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Abstract The brain of patients affected by Alzheimer’s dis-
ease (AD) develops progressive neurodegeneration linked to
the formation of proteins aggregates. However, their single
actions cannot explain the extent of brain damage observed
in this disorder, and the characterization of co-adjuvant in-
volved in the early toxic processes evoked in AD is essential.
In this line, quinolinic acid (QUIN) and homocysteine (Hcy)
appear to be involved in the AD neuropathogenesis. Herein,
we investigate the effects of QUIN and Hcy on early toxic
events in cortical neurons and astrocytes. Exposure of primary
cortical cultures to these neurometabolites for 24 h induced
concentration-dependent neurotoxicity. In addition, QUIN
(25 uM) and Hey (30 uM) triggered ROS production, lipid
peroxidation, diminished of Na",K*-ATPase activity, and
morphologic alterations, culminating in reduced neuronal vi-
ability by necrotic cell death. In astrocytes, QUIN (100 uM)
and Hey (30 uM) induced caspase-3-dependent apoptosis and
morphologic alterations through oxidative status imbalance.
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To establish specific mechanisms, we preincubated cell cul-
tures with different protective agents. The combined toxicity
of QUIN and Hcy was attenuated by melatonin and Trolox in
neurons and by NMDA antagonists and glutathione in astro-
cytes. Cellular death and morphologic alterations were
prevented when co-culture was treated with metabolites, sug-
gesting the activation of protector mechanisms dependent on
soluble factors and astrocyte and neuron communication
through gap junctions. These findings suggest that early dam-
aging events involved in AD can be magnified by synergistic
toxicity of the QUIN and Hcy. Therefore, this study opens
new possibilities to elucidate the molecular mechanisms of
neuron-astrocyte interactions and their role in neuroprotection
against QUIN and Hcy.

Keywords Quinolinic acid - Homocysteine - Alzheimer
disease - Oxidative stress - Na", K*-ATPase

Introduction

Neurodegeneration is characterized by progressive loss of
neuronal integrity, in both structure and function. Among neu-
rodegenerative diseases, Alzheimer’s disease (AD) is the most
common worldwide, affecting approximately 10% of individ-
uals over the age of 60. According to data revealed by the
World Health Organization, the number of cases of dementia
among the elderly is expected to increase to over 115 million
people by 2050 (www.Alz.co.uk/research/statics). Thus,
million people will be suffering from dementia and will
require significant medical, monetary, and human resources
for their care, leading AD to epidemic proportions.

AD is characterized by progressive memory loss and cog-
nitive dysfunction, resulting in severe dementia (Goedert and
Spillantini 2006a). The key feature of the disease is the
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formation of amyloid plaques and neurofibrillary tangles,
leading to neuronal death mostly in the neocortex and hippo-
campus (Mudher and Lovestone 2002). However, cortical
and hippocampal neuronal degeneration could be the con-
sequence of a combination of several mechanisms, includ-
ing perturbations in protein metabolism, excitotoxicity,
oxidative stress, mitochondrial perturbations, and inflam-
mation (Goedert and Spillantini 2006b; Mudher and
Lovestone 2002). Although the biochemical and cellular
basis of AD symptoms have received great attention in
scientific researches, the understanding of the pathologic
mechanisms underlying the disease remains unknown.
Furthermore, the study and discovery of therapeutic strat-
egies to prevent or delay neurodegeneration neural tissue
is a high priority, since no cure is currently available.

Along with genetic factors that are the prime cause of ho-
mocysteine (Hcy) imbalance, the nutritional, aging, and hor-
monal factors are also contributing to high Hcy levels in the
body (Sharma et al. 2015). Several studies have reported that
elevated levels of serum Hey are correlated with AD (Gottfries
et al. 1998; Seshadri 2012). Individuals with serum Hey con-
centration above 14 pM had a 4.6 higher risk of having AD
than those subjects with plasma Hcy below 11 uM (Clarke
et al. 1998). Hey has been associated with the degree of cog-
nitive impairment or stage of dementia and could act as a
biomarker for the progression of AD. Accordingly,
hyperhomocisteinemia is associated with poor performance
on objective tests of cognitive function in studies with AD
patients (Bell et al. 1992; Williams et al. 2002). Also, results
from Heijer and collaborators (den Heijer et al. 2003) showed
that high plasma Hcy levels are associated with atrophy of the
hippocampus and cortical regions in elderly at risk of AD.
Based in all this, it is logical to assume that homocysteine
plays a role in neurodegeneration seen in the disease.
Oxidative/nitrative stress and neuroinflammation has been as-
sociated to the deleterious effect of Hcy (Sharma et al. 2015).
However, to our knowledge, the effects of lower doses of Hey
(30 uM) in neural cells have not fully understood.

Kynurenine pathway is the major route of tryptophan me-
tabolism leading to production of a number of biologically
active molecules. Among them, quinolinic acid (QUIN) is
considered a more important neurotoxin since it is involved
in the pathogenesis of a number of neurological diseases, in-
cluding AD (Guillemin and Brew 2002; Tan et al. 2012). A
cleavage product of amyloid precursor protein, A 1-42, in-
duces production of QUIN in neurotoxic concentrations
(Guillemin et al. 2003). High QUIN concentrations can lead
to inflammation and excitotoxicity around the senile plaques
(Guillemin and Brew 2002). Thus, it can cause glutamate
accumulation, oxidative stress, and neural death by cytotoxic-
ity (Kincses et al. 2010). These findings imply that QUIN may
be one of the critical factors in the pathogenesis of neural
damage in AD.
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Both QUIN and Hcy exert their effects through glutamater-
gic receptors overactivation, leading to excitotoxicity, oxida-
tive stress, and cell death. Furthermore, high Hcy levels can
exacerbate QUIN effects through decrease of kynurenic acid
(KYNA), another active molecule of kynurenine pathway
with antagonistic effects on QUIN. In addition, it has been
shown that QUIN and Hcy are involved in energy and redox
status changes (Lugo-Huitron et al. 2013; Stachelin 2005),
and it is well-known that those alterations could lead to acti-
vation of cell death pathways (Cobb and Cole 2015; Prentice
et al. 2015).

One problem with most studies involving the role of po-
tential metabolites in neurodegenerative diseases is that they
have typically been studied separately, whereas the actual sit-
uation clearly involves interaction between multiple toxic
agents. Also, the limited understanding of the mechanisms
underlying the onset of symptoms is responsible, at least in
part, by the lack of effective treatment for AD cases. Since AD
is characterized by a long prodromal period, its etiology may
be better investigated in relation to early preclinical patho-
physiology of the disease.

Considering that both QUIN and Hcy are increased in the
early stages of the disease and are involved in the AD patho-
physiology, the present study aimed to investigate the death
mechanisms triggered by QUIN and Hcy in primary cortical
astrocytes and neurons, and evaluate some mechanisms un-
derlying these actions. We focused on pro-apoptotic proteins,
mitochondrial potential, redox imbalance, Na*,K*-ATPase ac-
tivity, morphologic alterations, and astrocyte-neuron commu-
nication on QUIN and Hcy effects. In addition, glutamate
antagonists and antioxidants were investigated in the para-
digm of cell death and protective mechanisms through GJ.

