Molecular Neurobiology (2021) 58:735-749
https://doi.org/10.1007/s12035-020-02146-3

Check for
updates

Methylglyoxal-Mediated Dopamine Depletion, Working
Memory Deficit, and Depression-Like Behavior Are Prevented
by a Dopamine/Noradrenaline Reuptake Inhibitor

Gudrian Ricardo Lopes de Almeida’® - Jozimar Carlos Szczepanik?@® - Ingrid Selhorst>@® - Ariana Ern Schmitz*@® -
Barbara dos Santos>(® - Mauricio Pefia Cunha' @ - Isabella Aparecida Heinrich?(® - Gabriela Cristina de Paula®® -
Andreza Fabro De Bem "*@® - Rodrigo Bainy Leal ">>® - Alcir Luiz Dafre >3

Received: 27 April 2020 /Accepted: 22 September 2020 / Published online: 4 October 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Methylglyoxal (MGO) is an endogenous toxin, mainly produced as a by-product of glycolysis that has been associated
to aging, Alzheimer’s disease, and inflammation. Cell culture studies reported that MGO could impair the glyoxalase,
thioredoxin, and glutathione systems. Thus, we investigated the effect of in vivo MGO administration on these systems,
but no major changes were observed in the glyoxalase, thioredoxin, and glutathione systems, as evaluated in the
prefrontal cortex and the hippocampus of mice. A previous study from our group indicated that MGO administration
produced learning/memory deficits and depression-like behavior. Confirming these findings, the tail suspension test
indicated that MGO treatment for 7 days leads to depression-like behavior in three different mice strains. MGO treat-
ment for 12 days induced working memory impairment, as evaluated in the Y maze spontaneous alternation test, which
was paralleled by low dopamine and serotonin levels in the cerebral cortex. Increased DARPP32 Thr75/Thr34 phos-
phorylation ratio was observed, suggesting a suppression of phosphatase 1 inhibition, which may be involved in
behavioral responses to MGO. Co-treatment with a dopamine/noradrenaline reuptake inhibitor (bupropion, 10 mg/kg,
p.o.) reversed the depression-like behavior and working memory impairment and restored the serotonin and dopamine
levels in the cerebral cortex. Overall, the cerebral cortex monoaminergic system appears to be a preferential target of
MGO toxicity, a new potential therapeutic target that remains to be addressed.
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Trx Thioredoxin

TrxR Thioredoxin reductase
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Introduction

Methylglyoxal (MGO) is an endogenous by-product in nor-
mal metabolism of carbohydrates, lipids, and proteins, inevi-
tably produced spontaneously or enzymatically [1].
Accumulation of MGO is highly deleterious as it readily re-
acts in vivo with basic phospholipids and nucleotides and with
lysine, arginine, and cysteine residues of proteins, leading to
formation of advanced glycation end products (AGEs). MGO
has been proposed to contribute in a number of pathologies,
such as diabetes, inflammation, and Alzheimer’s disease [2].
Disturbances in MGO metabolism, increasing MGO serum
levels, can be found in elderly and have been associated with
increased cognitive decline [3]. Alzheimer’s and diabetic pa-
tients also present elevated levels of MGO in the cerebrospinal
fluid and increased formation of AGEs [4], suggesting MGO
is a major factor in the development of these pathologies [5].

The glyoxalase system is the main enzymatic route for
MGO detoxification, as lowering of glyoxalase 1 (Glol) ac-
tivity may contribute to increasing MGO levels [4]. There are
other enzymatic routes capable of reducing «-oxoaldehydes
such as MGO, including aldo-keto reductases (AKRs) and
protein deglycase 1/Parkinsonism-associated deglycase
(DJ1/PARKY), proteins known to catalyze the oxidation and
reduction of carbonyl groups depending on NADPH as an
electron donor [6]. The deglycase activity, and the ability to
repair glycated proteins, like x-synuclein, indicates the DJ1
potential relevance to neurodegenerative diseases [7-9].

Prior to enzymatic attack, MGO reacts spontaneously with
glutathione (GSH), generating hemithioacetal, a substrate for
Glo1. The product of Glo1 catalysis, S-D-lactoylglutathione, is
a substrate for glyoxalase 2 (Glo2), regenerating GSH and
resulting in the formation of D-lactate, terminating the cycle
[10]. It has been demonstrated that, shortly after MGO expo-
sure, GSH levels are decreased by reacting with MGO [10]. It
has also been shown that MGO can impair the glyoxalase
system by decreasing Glo2 protein in HT22 cells [11], in an
AMPK-dependent autophagy process [12]. Thus, MGO itself
can induce weakening of the glyoxalase system, favoring
MGO accumulation.

Disturbances in the glyoxalase [13] and redox systems [14]
are connected to several pathological conditions; therefore,
assessing the status of these cellular defenses may contribute
to the understanding of MGO toxicity. In alleviating oxidative
damage to biomolecules, the redox capacity is substantially
dependent on reducing systems, such as GSH/glutathione re-
ductase (GR) and thioredoxin (Trx)/thioredoxin reductase
(TrxR). Both reductases use the reducing equivalents

@ Springer

provided by NADPH. GR reduces oxidized glutathione [15],
while TrxR maintains Trx in its reduced and active form [16].
Interestingly, the Trx and GSH systems have been indicated as
molecular targets of MGO in HT22 nerve cells [11]. These
and other data suggest that MGO is potentially detrimental to
the cellular antioxidant protection.

