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Abstract

Methylglyoxal (MG) is a by-product of glycolysis. In pathological conditions, particularly diabetes mellitus, this molecule
is unbalanced, causing widespread protein glycation. In addition to protein glycation, other effects resulting from high levels
of MG in the central nervous system may involve the direct modulation of GABAergic and glutamatergic neurotransmis-
sion, with evidence suggesting that the effects of MG may be related to behavioral changes and glial dysfunction. In order
to evaluate the direct influence of MG on behavioral and biochemical parameters, we used a high intracerebroventricular
final concentration (3 pM/pL) to assess acute effects on memory and locomotor behavior in rats, as well as the underlying
alterations in glutamatergic and astroglial parameters. MG induced, 12 h after injection, a decrease in locomotor activity in
the Open field and anxiolytic effects in rats submitted to elevated plus-maze. Subsequently, 36 h after surgery, MG injection
also induced cognitive impairment in both short and long-term memory, as evaluated by novel object recognition task, and
in short-term spatial memory, as evaluated by the Y-maze test. In addition, hippocampal glutamate uptake decreased and
glutamine synthetase activity and glutathione levels diminished during seventy-two hours after infusion of MG. Interest-
ingly, the astrocytic protein, S100B, was increased in the cerebrospinal fluid, accompanied by decreased hippocampal S100B
mRNA expression, without any change in protein content. Taken together, these results may improve our understanding of
how this product of glucose metabolism can induce the brain dysfunction observed in diabetic patients, as well as in other
neurodegenerative conditions, and further defines the role of astrocytes in disease and therapeutics.
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Introduction

Glycation has been associated with diabetes mellitus (DM),
Alzheimer’s disease (AD) and other chronic diseases [1-4].
a-Dicarbonyl compounds (x-DCs) (methylglyoxal [MG],
glyoxal and 3-deoxyglucosone) are the principal molecules
that cause protein glycation, due to their extremely reactive
arrangement that can promote the fast formation of adducts
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[5]. In general, high concentrations of a-DCs lead to the
increased formation of advanced glycation end products
(AGEs) [5]. MG is a byproduct of glycolysis, and associa-
tions of the peripheral concentration of this physiological
compound with pathophysiologic processes have been exten-
sively studied [5, 6]. Despite the existence of different detox-
ification systems for excess MG, such as the glyoxalase sys-
tem [7] impairments caused by increased concentrations of
MG and other a-DCs are almost inevitable in some diseases.

Elevated MG levels are commonly associated with vari-
ous DM complications, including chronic renal disease
[3, 8], a faster rate of memory decline [4] and anxiety-like
behavior [9]. Moreover, it is known that MG can affect neu-
rotransmission, altering glutamatergic [10, 11] and GABAe-
rgic synapses [9]. Nonetheless, there have been few studies
of the effects of MG on behavior and its association with
neuroglial functions [10, 12].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-020-03154-4&domain=pdf

184

Neurochemical Research (2021) 46:183-196

Evidence suggests that the concentration of MG, in both
the plasma and in cells, ranges from about 0.1-3 pM [5,
8]; however, these concentrations are 2—6 times higher in
patients with DM [13]. Moreover, AD patients present an
average MG concentration in the CSF of around 22 pM,
which is far more significant than concentrations found
in patients without AD [14]. Indeed, supraphysiological
concentrations of MG have been used to study MG-related
effects in in vitro and in vivo approaches [9-11, 15]. The
challenge of mimicking the effects of MG using physiologi-
cal or pathological concentrations is complex, especially
considering MG reactivity and its rapid degradation in the
organism. In order to simulate acute dicarbonyl stress, the
use of high concentrations may aid in elucidating the mecha-
nism of action of MG and its consequences, in experimental
models.

Although there have been many efforts to elucidate the
involvement of MG in DM complications and neurodegener-
ative diseases [14, 16], little is known about the in vivo acute
effect on animal behavior and neuroglial functions. Stud-
ies have shown that repeated intracerebroventricular (ICV)
administration of elevated concentrations of MG modulates
anxiety-related behavior and neurochemical parameters in
the rat brain [10, 15]. Herein, our focus was to investigate
how an elevated MG concentration, directly infused in the
lateral ventricle of rats, could acutely interfere with learning-
memory processes, anxiety-related behavior and locomotor
activity, and determine how astroglial modulation could be
involved.

Experimental Procedure
Materials

Methylglyoxal (MG) solution (at 40%, in water), stand-
ard glutathione (GSH), Triton X-100, ophthaldialde-
hyde, S100B protein, anti-S100B (SH-B1), L-glutamate,
o-phenylenediamine (OPD), meta-phosphoric acid,
y-glutamylhydroxamate acid and N-methyl-D-glucamine
were purchased from Sigma-Aldrich (Saint Louis, MO,
USA). L-[2,3->H] glutamate was purchased from Amersham
International (United Kingdom). Polyclonal anti-S100B and
polyclonal anti-GFAP were purchased from DAKO (Sao
Paulo, SP, Brazil), anti-rabbit peroxidase linked antibody
(GE Healthcare, Little Chalfont, United Kingdom). Poly-
clonal anti-GLAST and anti GLT-1 (Abcam, Cambridge,
MA, USA), and polyclonal anti-glyoxalase 1 (Santa Cruz
Biotechnology Inc. Dallas, Texas, USA). Mouse mono-
clonal anti-B-actin antibody (C4 clone), and mouse mono-
clonal anti-GluN1 (R1JHL clone) (Millipore, Darmstadt,
Germany). All other chemicals were purchased from local
commercial suppliers.
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Animals