Materials and Methods
Materials

Phalloidin-fluorescein isothiocynate, bis-acrylamide,
benzamidine, leupeptin, antipain, pepstatin, chymostatin, ac-
rylamide, the antibodies anti-(3 III-tubulin, anti-mouse IgG
(whole molecule), anti-mouse IgG (whole molecule)-fluores-
cein isothiocyante (FITC), F(ab)2 fragment-Cy3, peroxidase-
conjugated anti-mouse IgG, anti-active caspase-3, melatonin,
Trolox, L-glutathione reduced, ibuprofen, diclofenac sodium
salt, acetylsalicylic acid, MK-801, quinolinic acid, DL-homo-
cysteine, and material for cell culture were obtained from
Sigma (St. Louis, MO). Polyclonal anti-GFAP antibody was
from Dako (Glostrup, Denmark). 4,6-Diamidino-2-
phenylindole (DAPI) was from Calbiochem (La Jolla, CA).
An enhanced chemiluminescence (ECL) detection kit was
from Millipore (Billerica, MA). Anti-actin, anti-phospho
Akt, anti-GSK-3f3, anti-phosphoGSK-3f3, and anti-MAP2
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antibodies were from Cell Signaling Technology (Boston,
MA). Fetal bovine serum (FBS), Dulbecco’s modified
Eagle’s medium nutrient mixture F-12 (DMEM/F12),
Neurobasal medium, B-27 supplement, fungizone, and
penicillin/streptomycin were purchased from Gibco BRL
(Carlsbad, CA). The potent competitive non-NMDA iGluR
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
and the non-selective group I/group II mGluR antagonist
(R,S)-a-methyl-4-carboxyphenylglycine (MCPG) were pur-
chased from Tocris Neuramin (Bristol, UK). FITC Annexin
V Apoptosis Detection Kit was from BD Pharmigen (San
Diego, CA). Mitotracker red and green were purchased from
Thermofisher Scientific (Waltham, MA).

Animals

Pregnant Wistar rats (200-250 g) were obtained from our
breeding stock. Rats were maintained under a 12-h light-
dark cycle in a constant temperature (22 °C) colony room,
with food and water ad libitum. Animals were observed on
gestational day 22 and as soon as delivery had finished,
mothers and pups were sacrificed by decapitation without an-
esthesia, and pups were used for astrocyte culture. For neuron
culture, mothers were sacrificed on gestational day 18 by de-
capitation and the embryos were used for neuronal cultures.
The experimental protocol followed the official governmental
guidelines in issued by the Brazilian Federation of Societies
for Experimental Biology, following the Guide for the Care
and Use of Laboratory Animals (No. 80-23, revised 1996) and
Arouca Law (Law n° 11.794/2008). In addition, all experi-
mental protocols of this study were approved by the Ethics
Committee of Federal University of Rio Grande do Sul
(UFRGS, RS, Brazil) under license (#26995). We further at-
test that all efforts were made to minimize the number of
animals used and their suffering.

Astrocyte and Neuron Primary Culture

Astrocytes were assessed from the cerebral cortex of newborn
(0-1 day old; PO) Wistar rats as previously described
(Pierozan et al. 2014). Briefly, rats were decapitated and the
cerebral cortex was removed. Mechanically dissociated cells
were plated in DMEM/F12/10% fetal bovine serum (FBS)
(pH 7.4) supplemented with glucose (33 mM), glutamine
(2 mM), and sodium bicarbonate (3 mM) in 15.6- and 34.8-
mm-diameter wells (six- and 24-well plates; Corning,
Corning, NY) that had previously been coated with
polyornithine (1.5 mg/mL; Sigma). These cells were grown
in a humid incubator (37 °C; 5% CQO,), with the media re-
placed every 3 days. After astrocytes had reached
semiconfluence (15 days in vitro [DIV]), the culture medium
was removed by suction, and the cells were incubated for 24 h
at 37 °C in an atmosphere of 5% CO, in DMEM/F12

without FBS and treated with the metabolites (QUIN plus
DL-Hcy). Some cultures were treated with the same incuba-
tion medium but without metabolites (control cultures).
Morphological studies were performed with cells fixed for
immunocytochemistry.

Primary neuronal cell cultures were prepared from embry-
onic day 18 Wistar rat striatum as previously described
(Pierozan et al. 2015). Briefly, single-cell suspensions were
obtained by dissociating cerebral cortical cells in
DMEM/F12 medium supplemented with 33 mM glucose,
2 mM glutamine, and 3 mM sodium bicarbonate.
Approximately 5 x 10* neuronal cells were plated on
polylysine-treated coverslips placed on a 24-well plate or
1.5 x 10° neuronal cells for a six-well plate. The neuronal
cultures were kept in Neurobasal medium supplemented with
2 mM glutamine and B27 for up to 24 h. After this, the culture
medium was removed by suction, and the cells were incubated
for 7 days in a humid incubator (37 °C; 5% CO,). When
neuronal cultures were 8 DIV, the culture medium was re-
moved and cells were treated for an additional 24 h in
Neurobasal medium in the presence of metabolites. Some cul-
tures were treated with the same incubation medium but with-
out metabolites (control cultures). Morphological studies were
performed with cells fixed for immunocytochemistry.

Co-culture consisted of recently isolated striatal neurons
plated on top of nonrelated astrocyte monolayers (15 DIV).
Co-cultures was kept for 7 days at 37 °C in a humidified 5%
CO, air atmosphere. When neurons were at 8 DIV, the cul-
tures were used for subsequent treatment.

3-(4,5-Dimethyl-2-y1)22,5-Diphenyl-2H-Tetrazolium
Bromide Assay

Neurons and astrocytes were seeded at a density of 2 x 10*
cells/well in 96-well plates (8-DIV neurons and 15-DIV astro-
cytes). They were treated with 25—-100 uM QUIN and/or
30 uM Hcy for 24 h, with three replicates of each treatment.
Cell viability was measured by the 3-(4,5-dimethyl-2-y1)22,5-
diphenyl-2H-tetrazolium bromide (MTT) assay, which is
based on the conversion of the tetrazolium salt to the colored
product formazan. In brief, 0.5 mg MTT was added to each
well of the 96-well plates (containing 100 pL medium and
cells) 4 h before the end of incubation with metabolites.
The supernatant was then separated, and 100 pL
dimethylsulfoxide (DMSO) was added to each well, followed
by incubation and shaking for 10 min. The formazan product
generated during the incubation was solubilized in DMSO and
measured at 540 and 620 nm. Only viable cells are able to
reduce MTT.

In the experiments designed to study signaling mechanisms
of cell death, cells were preincubated for 30 min in the pres-
ence or absence of 100 uM MK-801 (Jiang et al. 2010),
50 uM DL-APS, 25 uM CNQX, 50 uM MCPG, 30 uM

@ Springer



150

Neurotox Res (2018) 34:147-163

MPEP, (Loureiro et al. 2015), 1 mM GSH (de Lima Pelaez
et al. 2007), 10 uM melatonin and 50 uM Trolox (Loureiro
etal. 2013), 100 uM LaCl; (Rana and Dringen 2007) (Santos-
Carvalho et al. 2013), 10 uM AAS, 1 pg/mL sodium
diclofenac and 100 pg/mL ibuprofen, and 1.5 pg/mL
nimesulide (Loureiro et al. 2016). After the preincubation,
the culture medium was removed and cells were treated for
an additional 24 h in the presence or absence of metabolites
plus antagonists or antioxidants.