Diabetic patients and rats present elevated plasma levels of
MGO [17, 18], and higher MGO levels are positively associ-
ated with poorer memory and executive function and a faster
rate of cognitive decline [3, 19]. The evidences in animal
studies indicating that MGO is associated to cognitive impair-
ment are limited, highlighting the need for further investiga-
tion [20, 21].

Changes in Glo1 expression, or in the levels of MGO, were
associated with the anxiety, seizure, pain, and depression-like
behavior in mice [21-27]. Although limited data are available,
some studies indicate an involvement of MGO, or alterations
in Glol expression, in generating depression-like behavior.
Studies are controversial, some studies indicate MGO presents
an antidepressant effect, but others indicate MGO is
depressogenic [21, 28-31].

A previous work of our group demonstrated that MGO
treatment depleted dopamine (DA) in the prefrontal cortex
(PFC) and induced memory deficits and depression-like be-
havior in female mice [21]. DA reuptake inhibitors, such as
bupropion (BUP), are commonly used drugs for treating ma-
jor depression disorder [32] and producing antidepressant-like
effects in rodents [33, 34]. Furthermore, the administration of
BUP abrogated the scopolamine-induced memory impairment
[35], suggesting BUP can be a good candidate for alleviating
these MGO deleterious effects.

Given in vitro literature data indicating that the Glo, Trx,
and GSH systems would be targeted by MGO [11, 12, 36],
elements of these systems were investigated in the PFC and
hippocampus (HP) of mice treated with MGO. The impor-
tance of the dopaminergic system in the pathophysiology
and treatment of depression, and in memory and learning def-
icits, prompted us to investigate whether the dopaminergic
transmission was impaired by MGO, as evaluated by DA
levels and dopamine and cAMP-regulated phosphoprotein
of 32 kDa (DARPP32) phosphorylation. Based on the fact
that MGO can deplete DA in the cerebral cortex of mice
[21], we investigated if BUP can prevent memory deficits,
depression-like behavior, and depletion of monoamines in-
duced by MGO.

Materials and Methods
Animals

Experiments were conducted using 3-month-old female mice.
Swiss (35-50 g), C57BL/6 (2026 g), or BALB/C (20-25 g)
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strains were bred at the Federal University of Santa Catarina
(UFSC), Floriandpolis, Brazil. Mice were maintained at
21 °C+2 °C with free access to water and food, under a
12:12-h light/dark cycle (lights on at 07:00 hours). All manip-
ulations were carried out between 09:00 and 17:00 hours.
Mice were acclimatized to the experimental room for 2 h be-
fore the beginning of the tests. The experiments were per-
formed in a dimly lit (20 1x) and sound-isolated room. The
apparatus was cleaned with 10% ethanol between each mouse
trial.

In a previous work, our group demonstrated that MGO
treatment induced memory deficits and depression-like behav-
ior in female mice [21]. Therefore, to keep pace with previous
experimental conditions, female mice were use in this study.
Furthermore, several studies have shown that the prevalence
of stress-related psychiatric disorders (e.g., depression, post-
traumatic stress disorder) is twice as prevalent in women com-
pared to men [37], justifying the use of female mice.

The animal ethics committee of the Federal University of
Santa Catarina (CEUA-UFSC, #7245210616) approved the
experiments. All efforts were made to reduce the number of
mice used and animal suffering, which is in conformity with
the Guide for the Care and Use of Laboratory Animals,
National Institutes of Health.

Experimental Protocol

Mice were treated with 0.9% saline (control) or 25 mg/kg or
50 mg/kg MGO dissolved in saline. Injections were per-
formed by intraperitoneal (i.p.) route in a constant volume of
10 ml/kg of body weight.

Experiment 1

Mice received single daily doses of MGO (0 mg/kg, 25 mg/kg,
or 50 mg/kg) during seven consecutive days (Fig. 1). Twenty-

l Experiment 3

four hours after the last MGO injection, mice were anesthe-
tized with isoflurane, and killed by cervical dislocation.
Prefrontal cortex (PFC) and hippocampus (HP) were collected
for biochemical analyses.

Experiment 2

In another cohort of animals, mice were treated for 7 days, and
the open field test and tail suspension test (TST) were per-
formed 24 h after the last MGO injection (Fig. 1).

As we previously published, mice under MGO treatment
developed depression-like behavior and memory impair-
ments, accompanied with depletion of DA in the cerebral cor-
tex [21]. In order to verify if BUP, a norepinephrine (NE) and
DA reuptake inhibitor [32], could prevent these behavioral
alterations, a third cohort of Swiss mice were tested in
the experiment 3.