A total of seventy male Wistar rats (90-days old) were
obtained from our breeding colony (Department of Bio-
chemistry, UFRGS, Porto Alegre, Brazil). The rats were
maintained under controlled light and environmental con-
ditions (12 h light/12 h dark cycle, at a constant temperature
of 22 +1 °C) and had free access to commercial chow and
water. All animal experiments were carried out in accord-
ance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications
No. 80-23), and all procedures were previously approved by
the local Animal Care Ethical Committee (CEUA-UFRGS;
project number 33663). All efforts were made to minimize
animal suffering and reduce the number of animals used.

Surgical Procedure

MG was unilaterally infused in the lateral ventricle, as
described in previous studies [10, 17]. The rats were divided
into three groups: Naive (animals not submitted to surgical
procedure), SHAM-operated and MG-treated. Briefly, rats
were anesthetized with ketamine/xylazine (75 and 10 mg/
kg, respectively, i.p) and positioned in a stereotaxic appa-
ratus. A midline sagittal incision was made in the scalp and
burr holes were drilled in the skull on the right side over
the lateral ventricle. The right ventricle was accessed using
the following coordinates: 0.9 mm posterior to the bregma;
1.5 mm lateral to the sagittal suture; 3.6 mm beneath the
surface of the brain. Animals received 5 pL of MG ICV
unilaterally with a final concentration of 3 pM/pL diluted in
Hank’s balanced salt solution (HBSS, pH 7.2); The SHAM
group received an equal volume of HBSS. After the surgi-
cal procedure, animals were kept warm until recovery from
anesthesia. From twelve hours after the ICV injection, the
rats were submitted to behavioral assessments. The tasks
were performed as follows: open field (OF) test and novel
object-recognition task (NOR), elevated plus-maze (EPM)
and Y-maze test. The behavioral tests were performed with
different groups of animals, as follows: NOR was performed
with different groups to those of the animals of the EPM and
Y-maze test (performed together). Biochemical parameters
were evaluated approximately seventy-two hours after ICV
surgery.

Behavioral Tests

All behavioral experiments were performed at the active
cycle of the animal (starting at 7 pm) and conducted in a
sound-attenuated room under low-intensity light (121x). The
experimenters remained outside the room during the tests.
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To avoid the presence of olfactory cues, all the testing appa-
ratuses were cleaned with a 70% ethanol solution and dried
with a paper towel after each trial.

Exposure to the Open Field (OF)

Motor activity was evaluated in the OF test. The OF appa-
ratus consists of a square arena (60X 60 cm) with dark
wood and floor. The test consists of exposing the animals to
this large arena where the central area is more aversive for
rodents than the peripheral area and it is usually considered
as an index of anxiety [18]. The rats were released in the
corner of the arena to freely explore. The automated activity-
monitoring system (Any-maze; Stoelting, Wood Dale, IL,
USA) was used to measure the distance traveled over the
arena and habituation. The distance traveled, as an index of
general activity was registered twelve hours after surgery
[10] modified.

Novel Object Recognition (NOR)

The cognitive performance was evaluated in the OF by the
NOR task. This task comprised three distinct phases; habitu-
ation, training and discrimination devised by Ennaceur and
Delacour [19] and adapted by Wartchow et al. [20]. The rats
were placed in the corner of the arena to perform the task.
In the habituation phase, the rats were allowed to explore
the OF for ten minutes. Twenty-four hours after the habitu-
ation phase, the animals returned to the training trial: the
rat was placed in the apparatus that contained two identical
sample objects (A+A). After the end of the training trial,
the rats were removed from the OF and kept in the home
cage. One hour and twenty-four hours after the training trial,
the rats returned to the apparatus to test short-term (STM)
or long-term (LTM) memory, respectively. In the test ses-
sion, the rat was returned to the OF arena that contained two
objects; one object was identical to the training session and
the other object was novel (A+B). For LTM, the object ‘B’
was replaced by a third one “C” (A+C), and the ‘A’ object
was maintained the same. The time spent by the rats explor-
ing each object was monitored with a video system placed
in an adjacent room. Exploration of an object was defined as
sniffing or touching the object with the nose. The recogni-
tion index was calculated based on time exploring the novel
objectx100/time exploring both objects [21-23].

Elevated Plus-Maze Test (EPM)

The elevated plus-maze test was used for evaluating anxi-
ety-associated behavior [24] and was performed at twelve
hours after surgery. The apparatus consisted of two oppos-
ing open arms (without walls) and two opposing closed
arms (arms measured 45 X 10 cm), elevated 80 cm above

the floor. On the day of the experiment, the animals were
acclimated to the apparatus during one hour before the
test. The rats were then placed individually on the central
platform facing an open arm and were allowed to explore
the maze for five minutes. Arm entry is defined as entering
an arm with all four paws. The parameters analyzed here
were the number of entries into the closed arms, entries
into the open arms and the total time spent in each arm.
The parameters of anxiety-like behavior are represented
as percentage and calculated as follows: open arm (time
exploring the open arm X 100/time exploring open and
closed arms) or closed arm (time exploring the closed arm
X 100/time exploring open and closed arms) [25].