In experiments designed to evaluate the role of the
conditioned medium of astrocytes and neuron on cell sur-
vival, the astrocytes (15 DIV), neurons (8DIV), and co-
cultures were pretreated with QUIN and Hcy for 24 h in
serum-free DMEM/F12 medium, and after 24 h the medi-
um was collected. The cultures were treated with the as-
trocyte or neuron-conditioned medium plus QUIN and
Hcy for 24 h.

In the experiments designed to evaluate the role of GJ on
cell survival, the co-culture were pretreated with 50 uM
LasCl, for 30 min (Moore et al. 2014), followed by treatment
with QUIN, Hey or both for 24 h. In the experiments designed
to investigate the mechanisms by which GJ are involved in the
protective mechanisms triggered by co-culture, the cells were
pretreated for 30 min in the presence or absence of 100 uM
MK-801 (Jiang et al. 2010), S0 uM DL-APS, 25 uM CNQX,
50 uM MCPG, 30 uM MPEP, (Loureiro et al. 2015), 1 mM
GSH (de Lima Pelaez et al. 2007), 10 uM melatonin and
50 uM Trolox (Loureiro et al. 2013), 100 uM LaCl; (Rana
and Dringen 2007) (Santos-Carvalho et al. 2013), 10 uM
AAS, 1 pg/mL sodium diclofenac and 100 pug/mL ibuprofen,
and 1.5 pg/mL nimesulide (Loureiro et al. 2016). After the
preincubation, the culture medium was removed and cells
were treated for an additional 24 h in the presence or absence
of metabolites plus antagonists, antioxidants, and La;Cl,.

Annexin V-Pi Labeling

The apoptotic/necrotic detection assay was carried out by
surface labeling with the Ca’*-dependent
phosphatidylserine-binding protein annexin V and
propidium iodide. After they had been incubated with
QUIN (25-100 uM) and/or 30 uM Hcy for 24 h, cells
were recovered from the culture plates by 0.25% trypsin-
EDTA treatment, centrifuged (1000 g for 5 min), and
washed once with phosphate-buffered saline (PBS).
Cells were labeled by incubation with annexin V-FITC
and propidium iodide (Pi) in a binding buffer (apoptosis
detection kit 1-556547; BD Pharmingen) for 15 min at
room temperature in the dark, according to the manufac-
turer’s instruction. Stained cells were acquired (10,000 for
gated astrocytes and neurons) on an FACS Calibur flow
cytometer. Analysis was performed in the FlowlJo
Software.
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Mitochondrial Mass and Membrane Potential
Measurements

MitoTracker Red (MTR) and MitoTracker Green (MTG) dyes
were employed to assess mitochondrial function. MTR is a
lipophilic cationic fluorescent dye that is concentrated inside
mitochondria because of the negative mitochondrial mem-
brane potential (Pendergrass et al. 2004). The loss of mem-
brane potential results in release of MTR from mitochondria
and a subsequent decrease in fluorescence (Khanal et al.
2011). MTG is a green-fluorescing fluorophore which is taken
up electrophoretically into mitochondria and has been used as
ameasure of mitochondrial mass independent of mitochondri-
al membrane potential. MTR and MTG were dissolved in
dimethylsulfoxide (DMSO) to a 1-mM stock concentration.
Dissociated cells, previously filtered, were stained with
100 nm MTR and 100 nm MTG for 45 min at 37 °C in a
water bath in a dark room according to method described by
Keij et al. (2000) and Pendergrass et al. (2004) with some
modifications. Immediately after staining, cell suspensions
were removed from the water bath and analyzed by flow cy-
tometry on a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA). The emission of fluorochromes
was recorded through specific band-pass fluorescence filters:
red (FL-3; 670 nm long pass) and green (FL-1; 530 nm/30).
Data from 10,000 events (intact cells) were acquired and mean
relative fluorescence intensity was determined after exclusion
of debris events from the data set. All flow cytometric acqui-
sitions and analyses were performed using CELLQuest Pro
data acquisition (BD Biosciences) and the FlowJo analysis
software.

2"7'-Dichlorofluorescein Fluorescence Assay

Reactive oxygen species production was measured according
to the method of LeBel et al. (1990) and based on the oxida-
tion of 2'7'-dichlorofluorescein (H,DCF). The samples were
incubated in a medium containing 100 uM 2'7'-
dichlorofluorescein diacetate (H,DCF-DA) solution.
Reaction produces the fluorescent compound
dichlorofluorescein (DCF) which is measured at
Aem = 525 nm and Aex = 488 nm.

Sulfhydryl Content

This assay was performed as described by Aksenov and
Markesbery (2001), which is based on the reduction of 5,5'-
dithio-bis(2-nitrobenzoic acid) (DTNB) by sulthydryl groups,
which in turn become oxidized (disulfide), generating a yel-
low derivative (TNB) whose absorption is measured spectro-
photometrically at 412 nm. Briefly, 15 pL of homogenate
were added to 275 puL of phosphate-buffered saline pH 7.4
containing 1 mM EDTA. The reaction was started by the
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addition of 10 uL of 10 mM DTNB and incubated for 30 min
at room temperature in a dark room. The sulfhydryl content is
inversely correlated to oxidative damage to the protein.

Thiobarbituric Acid-Reactive Substances (TBARS) Assay

TBA-RS levels were measured according to the method de-
scribed by Yagi (1998) with slight modifications. Briefly,
50 uL of 10% trichloroacetic acid and 50 pL of cell homog-
enate were incubated for 1 h in a boiling water bath in the
presence of 400 uL of 0.67% thiobarbituric acid in 7.1% so-
dium sulfate. The mixture was allowed to cool on running tap
water for 5 min. The resulting pink-stained complex was ex-
tracted with 400 pL of butanol. Fluorescence of the organic
phase was read at 515 and 553 nm as excitation and emission
wavelengths, respectively. Calibration curve was performed
using 1,1,3,3-tetramethoxypropane and subjected to the same
treatment as supernatants. TBA-RS levels were calculated as
percentage of controls.

Na*,K'-ATPase Activity Assay

The reaction mixture for the Na*,K*-ATPase assay contained
5 mM MgCl,, 80 mM NaCl, 20 mM KCI, and 40 mM Tris
HCI, pH 7.4, to give a final volume of 200 pL. The reaction
was initiated by adding ATP to a final 3 mM concentration.
Controls were carried out under the same conditions with the
addition of 1 mM ouabain. Na*K*-ATPase activity was cal-
culated from the difference between the two assays, according
to the method of Wyse et al. (1999). Released inorganic phos-
phate (Pi) was measured by the method of Chan et al. (1986).
The enzyme-specific activity was expressed as nanomoles of
Pi released per minute per milligram protein.

