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Abstract It has been shown that synergistic toxic effects of
quinolinic acid (QUIN) and glutaric acid (GA), both in isolat-
ed nerve endings and in vivo conditions, suggest the contri-
bution of these metabolites to neurodegeneration. However,
this synergism still requires a detailed characterization of the
mechanisms involved in cell damage during its occurrence. In
this study, the effects of subtoxic concentrations of QUIN and/
or GA were tested in neuronal cultures, co-cultures (neuronal
cells + astrocytes), and mixed cultures (neuronal cells + astro-
cytes + microglia) from rat cortex and striatum. The exposure
of different cortical and striatal cell cultures to QUIN + GA
resulted in cell death and stimulated different markers of ox-
idative stress, including reactive oxygen species (ROS) for-
mation; changes in the activity of antioxidant enzymes such as
superoxide dismutase, catalase, and glutathione peroxidase;
and depletion of endogenous antioxidants such as -SH groups
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and glutathione. The co-incubation of neuronal cultures with
QUIN + GA plus the N-methyl-D-aspartate antagonist MK-
801 prevented cell death but not ROS formation, whereas the
antioxidant melatonin reduced both parameters. Our results
demonstrated that QUIN and GA can create synergistic sce-
narios, inducing toxic effects on some parameters of cell via-
bility via the stimulation of oxidative damage. Therefore, it is
likely that oxidative stress may play a major causative role in
the synergistic actions exerted by QUIN + GA in a variety of
cell culture conditions involving the interaction of different
neural types.

Keywords Quinolinic acid - Glutaric acid - Glutaric acidemia
type I - Toxic synergism - Cell damage - Oxidative stress -
Reactive gliosis

Introduction

The metabolic recessive disease glutaric acidemia type I (GA
I) is caused by deficiency of the activity of glutaryl-CoA de-
hydrogenase (GCDH, EC 1.3.99.7), an enzyme that partici-
pates in the catabolism of lysine, hydroxylysine, and trypto-
phan. The lack of activity of this enzyme induces the accumu-
lation of high amounts of glutaric (GA) and 3-hydroxyglutaric
(3-HGA) acids in different tissues, as well as in the blood,
urine, and cerebrospinal fluid of patients with this disorder
[1, 2]. Neurological symptoms are predominant in this cere-
bral organic acidemia. Macrocephaly and frontotemporal cor-
tical atrophy are features observed at birth. Acute bilateral
striatal degeneration occurs between 3 to 36 months of age
following encephalopathic episodes often linked to infections,
fever, or prolonged fasting; during these events, the concen-
trations of the accumulating metabolites reach millimolar
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concentrations [3]. Then, patients progress toward dyskinesia,
dystonia, hypotonia, seizures, muscle stiffness, and spasticity
[2, 4-6].

Neurodegenerative disorders course with different toxic
events, one of which is inflammation, a process that con-
tributes to progression of cell and tissue damage. Several
parameters of brain energy metabolism are affected by
inflammatory processes, further accounting for oxidative
stress and excitotoxicity [7-9]. Although release of in-
flammatory cytokines by microglia and macrophages in
the CNS is associated with the pathogenesis of neurode-
generative disorders, the precise role of these molecules
remains unsolved [10]. One of their known actions is the
activation of the kynurenine pathway (KP), the catabolic
pathway of tryptophan degradation, that results in the pro-
duction of intermediate metabolites with neuroactive and/
or redox properties. One of these metabolites, quinolinic
acid (2,3-pyridine-dicarboxylic acid or QUIN), is neces-
sary to adequate brain functioning when synthesized at
normal levels [11, 12]; however, when produced in ex-
cess, it plays a toxic role, participating in neurological
disorders coursing with excitotoxicity, such as
Parkinson’s and Huntington’s diseases, as well as in GA
I [12—14]. Despite QUIN has been shown to be able of
inducing neurotoxic effects by different mechanisms [15],
the most important is related with overactivation of N-
methyl-D-aspartate receptors (NMDAr) and the subse-
quent increase of cytosolic Ca?* concentration, further
leading to free radical formation and oxidative damage,
mitochondrial dysfunction, cytochrome ¢ release, and
ATP exhaustion [15, 16].

Regarding to GA I, several in vitro and in vivo studies
have shown that both GA and 3-HGA, the most densely
accumulated metabolites in this disorder, are also able to
induce excitotoxicity, oxidative stress, and impairment of
cellular energy metabolism in the rat brain [17-39].
Although this topic has already been extensively investi-
gated, the toxic mechanisms underlying the acute striatal
degeneration observed in GA I patients during metabolic
decompensation are not yet well described. It has been
suggested that QUIN, a metabolite that is increased during
these processes, might potentially contribute to the striatal
GA I pathogenesis, promoting severe neurological symp-
toms [14]. Noteworthy, it is known that the symptomatol-
ogy of patients suffering from GA 1 worsens during in-
fection or immunization. Therefore, the hypothesis that
high accumulation of organic acids (GA and 3-HGA) dur-
ing crises associated with increased concentrations of
QUIN is potentially relevant to explain the pathophysiol-
ogy of striatal damage in GA I patients. In turn, this con-
cept suggests that these molecules could exert a toxic
synergism to favor a scenario of neuronal cell dysfunction
and brain tissue degeneration. In support to this concept,