Experiment 3

To accommodate memory testing, saline, MGO, and MGO +
BUP groups were treated for 11 days. This treatment protocol
was successfully employed in a previous publication [21]. BUP
(10 mg/kg) was administered by gavage 30 min prior to MGO
(50 mg/kg) administration. On the 7th day, mice were tested
on the Y-maze to assess spontaneous alternation, as a measure
of working memory, and, on the 8th day, on the open field test
and TST. On the 9th day, animals were exposed to the open
field for habituation. On the 10th day, mice were placed once
more for 10 min in the open field for training purpose, but now
in the presence of two identical objects. On the 11th day, mice
were placed in the open field for 5 min and one of the two
identical objects was reallocated. Behavioral tests were per-
formed 24 h after the last MGO injection. On the 12th day,
mice were anesthetized with isoflurane and euthanized by

Open field Object Tissue collection:
Tail suspension Location neurotransmitters

! ! !

DAYS 1 - 11 - Treatments: Saline, MGO or BUP+MGO

DAY 7
DAYS 1 -7 - Treatments: Saline, MGO 25 or 50 mg/kg

DAY 8 DAYS 9-11 DAY 12

Exp. 1 ’\ Exp. 2

I Experiment 1/2

Tissue collection:
biochemical analysis

Open field
Tail suspension

Fig. 1 Experimental design. Mice were treated for 7 days with MGO
(0 mg/kg, 25 mg/kg, or 50 mg/kg), and 24 h later, the prefrontal cortex
and hippocampus were collected (Exp. 1). An independent cohort of
animals was submitted to the tail suspension test and exposed to the
open field using three mice strains (Swiss, C57BL/6, and BALB/C;
Exp. 2). A separate set of Swiss mice was submitted to MGO adminis-
tration for 12 days. Three experimental groups were tested: control,

50 mg/kg MGO, i.p., or MGO in combination with BUP, 10 mg/kg,
p-o. (Exp. 3). Mice were submitted to the Y-maze test on the 7th day,
to the open field and tail suspension test on the 8th day, and to the object
location task on the 11th day. Brain structures were collected 24 h after
the behavioral test. BUP was applied in a daily basis, 30 min before MGO
injection, and sample collection or behavioral tests were performed 24 h
after the last MGO administration
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cervical dislocation; PFC, HP, and striatum were collected for
analyses of neurotransmitters.

Immunohistochemistry

Mice were anesthetized with isoflurane and perfused by trans-
cardiac infusion of saline, followed by 4% paraformaldehyde.
The brains were quickly removed, embedded in paraformal-
dehyde for 24 h, and cryoprotected by immersion in a 30%
sucrose solution made in 0.1 M phosphate-buffered saline
(PBS; pH 7.4), at 4 °C. Samples were frozen and stored at —
80 °C until use. Serial frozen sections (20 pm) of hippocampi
were cut on a cryostat (Leica) and collected on wells filled
with PBS for free-floating immunohistochemistry.

For immunofluorescence analysis, prefrontal cortex and
hippocampal slices were rinsed 3 times in 0.1 M PBS and
blocked for 1 h by using blocking solution (PBS containing
5% horse serum (Gibco #16050122) and 0.5% Triton X-100
(Sigma-Aldrich) at 4 °C. Sections were incubated overnight at
4 °C with the antibody anti-MG-H1 (1:100; STA-011, Cell
BioLabs, San Diego, USA) diluted in blocking solution. The
sections were then subjected to three washes in 0.1 M PBS
and incubated in the blocking solution for 2 h with anti-mouse
Alexa 488 (Invitrogen, 1:400, A-11001), at room temperature.
As a negative control, the primary antibody was omitted in
order to demonstrate a lack of unspecific labeling
(Supplementary Fig. S1). Sections were rinsed 3 times in
0.1 M PBS and mounted on gelatin-coated glass slides.
Images were acquired on an Olympus IX83 microscopy, ex-
amined, and quantified using ImagelJ software.

Biochemical Analysis

For t-GSH (the sum of reduced and oxidized GSH), the assay
was performed by an enzymatic method [38]. Samples were
homogenized in 0.5% perchloric acid at 1:10 (w/w) and cen-
trifuged at 15,000g, for 5 min, and at 4 °C. Before assay, the
supernatant was neutralized with 0.1 M potassium phosphate
buffer and 1 mM ethylenediaminetetraacetic acid (pH 7.0).
The obtained values were based on a standard curve made of
GSH.

For enzymatic activity, samples were homogenized in
10 mM HEPES, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM dithio-
threitol, 0.05% NP-40 with protease inhibitors (Sigma), and
1 mM PMSF (pH 7.2), at 1:10 (w/w), followed by sonication
and centrifuged (20,000g, 15 min, 4 °C). Glo1 activity was
measured in the supernatant, based on the S-lactoylglutathione
formation, which can be monitored at 240 nm [39]. AKR
activity was measured by NADPH reduction at 320 nm using
MGO as the substrate [40].

The GR activity was measured based on the decrease in
absorbance at 340 nm due to NADPH consumption, in the
presence of oxidized GSH [15]. TrxR activity was measured
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by the NADPH-dependent reduction of 5,5'-dithio-bis-(2-
nitrobenzoic) acid, which was accompanied by the formation
of 5'-thionitrobenzoic acid at 412 nm [16]. Protein in samples
was quantified by the Bradford assay using bovine serum
albumin as standard [41].