Western Blot Analysis

After 24 h of metabolites treatment, cells were disrupted by
lysis solution containing 2 mM EDTA, 50 mMTris-HCI,
pH 6.8, and 4% SDS. For electrophoretic analysis, samples
were dissolved in 25% (v/v) of a solution containing 40%
glycerol, 5% mercaptoethanol, and 50 mM TrisHCI, pH 6.8,
and boiled for 3 min. Total protein homogenate was analyzed
by 10% SDS-PAGE (30 mg total protein/lane) and transferred
(Trans-blot SD semidry transfer cell; Bio-Rad, Hercules, CA)
to nitrocellulose membranes for 1 h at 15 V in transfer buffer
(48 mM Trizma, 39 mM glycine, 20% methanol, and 0.25%
SDS). The blot was then washed for 20 min in Tris-buffered
saline (TBS; 500 mM NaCl, 20 mM Trizma, pH 7.5), follow-
ed by 2 h incubation in blocking solution (TBS plus 5%
defatted dry milk). After the incubation was finished, the blot
was washed twice for 5 min with blocking solution plus
0.05% Tween-20 (T-TBS) and then incubated overnight at
4 °C in blocking solution containing monoclonal antibodies

diluted 1:1000. The blot was then washed twice for 5 min with
T-TBS and incubated for 2 h in a solution containing
peroxidase-conjugated rabbit anti-mouse IgG diluted 1:2000
or peroxidase-conjugated anti-rabbit IgG diluted 1:2000. The
blot was washed twice with T-TBS for 5 min and twice with
TBS for 5 min. The blot was developed with the chemilumi-
nescence ECL Kkit.

Immunocytochemistry

When neuronal cultures had reached 8 DIV and astrocytes had
reached 15 DIV, the culture medium was removed and cells
were treated for an additional 24 h with the metabolites.
Immunocytochemistry was performed as previously de-
scribed (Pierozan et al. 2015). Briefly, cultured cells that had
been plated on glass coverslips were fixed with 4% parafor-
maldehyde for 30 min and permeabilized with 0.1% Triton
X-100 in PBS for 5 min at room temperature. After having
been blocked, neurons were incubated overnight with anti-[3
[I-tubulin (1:200) and anti-MAP2 (1:200), and astrocytes
were incubated with anti-actin (1:200) and anti-GFAP
(1:500) at room temperature, followed by PBS washes and
incubation with specific secondary antibody conjugated with
Cy3 (sheep anti-rabbit, 1:1000) or with FITC (sheep anti-
mouse, 1:400) for 1 h. Co-cultures were preincubated with
La;Cl, and antioxidants or glutamate antagonists, before treat-
ment with the metabolites. To analyze the morphology of the
cells, the co-culture were incubated with anti-3 III-tubulin and
anti-GFAP antibodies. In all immunostaining, negative con-
trols reactions were performed by omitting the primary anti-
body. No reactivity was observed when the primary antibody
was excluded. The nucleus was stained with DAPI (0.25 mg/
mL). Cells were viewed with a Nikon inverted microscope,
and images were transferred to a computer with a digital cam-
era (Sound Vision).

Morphometric Analysis

Neurons stained with anti-311I-tubulin and anti-MAP2 anti-
bodies were captured by a system coupled to a Nikon Eclipse
T E300 inverted fluorescence microscope (Nikon, Tokyo,
Japan). The neurite/neuron ratio and the neurite length were
analyzed in Image] (NIH) as previously described (Baranes
et al. 2012). The number of processes originating from the
soma was measured manually, and all neurites emerging from
neuronal soma were considered. To measure the neurite
length, we used an ImagelJ plugin that allows semiautomatic
tracing of neuritis for measurements of neurite length. Neurite
length was analyzed by considering only the major process of
each neuron. At least four independent experiments were per-
formed in triplicate, encompassing 10 fields randomly chosen
in each group. The data were stored and morphometric
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analyses were carried out in GraphPad Prism 5 (GraphPad
Software, La Jolla, CA).

Astrocytes stained for actin and GFAP cytoskeleton were
measured by using labeling for phalloidin-fluorescein, GFAP-
Cy3 labeling and DAPI, respectively. Measurements of cyto-
plasm area was obtained in ImageJ and used as a criterion for
morphological alteration. An ImageJ plugin that allows semi-
automatic tracing of the area of interest was used to measure
the cytoplasmic area. Four independent experiments were per-
formed in triplicate, encompassing 10 fields randomly chosen
in each group. The data were stored and morphometric anal-
yses were carried out in GraphPad Prism 5.

Statistical Analysis

Data from the experiments were analyzed statistically by two-
way ANOVA, followed by the Tukey-Kramer test when the
test was significant. P < 0.05 was considered significant. All
analyses were carried out with an IBM-compatible PC in
SPSS.

Results

First, we searched for cellular viability of cortical neurons and
astrocytes treated with 25-100 uM QUIN concentrations and/
or 30 uM Hcy. This Hcy concentration is considered mild
homocysteinemia, and it is well-established risk factor for
Alzheimer’s disease (Sharma et al. 2015). Cells were incubat-
ed with 25-100 uM QUIN and/or 30 uM Hcy for 24 h and
cell viability was determinate by MTT assay. No significant
differences were found when metabolites were incubated
alone. However, we found significantly decrease in neuronal
viability in concentration from 25 uM QUIN + 30 uM Hcy
(Fig. 1a). In astrocytes, cell viability was statistically de-
creased only from 100 uM QUIN + 30 uM Hcy (Fig. 1b),
suggesting a different susceptibility for these two cell types to
these compounds.

Next, we evaluated the type of cell death triggered by
QUIN and Hcy in the primary neurons and astrocytes using
the Annexin-Pi assay. Interestingly, we found significant di-
minished live neurons in all treated groups (Fig. 1¢). However,
the type of cell death triggered by metabolites alone or in
combination it was shown to be different. Neurons treated
with 25 uM of QUIN dye by apoptotic mechanisms, while
30 uM Hcy triggered both apoptotic and necrotic mechanisms
of cell death. In neurons treated with 25 uM QUIN plus
30 uM Hcy, the predominant mechanism of neuronal death
is necrosis. On the other hand, in astrocytes, the 100 uM
QUIN plus 30 uM Hcy caused apoptotic cell death
(Fig. 1d), demonstrating that the metabolites triggered differ-
ent death mechanisms depending on cell type and
concentration.
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Decrease in mitochondrial membrane potential occurs dur-
ing apoptosis (Gottlieb et al. 2003). In order to analyze mito-
chondrial mass and membrane potential, we used MitoTracker
Green and MitoTracker Red (MTG and MTR) probes, respec-
tively. The subsequent experiments were performed using the
minimal QUIN concentration that combined with 30 uM Hcy
was able to cause cell death in each cell type. Results showed
that, in neurons, no significant differences were observed in
mitochondrial mass and mitochondrial membrane potential
(Fig. le). However, 100 pM QUIN plus 30 uM Hcy induce
a decrease in mitochondrial membrane potential, as judged by
decrease on MTR fluorescence and MTR/MTG ratio in astro-
cytes (Fig. 1f). This is in agreeing with apoptotic death deter-
mined by annexin-PI assay in this cell type.

To better clarify the signaling pathways of cell death trig-
gered by QUIN and Hcy in primary neurons and astrocytes,
we evaluate some proteins involved in death mechanisms such
as caspase-3 cleaved, cytochrome ¢, PARP cleaved (85 kDa
fragment), and Bax immunocontent by western blot analysis.
We found that, in neuron, the immunocontent of cytoplasmic
Bax and cytochrome c, as well as caspase-3 cleaved was not
altered in the QUIN + Hcy group compared with control
(Fig. 2a—c, respectively). However, the immunocontent of mi-
tochondrial Bax is increased (Fig. 2a) and the immunocontent
of PARP cleaved is diminished (Fig. 2d). Also, treatment with
QUIN alone increased cytoplasmic cytochrome c¢ and
caspase-3 cleaved immunocontent compared with control
group.