Y-Maze

Thirty-six hours after surgery, the spatial memory of ani-
mals was investigated using the Y-maze paradigm. The
apparatus consisted of three arms (50 10X 20 cm and
120° apart) made of black wood placed in a room with
visual cues on the walls. Y-maze testing consisted of two
trials separated by an interval of one hour. In the first trial,
1 (of 3) arm was closed. The rats were placed at the end of
one arm with their heads oriented in the opposite direction
to the center of the maze and allowed to visit the 2 open
arms for 5 min. In the second trial (one hour later), rats
were placed back into the start arm of the maze with free
access to all three arms for 5 min. The number of entries
and the time spent in each arm were recorded. The index
performance was calculated as follows: time exploring the
novel arm X 100/time exploring the two other arms of
the maze, except the arm in which the rat was first placed
[26, 27].

Biochemical Analyses
Obtaining CSF, Serum and Hippocampal Samples

Animals were anesthetized and then positioned in a stereo-
taxic holder for CSF collection of 100 pL (approximately)
from the cisterna magna. The puncture was performed
using an insulin syringe (27 gauge X 1/2" length). Rats
were then removed from the stereotaxic apparatus and
placed in a flat place; whole blood was obtained through
an intracardiac puncture using a 0.37-mm diameter needle
and was collected into clot activator tubes, centrifuged
(3000 rpm, 10 min, 4 °C) to separate serum. The hip-
pocampi were dissected and transverse of 0.3 mm were
obtained using a McElwain Tissue Chopper. The samples
were frozen at —80 °C until posterior analysis [28].
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Glutamate Uptake Assay

Glutamate uptake was performed as previously described
[29, 30]. Slices were incubated at 37 °C in HBSS and the
assay was started by the addition of 0.1 mM L-glutamate and
0.66 pCi/mL L-[2,3->H] glutamate. Incubation was stopped
after 5 min by removing the medium and rinsing the slices
twice with ice-cold HBSS. The slices were then lysed in
a 0.5 M NaOH solution. Sodium-independent uptake was
determined using N-methyl-D-glucamine instead of NaCl.
Sodium-dependent glutamate uptake (specific uptake) was
obtained by subtracting the nonspecific uptake from the
total uptake. Radioactivity was measured in a scintillation
counter. Results were calculated as nmol/mg protein/min and
were expressed as percentages of the SHAM.

CSF Glutamate Measurements by High Performance Liquid
Chromatography (HPLC)

Glutamate levels in CSF were measured by HPLC, as previ-
ously described [31]. CSF samples were filtered and cell-free
supernatant aliquots were used to quantify glutamate levels.
The analysis was performed using a reverse phase column
(Supelcosil LC-18, 250 mm x 4.6 mm X 5 pm, Supelco) in
a Shimadzu liquid chromatograph (50 pL loop valve injec-
tion, 40 pL injection volume) and fluorescent detection
after pre-column derivatization with o-phthalaldehyde. The
mobile phase flowed at a rate of 1.4 mL/min and column
temperature were 25 °C. Buffer compositions were as fol-
lows: Buffer A: 0.04 mol/L NaH,PO, x H,O buffer pH 5.5,
containing 80% of methanol; B: 0.01 mol/L NaH,PO, xH,0O
buffer pH 5.5, containing 20% of methanol. The gradient
profile was modified according to the content of buffer B in
the mobile phase: 100% at 0.10 min, 90% at 15 min, 48%
at 10 min, 100% at 60 min. Absorbance was read in a Shi-
madzu fluorescence detector. Samples of 20 pL. were used
and concentration was calculated in pM and was expressed
as percentages of the SHAM.

Glutamine Synthetase (GS) Activity Assay

Enzymatic activity of glutamine synthetase (GS) was deter-
mined using the procedures described previously [32] with
modifications. Briefly, slices were homogenized in 50 mM
imidazole. Homogenates were incubated with (mM): 50
imidazole, 50 hydroxylamine, 100 L-glutamine, 25 sodium
arsenate dibasic heptahydrate, 0.2 ADP, 2 manganese chlo-
ride, pH 6.2 for 15 min at 37 °C. The reactions were termi-
nated by the addition of 0.2 mL of 0.37 M FeCl;, 200 mM
trichloroacetic acid, and 670 mM HCI. After centrifugation,
the absorbance of the supernatant was measured at 530 nm
and compared to the absorbance generated by standard quan-
tities of y-glutamyl hydroxamate acid treated with ferric
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chloride reagent. GS activity was calculated as pmol/mg
protein/h and was expressed as percentages of the SHAM.

Reduced Glutathione (GSH) Content Assay

GSH levels were measured as described [33]. Slices were
homogenized in sodium phosphate buffer (0.1 M, pH8.0)
containing 5 mM EDTA and protein was precipitated with
1.7% meta-phosphoric acid. Supernatant was assayed with
o-phthaldialdehyde (1 mg/mL methanol) at room tempera-
ture for 15 min. Fluorescence was measured using excitation
and emission wavelengths of 350 and 420 nm, respectively.
A calibration curve was employed using standard GSH solu-
tions at concentrations ranging from 0 to 500 pM. GSH con-
centrations were calculated as nmol/mg protein and were
expressed as percentages of the SHAM.