we have recently demonstrated that QUIN can exert such
synergism with GA, 3-HGA, and other organic acids typ-
ically accumulating in disorders of propionate metabo-
lism, including methylmalonic acid (MMA) and propionic
acid (PA) [40]. These effects were evidenced by toxic
endpoints such as loss of mitochondrial function, in-
creased production of reactive oxygen species (ROS),
and enhanced lipid peroxidation, all of them estimated
in freshly prepared rat brain synaptosomal P2/
mitochondrial fractions. In addition, we have demonstrat-
ed that QUIN is able to enhance toxic endpoints estimated
in the striatum of knockout mice for glutaryl-CoA dehy-
drogenase (chhf/ ), an in vivo transgenic mice model of
GA I [41]. Among the markers evaluated, it was found
that QUIN stimulated lactate release, reduced the activi-
ties of complex IV and creatine kinase, increased lipid and
protein oxidation, augmented ROS formation, altered the
activities of antioxidant enzymes, and recruited pro-
inflammatory signals, all in the striatal tissue of the mu-
tant mice compared with the wild type mice (Gedh™™).
Taken together, the results of these studies support a pos-
sible contribution of QUIN to the pathophysiology of GA
I during the occurrence of episodes of metabolic decom-
pensation and inflammatory events. However, precise in-
formation on how much this toxic synergism affects neu-
ronal cells from the striatum and cortex, and through
which mechanisms these damage is produced, is a ques-
tion that remains unsolved. Therefore, in the present
study, we cultured rat neural cells under different experi-
mental conditions (monocultures, co-cultures with astro-
cytes, and mixed cultures containing neurons + astrocytes
+ microglia) and exposed them to the presence of QUIN
and/or GA in order to establish the precise contribution of
this synergic relationship to cell damage and the mecha-
nisms by which the alterations are produced. For this pur-
pose, central components of cell viability [lactate dehy-
drogenase (LDH) leakage; annexin and propidium iodide
(PI) incorporation assays], redox homeostasis [reactive
oxygen species (ROS) formation; superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase
(GPx) activities; and the total thiol (-SH) and reduced
glutathione (GSH) contents], neuronal plasticity [neurite
length and neurite/neuron ratio], and reactive gliosis [glial
fibrillary acidic protein (GFAP) increase] were all estimat-
ed in the different cultures exposed to QUIN +/— GA for
24 h, thus simulating an acute exposure to these metabo-
lites. Our results reveal that the toxic synergism produced
by these molecules augmented cell death, increased ROS
formation, and altered antioxidant enzymes activities in
different cell cultures, therefore suggesting that oxidative
stress might play a major causative role in this new toxic
model. These findings are discussed in terms of their rel-
evance for the proposal of a new toxic model for GA 1.
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Materials and Methods
Reagents

All chemicals were of analytical grade. Phalloidin-fluorescein
isothiocynate (FITC), bis-acrylamide, QUIN, acrylamide,
polylysine, anti-f3 III-tubulin, anti-mouse IgG, anti-mouse
IgG-FITC, peroxidase-conjugated anti-mouse IgG, and all re-
agents for cell culture were obtained from Sigma-Aldrich Co.
(St. Louis, MO). 4,6-Diamidino-2-phenylindole (DAPI) was
from Calbiochem (La Jolla, CA). Polyclonal glial fibrillary
acidic protein (GFAP) antibody was from Dako (Glostrup,
Denmark). The enhanced chemiluminescence (ECL) detec-
tion kit was from Millipore (Billerica, MA). Anti-{3-actin
and anti-MAP2 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, trypsine, and penicillin/streptomycin were pur-
chased from Life Technologies (Carlsbad, CA). All solutions
were prepared on the same day of the experiments and the pH
was adjusted to 7.2-7.4 in the appropriate buffer for each
method.

Ethics Statement

For animal handling, we followed the experimental protocol
described in the “Guide for the Care and Use of Laboratory
Animals” (NIH publication 85-23, revised 1985). Our proto-
col was approved by the Ethics Committee for Animal
Research of the Universidade Federal do Rio Grande do Sul
(No. 18,266). During the experiments, all efforts were made to
minimize the number of animals used and their suffering.

Animals

Pregnant Wistar rats (weighing 200-250 g) were obtained
from our breeding stock. All rats were kept in 12 h light-
dark cycles at a constant temperature (22 °C) in the colony
room, with food and water ad libitum. On gestational day 22,
animals were constantly observed. At birth, mothers and pups
were euthanized by decapitation, and pups were used for as-
trocyte and microglial cultures. For neuronal cultures, the em-
bryos from mothers euthanized on gestational day 18 were
used.

Cell Cultures

Cell cultures were prepared strictly according to the methods
previously described by us [42].

Primary astrocyte cultures were obtained and prepared
from the striatum and cerebral cortex of newborn (0—1 day
old; PO) Wistar rats. The animals were euthanized by
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decapitation and their striatum was removed. Dissociated cells
were plated in DMEM/F12 supplemented with 10% FBS
(pH 7.4), glucose (33 mM), glutamine (2 mM), and sodium
bicarbonate (3 mM) in 34.8 and 15.6-mm-diameter wells (six-
and 24-well plates; Corning, NY) that had previously been
coated with polylysine (1.5 mg/ml; Sigma). Cells were cul-
tured at 37 °C, in a 5% CO, atmosphere in a humid incubator,
replacing the media every 3 days. An approximate count of
2 x 10* astrocytic cells was seeded on polyornitine-treated
coverslips and placed on a 24-well plate, or 2 x 10° astrocytic
cells were seeded in a six-well plate. Once astrocytes reached
semi-confluence (15 days in vitro; DIV), culture medium was
removed and cells were incubated for additional 24 h at 37 °C
in a 5% CO, atmosphere in DMEM/F12 without FBS, in the
presence of 50 uM QUIN and/or 5 mM GA. Control cultures
received the same incubation medium without QUIN or GA.
QUIN and GA were prepared prior each treatment and dis-
solved in DMEM/F12 without FBS. The QUIN concentration
employed in this study was established as the half of the con-
centration needed to alter astrocytic morphology without
causing cell death [42]. The GA concentration was established
on the basis of previous studies demonstrating moderate or
null toxicity in the cerebral cortex of young rats [43].