In astrocytes, the increase of mitochondrial Bax
immunocontent (Fig. 2e) is accompanied by the increase of
cytoplasmatic cytochrome c (Fig. 2f), caspase-3 cleaved
(Fig. 2g) and PARP cleaved immunocontent (Fig. 2h).

Electron transport chain in mitochondria is considered as a
major producer of reactive oxygen species (ROS) (Costa et al.
2016). Also, excess cellular levels of ROS can cause damage
to proteins, nucleic acids and lipids, contributing to cell death
(Halliwell 2011). Based on that, we investigated the involve-
ment of oxidative stress on cell death triggered by QUIN and
Hcy in cortical neurons and astrocytes. Figure 3a shows that
25 uM QUIN + Hcy caused increased DCF-DA oxidation in
neurons. Otherwise, 100 pM QUIN plus Hey caused de-
creased of DCF-DA oxidation in astrocytes (Fig. 3d). To eval-
uate the consequences of redox imbalance, we evaluated the
sulthydryl content and TBA-RS oxidation to analyze the role
of oxidative stress in protein and lipid damage downstream of
metabolites. Figure 3b, e shows that sulfthydryl content was
significantly decreased by metabolites in astrocytes but not in
neurons, indicating the higher vulnerability of astrocytes to
protein damage. Moreover, the TBA-RS oxidation showed
that, in neurons, 25 uM QUIN + Hcy was able to cause lipid
peroxidation (Fig. 3c). Interestingly, in astrocytes, 100 uM
QUIN + Hcy caused a decreased in lipid peroxidation
(Fig. 3).
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Fig. 1 The profile of cell death and mitochondrial function induced by
QUIN and Hcy on neuron and astrocyte. Cortical neuron (a) and astrocyte
(b) were incubated in the presence or absence of 25-100 uM QUIN and/
or 30 uM Hcy for 24 h. One hour before completing treatment with
metabolites, 0.5 mg/mL of MTT was added to the incubation medium,
and the formazan product generated was measured at 540 and 620 nm.
Apoptotic and necrotic cortical neuron (¢) and astrocytes (d) were
assessed with annexin V-FITC and Pi assay. Apoptotic cell death was
detected with FITC-labeled annexin V; necrotic cells were detected with

Several studies suggest that oxidative stress can affects
Na®,K*-ATPase activity, and inhibition of this enzyme can
triggers cell death (Schweinberger et al. 2014). Based on that,
we therefore investigate the effects of metabolites on Na*,K*-
ATPase activity, and results showed a decrease in Na*,K*-
ATPase activity in neurons after 24 h of exposure to metabo-
lites (Fig. 4a), while the enzyme activity was unaltered in
astrocytes (Fig. 4b), suggesting that misregulated ion gradient
could underlie necrotic death mechanisms in neurons.

Considering that redox status imbalance and mitochondrial
dysfunction could disrupt cytoskeleton, and this can lead to
cell dysfunction and death (Buja et al. 1993; Green and
Kroemer 2004), we searched for a role for the cytoskeleton
in the QUIN and Hcy toxicity. To evaluate the effect of me-
tabolites on glial and neuronal cytoskeleton, we used immu-
nocytochemical analysis of specific filaments present in astro-
cytes (GFAP) and neurons (MAP2). Disruption of the

Pi; cells that underwent apoptosis followed by necrosis were detected
with annexin plus Pi; cells without labeling were live cells. Evaluation
of mitochondrial mass (MTG), permeability (MTR), and function (ratio)
on neurons (e) and astrocytes (f). Data are reported as mean + SD of four
independent experiments performed in triplicate. Results were
statistically analyzed by two-way ANOVA followed by the Tukey-
Kramer test. Statistically significant differences from control are
indicated as follows: ***p < 0.001, **p < 0.01, and *p < 0.05

microtubular cytoskeleton was reflected by changes in the
morphology of neurons, in particular by shortening and loss
of neurites, since neurons treated with the metabolites present-
ed a reduced neurite length (Fig. 5a, b) and neurite/neuron
ratio (Fig. 5a, ¢) compared with controls. These results suggest
the compromised framework of neurites in response to
metabolites.

Immunocytochemical results from astrocytes showed that
cells treated with metabolites changed the morphology from
polygonal to an elongated shape, presented reorganization of
actin and GFAP network (Fig. 5d) and decreased cytoplasmic
area (Fig. Se), which is associated with altered cell morphol-
ogy and cytoskeletal network.

Since cultured neurons at DIV8 express NMDA receptors
(Kovacs et al. 2001; Sinor et al. 2000; Zhang and Wong-Riley
1999), in an attempt to investigate the mechanisms responsi-
ble for cell death caused by metabolites, we tested different

@ Springer



154

Neurotox Res (2018) 34:147-163

a 1 Control
A B 25 .M QUIN
€
£= 150+ x2
gF
oc
5 8 1004
£«
EQ
x & 50
©
[11]
0-
Hcey , Hey ,
| \
" Cytoplasmatic "™ Mitochondrial '
€
3 2001
s o
-
23 150+
3 £ #
EE #
E 8 1001 .
o%
(d
ET 50
o
S
o
g ol
(&)
) Hey Hey |
! Cytoplasmatic ! ™ Mitochondrial '
200

=
o
=)

(% of control)
, g 8
!*

Caspase 3 cleaved Immunocontent (2]

Hey

d

§ 200-

§ < 150

Es
Eg #

g : 100 *
§§ 50
B,

= ' Hey

Bax ,

(cyto) 21 kDa
Bax

citc

(Cyto) | S——— D — 12 kDa
citc

(mito) [ 12 kDa

cleaved casp3 " s e v 17 KDa

cleaved PARP-1 ™™ s === . 89kDa

@ Springer

actin (—— > (04

C QUIN Hcy QUIN+
Hecy

cleaved PARP-1

[ Control
Il 100 uM QUIN

*%
T *% I I
Hey Hey
L : 1 1

(1)

200+

-

<d

o
L

Bax Immunoconten
(% of control)
-
o o
s e

o
T

Cytoplasmatic Mitochondrial

200+

*%
150
*x
Hey Hey
L | \ )
r 1

(% of control)
>
<

Cytocrome ¢ Immunocontent h
o
o
I

o
I

Cytoplasmatic Mitochondrial

2504

200+

150

100+

(% of control)

50+

Hey

Caspase 3 cleaved Immunocontent @«

150+ *kk

100 ﬂ i
0 T

Bax
(cyto) SN 2 1 kDa
Bax
(mito) w21 kDa
citc
(CYLO) [ s S S 12 kDa

o
td

(% of control)

PARP-1 cleaved immunocontent =3

H::y

citc

(mito) R 5 |

cleaved casp 3 «w e mme s 17 kD3

e 89 kDa

actin 42 kDa

C QUIN Hcy QUIN+
Hey




Neurotox Res (2018) 34:147-163

155

<« Fig. 2 Effects of QUIN and Hey on Bax, cytochrome c, caspase-3, and
PARP-1 immunocontent in cortical neurons (a—d) and astrocytes (e~h).
Representative western blots of the proteins are shown. Actin was used as
loading control. Data are reported as mean = SD of four independent
experiments performed in triplicate. Results were statistically analyzed
by two-way ANOVA followed by the Tukey-Kramer test. Statistically
significant differences from are indicated as follows: ***p < 0.001,
*#p < 0.01, and *p < 0.05 different from control and *p < 0.05 different
from QUIN group

glutamate antagonists in preventing the QUIN and Hcy
effects.