Western blotting of PFC and HP was performed in
tissue samples first homogenized in ice-cold lysis buffer
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% NP-40, 1%
protease inhibitor cocktail, | mM phenylmethylsulfonyl
fluoride). Samples were subjected to SDS-PAGE electro-
phoresis, and proteins were electrotransferred to PVDF or
nitrocellulose membranes and blocked with 5% non-fat
powdered milk. Membranes were probed with the follow-
ing primary antibodies: Glol (SC 67351, 1:1,000), Glo2
(SC 51092, 1:1,000), glutamate-cysteine ligase (GCL)
(SC-22755, 1:3,000), and TrxR1 (SC 20147, 1:1,000)
from Santa Cruz Biotechnology (Dallas, EUA). The anti-
body against the phosphorylated form of DARPP32 at
Thr** (AB9206; 1:1,000) was from Millipore
(Burlington, EUA). The antibody against GR (ab16801,
1:1,000) was from Abcam (Cambridge, UK). The anti-
body against DARPP32 (#2302, 1:1,000) and p-Thr’>-
DARPP32 (#2301, 1:1,000; rabbit) were purchased from
Cell Signaling (Danvers, USA). After incubation with the
appropriate secondary antibody, ECL images were pro-
duced in a ChemiDoc apparatus (Bio-Rad, La Jolla) and
quantified by ImageJ software (https://imagej.nih.gov/ij/).
Band intensity was normalized to Ponceau S staining that
produced a linear signal regarding protein load (+*=0.94;
»<0.0001) in an experiment made in duplicate and gels
loaded with 10, 20, 30, and 40 pg of protein (data not
shown). For Ponceau S intensity measurements, the entire
lane was used, but in figures, only a smaller area is
presented.

Quantification of Neurotransmitters

Monoamine levels were determined by HPLC with fluoromet-
ric detection according to [42]. PFC, HP, and striatum of mice
were homogenized in 0.2 M perchloric acid containing 3 mM
cysteine at 1:5 (w/v). Homogenate was centrifuged
(12,000%g, 10 min, 4 °C), and the resulting supernatant was
frozen (— 80 °C) for analysis. A standard curve was performed
with concentrations ranging from 0.016 to 2.50 ng/ul and
used to estimate the levels of DA, serotonin (5-HT), and NE.
HPLC apparatus was from Jasco (LC-2000 Plus System),
using an ACE® C18 Ultra-Inert column, at a flow rate of
0.6 ml/min. Monoamines were eluted in an isocratic solution
of acetate (12 mM acetic acid, 0.26 mM ethylenediamine
tetraacetic acid)/methanol (86:14, v/v) solution. The fluores-
cence was monitored using excitation at 279 nm and emission
at 320 nm.
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Behavior Tests

The immobility time was measured in the TST for 6 min,
according to the method of Steru and collaborators [43].
Briefly, each animal was suspended by the tail for 6 min and
at 60 cm above the ground. After the experimenter left the
room, animal’s behavior was recorded for 6 min, and the total
immobility time was measured.

To exclude a possible interference, the locomotor activity
was evaluated in the open field arena (40 cm x40 cm X
30 cm). Briefly, each mouse was placed in the center of the
arena to freely explore the apparatus for 5 min [44, 45]. The
tests were recorded, and the distance traveled in the open field
was subsequently analyzed using the ANY-Maze® software
(Stoelting Co., Wood Dale, EUA).

Evaluation of working memory was carried out by measur-
ing the spontaneous alternation rate of mice. When moving
from one place to another, rodents exhibit the natural tendency
to explore the least visited area or a previously known area
which has changed (novelty), and this behavior is referred to
as spontaneous alternation [46]. Spontaneous alternation was
assessed using a Y-shaped maze, with three equal arms
(30 cm % 10 cm x 25 cm height). Each mouse was placed in
the center of the maze; then, during 5 min, the number of
“correct” triplets (consecutive entries with all four paws in
each of the three arms without re-entries) was registered and
used as a measure of spontaneous alternation [47].

In order to evaluate long-term spatial memory, mice were
submitted to the object location task (OLT), based on a pro-
tocol previously described [48, 49]. Briefly, 24 h after a ha-
bituation session for 5 min in the open field arena (40 cm x
40 cm x 30 cm), mice were placed again in the same arena for
10 min facing two identical objects (5 cm % 3 cm) for a train-
ing session. Long-term memory was evaluated 24 h after
training, when one of the two objects was relocated and mice
were re-exposed (test session). The time spent exploring the
objects were recorded for 5 min. Visual cues were added in the
test room as spatial reference.

Statistical Analysis

Pairwise comparisons were performed by Student’s ¢ test,
while for multiple groups, one-way analysis of variance was
used, followed by Dunnett’s post hoc test. When failing to
pass normality test, the Kruskal-Wallis analysis was
employed, which was followed by Dunn’s multiple compari-
sons test. OLT was analyzed using Student’s ¢ test by compar-
ing the location index values to 50%. Values significantly
higher than 50% implies that mice were able to discriminate
the relocated object. The accepted level of statistical signifi-
cance was p < 0.05. Data were expressed as mean + standard
error of the mean (SEM), except when indicated.

Results and Discussion

The in vitro evidence showing that the glyoxalase, GSH, and
Trx systems can be affected by MGO [11, 12, 36] prompted us
to investigate the activity and relative protein content of en-
zymes in an in vivo model using typical components of these
systems.