The striatum and cerebral cortex of 18 Wistar rats at em-
bryonic stage were used to prepare neuronal cell cultures, as
previously described [42]. Primary neuronal cell cultures were
prepared from the striatum of embryonic (18 days old) Wistar
rats, as previously described [44]. For this purpose, pregnant
Wistar rats were euthanized, embryos removed, decapitated
and their striatum was dissected. Both enzymatic and mechan-
ic digestion consisted of an incubation with 0.05% trypsin for
20 min at 37 °C and further DNase I treatment (0.24 mg/ml in
DMEM/F12 supplemented with 10% FBS). Dissociated cells
were plated in Neurobasal medium supplemented with
0.5 mM glutamine and B27 supplement (20 ml/l). An approx-
imate number of 5 x 10* neuronal cells were plated on
polyornitine-treated coverslips placed on a 24-well plate, or
1.5 x 10° neuronal cells in a six-well plate. Neurobasal medi-
um served to keep neuronal cultures for 24 h; later, culture
medium was removed by suction, and cells were incubated for
7 days in a humid incubator (37 °C; 5% CO,). The neuronal
culture medium was replaced at 8 DIV by a medium contain-
ing 50 pM QUIN and/or 5 mM GA. Control cultures received
the same incubation medium without QUIN or GA. QUIN
and GA were prepared prior each treatment in Neurobasal
medium, and control cultures received no QUIN or GA sup-
plementation. The QUIN dose was established on the basis of
previous studies [42, 44], and it represents a dose near the one
used to alter neuronal morphology without causing cell death.
The GA concentration was established on the basis of previ-
ous studies demonstrating moderate or null toxicity in the
cerebral cortex of young rats [43], yet this and even higher
concentrations are found in post mortem brain of GAcidemic
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patients during crises of metabolic decompensation frequently
occurring during or after inflammatory processes [1, 2].

Primary microglial cultures were obtained from the stria-
tum and cerebral cortex of 1-day-old pups as previously de-
scribed [42, 45]. Briefly, the striatal tissue of animals was
subjected to removal of the meninges and blood vessels, and
further triturated. Cells were seeded in DMEM/F12/10% FBS,
and 14 DIV after initial seeding, microglial cells were re-
moved from astrocytes monolayer by shaking for 30 min,
collected the supernatant, centrifuged, and plated on top of
non-related astrocyte monolayers (15 DIV) alone. An estima-
tion of 2 x 10* microglial cells were plated on polyornitine-
treated coverslips placed on a 24-well plate, or 2 x 10°
microglial cells in a six-well plate.

Freshly obtained and isolated striatal and cortical neurons
plated on top of non-related astrocyte monolayers (15 DIV)
alone, or non-treated astrocyte monolayers previously associ-
ated with microglial cells, served to prepare co-cultures or
mixed cultures, respectively. An estimated 5 x 10* neuronal
cells were plated on polyornitine-treated coverslips placed on
a 24-well plate, or 1.5 x 10° neuronal cells in a six-well plate.
Both co-cultures and mixed cultures were kept at 37 °C for
7 days in a humidified 5% CO, air atmosphere. When neurons
were at 7 DIV, the cultures were used for exposure to QUIN
and/or GA for additional 24 h. QUIN and GA were freshly
prepared prior each treatment and dissolved in DMEM/F12
without FBS. Control cultures received the same incubation
medium without QUIN or GA.

Lactate Dehydrogenase Activity Assay

To evaluate plasma membrane integrity, LDH release was
determined by monitoring the leakage of the cytosolic LDH
to extracellular medium. Briefly, 20 pl of supernatant, 60 pl
potassium phosphate buffer 0.1 M, and 10 ul NADH 1.8 mM
was incubated during 5 min. Then, 10 ul pyruvate solution
(0.6 mM) was added and LDH was measured spectrophoto-
metrically at 340 nm each 15 s during 4 min, following the
rate of conversion of reduced nicotinamide adenine dinucleo-
tide to oxidized nicotinamide adenine nucleotide.

Annexin/Propidium lodide Assay for Cell Death
Estimation

The apoptotic detection assay was carried out by surface la-
beling with the Ca2+-dependent phosphatidylserine-binding
protein annexin V. After they had been incubated with the
metabolites for 24 h, cells were recovered from the culture
plates by 0.05% trypsin-EDTA treatment, centrifuged
1000 rpm 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 [-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 events)
on a FACS Calibur flow cytometer. Analysis was performed
in the FlowJo Software.

Oxidative Stress Parameters and Antioxidant Defenses

ROS Formation Assay by 2',7"-Dihydrodichlorofluorescein
(DCFH) Oxidation

ROS production was measured according to the method of
LeBel et al. [46], based on the oxidation of 2'7'-
dichlorofluorescein (H,DCF). The samples were incubated
in a medium containing 100 uM H,DCF-DA solution.
Reaction produces the fluorescent compound
dichlorofluorescein (DCF) which is measured at
Aem = 488 nm and Aex = 525 nm.