Surprisingly, none of the glutamate antagonists was able to
prevent cell death in cortical neurons, indicating that gluta-
mate excitotoxicity was not involved in QUIN and Hcy neu-
ronal death (Fig. 6a). On the other hand, in astrocytes, the
NMDA antagonists MK-801 and DL-AP5 were able to pre-
vent astrocytic death (Fig. 6b), indicating that the cell death
triggered by metabolites on cortical astrocytes are dependent
on NMDA receptors.

Since redox imbalance was involved in QUIN and Hcy
actions, we treated cells with antioxidants (melatonin,
Trolox, and GSH), and the results showed that melatonin
and Trolox were able to prevent cell death in cortical neurons
(Fig. 6¢) while in astrocytes only GSH could prevent cell
death triggered by QUIN and Hcy (Fig. 6d).

Next, in order to evaluate the role of astrocyte-neuron in-
teraction on the effects caused by metabolites, after primary

Fig. 3 Effect of QUIN and Hcy
on DCF production (a, d),
sulthydryl content (b, e), and
TBARS production (¢, f) in
cortical neurons and astrocytes of
rats. Results were statistically
analyzed by two-way ANOVA

2000 -

DCF levels
(pmol/mg protein)

followed by the Tukey-Kramer

astrocytes had reached confluence, neurons were plated onto
the astrocytic monolayers and the co-cultures proceeded for
7 days. After this, QUIN (25, 50, or 100 uM) and Hcy
(30 uM) were added for 24 h and MTT assay was performed
to test cell viability. Interestingly, when co-cultures were treat-
ed with the metabolites, none of the concentrations were able
to decrease cell viability (Fig. 7a).

Given that, we are attempted to investigate the mechanisms
by which the two cells types are protecting each other against
the insult caused by QUIN and Hcy. For this, we used the
conditioned medium secreted by astrocytes (CMA) or co-
culture (CMC) in the response of neurons to metabolites.
The CMA or CMC treated with 25, 50, and 100 uM QUIN
and 30 uM Hcy for 24 h was added to primary neurons for an
additional 24 h and the results showed unaltered MTT assay in
neurons treated with CMC, but not CMA (Fig. 7b), suggesting
that the astrocyte-neuron interaction secrete protective factors
that preserve neuron viability against QUIN + Hcy-induced
cell death. On the other hand, the conditioned medium of
astrocytes failed to prevent neurons against the insult.

Moreover, we tested the conditioned medium secreted by
neurons (CMN) and CMC in the response of astrocyte to
metabolites, and the results showed that neither CMN nor
CMC was able to prevent cell death caused by metabolites
on astrocytes (Fig. 7¢). This suggests that the protection ob-
served in astrocytes is not due to soluble factors secreted by
these cells, but maybe due to cell-cell interactions.
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Fig. 4 Effect of QUIN and Hey on Na*,K*-ATPase activity in cortical

neurons (a) and astrocytes (b). Results were statistically analyzed by two-
way ANOVA followed by the Tukey-Kramer test. Data are reported as

In line with this, we investigate the role of cell-cell interac-
tion in the protection of co-culture against QUIN and Hcy-
insult. For this, we used lanthanum chloride (LaCl;), a gap
junction (GJ) blocker (Eskandari et al. 2002), to test the par-
ticipation of these channels on the co-culture protection.
Results showed that co-cultures exposed to metabolites and
pretreated with LaCl; presented a decrease in cell viability in a
concentration of 100 pM QUIN + 30 uM Hcy (Fig. 7d). This
suggests that GJs is involved in the mechanisms of protection
triggered by co-culture against the metabolites. Moreover, to
better clarify by which mechanisms the GJs are involved in
these protection, we pretreated the cells with the same antag-
onists and antioxidants. The results showed that just the
NMDA antagonists MK-801 and DL-AP5 were able to pre-
vent cell death in the co-culture treated with La;Cl, (Fig. 8a),
indicating that the protection triggered by GJs on co-culture
involves glutamate mechanisms dependent on NMDA recep-
tors. We also observed that none of the antioxidants were able
to prevent cell death caused by La;Cl, (Fig. 8b), suggesting
that the redox homeostasis is not involved in the protective
mechanisms triggered by cell-cell interactions.

Finally, immunocytochemical studies with the astrocyte
and neurons markers showed that, in treated co-cultures,
GFAP presented a typical IF array, and this distribution was
not altered compared with astrocytes from controls (Fig. 9a).
The morphometric analysis showed that the neurite/neuron
ratio (Fig. 9b), the neurite length (Fig. 9c), and the cytoplas-
mic area of astrocytes (Fig. 9d) were not altered in none of the
treated groups. Moreover, when co-cultures were treated with
La;Cl,, the morphology of the cells was altered, showing a
diminished neurite/neuron ratio (Fig. 9b), neurite per neuron
(Fig. 9¢), and cytoplasmic area of astrocytes (Fig. 9d). These
findings corroborate the protective role of GJs against QUIN
and Hcy toxicity.

Discussion

AD pathology is characterized by the formation of extracellu-
lar amyloid plaques and intraneuronal neurofibrillary tangles
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(Blennow et al. 2006) that, although they are the main hall-
marks of the disease, there are diverse pathways that provoke
the processes of cell death. Despite the significance advance-
ment in our understanding of the mechanisms that contribute
to AD progression, the effectiveness of treatment for the dis-
ease is still missing. One of the factors responsible for this is
that the loss of neurons occurs during many years, which can
make the mode of cell death and the initiating factors difficult
to determine. In this regard, in vitro and in vivo models have
proved invaluable, yielding insight into cell death pathways
involved in the disease.

In the present study, we reported that QUIN and Hcy, me-
tabolites that are increased in AD, led to alterations of proteins
involved with death signaling pathways in primary cortical
cultures. We demonstrated a link among oxidative stress, glu-
tamate dyshomeostasis, and cell death, as well as different
susceptibilities and death mechanisms of neurons and astro-
cytes to metabolites. Also, we found mechanisms of mutual
protection of these two cell types to insult.

It is interesting to note that exposure of primary cortical
neurons to these compounds independently induced neurotox-
icity. However, when treated combined, these two metabolites
had synergistic toxicity and different death mechanisms.
QUIN and Hcy toxicity seemed mediated by apoptotic path-
ways, while both metabolites induce cell death by necrotic
mechanisms. In this regard, certain neurotoxins can induce
both apoptosis and necrosis depending on the conditions, par-
ticularly with regard to redox levels and mitochondrial integ-
rity (Bonfoco et al. 1995; Gorman et al. 2005). In addition, the
inhibition of specific proteins involved in regulating apoptosis
or autophagy can change the type of cell death to necrosis
(Fasciani et al. 2013).