Glo1 is considered the first and limiting step in MGO de-
toxification; however, the Glol levels (Fig. 2a), and its en-
zyme activity (Fig. 2¢), were not altered by MGO treatment.
The second step in MGO detoxification depends on Glo2, and
there are some evidences indicating the relevance of Glo2 in
controlling MGO levels [50]. In this regard, a 16% increase in
Glo2 protein levels in the PFC (Fig. 2b) may be understood as
a compensatory response to MGO treatment, but confirmation
remains to be produced. Overall, the glyoxalase system pre-
sented no major changes, indicating other compensatory
mechanisms would have been induced.

Aldo-keto reductases have been shown to compensate for
MGO detoxification in Glol1-deficient mice [51]. However,
the absence of alterations in the PFC AKR activity, and the
small decrease in the HP (6%; Fig. 2d), albeit significant, is
probably devoid of biological relevance. To test this possibil-
ity, other AKR substrates and expression analyses would be
necessary. Alternatively, MGO degrading enzymes such as
DJ1 and alcohol dehydrogenase are other routes to be
investigated.

Brain MGO levels are increased within minutes after an i.p.
injection [52] and remain elevated in the plasma for at least 4 h
[21]; therefore, repeated MGO treatment would be expected to
produce increased protein-MGO adducts.
Immunohistochemical analysis of a major protein-MGO ad-
duct, MG-H1, revealed a 30% increase in its levels in the HP
at 25 mg/mg (Fig. 3d-f, h). A tendency to increased levels
(1.7-fold increase) was also observed in the PFC at the same
dose (Fig. 3a—, g). However, no changes were observed in
MG-H1 adducts in both brain structures at 50 mg/kg MGO
(i.p.). It is puzzling that protein glycation remained unaltered
at the higher MGO dose tested, despite it is somewhat in
agreement with the absence of major changes in MGO detox-
ification (Fig. 2). In this regard, MGO adducts also remained
unaltered in Glo1-KO mice [27, 51], suggesting an adaptive
response would have been induced. Alternatively, specific
protein target would be responsible for some effects of
MGO, despite no overall changes in MG-H1 has been found
(Fig. 3). The induction of alternative MGO-degrading systems
needs to be verified before a grounded conclusion can be
drawn.

Contrary to the in vitro response [11, 12, 36, 53, 54], no major
changes were observed in the regulatory step in GSH synthesis,
as GCL protein (Fig. 4a) and GSH levels (Fig. 4d), which
remained at basal levels after MGO treatment. A similar pattern
was observed regarding the activity of GR (Fig. 4b and e)
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Fig. 2 Effects of MGO treatment
on detoxification systems in the
mice brain. Animals were treated
for 7 days with MGO 25 mg/kg or
50 mg/kg, and 24 h later, tissues
were collected. The relative pro-
tein levels of Glo1 (a) and Glo2
(b) and the activity of Glo1 (c)
and AKR (d) were analyzed in the
PFC and HP. Ponceau S was used
as a protein loading control.
Values are presented as scatter
plot and mean + SEM (n = 8-10).
Statistical differences are indicat-
ed as *p < 0.05, as compared to
the saline-treated group (Ctl)

and TrxR (Fig. 4c and f), and despite GR protein presented a
42% increase, its activity remained at basal levels in animals
treated with 50 mg/kg MGO. The same increase in GR protein

Fig. 3 Effects of MGO administration on MGO-protein adduct in the
prefrontal cortex and hippocampus. Animals were treated for 7 days with
MGO 25 mg/kg or 50 mg/kg, and 24 h later, tissues were collected.
Representative images of MG-H1 adducts for PFC (a—¢) and HP (d—f)

Prefrontal cortex

Hippocampus
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Fig. 4 Effects of repeated MGO administration on GSH and thioredoxin
systems. Animals were treated for 7 days with MGO 25 mg/kg or
50 mg/kg, and 24 h later, tissues were collected. The relative protein
levels of glutamate-cysteine ligase (GCL; a), glutathione reductase
(GR; b), and thioredoxin reductase (TrxR; ¢). Total glutathione levels

inhibition by directly reacting with GR, as shown for TrxR [11].
Immunoprecipitation studies with GR would be necessary to
clarify whether GR inhibition is due MGO adducts.

DARPP32 is an important signaling molecule, where phos-
phorylation at Thr34 leads to its activation, turning DARPP32
into a potent phosphatase 1 inhibitor [55]. Conversely, the
opposite effect is observed when DARPP32 is phosphorylated
at Thr75. Therefore, an increase in the Thr75/Thr34 ratio can
be interpreted as a release of phosphatase 1 inhibition and by
consequence dephosphorylating target proteins [55, 56].
DARPP32 protein levels were not altered (p >0.05) by
MGO treatment in the PFC (Fig. 5a) and HP (Fig. 5b); instead,
MGO treatment promoted a decrease in the Thr34 phosphor-
ylation, while it increased at site Thr75, resulting in a higher
Thr75/Thr34 ratio (Fig. 5a). The Thr75/Thr34 ratio was not
altered in the HP, and opposite to PFC, the phosphorylation
site at Thr34 was increased, but at Thr75, it remained unal-
tered (Fig. 5b), indicating MGO preferentially affects the PFC.
Interestingly, animals submitted to social defeat also presented
increased Thr75 phosphorylation in the PFC, but not in the
amygdala or hippocampus [57]. Overall, the data indicate an
inhibition of DARPP32 signaling in the PFC, which would
lead to increased dephosphorylating activity of protein

