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ARTICLE INFO ABSTRACT

Despite the vast distribution among tissues, the central nervous system (CNS) represents the main target of
methylmercury (MeHg) toxicity. However, few studies have evaluated the effects of MeHg exposure on the CNS
at equivalent doses to human environmental exposure. In our study, we evaluated the motor cortex, an im-
portant area of motor control, in adult rats chronically exposed to MeHg in a concentration equivalent to those
found in fish-eating populations exposed to mercury (Hg). The parameters evaluated were total Hg accumula-
tion, oxidative stress, tissue damage, and behavioral assessment in functional actions that involved this cortical
region. Our results show in exposed animals a significantly greater level of Hg in the motor cortex; increase of
nitrite levels and lipid peroxidation, associated with decreased antioxidant capacity against peroxyl radicals;
reduction of neuronal and astrocyte density; and poor coordination and motor learning impairment. Our data
showed that chronic exposure at low doses to MeHg is capable of promoting damages to the motor cortex of
adult animals, with changes in oxidative biochemistry misbalance, neurodegeneration, and motor function
impairment.
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1. Introduction pyruvate, ATP, and total calcium ions in rats exposed to 40 ug MeHg/kg

body weight/day. The latter dose is equivalent to approximately 2 ug/g

One of the most toxic forms of mercury (Hg) for living animals is the
organic compound methylmercury (MeHg) [1], which is formed by
methylation of Hg*2 by methanogenic and sulfate-reducing bacteria in
aquatic ecosystems and soils. Human exposure to MeHg occurs pri-
marily via diet, specifically through ingestion of contaminated seafood,
mainly for long periods and at low doses [2-4].

MeHg at a low dose has the ability to affect the neuronal systems
and to hinder the development of behavioral domains, such as various
cognitive functions [5]. Chronic exposure using a low dose of MeHg
mimics the lifelong exposure and may not induce visible symptoms [6].
However, Kong et al. [7] demonstrated a general state of metabolic
deficit in the somatosensory cortex, besides decreased levels of

in human hair, according to a 250:5:1 ratio for hair:brain:blood con-
tents [8], which is usually the minimum level of Hg found in chroni-
cally exposed populations, such as those in the Amazon [3,9.

Once inside the human body, MeHg is present as a water-soluble
complex if not attached to thiol ligands. Generally, MeHg reacts with
sulfhydryl (-SH) or selenohydryl (-SeH), which is a nucleophile of
biomolecules like proteins. During interactions, oxidative stress may
occur due to depletion of antioxidants and increased formation of re-
active oxygen species (ROS). ROS may lead to damage of enzymes,
nucleic acid, and lipids, which may proceed to cell death [10]. Despite
the vast distribution among tissues, the central nervous system (CNS)
represents the main target of toxicity [11].
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Thus, our study aimed to investigate the effects of chronic and low-
dose exposure to MeHg (40 pg/kg/day for 60 days) in adult rats and its
reflection in the motor cortex, an important area of motor control
functions, under oxidative biochemistry and tissue perspectives, which
could be associated to motor skill impairment.

2. Material and methods
2.1. Animals and experimental design

Forty Male Wistar rats, weighing 150-200 g and 90 days old, were
used in this investigation under the protocol CEPAE-UFPA: 225-14,
following the NIH Guide for the Care and Use of Laboratory Animals.
Animals were maintained in collective cages (four animals each) and
kept in a climate-controlled room (25 °C) with a 12:12h light/dark
cycle (lights on at 7:00 A.M.) and water and food ad libitum.

Animals were divided into two groups. The first group (n = 20)
received MeHg (40 ng/kg/day) diluted in corn oil by oral gavage for 60
days, while the second group (n = 20) received the equivalent volume
administered to the exposed group, by oral gavage, containing only the
vehicle of dilution for the same time. The MeHg dose was adjusted
weekly after weighting of the animals. In recent works from our group,
we validated this model of exposure to MeHg (administered by gavage
during 60 days) [12,13] adapted from Kong et al. [7], in which they
suggested that this concentration of MeHg is able to promote Hg sys-
temic distribution and triggers biochemical and molecular alterations in
brain regions. The experimental design of all methodological steps is
summarized in Fig. 1.

2.2. Behavioral assessment

Twenty-four hours after the end of the exposure period, the animals
were taken to an assay room 1 h before the behavioral tasks for habi-
tuation and then submitted to behavioral tests. For the behavioral tests,
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10 animals per group were used.

2.2.1. Open field test

To evaluate spontaneous locomotion, exploratory activity was as-
sessed by the number of quadrants crossed [14]. In order to prevent a
possible anxiety component on motor performance that could com-
promise the results, we analyzed peripheral and central distances. An-
imals were placed on an arena measuring 100 X 100 x 40 cm, with the
floor divided into 25 equal quadrants (20 x 20 cm). Initially, each an-
imal was placed in the center of the floor and observed for 5 min. The
number of total intersections and the distances measured were analyzed
by Software Any-maze™ V. 4.99 (Stoelting Co., USA).

