al., 2009; Biasibetti et al., 2013).
Although the mechanism remains unclear, the STZ-induced interference
in glucose metabolism is associated with reduced extracellular levels of
S100B.

On the other hand, STZ (at 1mM, but not at 10mM) stimulated
BDNF release in acute hippocampal slices; this effect was not attribu-
table to “leaking” of BDNF, once no changes were observed in cell
viability (measured by MTT reduction assay) or cell integrity (measured
by LDH release) following STZ incubation at this concentration. BDNF
is also released by neurons to increase glucose utilization (see Marosi
and Mattson, 2014 for a review), therefore, the increment observed
may suggest a neuronal response to glucose metabolism impairment.
However, no direct correlation was observed between the decrease in
glucose uptake and BDNF secretion from hippocampal slices.

In order to investigate whether the opposing changes in S100B and
BDNF secretion are related to glucose metabolism, we evaluated whe-
ther this secretion is affected by extracellular levels of glucose or glu-
cose uptake or glucose metabolism. S100B secretion by astrocytes was
not affected by levels of glucose (from 0 to 10mM, which is the basal
concentration in our conditions). However, BDNF secretion was clearly
higher when hippocampal slices were incubated in a medium without
glucose. Moreover, when cytochalasin B, a non-specific inhibitor of
glucose transport, was added to the incubation medium, BDNF secre-
tion was strongly stimulated, but S100B secretion was not. A summary
of our results is represented in Fig. 6. More dramatic and opposing ef-
fects were observed when slices were incubated with fluorocitrate, an
inhibitor of aconitase, which is mostly uptaken by glial cells. Fluor-
ocitrate stimulated BDNF secretion and strongly reduced S100B secre-
tion via an, as yet, undefined mechanism, although it is possible that
glucose or its metabolites, such as lactate or methylglyoxal, may be
involved in this effect (see Fig. 6). Both glucose-derived products are
metabolic substrates and additionally act on membrane receptors
(Distler and Palmer, 2012; Barros et al., 2013; Gonçalves et al., 2018),
which in turn, could modulate the secretion of S100B in astrocytes and
BDNF in neurons. While the mechanisms involved in glucose flow and
the opposing alterations in BDNF and S100B secretion are unknown,
these effects are quite clear.

At this point in the study, we assumed that S100B and BDNF are
secreted by astrocytes and neurons, respectively, by opposing and in-
dependent mechanisms. Our next step was to investigate whether
S100B was, in fact, released from astrocytes and BDNF from neurons in
our preparations. For this, we used TTX, a blocker of Na+ channels
(almost absent in glial cells) and a high K+ -medium that is able to
depolarize neurons (and therefore stimulate BDNF secretion) and ne-
gatively modulate S100B secretion in astrocytes (Nardin et al., 2009).
In fact, the high K+ -medium stimulated BDNF secretion in hippo-
campal slices and this effect was blocked by co-incubation with TTX
(see Fig. 6). This confirms the neuronal origin of extracellular BDNF.
Astrocytes are also able to express and secrete BDNF in some injury
conditions (Bergami et al., 2008), but possibly not in this STZ-induced
acute damage model. On the other hand, high K+ -medium caused a
decrease in S100B secretion and this was partially blocked by TTX,
suggesting that high K+-reduced S100B secretion, involves, in part,

Fig. 2. Effect of STZ on glucose uptake in hippocampal slices. A, Fresh
hippocampal slices were incubated in the presence of STZ for 1 h, at indicated
concentrations, and glucose uptake was measured in the last 30min by addition
of [3H]-deoxy-glucose. Data are shown are means ± SE of 6 independent ex-
periments (six animals) performed in triplicate (three slices from each animal,
one slice/well). Letters indicate different statistical groups (one-way ANOVA
followed by Tukey's test). In another set of experiments experiments, we sear-
ched determined the correlation between glucose uptake and S100B secretion
(in B) or glucose uptake and BDNF secretion (in B) in hippocampal slices ex-
posed to STZ, as analysed by Pearson correlation coefficient, assuming
p < 0.05.
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some neuronal pathways. However, STZ-reduced S100B secretion was
not affected by TTX. The BDNF secretion induced by STZ was partially
inhibited by TTX, reinforcing the idea that BDNF is secreted, in part,
independently of neuronal depolarization.

Abnormalities in glucose metabolism in the hippocampus, in addi-
tion to neurodegenerative diseases, are observed in psychiatric dis-
orders and schizophrenia in their early stages (Schöll et al., 2014), and
perhaps changes in the secretion of S100B and/or BDNF in this region
of the brain are linked to these abnormalities (Kalia and Costa E Silva,
2015; Dorofeikova et al., 2018). Type 2 DM is a frequent comorbidity in
bipolar disorder, and the hippocampus is strongly affected (Hajek et al.,
2014)et al., 2014). In fact, a postmortem study in the hippocampus
showed a decrease of S100B-immunopositive astrocytes and oligoden-
drocytes in CA1 in major depression disorder and bipolar disorder (Gos

et al., 2013). Accordingly, we found that fluoxetine stimulated the se-
cretion of S100B into slices of rat hippocampus (Tramontina et al.,
2008).