(GSH-t, d) and the activity of GR (e) and TrxR (f) were analyzed in the
PFC and HP. Ponceau S was used as a protein loading control. Values are
presented as scatter plot and mean + SEM (n = 8—12). Statistical differ-
ences are indicated as **p < 0.01, as compared to the saline-treated group
(Ctl)

phosphatase 1. This response may be a consequence of the
observed decrease in DA levels found in PFC (Fig. 7), which
would result in a decreased DA signaling and increased
Thr75/Thr34 ratio. Nevertheless, glutamate signaling would
be involved in this response as well, since DARPP-32 partic-
ipates in the translation of various states of glutamate input
[58], which was not addressed in the present work. Given that
MGO is considered a partial agonist of GABA 4 receptors [52]
and that GABAergic neurons can be dopaminoceptive [58],
the interplay between DA depletion and activation of GABA 5
receptors would also affect DARPP32 signaling.

The levels of tyrosine hydroxylase (TH), the rate-limiting
step in DA synthesis [59], presented a slight increase (12%) in
the PFC at 25 mg/kg MGO, which was not observed in the HP
(Fig. 5¢). The higher MGO dose (50 mg/kg) was unable to
alter TH levels in both brain areas. A more aggressive treat-
ment, such as intra-striatal administration of MGO, can de-
crease the number of tyrosine hydroxylase positive neurons
and protein levels [60]. Conversely, dopaminergic cells (SH-
SY5Y) presented increased tyrosine hydroxylase expression
when treated with MGO [61]. At this point, it is unknown if
MGO administered by an intraperitoneal route would result in
the same responses.
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Fig. 5 Effects of MGO administration on DARPP32 phosphorylation,
and the protein levels of tyrosine hydroxylase. Animals were treated for
7 days with MGO 25 mg/kg or 50 mg/kg, and 24 h later, tissues were
collected and analyses were performed in the PFC and HP.
Representative blot images of DARPP32 phosphorylation at sites Thr*
and Thr’> (a and b) are presented along with their respective quantifica-
tions (bar graphs). The band intensity of the DARPP32 phosphorylated
forms was normalized to total DARPP32 protein content. In line graphs

We have previously shown that MGO can induce an
increase in the immobility time in the TST [21], in acute
(15 min and 4 h) or repeated (6 days) treatments. These
results are contrasting with previous publications showing
that MGO treatment, or decreased Glol activity, can in-
duce an antidepressant-like effect [29, 62]. Given the ap-
parently contradictory results, and in order to exclude a
possible bias due to genetic background, or a strain-
related factor, we investigated two other mice strains.
Therefore, we repeated the TST following MGO treat-
ment and evaluated the immobility time in Swiss
(Fig. 6a, d), C57BL/6 (Fig. 6b, e), and BALB/C
(Fig. 6c¢, f) mice. Despite the small sample size (n=5—
7), a clear depression-like effect was induced by repeated
MGO treatment for 8 days in all tested strains, ruling out
an interference of genetic background. Murine models of
depression, like the repeated defeat [31], and chronic un-
predictable mild stress [30] have shown decreased Glol
expression in HP and PFC, respectively, suggesting in-
creased MGO levels may be associated to increased im-
mobility in the TST. A previous study is in agreement
with our results, as Glol1-KO mice present depression-
like behavior [27]. The reasons for some studies have
found antidepressant-like and other depression-like effects
remain unknown and need to be considered. Our results
showing the depression-like effect of MGO after repeated
(7 days) MGO treatment are consistent, since the same
depression-like effect was observed with different doses
and treatment regimens [21], as well as in three mice
strains (Fig. 6). It is worth of note that at the time of
TST testing, blood MGO levels are at basal levels [21],
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Correlation analysis showing the ratio between Thr’>/Thr** are
also presented. Representative images of tyrosine hydroxylase (TH) blots
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Ponceau S was used as a protein loading control for TH. The bar graph (c)
presents scatter plot and mean + SEM (n = 8-12). Statistical differences
are indicated as *p < 0.05, as compared to the saline-treated group (Ctl)

indicating the treatment effect may not be considered as a
direct effect of MGO.

Disturbances in the homeostasis of monoamines are fre-
quently associated with mood disorders and brain function
[63]. As shown previously by our group, memory impairment
and depression-like behavior were observed in mice treated
with MGO. The same study showed that treatment with MGO
for 11 days produced a ~ 50% decrease in the DA levels in the
mice PFC. Here, we explored the possibility that BUP, a NE
and DA reuptake inhibitor, would prevent DA depletion.
MGO treatment for 11 days reproduced the previously ob-
served depletion in DA in the PFC (Fig. 7a). Additionally, a
35% decrease in the levels of 5-HT (Fig. 7b) was also ob-
served, but no changes were detected in the NE levels
(Fig. 7¢). The striatum presented preserved levels of DA
(Fig. 7d), 5-HT (7E), and NE (Fig. 7f). The HP presented a
tendency (~15%) for lower levels of 5-HT (Fig. 7g) and NE
(Fig. 7h), but without statistical significance.