Glyoxalase Activity (GLO1) Assay

Hippocampal slices were lysed and homogenized in phos-
phate buffered saline (PBS), pH 7.4. Subsequently, slices
were centrifuged at 13,000 rpm for 15 min at 4 °C and the
supernatant was used for enzymatic activity and protein con-
tent measurements. GLO1 activity was assayed according to
[10]. A unit of GLOL1 activity is defined as the amount of
enzyme that catalyzes the formation of 1 pmol of S-(D)-lac-
toylglutathione per minute. Specific activity was calculated
in milliunits per milligram of protein (mU/mg protein) and
was expressed as percentages of the SHAM.

Quantification of GFAP and S100B

Hippocampal, CSF and serum S100B contents were meas-
ured by an enzyme-linked immunosorbent assay (ELISA)
[34]. Fifty pL of sample (previously diluted when neces-
sary) plus 50 pL of Tris buffer were incubated for 2 h on a
microtiter plate previously coated overnight with monoclo-
nal anti-S100B (SH-B1) antibody. Polyclonal anti-S100 and
peroxidase-conjugated anti-rabbit antibodies were incubated
at the same time for 60 min at 37 °C. A colorimetric reac-
tion with o-phenylenediamine was measured at 492 nm.
The standard S100B curve ranged from 0.002 to 1 ng/mL.
ELISA for hippocampal GFAP was performed as previously
described [35] by coating the microtiter plate with 100 pL.
samples overnight at 4 °C. Incubation with a rabbit poly-
clonal anti-GFAP for 2 h was followed by incubation with
a secondary antibody conjugated with peroxidase for 1 h, at
room temperature; the standard GFAP curve ranged from
0.1 to 10 ng/mL. Data were calculated as ng/mg protein and
were expressed as percentages of SHAM.
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Immunohistochemical Staining of GFAP

Immunohistochemical staining of GFAP was performed
according to [17]. The rats were anesthetized using keta-
mine/xylazine and perfused through the left cardiac ventricle
with 200 mL of saline solution, followed by 200 mL of 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The
brains were removed and left for post-fixation in the same
fixative solution at 4 °C for 2 h. The material was then cryo-
protected by immersing the brain in 15% and 30% sucrose in
phosphate buffer at 4 °C. The brains were sectioned (40 pm)
on a cryostat (Leitz) and incubated with polyclonal anti-
GFAP from rabbit (diluted 1:1000 in PBS-0.4% triton X-100
and 2% BSA) for 48 h at 4 °C. Subsequently, tissue sections
were incubated with secondary anti-rabbit IgG Alexa Fluor
586 (A11011) (diluted 1:1000 in PBS) for 1 h at room tem-
perature. Images were detected with the Olympus confocal
microscope and analyzed in a computer with digital camera
and Fluoviewer 3.1 FV1000 software.

Western Blotting Analysis of Glutamate Transporters
(GLAST and GLT-1), Glutamate Receptor GLUN1 and GLO1

Equal amounts (20 pg) of proteins from each sample were
boiled in a sample buffer [0.0625 M Tris—HCl pH 6.8, 2%
(w/v) SDS, 5% (w/v) B-mercaptoethanol, 10% (v/v) glycerol,
0.002% (w/v) bromophenol blue] and separated by SDS-
PAGE on 12% sodium dodecyl sulfate-polyacrylamide gel
and electro transferred onto nitrocellulose membranes. The
membranes were blocked overnight at 4 °C with 2% chicken
egg albumin in Tris-buffered saline with Tween 20 (TTBS)
and then incubated for 3 h at 4 °C with an anti-GLT-1 anti-
body (diluted 1:5000 in TTBS and 1% bovine standard albu-
min — BSA), or overnight with anti-GLAST, anti-GLUN1
and anti-GLO1 antibodies (diluted 1:5000 in TTBS and 1%
BSA). Next, the membranes were incubated for 1h at room
temperature with horseradish peroxidase (HRP)-conjugated
anti-mouse or anti-rabbit secondary antibodies (diluted
1:10,000). Chemiluminescent bands were detected by image
analyzer (Image Quant LAS4000 from GE) and optical den-
sity was quantified using ImagelJ software. The results were
expressed as percentages of the SHAM group.

RNA Extraction and Quantitative RT-PCR for S100B
and IL-18

Total RNA was isolated from hippocampal slices using
TRIzol Reagent (Invitrogen, Carlsbad, CA). The concentra-
tion and purity of the RNA were determined spectrophoto-
metrically at a ratio of 260:280. Extracted RNA (1 pg) was
submitted to complementary DNA (cDNA) synthesis using
a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Thermo Fisher Scientific) in a 20 pL reaction,

according to the manufacturer’s instructions. Messenger
RNA (mRNA) encoding S100B (#Rn04219408_m1) and
IL-1B (#Rn00580432_m1) was quantified using the TagMan
real-time RT-PCR system, using inventory primers and
probes purchased from Applied Biosystems [36]. Target
mRNA levels were normalized to p-actin (#Rn00667869_
m1) levels. Results were analyzed employing the 244t
method [37] and expressed relative to the levels of the
SHAM group.

Protein Determination

Protein content was measured by adapted Lowry’s method
using bovine serum albumin as standard [38].

Statistical Analysis

Data are reported as means =+ standard errors and analyzed
statistically by Student’s #-test or one-way ANOVA, fol-
lowed by Tukey’s test. The NOR task was analyzed by a
one-sample t-test to determine whether the recognition index
was different from a chance performance (50%). Differences
were considered significant when p <0.05. All analyses were
performed using the Prism 6.0 (GraphPad).