Superoxide Dismutase Activity Assay

SOD activity assay is based on the capacity of pyrogallol to
autoxidize, a process highly dependent on superoxide, which
is a substrate for SOD. The inhibitor of pyrogallol autoxida-
tion occurs in the presence of SOD, whose activity can be then
indirectly assayed spectrophotometrically at 420 nm. A cali-
bration curve was performed with purified SOD as a standard,
in order to calculate the activity of SOD present in the sam-
ples. SOD activity was expressed as the amount of enzyme
that inhibits the oxidation of epinephrine by 50%, correspond-
ing to one unit.

Catalase Activity Assay

CAT activity was assayed using SpectraMax M5/MS5
Microplate Reader (Molecular Devices, MDS Analytical
Technologies, Sunnyvale, CA, USA). This method is based
on the disappearance of hydrogen peroxide (H,O,) at 240 nm
in a reaction medium containing 20 mM H,0,, 0.1% Triton
X-100, 10 mM potassium phosphate buffer pH 7.0, and 0.1—
0.3 mg protein/ml. One CAT unit is defined as 1 mM of H,O,
consumed per minute.

Glutathione Peroxidase Activity Assay

GPx activity was measured using tert-butyl-hydroperoxide as
substrate. NADPH disappearance was monitored at 340 nm
using SpectraMax M5/MS5 Microplate Reader (Molecular
Devices, MDS Analytical Technologies). The medium
contained 2 mM GSH, 0.15 U/ml GSH reductase, 0.4 mM
sodium azide, 0.5 mM tert-butyl-hydroperoxide, and
0.1 mM NADPH. One GPx unit is defined as 1 mM of
NADPH consumed per minute, and the specific activity is
represented as GPx units/milligram protein.
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Sulfhydryl Content Assay

This assay was performed as described by Aksenov and
Markesbery [47], 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 pl of phosphate buffer saline pH 7.4 containing
1 mM EDTA. The reaction was started by the addition of 10 ul
of 10 mM DTNB and incubated for 30 min at room temper-
ature in a dark room. The sulthydryl content is inversely cor-
related to oxidative damage to the protein.

Reduced Glutathione Levels

GSH levels were estimated based on the method described by
Browne and Armstrong [48]. Deproteinized samples were
mixed to 100 mM sodium phosphate buffer plus 5 mM
EDTA. In a dark room, the fluorescent compound (O-
phthaldialdehyde 1 mg/ml diluted in methanol) was added to
the media containing the samples. After 15 min, the fluores-
cence was measured with 420-nm emission and 350-nm exci-
tation. A standard curve was performed using purified GSH.
All samples were run in triplicate.

Immunoflorescence Assays for 3III-Tubulin, MAP2,
and GFAP Detection

Immunocytochemistry was performed as previously described
[42]. Briefly, culture cells had been plated on glass coverslips,
treated with metabolites for 24 h, and then fixed with 4% para-
formaldehyde for 30 min and permeabilized with 0.1% Triton
X-100 in PBS for 5 min at room temperature. After having
been blocked, cells were incubated overnight with anti-BIII-
tubulin and anti-MAP2 (for neurons), and anti-GFAP (for as-
trocytes) at room temperature, followed by PBS washes and
incubation with specific secondary antibody conjugated with
Cy3 (sheep anti-rabbit) or with FITC (sheep anti-mouse) for
1 h. In each immunostaining experiment, negative controls
were performed by omitting the primary antibody. In controls,
no reactivity was observed. The nucleus was stained with 4',6-
diamidino-2-phenylindole (DAPI) (0.25 mg/ml). Cells were
visualized with a Nikon inverted microscope, and images were
transferred to a computer with a digital camera (Sound Vision).

Morphometric Analysis

For neurons, the neurite/neuron ratio and the neurite length
were analyzed in ImageJ] (NIH) as previously described [42].
The number of processes originating from the soma was mea-
sured manually, and all neurites emerging from neuronal soma
were considered. To measure the neurite length, we used an
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Image] plug-in that allows semiautomatic tracing of neuritis
for measurements of neurite length. Neurite length was ana-
lyzed by considering only the major process of each neuron.

The cytoplasmic area of astrocytes stained for GFAP cyto-
skeleton was measured in ImageJ and used as a criterion for
morphological alteration. An ImageJ plug-in 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

Results are presented as mean + standard deviation. Assays
were performed in triplicate and the mean was used for statis-
tical calculations. Quadruplicate experiments were always car-
ried out and the mean used for the calculations. Results were
statistically analyzed with two-way ANOVA followed by
Bonferroni’s post hoc test. Statistical analysis was performed
with the GraphPad 5.0 software. Differences were considered
significant when P < 0.05.

Results

Co-administration of QUIN and GA Increased Cell
Damage in Striatal and Cortical Cultures and Decreased
Viability in Striatal Neurons

We first evaluated the effect of the QUIN + GA co-incubation on
LDH release and viability through the annexin and propidium
iodide assay in neuronal cultures (Fig. la, d), co-cultures (Fig.
1b, e), and mixed cultures (Fig. lc, ) from the rat striatum (Fig.
la—c) and cortex (Fig. 1d—f). LDH activity was increased in the
QUIN + GA condition (compared to control values) in striatal
(Fig. 1a, P < 0.001) and cortical (Fig. 1d, P < 0.01) neuronal
cultures, as well as in cortical mixed cultures (P < 0.05).