The underlying causes inducing depletion of neurotrans-
mitters in MGO-treated mice remain to be established. An
early report showed a free radical reaction of MGO and DA,
5-HT, and NE [64], which can potentially produce a number
of'toxic molecules. More recent evidences support this idea, as
5-HT and DA can produce highly toxic derivatives [65—68].
Another possible route for MGO toxicity relates to the activa-
tion of AGE receptor (RAGE) owing to long-lasting inflam-
mation, which can also lead to the formation of toxic metab-
olites upstream and downstream of MGO production [69].

Co-administration of BUP and MGO produced an effect
toward normalizing the levels of DA, 5-HT, and NE in the
PFC, HP, and striatum, as values were not significantly
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Fig. 7 Bupropion prevents dopamine and serotonin depletion in the PFC
of MGO-treated mice. Swiss mice were treated for 12 days with saline
(Ctl), MGO 50 mg/kg (MGO), or the combination BUP (10 mg/kg, p.o.)
and MGO, as described in the “Materials and Methods” section. Twenty-
four hours after the last MGO injection, tissues were collected for the
measurements of dopamine (a and d), serotonin (b, e, and g), and

different, as compared to the control group. The results herein
presented reinforce the known antidepressant action of BUP
and indicate it would prevent the depressive-like behavior
induced by MGO. Nevertheless, the exact mechanism respon-
sible for such an effect in restoring the levels of DA and 5-HT
in the PFC needs further investigation.

The present work confirms our previous data and
strengthens the notion that MGO can induce a depression-
like behavior through depleting monoamines. As shown in
Fig. 8 a, the depression-like effect of MGO was abolished
by a co-treatment with BUP. BUP per se did not alter the
immobility time in the FST, neither did it affect spontaneous
locomotion in the open field (Supplementary Fig. S2). The
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norepinephrine (¢, f, and h) in the PFC (a—¢), striatum (d—f), and HP
(g-h) of mice. Dopamine was below the detection limit in the mice
hippocampi. Values are presented as scatter plot and mean + SEM (n=
8—10). Statistical differences are indicated as **p <0.01 and
*#%p <0.001, as compared to the saline-treated group (Ctl)

MGO

fact that BUP also restored the levels of DA and 5-HT in the
PFC suggests that MGO causes depression-like effect by de-
pleting these neurotransmitters. However, further experiments
are required to trace the origin of such disturbances by
assessing the routes for synthesis and degradation of these
neurotransmitters, as well as to verify the role of signaling
pathways in such a response.

Several studies showed that MGO, or Glol expression,
presents an association with anxiety and depression (trait or
behavior). Some studies found that higher Glol levels are
associated to anxiety and depression-like phenotypes [22,
29, 70]. Furthermore, inhibition or deletion of Glol, or
MGO treatment, can produce an antidepressant-like
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Fig. 6 Immobility time and locomotor activity in mice treated with
MGO. Animals were treated for 7 days with MGO 25 mg/kg or
50 mg/kg and, 24 h later, submitted to the TST, followed by exposition
to the open field. Immobility time in the TST (a—c) and ambulatory
activity in the open field (d—f) were obtained for three mice strains:

phenotype [26, 71-73]. The higher doses employed in the
current work contrasts to the observed beneficial effects of
MGO at lower doses and more prolonged treatment. MGO
(5 mM/kg per day) can produce antidepressant-like effect,
which was linked to induction of neurotrophic factors, such
as BDNF, and was also associated to neurogenesis [72]. As
opposing to these results, MGO treatment decreased the su-
crose preference, indicating MGO can induce a depression-
like behavior [74]. Moreover, lower levels of Glol mRNA in
peripheral cells correlated with major depressive disorder
[28]. Subjects with this pathology presented higher Glol
levels [75], and Glo1-KO mice showed depressive-like behav-
ior [27]. Although the literature expresses contradictory data,
these last mentioned evidences are corroborating our data
(Figs. 6 and 8), showing that MGO can induce depression-
like behavior after repeated treatment, as well as acute treat-
ment (15 min and 4 h) [21].

The working memory deficits previously found in MGO-
treated mice [21] were prevented by BUP + MGO treatment
(Fig. 8b); however, long-term spatial memory was not
(Fig. 8c). Swiss mice treated with MGO showed significantly
decreased alternation rate, when compared with the control
group, indicating working memory deficit, which was
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Swiss (a and d), C57BL/6 (b and e), and BALB/C (¢ and f). Data are
presented as scatter plot and mean + SEM (n = 5-7). Significant differ-
ences are indicated as *p <0.05, **p < 0.01, and ***p <0.001, as com-
pared to the saline-treated control group (Ctl)

prevented by BUP co-treatment (Fig. 8b). Locomotor activity
of' mice in the Y maze was not altered by the treatments, as no
statistical difference was found in the total number of arm
entries among the groups, thus indicating no biases due to
altered locomotor activity (Fig. 8e).