Results
Behavioral Effects

The experimental schedule used for all tests performed
here is shown in Fig. 1. Initially, the present study investi-
gated the acute effects of ICV-MG on the performance of
rats in the OF task. The distance travelled was measured
on day one (1), twelve hours after surgery, and was found
to be diminished by MG injection, when compared to the
SHAM group (Fig. 2a) (F 4 =10.27, p=0.001). Sub-
sequently, the effect of MG administration was evaluated
on cognitive performance using the training and discrimi-
nation phase in the NOR task. In the training phase, all
groups evaluated did not present object preference/later-
ality, as indicated by the symmetric exploration of both
familiar objects (Fig. 2b). In the discrimination phase, the
MG group showed a decreased recognition index in both
periods analyzed: STM (Fig. 2C) (t (9, =0.286, p=0.78)
and LTM (Fig. 2d) (t (5, =0.665, p=0.52). Also, our
study investigated the effects of MG injection on short-
term spatial memory. The rats were exposed to a Y-maze
task, thirty-six hours after surgery, and the number of
entries and time spent in the novel arm were analyzed.
There was a significant reduction in the time spent in the
novel arm after MG infusion, suggesting an impairment in
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Fig. 1 Experimental timeline. Surgery corresponds to unilateral ICV
infusion of MG (single injection of 5 pL with final concentration
of 3 pM/pL or vehicle). Time is represented in hours after surgery.
Behavioral tests were performed as follows: OF, NOR (training trial

Fig.2 Effect of ICV MG A
administration on locomotor
activity and cognitive perfor- 40+

mance in the open field test.
Locomotor activity was meas-

ured twelve hours after surgery § E %

(a) and cognitive performance '*3 b 204 -
was evaluated thirty-six hours o °

by NOR test — TT (b), recogni- g B o

tion index of STM (¢) and LTM
(d) after TT. Data are expressed
as means =+ SE (11-14 rats/ 0-
group). The line in the graph
indicates 50%. For graph A, *
represents statistical difference
from SHAM group (ANOVA
followed by Tukey’s test). For
the other graphs, * represents
statistical different group 100~
(one-sample #-test assuming

p < 0.05, in which p < 0.05
versus chance level — 50% of
novel object investigation in the
discrimination phase)

NAIVE SHAM

% Recognition index

NAIVE

SHAM

spatial memory (Fig. 3a) (F , 19, =6.11, p=0.01). Con-
sidering that MG is a GABA , agonist receptor, a reduction
in anxiety-like behavior in rats in the EPM was expected.
Data are presented in Table 1. Significant effects in the
MG group were observed, as shown by the increase in
time spent in the open arms (F (, 17)=7.67, p=0.0042) and
a decrease in entries in the closed arms (F (; o) =19.14,
p<0.0001). These results indicate that MG presented an
anxiolytic effect in this experimental design.
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MG Infusion Decreased Glutamate Uptake
in the Hippocampus

The glutamatergic system metabolism in hippocampal slices
was investigated, approximately seventy-hours after ICV
surgery. During neuronal activity, glutamate is released into
the synaptic cleft and is rapidly taken up by excitatory amino
acid transporters. Accordingly, the MG group presented a
reduction of 25% in glutamate uptake (Fig. 4a, p=0.04),
when compared to SHAM. However, when we measured the
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Fig.3 Effect of ICV MG administration on spatial short-term mem-
ory, assessed in the Y-maze test. The percentage of total time spent in
the novel arm (a) and the percentage of entries (b) in the novel arm
during 5 min in the second trial are shown and were evaluated thirty-

Table 1 Effect of ICV MG administration on behavior in the elevated
plus-maze test

Parameters

Naive SHAM Group MG

Time in open arms 63.57+18.60 67.78 +11.34 140.6+40.68 *
(s)

Time in closed arms

(s)

184.7+11.48 158.9+19.86 106.4+42.26

Entries in open arms  5.714+0.97 5.222+0.85 4.429+1.91

Entries in closed 11+£1.05 8.444+1.25 1.571+0.65*
arms

Percent time in open  29.36 £5.42 39.09+8.56 79.45+10.85 *
arms

Percent time in 73.79+5.55 58.99+9.46 20.55+10.85

closed arms

Parameters were measured at twelve hours after surgery. Data are
expressed as means + SE (8 rats/group). *represents statistical differ-
ence from SHAM group (ANOVA followed by Tukey’s test, assum-
ing p<0.05)

levels of glutamate in the CSF, no alterations were observed
(Fig. 4b, p=0.80). To determine whether the effect of MG
on glutamate uptake was related to glutamate transporter
levels, we compared the contents of GLAST and GLT-1 by
Western blotting. However, no differences were observed in
glutamate transporter immunocontent (Fig. 4c, p=0.19; 4D,
p=0.10, respectively). Furthermore, the immunocontent of
the GluN1 subunit of the NMDA glutamate receptor did not
differ between groups (Fig. 4e, p=0.84). With regard to GS
activity, the enzyme that converts glutamate into glutamine,
its hippocampal activity was diminished in response to MG
ICV infusion (Fig. 4f, p=0.03).