Interestingly, striatal cultures seem to be more sensitive to
GA, since in all cell types there was an increase in LDH
release when cultures were treated with this metabolite (Fig.
la—c, P < 0.001). However, in cortical cultures, additive or
synergic effects of both toxins were observed in neuronal and
mixed cultures (P < 0.01), except for the case of co-cultures.

Next, we evaluated the type of cell death triggered by
QUIN and GA in primary neurons using the annexin-PI assay.
We found a decreased number of live striatal neurons in all
treated groups (Fig. 1g, P < 0.001) compared to control cul-
tures, where the percent values of cells in early apoptosis, late
apoptosis, and necrosis were significantly increased by the
QUIN + GA treatment compared to the all other treatments
(Fig. 1g, P < 0.001). No changes in these parameters were
observed in cortical cultures (Fig. 1h).
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Fig. 1 Effects of QUIN and/or GA on cell viability and damage of neurons,
co-cultures (astrocyte and neurons), and mixed cultures (neurons, astrocytes,
and microglia). Cells were treated with QUIN (50 pM) and/or GA (5 mM)
for 24 h (8 DIV), and cell damage was assessed as LDH activity. Results of
striatal cultures are shown in a (neurons), b (co-cultures), and ¢ (mixed
cultures). Results of cortical cultures are shown in d (neurons), e (co-cultures),

QUIN + GA Treatment Increased ROS Formation
in Striatal and Cortical Neuronal Cultures, Co-cultures,
and Mixed Cultures

The percent levels of ROS formation in neuronal cultures
(Fig. 2a, d), co-cultures (Fig. 2b, ¢), and mixed cultures
(Fig. 2c¢, f) exposed to QUIN + GA are presented in Fig. 2.
ROS formation in all striatal (Fig. 2a—c) and cortical (Fig. 2d—
f) cultures was significantly increased (P < 0.001) by the
QUIN + GA treatment compared to control, QUIN, and GA
conditions.
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and f (mixed cultures). Viability of striatal (g) and cortical (h) neurons was
measured by annexin V-FITC and PI assays. Data are reported as mean + SD
of four independent experiments performed in triplicate. Results were statis-
tically analyzed by two-way ANOVA followed by Bonferroni’s post hoc test.
#4P < (.01 and ***P < 0.001, different of control; P < 0.001, different of
QUIN; P < 0.05, ““P < 0.01, and “**P < 0.001, different of GA

QUIN + GA Condition Decreased SOD Activity
and Increased CAT Activity in Striatal Cultures

Figure 3 depicts the effects of QUIN, GA, and QUIN + GA on
SOD activity (Fig. 3a, f, k), CAT activity (Fig. 3b, g, 1), GPx
activity (Fig. 3¢, h, m), -SH groups content (Fig. 3d, i, n), and
GSH content (Fig. 3e, j, 0) in striatal neuronal cultures (Fig. 3a—
e), co-cultures (Fig. 3f+), and mixed cultures (Fig. 3k—o0). The
QUIN + GA condition decreased the levels of SOD activity
compared to control, QUIN, and GA treatments in neuronal
cultures (P < 0.001), co-cultures (P < 0.01), and mixed cultures
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(P < 0.001). In contrast, CAT activity levels were significantly
increased in neuronal cultures (P < 0.001) and co-cultures
(P < 0.01) and decreased in mixed cultures (P < 0.001).
Significant changes on other parameters induced by QUIN +
GA treatment compared to other treatments, included an in-
crease in GPx activity in co-cultures (P < 0.01), a depletion of
-SH groups in neuronal cultures and co-cultures (P < 0.001),
and a decrease in GSH levels in neuronal cultures (P < 0.01).

QUIN + GA Treatment Decreased SOD Activity and GSH
Levels in Cortical Cultured Neurons

The effects of QUIN, GA, and QUIN + GA on the cortical
SOD activity (Fig. 4a, f, k), CAT activity (Fig. 4b, g, 1), GPx
activity (Fig. 4c, h, m), -SH groups content (Fig. 4d, 1, o), and
GSH content (Fig. 4e, j, p) in cortical neuronal cultures
(Fig. 4a—e), co-cultures (Fig. 4f—j), and mixed cultures
(Fig. 4k—p) are shown in Fig. 4. When cells were treated with
QUIN + GA, the levels of SOD were decreased in neuronal
cultures (P < 0.001) and co-cultures (P < 0.01) compared to
control, QUIN, and GA treatments. In addition, QUIN + GA
condition also depleted the levels of GSH in neuronal cultures
(P <0.01) and mixed cultures (P < 0.001) compared to all other
treatments. No changes in other parameters were observed.

@ Springer

QUIN + GA Condition Did Not Potentiate the Decrease
in Neurite/Neuron Ratio, Neither the Neurite Length
in Cortical Cultures Exposed to QUIN or GA

Since neuronal cultures were more susceptible to the QUIN +
GA than any other cell culture studied, two endpoints of
neurite development were estimated in cortical neurons:
neurite/neuron ratio and neurite length after labeling cells with
MAP2 (Fig. 5). For both markers, the QUIN + GA treatment
did not exert any additive toxic effect compared to the toxins
alone. In turn, while QUIN exerted a prominent decrease in
both the neurite/neuron ratio and the neurite length (P < 0.001)
compared to control, GA produced a less intense effect on
both markers (P < 0.01).