2.2.2. Rotarod test

To evaluate motor coordination and balance through a forced task,
we employed the rotarod test [15] on Insight’s apparatus (Insight,
Brazil). The protocol used was previously published by Teixeira et al.
[16], which consists in training the animals to self-maintain over the
rotating rod for 3 min at 16 rotations per minute (rpm). After training,
the animals were tested by latency until the first fall with a cut-off
3min. The analyses were repeated three times with 120-second inter-
vals.

2.3. Total mercury accumulation

After the exposure period, 10 animals per group were euthanized
through cervical dislocation, followed by brain removal and motor
cortex dissection. One hemisphere was used for measurement of total
Hg accumulation (THg), while the other hemisphere was used for oxi-
dative biochemistry analysis.

To determine the THg in motor cortex assay, the samples were
treated according to Akagi et al. [17] method and as previously per-
formed by our group [12,13], which consists in wet digestion of sam-
ples through homogenizing a wet sample (weighting 0.5 g maximum);
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Fig. 1. Experimental steps. Sample description and model of exposure to MeHg; Ope

n Field and Rotarod as motor tests; division of experimental groups and animal

destination for each stage of analysis (1); total mercury measurement assay (2); Lipid Peroxidation (LPO), Nitrites Levels (Nitrite) and Antioxidant Capacity Against
Peroxyl Radicals (ACAP) as oxidative biochemistry assays (3); immunohistochemistry and quantitative analyses of neurons (Neu-N) and astrocytes (GFAP) (4).
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adding 1 mL of distilled water, 2 mL of nitric acid-perchloric acid 1:1
(v:v) (HNO3-HCIO,4), and 5mL of sulfuric acid (H,SO,4); and main-
taining on a heat plate (200-230 °C) for 30 min. THg measurements
were performed through atomic absorption spectrometry (Semi-auto-
mated Mercury Analyzer, Model Hg-201, Sanso Seisakusho Co., Ltd.,
Tokyo, Japan), expressing results in pg/g.

2.4. Biochemical analyses

In the biochemical analyses, all samples were individually stored in
microtubes and immediately frozen in liquid nitrogen until execution of
the homogenization with Tris-HCI buffer (pH: 7.4). Aliquots from this
homogenate were separated individually and used for the analyses
described below.

2.4.1. Antioxidant capacity against peroxyl radicals

Total antioxidant capacity against peroxyl radicals was analyzed
through ROS determination in samples with fixed protein concentration
(2.5 pg/uL) incubated or not with a peroxyl radical generator. The de-
tailed methodology is described by Amado et al. [18]. Peroxyl radicals
were produced by thermal (35 °C) decomposition of 2,2"-azobis 2 me-
thylpropionamidine dihydrochloride (ABAP; 4 mM; Aldrich). For ROS
determination, we employed the fluorogenic compound 2°,7°-di-
chlorofluorescin diacetate (H2DCF-DA) at a final concentration of
40 mM. H2DCF-DA passively diffuses through cellular membranes and
once inside the acetates is cleaved by intracellular esterases. Thereafter,
the non-fluorescent compound H2DCF is oxidized by ROS to the
fluorescent compound DCF. The readings were made in a fluorescence
microplate reader (Victor 2, Perkin Elmer) every 5min for 1 h. Back-
ground fluorescence was determined before the addition of DCF-DA.
Total fluorescence production was calculated by integrating the fluor-
escence units (FU; y axis) along the time of the measurement (x axis),
after adjusting FU data to a second-order polynomial function. The
results were calculated as the area difference of FU x min in the same
sample with and without ABAP addition and standardized to the ROS
area without ABAP (background area). Using this methodology, a re-
duced relative area means higher antioxidant capacity, because low
fluorescence levels obtained after the addition of ABAP indicate high
competence in neutralizing peroxyl radicals. For a direct reading of the
results, the inverse of relative difference between the ROS areas with
and without ABAP was considered a measure of antioxidant capacity.
The results were expressed as percentage of control.

2.4.2. Nitrite concentration and lipid peroxidation

An aliquot from the homogenate of each sample described above
was centrifuged at 21.000 g for 20 min at 4 °C, and the supernatant was
used to measure nitrite levels originally according to Green et al. [19]
and adapted by our study group through Teixeira et al. [20]. Samples
were incubated in a 96-well microplate at room temperature with
Griess reagent (0.1% N-[1-naphthyl] ethylenediaminedihydrochloride;
1% sulfanilamide in 5% phosphoric acid; 1:1). After 20 min, the ab-
sorbance was measured at 550 nm of wavelength and compared to
those of standard solutions of sodium nitrite.

In the case of lipid peroxidation (LPO), we measured mal-
ondialdehyde (MDA) levels as previously described by Souza-Monteiro
et al. [21]. Briefly, after centrifugation of the samples at 2500 g for
10min, a solution containing methanesulfonic acid and N-methyl-
phenyl indole (10.3 mM in acetonitrile) diluted in methanol (1:3) was
added to the supernatants and incubated for 40 min at 4 °C. Absorbance
was measured at 570 nm and compared to standard concentrations of
MDA.