GSH Decreased by MG ICV Infusion

GSH content presented a decrease of approximately 60%
following ICV infusion of MG, when compared to the

1004

(novel arm)
3] ~
o 3.
T 1

% Number of entries
b

NAIVE SHAM MG

six hours after the ICV MG injection. Data are expressed as means
+ SE (8 rats/group). *Represents statistical difference from SHAM
group (ANOVA followed by Tukey’s test, assuming p <0.05)

SHAM group (Fig. 5a, p<0.0001). Therefore, we inves-
tigated whether alterations in GLO1 activity or immuno-
content could be involved in this effect, utilizing GSH as
a cofactor, since GLO1 is a key enzyme in the glyoxalase
system, participating in the detoxification of MG. No alter-
ations in the activity of GLOI or its immunocontent were
observed following MG infusion, as indicated by Fig. 5b
(p=0.43) and Fig. 5¢c (p=0.88), respectively.

Changes in Astroglial Markers After MG ICV Infusion

All the alterations in response to MG, observed so far
(reduction in glutamate uptake and GSH content), are
associated predominantly with astroglial functions. How-
ever, ELISA demonstrated that the levels of the major
astroglial marker, GFAP, in the hippocampus were not
significantly different in the MG group, when compared
to the SHAM group (Fig. 6a, p=0.79). Similar findings
were demonstrated by immunohistochemistry for GFAP,
which showed no apparent astrogliosis in CA1 during this
short period of analysis (Fig. 6¢). On the other hand, we
observed an increase in the hippocampal expression of
the pro-inflammatory cytokine, interleukin-1f (IL-1p) was
increased in the MG group (Fig. 6b, p=0.02), suggest-
ing an acute inflammatory scenario in the hippocampus,
without changes in GFAP. Concomitantly, it was observed
a decrease in hippocampal S100B mRNA expression
(another typical astroglial marker) in the MG group (Fig
7a, p=0.03), with a significant increase in CSF S100B
content in the MG group, compared to the SHAM group
(Fig. 7c, p=0.01). However, no changes in hippocam-
pal S100B protein content (Fig. 7b, p=0.307) or serum
S100B levels (Fig. 7d, p=0.41) were observed.
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Fig.4 Effect of ICV MG A B
administration on the gluta-

matergic system in the hip- 150+ 150~
pocampus and cerebrospinal
fluid. Glutamate uptake in
hippocampal slices (N=11) (a)
and CSF levels of glutamate
(N=5) (b) were measured by
HPLC seventy-two hours after
surgery. Immunocontent of
hippocampal glutamate trans- 0- :
porters (GLAST and GLT1) SHAM MG SHAM MG
(¢, d) and NMDA receptor

(GLUNI1) (e), measured by
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Fig.5 Effect of ICV MG administration on GSH content, GLO1 are expressed as means + SE assuming SHAM value as 100%.
activity and content in hippocampus. In (a), GSH content was meas- SHAM values were: GSH, 19.16 nmol/mg protein; GLO1 activity,
ured by fluorometric method (N=13), GLOI1 activity by kinetic 215.15 mU/mg protein. *represents statistical difference from SHAM
reaction (N=13) (b) and GLO1 content was determined by West- group (Student’s #-test, assuming p <0.05)

ern blotting (N=5) (c), at seventy-two hours after surgery. Data
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Fig.6 Effect of ICV MG
administration on GFAP content
and IL-1p mRNA expression.
Hippocampal slices of rats were
dissected out at seventy-two
hours after surgery and the fol-
lowing were determined; GFAP
by ELISA (N=13) (a), IL-1p
mRNA expression (N=38) (b)
and immunohistochemistry for
GFAP (c¢) magnified by 10X by
confocal microscopy. Scale bars
= 150 pm. Data are expressed
as means = SE, assuming
SHAM value as 100%. SHAM
values of GFAP: 35.25 nmol/
mg. *represents statistical
different from SHAM group
(Student’s t-test, assuming
p<0.05)

Fig. 7 Effect of ICV MG
administration on the astroglial
marker, S100B. Hippocampal
slices of rats were dissected out
at seventy-two hours after sur-
gery and S100B mRNA expres-
sion (N=28) (a) and S100B con-
tent (N=13) (b) were evaluated.
S100B levels in CSF (N=5)

(c¢) and serum (N=28) (d) were
also measured by ELISA. Data
are expressed as means + SE
assuming SHAM as 100%.
SHAM values of S100B content
were 0.67 nmol/mg protein in
the hippocampus, and 0.51 and
0.063 ng/mL protein in the CSF
and serum, respectively. *repre-
sents statistical difference from
SHAM group (Student’s ¢-test,
assuming p <0.05)
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Discussion

The dysfunction in glucose metabolism and generation
of reactive intermediate metabolites as MG contribute to
the metabolic complications observed in diabetic patients
as well as to brain damage observed in neurodegenera-
tive disorders, including Alzheimer’s disease [39, 40]. In
recent years, the relation between hyperglycemia in con-
sequence of poor controlled diabetes and the development
of cognitive deficiency as well as a greater propensity to
the development of Alzheimer’s disease has been exten-
sively studied [41, 42]. Previous findings have shown
that MG or MG-mediated glycation could be, at least in
part, responsible for the faster cognitive decline presented
in these disorders and also in older individuals [14, 43,
44]. Furthermore, MG can exacerbate cellular response,
increasing oxidative stress and inflammation [45-48]. In
the central nervous system, previous studies have sug-
gested that astrocytes are more susceptible to damage of
dicarbonyl stress caused by elevated levels of MG, once
they are key players in neuroprotection and modulation of
glutamatergic system [49].