QUIN + GA Condition Did Not Potentiate Reactive
Gliosis, Neither Affected the Neurite/Neuron Ratio Nor
the Neurite Length in Cortical Co-cultures

Figure 6 depicts the effects of QUIN and/or GA on astrocytic
cytoplasmic area as an index of reactive gliosis in cortical co-
cultures. The neurite/neuron ratio and the neurite length are
also shown as indexes of the physiological status of neuronal
cells. Immunocytochemical results (in Fig. 6a) from astrocytes
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Fig. 3 Effects of QUIN and/or GA on antioxidant enzyme activity, GSH
levels and -SH groups in striatal cell cultures. Cells were treated with QUIN
(50 M) and GA (5 mM) for 24 h (8 DIV). Results of cultured neurons (a—e),
co-cultures (f-j), and mixed cultures (k—o0) are shown. Data are reported as
mean + SD of four independent experiments performed in triplicate. Results

labeled with GFAP and neuronal cells labeled with MAP2
showed no additive effects for the QUIN + GA condition
compared to the effects of the toxins alone. QUIN, but not
GA, was able to increase reactive gliosis in a significant man-
ner (P < 0.001) compared to control (Fig. 6d). Neither the
neurite/neuronal ratio (Fig. 6b) nor the neurite length (Fig.
6¢) was affected by QUIN and/or GA in co-cultures.

o

0

were statistically analyzed by two-way ANOVA followed by Bonferroni’s
post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001, different of control;
*P < 0.05, P < 0.01, and **P < 0.001, different of QUIN; P < 0.05,
&&p < 0.01, and “*4P < 0.001, different of GA

MK-801 and Melatonin Decreased the Cell Damage
Induced by QUIN + GA in Striatal Neurons, but Only
Melatonin Prevented ROS Formation and Loss of Cell
Viability

Figure 7 shows the effects of the well-known NMDAr
antagonist MK-801, and the broad-spectrum antioxidant
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Fig. 4 Effects of QUIN and/or GA on antioxidant enzyme activity, GSH
levels and -SH groups content in cortical cell cultures. Cells were treated
with QUIN (50 uM) and GA (5 mM) for 24 h (8 DIV). Results of cultured
neurons (a—e), co-cultures (f), and mixed cultures (k—p) are shown. Data
are reported as mean + SD of four independent experiment performed in

melatonin, on the cell damage and loss of viability in-
duced by the QUIN + GA condition in cultured striatal
neurons. Exposure of neuronal cells to QUIN + GA pro-
voked a significant increase in LDH leakage (70-98%;
P < 0.05-0.01; Fig. 7a, b) and ROS formation (53—
121%; P < 0.01-0.001) compared to the control (Fig.
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triplicate. Results were statistically analyzed by two-way ANOVA followed
by Bonferroni’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001,
different of control; *P < 0.05, #P < 0.01, and *P < 0.001, different of
QUIN; 4P < 0.05, ““P < 0.01, and “**P < 0.001, different of GA

7¢c,d). MK-801 only reduced the QUIN + GA-induced cell
damage (65% below QUIN + GA; P < 0.001; Fig. 7a). In
contrast, melatonin decreased both the LDH activity (58%
below; P < 0.01) and ROS formation (32% below;
P < 0.001) induced by the QUIN + GA condition (Fig.
7b, d, respectively).
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Fig. 5 Effects of QUIN and/or GA on the neurite length and the neurite/
neuron ratio in cultured cortical neurons. Cells were treated with QUIN
(50 uM) and GA (5 mM) for 24 h (8 DIV). a Representative images of
cells immunostained with anti-MAP2 (green) antibodies and DAPI for
nuclei (blue). b Graphical representation of the neurite/neuron ratio. ¢
Graphical representation of neurite length. Data are reported as mean

In regard to the assay to determine the type of cell
death produced by the QUIN + GA treatment in primary
striatal neurons by the annexin-PI assay (Fig. 7e), for this
series of experiments, we found that this treatment de-
creased the number of living cells by 18% compared to
control (P < 0.001) and increased the number of cells in
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values + standard error of four independent experiments, considering 10
fields randomly chosen from each group. Results were statistically ana-
lyzed by two-way ANOVA followed by Bonferroni’s post hoc test.
#%P < 0.01 and ***P < 0.001, different of control; P < 0.001, different
of QUIN; ¥4P < 0.01 and ¥4“P < 0.001, different of GA

early apoptosis by ~20% (P < 0.001), in late apoptosis by
~15% (P < 0.001), and in necrosis by ~ 14% (P < 0.01).
Melatonin was able to prevent the loss of living cells and
the increase in the number of cells in apoptosis and ne-
crosis (P < 0.05). Melatonin per se produced no effects on
these parameters.

QUIN+GA

MAP2
DAPI
GFAP

] CONTROL

4
s
53 £
@ o
c 4
€ E’E“
22 23
3 il
£ 3
EE z
3
z

0

Fig. 6 Effects of QUIN and/or GA on astrocytic and neuronal morphol-
ogy. Cells in cortical co-culture were treated with QUIN (50 uM) and GA
(5 mM) for 24 h (8 DIV). a Representative images of astrocytes immu-
nostained with anti-GFAP (red), neurons immunostained with MAP2
(green), and DAPI (blue) are shown. Effect of QUIN and GA on neurite
per neuron (b), neurite length (c), and cytoplasmic area of astrocytes (d).
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Data are reported as mean + standard error of four independent experi-
ments, considering 10 fields randomly chosen from each group. Results
were statistically analyzed by two-way ANOVA followed by
Bonferroni’s post hoc test. ***P < 0.001, different of control;
&&p < 0.01, different of GA
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Fig. 7 Protection against QUIN
+ GA-induced cell death and
ROS production. Striatal neurons
were preincubated with the gluta-
mate antagonist MK-801 (a, ¢)
and the antioxidant melatonin (b,
d, e) for 1 h before QUIN + GA
treatment for 24 h as described in
the “Materials and Methods”
section. Data are reported as mean
+ SD of four independent experi-
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ments performed in triplicate.
Results were statistically analyzed
by two-way ANOVA followed by
Bonferroni’s post hoc test.