We found that QUIN and Hcy diminished PARP-1 cleaved
immunocontent, without alter cytochrome c and active caspase-
3. Increased in ROS production and lipid peroxidation and a
decreased in Na*,K*-ATPase activity were also observed. It has
been shown that overactivation of full-length PARP-1 (conse-
quently diminished PARP-1 cleavage) can result in energy de-
pletion and necrosis (D’ Amours et al. 2001). Overproduction of
ROS also promotes PARP-1 hyperactivation (Virag and Szabo
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1999) and is associated with generation of large DNA frag-  patients with AD. This selective reduction of this enzyme seems
ments, characteristic of necrotic cell death (Fujikawa 2015). to be associated with loss of calcium homeostasis and cell de-
Moreover, lipid peroxidation could affects membrane perme-  generation (Liguri et al. 1990), and evidences suggest that

ability and Na*, K*-ATPase activity. In line with this, the activ-  Na*,K™-ATPase may be a potent neuroprotective modulator
ity of Na*,K*-ATPase is significantly lower in the brains of  against AD (Zhang et al. 2013).
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Fig. 6 Protection against QUIN and Hcy-induced cell death in cortical
neurons and astrocyte cultures. Cortical neurons (a, b) and astrocytes (c,
d) were preincubated with glutamate antagonists (MK-801, DL-APS5,
CNQX, MCPG, and MPEP) or antioxidants (melatonin (Mlt), Trolox
(Trx), and GSH) for 30 min before treatment with metabolites for 24 h.
One hour before completing treatment, 0.5 mg/mL of MTT was added to

Microtubule-associated proteins (MAPs) are responsible
for stabilization of the cytoskeleton and protect cells from
toxic effects. In the present report, we have demonstrated that
QUIN and Hcy disrupt the microtubular cytoskeleton of pri-
mary neurons leading to neuritis loss. Also, changes in micro-
tubular cytoskeleton could lead to alterations in organelles
transport (Mudher and Lovestone 2002), contributing to ne-
crotic cell death. Since it is well-known that microtubule dis-
ruption is a marker of neuronal death in AD, disruption of the
cytoskeletal homeostasis of microtubules in QUIN and Hcy-
treated neurons could represent a dendritic injury, contributing
to necrosis in the disease.

Although it is well-known that toxicity caused by QUIN and
Hcy is mediated primarily by activation of glutamate receptors,
our present results show that neuronal death in cortical neurons
is not directly dependent of NMDA receptors. However, QUIN
and Hcy toxicity in neurons is attenuated by the free radical
scavenger melatonin and partially by Trolox, but not by GSH,
suggesting that the mechanism of toxicity seems to be at the
level of high ROS production and not by depletion of cellular
GSH. This result indicates a prominent role of oxidative stress
in the neurotoxicity of the combined metabolites treatment in-
dependently of the NMDA-activation.

In astrocytes, QUIN and Hcy decreased cell viability only
when associated, demonstrating a potentiating effect of the
two metabolites in this cell type. In contrast with neurons,

@ Springer

Formazan production

T

(arbitrary units)

(arbitrary units)

1 Control
B 100 uM QUIN+Hcy

Astrocyte

0.25 1
0.20
0.15
0.10 1

0.05

0.00-

0.254
0.20+ =
0.15-
0.10+

0.05-

0.00-

A

o

¢ &

the incubation medium, and the formazan product was measured at 540
and 620 nm. Data are reported as mean + SD of four independent
experiments performed in triplicate. Results were statistically analyzed
by two-way ANOVA followed by the Tukey-Kramer test: ***p < 0.001
and *p < 0.05 compared with the control group; *p < 0.001 and
#1 <0.01 compared with the QUIN group

the metabolites caused decreased ROS production, depletion
of sulthydryl groups, reduction of lipid peroxidation and mi-
tochondrial membrane potential. Also, Bax and cytochrome c
was released, caspase-3 was cleaved, and degradation of
PARP-1 occurred. These events lead to apoptosis of the cul-
tured astrocytes. Additionally, cytoskeletal rearrangement has
been observed.

Mitochondrial dysfunction has been demonstrated to play a
critical role in apoptosis (Green and Kroemer 2004), and de-
polarization of the mitochondrial membrane as a result of
opening of the permeability transition pores is an early and
irreversible event during apoptosis. The mitochondrial apo-
ptotic pathway is initiated by release of apoptogenic factors,
for example, Bax protein, causing the release of cytochrome c,
which activates caspase-3. In the cytosol, caspase-3 cleaves
PARP-1, releasing the 89 kDa domain and initiates the apo-
ptotic process (Saelens et al. 2004). It is well-known the im-
portant role of caspases for the activation of cell death in
neurodegenerative diseases, as well as mood disorders (Cui
et al. 2012; Dygalo et al. 2012). In this context, improper
function of astrocytes may contribute to the onset of neurode-
generative disease, such as AD (Kahlson and Colodner 2015).

Surprisingly, we found a decrease in ROS production in
astrocytes treated with the metabolites. Historically, mito-
chondrial ROS were thought to exclusively cause cellular
damage and lack a physiological function. However, they
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Fig. 7 Role of astrocyte-neuron interaction on QUIN and Hcy effects. a
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100 uM QUIN and/or 30 uM Hey for 24 h. Effect of the conditioned
medium of astrocytes (MCA), neurons (MCN) and co-cultures (MCC) on
neurons (b) and astrocytes (c¢) viability. d Effect of GJs blocker LaCl; on
co-culture viability. One hour before completing treatment with

are now appreciated to function as signaling molecules to
regulate a wide variety of physiology, like cellular signaling,
synaptic plasticity, and cell differentiation (Sena and Chandel
2012), and tight regulation of ROS is critical to their ability to
participate in physiological or pathological cell signaling.
Therefore, both increases and decreases of ROS production
could be harmful to cell proper functions. In line with this, we
found a decreased of sulfthydryl and TBARS content, which
could be explained, at least in part, by decreasing of ROS
production observed in astrocytes treated with QUIN and
Hcy. Also, studies indicate that even a slight depolarization
of'the inner mitochondrial membrane could abolish mitochon-
drial ROS generation (Kalogeris et al. 2014).

Interestingly, although our results showed a decrease in
ROS production, we found depletion in the sulthydryl content
in astrocytes treated with metabolites. However, the method of
detection used in this study estimate the total SH groups, in-
cluding GSH. So, we cannot exclude that the diminished sulf-
hydryl content could reflect a result of GSH depletion. Several
studies have shown a correlation between GSH depletion and
the progression of apoptosis, and early and transient rise in
intracellular GSSG has been shown to precede cytochrome c
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metabolites, 0.5 mg/mL of MTT was added to the incubation medium,
and the formazan product generated was measured at 540 and 620 nm.
Data are reported as mean £ SD of four independent experiments
performed in triplicate. Results were statistically analyzed by two-way
ANOVA followed by the Tukey-Kramer test: ***p < 0.001, **p < 0.01,
and *p < 0.05 compared with the control group

release and caspase ¢ activation during apoptosis (Franco and
Cidlowski 2009). Moreover, because glia cells synthesize
GSH, we could not exclude the possibility that the decrease
in GSH concentration was reflective of reduced synthesis, for
example as cells were in the process of dying. Importantly,
GSH metabolism is reported to be altered in AD patient’s
brain. In line with this, we found that treatment with GSH
was able to block astrocytic death caused by the metabolites,
and replenishment of intracellular GSH pools has been shown
to protect cells against apoptosis (Franco and Cidlowski
2009). However, the precise role of GSH in the complex pro-
cess of cell apoptosis remains unclear.