The present study aimed to understand how an acute
high concentration of methylglyoxal (administered by ICV
infusion) modulates behavioral and neurochemical param-
eters in rats, with particular attention to astroglial func-
tion. Previous studies have shown that, at concentrations
considered to be physiological (uM), MG acts as a partial
agonist of GABA , receptors, and that acute elevated lev-
els of MG induce locomotor depression and ataxia [9].
Accordingly, we found that a high concentration of MG
(3 pM/pL) evoked a decrease in locomotor activity in
the OF assessment, as seen by the reduction in the total
distance travelled in the OF (twelve hours after surgery).
Previous reports have also demonstrated similar effects on
GABA , receptor activation [9, 15]. Concomitantly, our
results indicated that acute MG infusion was able to gener-
ate anxiolytic-related behavior in rats (as evaluated by the
plus maze task), as shown by the increase in time spent
in the open arms. In addition to GABA 4 activation, MG
levels can modulate GLOI1 activity, the rate limiting step
enzyme of the glyoxalase system [50]. In a chronic mouse
model of inhibition of GLO1 expression, increased MG
levels caused a decrease in anxiety-like behavior [51, 52].
MG has been also reported to show an acute anxiolytic
effect [9, 12] and the daily injection of this molecule in
rats reduced anxiety like-behavior [15]. Taken together,
data suggest that anxiety behavior is dependent on the time
of exposure and that acute MG administration affects this
behavior.

For cognitive performance analysis, two different learn-
ing and memory tasks were performed. Firstly, in the NOR
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test, we found that MG-treated rats showed a decline in
STM and LTM, consistent with the impairment in short-
term spatial memory, evaluated by the Y-maze. Herein, we
found that a cognitive deficit occurred in a brief period of
time (thirty-seven hours after surgery) in different mem-
ory types. Our data corroborate those of previous studies,
which suggest that MG induces a cognitive deficit within
a short time [12]. Previous studies have demonstrated that
MG accumulation, common in aged or diabetic patients,
may be related to cognitive deficits [46]. A high serum
level of MG was associated with a faster rate of cognitive
decline [53, 54] and may contribute to the decline in exec-
utive function performance and memory in non-demented
elderly patients [55]. In addition, reports have shown that
MG cell treatment induces apoptosis in hippocampal neu-
rons via an impairment of mitochondrial functions [45].
It should be noted that MG acts as a potent precursor for
AGEs, which in turn are associated to cognitive dysfunc-
tion [56]. However, we did not investigate AGE/RAGE
signaling, but considering the high dose and short protocol
for administration, we suggest that both mechanisms - gly-
cation and a direct effect on receptor - may be involved in
the events observed.

The impairment of glutamate metabolism in astrocytes
may be the basis of the cognitive deficit, induced by MG.
In fact, MG decreased the glutamate uptake in hippocampal
slices. This decrease was not accompanied by a decrease
in the major astroglial glutamate transporters, GLAST and
GLT-1, which is in agreement with other studies which
indicated no differences in astrocyte glutamate transporter
levels in an animal model of DM [57]. Aminoguanidine,
an antiglycant compound, prevented the effect of MG on
glutamate uptake in astrocyte cultures [11]. Therefore, the
decrease in the activity of these transporters observed in hip-
pocampal slices may be caused directly by glycation. Further
investigating the glutamatergic system, we did not observe
changes in the hippocampal content of GLUN1, a subunit
of the NMDA glutamate receptor commonly involved in
the glutamate excitotoxicity. This absence of alteration in
GLUNI1 does not exclude the possibility of excitotoxicity
caused by a reduced astroglial glutamate uptake. However,
a possible elevation of extracellular levels of glutamate was
not confirmed by an increase in CSF glutamate. Such gluta-
mate elevation in CSF would reinforce glutamate excitotox-
icity, but its absence also does not exclude this possibility,
since glutamate levels in the CSF do not reflect necessar-
ily the extracellular levels of this neurotransmitter in the
hippocampus.

Importantly, we observed a decrease in the activity of GS,
the enzyme that converts glutamate to glutamine, which in
turn is released to neuronal glutamate synthesis. GS in the
brain tissue is exclusively glial and GS decrease impairs the
glutamate-glutamine cycle and, consequently, glutamatergic
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transmission [58, 59]. It seems clear that elevated MG affects
astroglial function and that this, consequently, changes
important systems of neurotransmission, which could also
contribute to explain the memory impairment observed here.