BUP treatment was also associated with a better perfor-
mance of mental processing speed in humans, which is very
dependent on the PFC and working memory [76]. DA signal-
ing in the PFC appears to play a critical role in animals’ per-
formance in both working memory and selective attention
tasks [77]. Therefore, the protective effect of BUP in
preventing DA depletion suggests that normalization on
working memory was involved with DA replenishment,
which remains to be confirmed, and other potential mecha-
nisms need to be considered. Given that BUP induces a tran-
sient increase in the brain levels of DA and NE [78, 79], it is
not expected that this effect remains active for 24 h after in-
jection. Therefore, the behavioral changes observed can be
understood as long-term effects of BUP, in which DA and
5-HT are believed to remain at basal levels, but unfortunately,
we do not have data to support this hypothesis.

In the OLT, the control group explored the relocated object
B for more than 50% of the total exploratory time, thereby
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Fig. 8 Bupropion prevented the increase in the immobility time and
working memory deficit of mice treated with MGO. Swiss mice were
treated for 11 days with saline (Ctl), MGO 50 mg/kg (MGO), or the
combination of MGO and bupropion 10 mg/kg, p.o. (+BUP), as de-
scribed in the “Materials and Methods” section. Twenty-four hours after
the seventh MGO injection, the immobility time was assessed by the TST
(a) and the ambulatory activity in the open field (d). The spontaneous
alternation rate was measured in the Y-maze test (b) 24 h after the sixth
MGO injection, as well as the corresponding ambulatory activity (e). The
long-term spatial memory of Swiss mice was assessed in the test session

showing memory retention (Fig. 8c). Mice treated with MGO
or BUP + MGO did not present differences in the object lo-
cation index, when compared to 50%, indicating memory im-
pairment (Fig. 8c). In the training session, no statistical differ-
ences were found between the exploratory time periods of the
two identical objects (Fig. 8f). Therefore, results showed that
BUP was unable to prevent the long-term spatial memory
impairment induced by MGO.

Since DA is the main neurotransmitter involved in the
mesolimbic reward pathways, it has been proposed that an
increase in dopaminergic neurotransmission might counteract
the prominent symptom of depression anhedonia, as well as
modulating learning and memory [80]. Nevertheless, the role
for 5-HT has to be considered, as MGO also depleted 5-HT in
the PFC. BUP produced antimnemonic effect in mice exposed
to scopolamine [33]. In our study, BUP abrogated the MGO-
induced cortical DA and 5-HT depletion, as well as the
depression-like behavior and working memory impairment,
but failed to restore long-term spatial memory.

Despite IHC results failed to detect alteration in MG-H1 at the
highest dose tested, AGEs/RAGE signaling are known to be
involved in a variety of neuropathies and in cognitive

of OLT 20 h after the 10th MGO injection (c¢). In the OLT training
session, the corresponding exploration time of objects was registered on
the previous day (f). To rule out the possibility that performing the Y-
maze test would interfere on the TST response made in the next day, an
independent experiment (n = 6) evaluated the immobility time in the TST
24 h after the 5th MGO injection (triangles in a), and the TST statistical
analysis was performed with the pooled data. Data are presented as scatter
plot and mean + SEM (n=10). Significant differences are indicated as
*p<0.05, **p<0.01, and ***p <0.001, as compared to the saline-
treated control group (Ctl)

dysfunction [81, 82]. In agreement to this idea, a work of our
group [83] showed that FPS-ZM]1, a selective RAGE antagonist
that is permeable to the blood-brain barrier, restored short-term
aversive and working memory, but failed to restore short-term or
long-term spatial memory impairment, induced by repeated
MGO treatment [83]. These results indicate that some effects of
MGO can possibly be attributed to RAGE activation, as its in-
hibitor prevented some effects but failed to prevent others. A
similar scenario was observed as shown in Fig. 8, since BUP
failed to restore the long-term spatial memory. Nevertheless,
BUP was effective in decreasing the immobility time in the
FST and in normalizing the alternation rate in the Y-maze. It is
conceivable to think that multiple action mechanisms would be
responsible for the observed results, suggesting memory deficits
induced by MGO depend, at least in part, on mechanisms other
than DA and 5-HT depletion.

Concluding Remarks

We found little evidence that Glo1/Glo2, Trx/TrxR, and GSH/
GCL/GR systems are affected by repeated MGO treatment for
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7 days. We showed higher DARPP32 Thr’*/Thr** phosphor-
ylation ratio in the PFC, but not in the HP, of MGO-treated
mice, a signaling route depending on glutamate and DA, that
needs further investigation. The present study confirmed that
repeated treatment with MGO produced a depression-like
phenotype, which was reproduced in three different mice
strains. DA and 5-HT depletion was observed in the PFC;
however, the mechanisms responsible for this decrease remain
to be established. Some possibilities include formation of tox-
ic products from MGO reaction with other molecules, such as
DA and 5-HT, or by interfering with their synthesis, degrada-
tion, and transport. Repeated MGO treatment was also able to
impair working and long-term memory. The atypical antide-
pressant BUP not only prevented DA and 5-HT depletion but
also suppressed the depression-like phenotype and restored
working memory. Interestingly, in a parallel study, aversive
and working memory deficits induced by MGO were
prevented by a RAGE antagonist [83], indicating that action
mechanisms other than DA and 5-HT depletion also need to
be taken in account when the effects of MGO are considered.
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