The cytoskeleton of actin and GFAP were reorganized in
response to QUIN and Hcy, leading to altered cell morpholo-
gy. Alterations on actin and GFAP dynamics would enhance
sensitivity to several apoptotic stimuli (Caulin et al. 1997).
Also, interactions between actin and mitochondria have been
proposed as a general apoptotic phenomenon, occurring be-
fore Bax translocation. Accordingly, actin may contribute to
the initiation of apoptosis by enabling cytosolic proteins to be
carried to mitochondria by the cytoskeleton-driven trafficking
system (Tang et al. 2006). Moreover, GFAP is also a putative
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Fig. 8 Mechanisms by which GJs protect the co-cultures against QUIN
and Hcy toxicity. a Effect of the glutamate antagonists and antioxidants
(b) on co-cultures treated with La;Cl,. One hour before completing
treatment with metabolites, 0.5 mg/mL of MTT was added to the
incubation medium, and the formazan product generated was measured
at 540 and 620 nm. Data are reported as mean + SD of four independent
experiments performed in triplicate. Results were statistically analyzed by
two-way ANOVA followed by the Tukey-Kramer test: ***p < 0.001,
**p < 0.01, and *p < 0.05 compared with the control group and
#p < 0.01 and *p < 0.05 compared with the QUIN + Hey + La;Cl, group

caspase substrate and can be cleaved by enzyme to generate
proapototic fragments that cause filament aggregation and
morphologic alterations (Chen et al. 2013). In this regard,
caspase-3 activated cleaves GFAP and contributes to the dam-
aged astrocytes in AD (Mouser et al. 2006).

The combination of QUIN and Hcy toxicity in primary
astrocytes is mediated primarily by NMDA receptor activa-
tion, since the NMDA receptor antagonist MK-801 and DL-
APS were able to prevent their effect. Also, the mechanism of
the synergistic toxicity seems to be at the level of depletion of
cellular GSH, since it prevents astrocytic death caused by the
compounds. In astrocytes, QUIN and Hcy triggered apoptotic
pathways that activates the cysteine protease family of
caspases and contributes to apoptotic death, and it is well-
known that these mechanisms occur in several neurodegener-
ative conditions such as AD (Gorman 2008).

In the present data, cell death was prevented when astro-
cytes and neurons were co-cultured, suggesting the activation
of protector mechanisms dependent on astrocyte and neurons
communication. Corroborating this has been shown that as-
trocytes influence the neuronal development, as well as neu-
rons are able to facilitate glial communication and interaction,
which play a role in neuroprotection (Rouach et al. 2002). In
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order to clarify this point, we used conditioned medium of
astrocyte, neuron, and co-culture in an attempt to identify if
the neuroprotection found in co-culture was caused by soluble
factors secreted by these cells. We found that, in neuron, but
not in astrocytes, the conditioned medium of co-culture was
able to prevent the neuronal death. Thus, it is feasible that, in
our experimental conditions, cortical astrocytes secreted fac-
tors that promoted neuronal survival. Importantly, since the
conditioned medium of astrocytes was not able to prevent this
effect, the astrocyte/neuron interaction was important to trig-
ger such kind of response in astrocytes.

Several studies have contributed to demonstrate that
neuron and astrocytes actively interact through astrocytic
GJs. In this regard, a number of studies showed that com-
pounds that can block GJ could be deleterious after brain
injury (Eskandari et al. 2002; Fasciani et al. 2013).
Indeed, we observed that, when GJs were blocked by
LaCl,, the protection was lost and cell death and morpho-
logic alteration occurred. Moreover, we found that co-
cultures treated with MK-801 and DL-APS5 were protected
from cell death caused by GJ blockade. This agrees with
the fact that neurons in contact with astrocytes are
protected against glutamate toxicity (Mattson and
Rychlik 1990), and this protection is attributed to gluta-
mate uptake by astrocytes (Rosenberg 1991). GJs are per-
meable to glutamate, so they can improve glutamate up-
take contributing to its dissipation and thus to neuronal
protection (Goldberg et al. 1999). In line with this, it has
been shown that astrocyte dysfunction may contribute to
the earliest neuronal deficit in AD. The astrocytic calcium
signaling and gliotransmitter release, processes that are
vital for astrocyte-neuron communication, are disrupted
in the disease (Vincent et al. 2010).

It is important to note that, in the present data, the morpho-
logical alterations in neurons and astrocytes were prevented
by astrocyte-neuron co-culture. It is well-known that astro-
cytes secreted factors that promoted neurite formation and
extension (Delgado-Rivera et al. 2009; Hatten et al. 1988;
Sorensen et al. 2008). According with this, it is possible that
these secreted factors provided a cellular microenvironment in
which they protect neurons against QUIN and Hcy insult,
preserving the cytoskeletal homeostasis. Moreover, astrocytic
GJ represent a target for the interactions occurring between
neurons and astrocytes, and it is known that disrupted interac-
tion of GJ proteins with the cytoskeleton decreases cell adhe-
sion and destabilizes the tridimensional cellular network
(Toyofuku et al. 1998).

Thus, it is feasible that, under our experimental conditions,
striatal astrocytes secreted factors that promoted neurite forma-
tion and extension and provided a cellular microenvironment in
which astrocyte/neuron interactions reciprocally protected
themselves against QUIN insult so that the homeostasis of the
cytoskeleton and morphological features were preserved.
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Fig. 9 Protection against QUIN and Hcy on morphologic alterations
involves GlJs participation. Co-cultures were preincubated with 50 uM
La;Cl, for 30 min before QUIN and/or Hey for 24 h as described in the
“Material and Methods” section. a Immunostaining for 3 IlI-tubulin
(green), GFAP (red), and DAPI (blue) in co-cultures. Morphometric
analysis showing neurite length (b), neurite/neuron ratio (c¢), and

In summary, our present results show that the combination
of QUIN plus Hcey causes oxidative damage, Na*,K*-ATPase
inhibition, and morphologic alterations resulting in necrotic
cell death in neurons, while in astrocytes they disrupt redox
homeostasis, mitochondrial function, and morphological al-
terations, triggering apoptotic cell death. In addition, we found
a cross talk between neurons and astrocytes mediating a cen-
tral mechanism of cell homeostasis in QUIN and Hcy-treated
co-cultures. Our findings highlight the role of secreted factors
and reciprocal interactions between astrocytes and neurons in
protecting themselves against an insult. The identification of
new toxic mechanisms triggered the deleterious actions pro-
duced by neurotoxins involved in AD and the understanding
of the mechanisms that trigger cell death can provide new
possibilities to design more effective therapeutic approaches.

La,Cl,

cytoplasmic area of astrocytes (d). Data are reported as mean + SD of
four different experiments and results were statistically analyzed by one-
way ANOVA followed by the Tukey-Kramer test, ***p < 0.001,
#%p < 0.01 compared with the control group and **p < 0.001,
#p < 0.01, and *p < 0.05 compared with the QUIN + Hey + LasCl,
group. Scale bar = 30 um

Additional steps are certainly necessary to improve our under-
standing of the astrocyte-neuron communication on AD
pathophysiology.
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