*P < 0.05, **P < 0.01, and

##P < (0.001, different of control;
P <0.05,™P <0.01, and

###P < 0.001, different of QUIN +
GA
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Discussion

In the present study, we provide evidence demonstrating that
simultaneous addition of QUIN and GA to primary striatal
and cortical cultures led to alterations in redox homeostasis
and cell death. We have also shown a differential susceptibility
of neurons, co-cultures, and mixed cultures to these
metabolites.

Exposure of primary striatal neurons with either GA or
QUIN independently induced neuronal death, as observed in
the experiments with annexin-PI. However, when combined,
these two metabolites exerted synergistic and differential toxic
effects leading to cell death, triggering both apoptotic and ne-
crotic mechanisms. Evidence of this synergistic actions exerted
by the combined presence of QUIN + GA has been reported by
us both in in vitro—in brain synaptosomes—I[40] and in vivo—
in glutaryl-CoA dehydrogenase KO mice—{41] conditions.

Certain neurotoxins can induce both apoptosis and necro-
sis, depending on the toxic conditions and pathways they
stimulate, particularly regarding redox levels and
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mitochondrial integrity. This consideration is consistent with
the fact that the signaling pathways involved in the different
types of cell death can sometimes overlap and are engaged in
response to specific stimuli [49]. In line with this, glutamate
can induce either early necrosis or delayed apoptosis in cul-
tures of cerebellar granule cells, wherein the mitochondrial
function is a critical factor that determines the mode of neu-
ronal death in excitotoxicity [50]. Moreover, the maintenance
of mitochondrial function may therefore be a decisive factor in
determining the degree and progression of neuronal injury
caused by excitotoxins. Therefore, an increase in cytosolic
calcium triggered by excitotoxins like QUIN and GA is criti-
cal for mitochondrial dysfunction, causing oxidative stress
[51] and nNOS activation and affecting the mitochondrial
membrane potential.

Oxidative stress represents a critical event related with
QUIN and GA neurotoxicity [15, 20]. Accordingly, we found
that ROS generation and depleted antioxidant defenses take
part on the QUIN + GA-induced cytotoxicity of QUIN + GA
in neuronal cells. When investigating SOD, CAT, and GPx
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Fig. 8 Schematic representation of hypothetical mechanisms involved in
the toxic pattern triggered by quinolinic acid (QUIN) + glutaric acid (GA)
in striatal and cortical neuronal cell cultures, co-cultures (neuronal cells
plus astrocytes), and mixed cultures (neuronal cells plus astrocytes plus
microglia) from the rat brain. In the center, neuronal cells are directly
attacked by QUIN + GA via overstimulation of N-methyl-D-aspartate
receptor (NMDAT) and/or oxidative stress. These effects will trigger dam-
aging cell pathways while silencing survival signals, leading to cell death
produced by toxic synergism. When neuronal cells are co-incubated with
astrocytes (right box), the defense systems of the later help to protect

activities, representing the main antioxidant enzymes for the
detoxification of reactive species [52], we found diminished
SOD and increased CAT activities in striatal neurons, and
diminished SOD activity and GSH levels in cortical neurons,
together with diminished GSH content and SH groups. In line
with this, the antioxidant melatonin, but not the NMDATr an-
tagonist MK-801, was able to prevent both ROS production
and LDH release and diminished the number of viable striatal
neurons, suggesting that oxidative stress is associated with
neuronal death in the combined QUIN + GA toxic pattern.
GSH is the most prevalent cellular thiol that plays an es-
sential role in preserving a reduced intracellular environment,
protecting DNA, proteins, and lipids against oxidation.
Furthermore, GSH depletion by ROS and RNS is a central
signaling event that regulates the activation of cell death path-
ways in distinct pathologies, such as in common neurodegen-
erative disorders, cancer, and autoimmunity [53]. Herein, we
found depletion in the GSH content in striatal and cortical
neurons treated with the toxic metabolites, suggesting that
GSH depletion is part of the mechanisms by which QUIN +
GA trigger neuronal death. However, it is important to note

Neuronal cells

signaling pathways
Activation of deadly cascades

Release anti-inflammatory cytokines
Regulate neurotransmission

Modulate excitability

Reduce cytotoxicity, cell damage and death
Inhibition of toxic synergism

Astrocytes

neuronal cells by providing them antioxidant and anti-inflammatory as-
sistance, reducing excitability, and stimulating survival signaling path-
ways. In turn, when neuronal cells are co-incubated with astrocytes and
activated microglia (left box), the toxic responses affecting neuronal cells
exposed to QUIN + GA prevail and are stimulated by damaging signals
produced by microglia, including pro-inflammatory responses, loss of
antioxidant potency, and activation of deadly cascades; thus, microglia
could silence the positive effects of astrocytes in the QUIN + GA toxic
paradigm