The glyoxalase system, as discussed before, is responsi-
ble for preventing MG-induced dicarbonyl stress. This enzy-
matic pathway is dependent mainly on the endogenous anti-
oxidant, GSH [50]. In our study, MG administration caused
a depletion in GSH content, which was observed seventy
hours after surgery. Nonetheless, GLO1 activity and protein
expression were not significantly altered in the hippocam-
pus. A previous study in astrocyte cultures demonstrated that
GLOL1 activity is increased at twenty-four hours after MG
exposure [11]. We cannot rule out a fast and transient incre-
ment of GLO1 in vivo, but we only measured this enzyme
seventy-hours after MG insult. GSH is an important antioxi-
dant in the brain tissue, and is mainly produced and recycled
by astrocytes [60]; as such, its decrease indicates astrocyte
dysfunction; the decrease in GSH content observed may be
explained, in part, by MG consumption, in turn forming
S-D-lactoylglutathione, the substrate of GLO1. Thus, MG
traps GSH. On the other hand, a decrease in GSH content
may be explained by the decrease in glutamate uptake, since
glutamate is a substrate for GSH synthesis [61]. Notably,
GSH is exported by astrocytes to maintain GSH levels in
neurons, via astrocyte-neuron shuttles for GSH. Moreover,
extracellular GSH can also act as a neuromodulator of the
glutamatergic system. In fact, at this point, it is necessary to
consider that the action of MG (beyond protein glycation and
the per se effect on GABA receptors) alters the concentration
of two other neuroactive compounds. It causes an increase in
D-lactate (the product of MG detoxification) and a decrease
in GSH, which can affect glutamatergic, GABAergic and
dopaminergic neurotransmission (see [6] for a review) and
may also explain the cognitive deficit induced by MG here.

S100B is a calcium-binding protein that is predomi-
nantly expressed and secreted by astrocytes [62]. Extracel-
lular S100B has been used as a marker of glial activation
in response to injury stimuli [63]. Herein, we observed an
increase in CSF S100B; however, the increase in CSF S100B
was not accompanied by changes in serum S100B, confirm-
ing the idea that changes in CSF S100B are not necessarily
related to serum S100B [64]. It is already known that CSF
S100B is elevated in response to acute brain injury condi-
tions [64, 65] and earlier stages of AD [66]. A decrease in
hippocampal mRNA levels of SI00B was also observed,
without a corresponding decrease in S100B protein content.
Changes in S100B mRNA do not necessarily accompany
changes in the protein content [67], but note that we meas-
ured S100B parameters only at seventy-hours and, in further
studies, other time points could allow us to better understand
such variations. In addition to the increase in extracellu-
lar S100B, we observed an upregulation of the mRNA for

interleukin-1p (IL-1p), suggesting an inflammatory process
induced by MG, possibly by activation of RAGE. S100B
both stimulates primary inflammatory cytokines (e.g. IL-
1beta) and responds to them [68, 69]. Extracellular SI00B
functions as a neurotrophic cytokine and has, more recently,
been considered an alarmin [70, 71].

In contrast, we did not find changes in GFAP hippocam-
pal content (measured by ELISA), or in CA1 hippocampal
region (evaluated by immunohistochemistry). Although
there are only a few studies that show hippocampal GFAP
alterations in MG-treated rats, this finding is in agreement
with those of our previous study [10]. Conversely, MG
administration has been shown to induce hippocampal astro-
cyte reactivity (GFAP and S100B increases), as reported by
Chu et al. [72], however, this divergence could be explained
by methodological differences, since authors evaluated
astrocyte reactivity after chronic MG treatment (6 weeks
after daily MG i.p doses). The cited study also reported an
inflammatory response to MG, in which the c-Jun-N-termi-
nal-kinase (JNK) pathway was strongly activated which may
be related also to upregulation of IL-1 mRNA confirmed
in this study.

Therefore, the ability of MG to affect astrocyte-neuron
glutamatergic metabolism is quite clear. However, the
precise mechanism by which this occurs deserves further
investigation. MG-induced damage may be due to RAGE
activation or to the direct glycation of cellular signaling
pathways in brain tissue. This means that signaling path-
ways in neurons could be directly affected by MG or via
RAGE [46]. In spite of this direct effect on neurons, our data
indicate an important involvement of astrocytes in the brain
injury induced by ICV administered MG. MG-induced brain
damage was confirmed by cognitive deficit in behavioral
tasks that depend on hippocampal functional integrity. In
the hippocampal tissue, we found reduced glutamate uptake
activity, as well as a decrease in GS activity and reduced
levels of GSH. It is possible that MG directly, or via RAGE,
caused astrocyte dysfunction, which in turn affected neu-
ronal signaling and cognitive performance. Changes in glu-
tamate uptake and GS activity, caused by elevated levels of
MG, affected glutamatergic communication, and may alter
the levels of other compounds that modulate synapses, such
as D-lactate and GSH. Our data contribute to understanding
MG toxicity and place astrocytes as targets and mediators
of this toxicity.

It is important to mention some limitations of this study.
Firstly, the MG concentration under pathological conditions
(e.g. DM) is lower than that used in this study. However, this
concentration was based on previous study that employed
the administration of MG by ICV and seemed adequate for
the investigation of the acute effect of this compound. Sec-
ondly, euthanasia was performed only seventy hours after
the administration of MG. Shorter times would allow a better
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correlation between neurochemical changes and behavioral
changes. Finally, we used a commercial MG and did not
analyze the purity of this compound. We cannot exclude
the possibility that impurities may have contributed to the
observed effects.

Conclusions

Acute ICV administration of MG impairs short- and long-
term learning and memory processes, based on the NOR
and Y-maze tasks, which depend on hippocampal functional
integrity. In the hippocampal tissue, we found reduced glu-
tamate uptake and GS activity, as well as reduced levels
of GSH. In association with changes in S100B, these data
suggest that astrocytes are targets of MG toxicity, despite
displaying high activity of the glyoxalase system, which
eliminates this metabolite. All these possibilities reinforce
the role of astrocytes in neurotransmission and place them
as targets of MG toxicity, suggesting their participation in
neurodegenerative diseases such as DM and AD.
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