In addition, impairment of glucose metabolism is observed in schi-
zophrenic individuals and antipsychotic medication may contribute to
this alteration (Steiner et al., 2014). Hippocampal slices exposed to
apomorphine, which mimic dopaminergic hyperactivation, have a re-
duced secretion of S100B, which is prevented by haloperidol and ris-
peridone (Nardin et al., 2011). On the other hand, these antipsychotics
were also capable of preventing the secretion of S100B induced by IL6
(de Souza et al., 2013).

In other experiments, anesthetized rats received an ICV adminis-
tration of STZ and both markers, BDNF and S100B, were analysed in
hippocampal tissue. No changes were observed in the hippocampal

Fig. 3. The effect of glucose levels and glucose metabo-
lism on S100B and BDNF secretion in acute hippocampal
slices. Acute hippocampal slices were incubated for 1 h in
media with different concentrations of glucose, as indicated
in the Figure, and S100B secretion (in A) and BDNF secretion
(in B) were measured. Hippocampal slices were incubated
with cytochalasin B (Cyt B) at 25 μM, an inhibitor of glucose
transport, or fluorocitrate (FC) at 100 μM, a glia-specific
metabolic inhibitor, to evaluate and S100B secretion
(Fig. 3C) and BDNF secretion (Fig. 3D) were evaluated. Data
are means ± SE of 6 independent experiments performed in
triplicate. Letters indicate different statistical groups (one-
way ANOVA followed by Tukey's test).

Fig. 4. The effect of tetrodotoxin on STZ -induced
changes in S100B and BDNF. A, S100B secretion was
evaluated in hippocampal slices incubated in basal and high
potassium medium conditions (30mM KCl) and in the pre-
sence or not of TTX (1 μM). B, S100B secretion in the pre-
sence of STZ (at 1mM) and TTX C, BDNF secretion was
evaluated in hippocampal slices incubated in the basal and
high potassium medium and in the presence or not of TTX. D,
BDNF secretion in the presence of STZ (at 1mM) and TTX (at
1 μM). Data are means ± SE of 6 independent experiments
performed in triplicate. Letters indicate different statistical
groups (one-way ANOVA followed by Tukey's test).
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content of S100B, compared to sham rats 48 h afterwards. However, the
increase in GFAP suggests astroglial commitment, which was confirmed
by immunocytochemistry. Accordingly, rapid changes have been re-
ported in GFAP (and GLUT-2) immunoreactivity at 1 and 24 h after ICV

STZ infusion in different mouse brain regions, including the hippo-
campus (Knezovic et al., 2017). A recent study from our laboratory
showed increased GFAP in the hippocampus at one week after STZ
infusion (Dos Santos, Vizuete et al., 2018), confirming the long-term
STZ-induced astrogliosis observed by other authors (Javed et al., 2012;
Mishra et al., 2018). This direct and acute effect on GFAP was also
observed in C6 glioma cells exposed to STZ for 24 h (Rajasekar et al.,
2014).

Differently from observations with S100B, we found that hippo-
campal BDNF was reduced at 48 h after ICV STZ administration, as
measured by ELISA or Western blotting. Our results are also in agree-
ment with the fast hippocampal BDNF decrement observed at one and
24 h after ICV STZ infusion (Souza et al., 2017). In C6 glioma cells
exposed to STZ, BDNF expression was also reduced at 48 h (Rajasekar
et al., 2016), as occurred in RIN5F cells (an insulin-secreting rat pan-
creatic β cell line) (Bathina et al., 2017). Moreover, other studies found
a decrease in BDNF in whole brain and hippocampal tissue at 3 weeks
after ICV STZ administration (Sharma and Gupta, 2002; Sharma and
Taliyan, 2015; Rajasekar et al., 2017).

Taken together, these data suggest that acute STZ does not affect the
hippocampal S100B content, but reduces its secretion and con-
comitantly increases BDNF secretion. Moreover, our data indicate the
usefulness of this model in pre-clinical studies to investigate S100B and
BDNF. It is also important to note that most studies that correlate
glucose metabolism and BDNF refer to protein expression rather than
secretion, as we have measured here. However, we are aware that our in
vitro results (concerning protein secretion) cannot be compared directly
with in vivo results (concerning protein turnover). Under in vitro con-
ditions, we can observe the secretion of S100B and BDNF in response to
STZ, where changes in the expression of these proteins in the hippo-
campal slice is likely very small. For a direct comparison between in
vitro and in vivo conditions, it would appear to be more appropriate to
measure hippocampal secretion ex vivo at 1 h after ICV STZ adminis-
tration. However, due to the methodological approach used for slice
preparations (that takes 2 h), we can determine secretion of S100B and
BDNF at 3 h after STZ and in anesthetized rats that, in turn, could affect
protein secretion (Vicente et al., 2007). Independently of these limita-
tions, these in vitro and in vivo results are important for understanding
the response to acute exposure to STZ.

6. Conclusions

In summary, our results clearly show that STZ acutely affects the
secretion of S100B (decrease) and BDNF (increase) from astrocytes and
neurons, respectively. Using fresh hippocampal slices, in which these
cells are structurally and functionally preserved, it is possible to observe
a complex metabolic relationship. The impairment of glucose metabo-
lism by STZ directly and indirectly affected the secretion of the S100B
and BDNF proteins. Our results indicate that BDNF and S100B are
useful and sensitive markers of acute energetic metabolic changes in-
duced by STZ and in other brain injury conditions.
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