that, as abovementioned, although melatonin could prevent
both cell death and ROS production in striatal neurons, the
NMDA antagonist MK-801 was able to prevent only LDH
release. These findings suggest that other mechanisms are
involved in the neuronal death triggered by QUIN and GA
beyond ROS production and excitotoxicity. In line with this,
melatonin is known to antagonize both excitotoxicity and mi-
tochondrial dysfunction [54, 55]. Consistently, NMDA-
induced calcium rises were diminished by melatonin in cul-
tured mouse striatal neurons [56], also inhibiting nNOS [57].
Moreover, anti-apoptotic effects of melatonin have been de-
scribed in numerous publications and summarized in several
reviews [58—61], in which it has been demonstrated that this
antioxidant acts directly on membrane potential as well as on
the mitochondrial permeability transition pore [56]. Therefore,
our results suggest that, despite that QUIN + GA model exerts
its effect in part by NMDATr overactivation, which would in-
crease the cytosolic calcium, affect mitochondrial function,
and trigger mechanisms of apoptotic and necrotic cell death,
other mechanisms cannot be discarded. It is important to note
that despite QUIN damage to neural cells is greatly ascribed to
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NMDA-mediated excitotoxicity in several brain areas, our
present results suggest that cell death in striatal cultures is
through mechanisms not disturbed by NMDA antagonist
MK-801. Although further studies with silenced or dysfunc-
tional NMDA receptors will be necessary to assume that
QUIN + GA effects are completely dissociated from NMDA
receptors, our present findings suggest that, at least in our
in vitro conditions, QUIN + GA toxicity is mediated by other
mechanisms beyond NMDA receptor. Moreover, studies
showed that QUIN actions also involve metabotropic gluta-
mate receptors and Ca* release from intracellular stores be-
sides Ca®* influx through NMDA receptors [44, 62]. In this
line, it has been shown that QUIN can produce oxidative
damage independent of its activity under NMDA receptor
[63]. The evidence collected herein also demonstrates that
the QUIN + GA condition induces a synergic action on cell
dysfunction and death, supporting a coordinated mechanism
of toxicity for these two agents.

Of note, in co-cultures, QUIN + GA did not exert any
synergistic effect on LDH release as compared to GA alone.
Indeed, GA alone exerted a prominent increase in LDH re-
lease in striatal co-culture, while QUIN + GA had no effect on
this parameter. Although both metabolites are able to alter the
redox homeostasis and increase ROS production in striatal
and cortical co-cultures, these effects seem not to be associat-
ed with the cell death observed.

Our results showing no cell death in striatal co-cultures sug-
gest that the neuron-astrocyte interaction could prevent cell
death caused by the metabolites. Accordingly, a recent study
with striatal co-cultures treated with QUIN showed that the
metabolite activates FGF2/Erk signaling, preventing neuronal
and astrocytic cytoskeletal disruption and ROS production
[42]. This effect might be inherent also to GA. On the other
hand, in cortical co-cultures, QUIN + GA caused a decrease in
SOD and GPx activity, with an increase in ROS production and
concomitant cell death. In turn, this effect highlights different
mechanisms triggered by the metabolites on striatal or cortical
cells, supporting regional susceptibilities to toxic insults.

Contrariwise, when mixed cultures were treated with
QUIN + GA, a potentiating effect of the two metabolites
was observed. The results showed a diminished SOD and
CAT in striatal mixed cultures and diminished SOD, GPx
activities, and GSH content in cortical mixed cultures. This
imbalance resulted in increased ROS production and cell
death in both striatal and cortical cells. These results demon-
strate a role of microglial cells on the effects triggered by the
metabolites, especially in striatal cultures, since we did not
observe cell death when microglial cells are not present.

Microglia can respond to injury, ischemia, infection, or
inflammation in the CNS with morphological modifications,
activation and expression of membrane receptors, and secre-
tion of pro-inflammatory cytokines or mediators like ROS and
RNS [64, 65]. These findings could explain, at least in part,
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why the symptomatology of patients with GA I is worsened
during infections or immunization. During these scenarios,
microglia can be activated and secrete QUIN, which in turn
induces more microglial activation, with the consequent ROS
production and cell death. According to our study, the role of
microglia in the cell death triggered by the metabolites seems
to be more prominent in striatal cells. This is in line with
striatal damage observed in GA I patients and could explain,
at least in part, the degeneration associated with infections,
fever, or prolonged fasting.

Compared with glutamate or NMDA, the extent of neuro-
nal damage caused by GA alone is weak. Therefore, it is
suggested that additional amplifying factors are necessary to
explain the neurodegeneration seen in the disease. The hy-
pothesis that QUIN may be involved in the neuropathology
of GA I started in 1987 [13]. This hypothesis stated that defi-
ciency of glutaryl-CoA dehydrogenase blocks the glutarate
pathway, and this could activate the first enzyme of
kynurenine pathway in macrophages and microglia, especial-
ly during inflammatory processes, leading to overproduction
of QUIN. Consequently, synergistic effect of these two me-
tabolites, which alone does not have sufficient toxic potency,
may be involved in the pathogenesis of striatal degeneration.

In summary, our results, together with previous reports in
literature demonstrating synergic toxic actions of QUIN + GA
in rat brain synaptosomes [40], as well as in the mutant mice
model of GA I produced by deletion of GCDH [41], support
the existence of cooperative mechanisms elicited by these two
metabolites to potentiate neuronal cell damage in a process
that is not only relevant for GA 1 but also for other neurolog-
ical disorders with excitotoxic, pro-oxidant, pro-inflammato-
ry, and degenerative components. Finally, Fig. 8 summarizes
the mechanisms proposed to occur in cells exposed to the
QUIN + GA condition and the role that NMDAr blockade
and the induction of oxidative damage play in this model.
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