In both assays of prooxidative agents described above, we corrected
the levels of nitrites and MDA by quantification of total proteins based
on Bradford’s [22] method. The results were expressed as percentage of
control.
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2.5. Histopathological and immunohistochemistry analyses

After behavioral assessment, 10 animals (different from those for
biochemical and THg analyses) of each group were used for tissue
analyses. The animals were deeply anesthetized (ketamine) and trans-
cardially perfused with heparinized 0.1 M phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde. The brains were removed by
craniotomy and post-fixed for 4h in Bouin solution. Then, the speci-
mens were dehydrated in increasing ethanol solutions (70%, 80%, 90%,
absolute 1, and absolute 2), diaphanized in xylene, and embedded in
paraplast (MCCormick®). Sections of 5-um thickness were obtained by
coronal cuts in microtome and then put on microscopy slides.

For gross histopathology analyses, tissue sections were stained with
hematoxylin and eosin (HE); for immunohistochemistry analyses, sec-
tions of the same brain tissue were mounted on 3-aminopropyl-
triethoxysilane-coated  (Sigma®) microscopy slides. The i
munohistochemistry protocol performed in this paper was previously
described by Lima et al. [23,24] and was adapted in this study. Briefly,
sections were dewaxed in xylene, hydrated in decreasing ethanol so-
lutions (absolute 2, absolute 1, 90%, 80%, and 70%), and rinsed in
0.1 M PBS for 5min. Antigen recovery was performed with citrate
buffer solution (pH 6.0), previously heated to 60 °C, for 20 min. After
that, sections were further allowed to cool for 20 min and incubated in
1% hydrogen peroxide solution (H,0,) in methanol for 20 min to in-
hibition of endogenous peroxidase activity. Then, sections were rinsed
three times in 0.1 M PBS/Tween (Sigma®) solution for 5min and in-
cubated with 10% normal goat or horse serums, for anti-GFAP and anti-
NeuN, respectively, and 3% bovine serum albumin (BSA) in PBS for 2 h.
Without further rinsing, sections were then incubated overnight with
the primary antibody in PBS—anti-NeuN (1:100, Chemicon®) and anti-
GFAP (1:2000, DAKO®)—after being rinsed in PBS/Tween solution for
5min (three times) and incubated with biotinylated goat anti-rabbit
(1:200; in GFAP sections) or horse anti-mouse (1:100; in NeuN sections)
secondary antibodies (Vector Laboratories®) for 2h. Sections were
rinsed again for 5 min (three times) and incubated in the avidin-biotin-
peroxidase complex (ABC Kit, Vector Laboratories®) for 2h. Sections
were rinsed three times (5 min each) in 0.1 M PBS and revealed with
3,3’ diaminobenzidine (DAB). After DAB reaction, sections were rinsed
two times in 0.1 M PBS, dehydrated using alcohols and xylene, and
coverslipped with Entellan (Merck®). Sections immunolabeled with
anti-GFAP were counterstained with Mayer's hematoxylin.

The number of NeuN ™ cells and GFAP™" cells was counted using a
square 0.25 mm-wide grid in the eyepiece of the microscope for
quantitative assessments. This grid corresponds to an area of
0.0625 mm?. At least three fields in the motor cortex per section and
three sections per animal of each group were analyzed according to the
methodology described and validated by Teixeira et al. [20,25].

m-

2.6. Statistical analyses

Data were expressed as mean =+ standard error for all groups. The
normality of the data was verified by the Shapiro-Wilk test. The open
field test, THg accumulation, oxidative stress parameters, and im-
munohistochemical analyses results, were statistically analyzed by
Student’s t-test. The body weight gain statistical analysis was performed
using one-way analysis of variance (ANOVA) with Tukey’s post-hoc
test. The proportional comparison of the cellular density decrease be-
tween neurons and astrocytes was tested by Fisher’s exact test. The
comparison in the rotarod test was assessed by repeated measure one-
way ANOVA with Holm-Sidak post-hoc test. Statistical significance was
set at p < 0.05. All statistical analyses were performed using the
GraphPad Prism 7.0 software (San Diego, California, USA).
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Fig. 2. Effects of MeHg (0.04 mg/kg/day) exposure during 60 days on body
weight (g) of Wistar rats. The results are expressed as mean * standard error
of the mean (SEM).

3. Results

3.1. MeHg chronic low-dose exposure did not impair the body mass gain
and increased the Hg levels in motor cortex neural parenchyma of rats

After the daily exposure to 40 ug/kg/day of MeHg for 60 days, all
animals had gained weight (p < 0.05), and the animals exposed did
not show differences in body mass gain by the end of the period in
comparison to the control group (p > 0.05, Fig. 2). We also observed
that even at low doses, the MeHg exposure is able to increase the THg
levels in neural parenchyma of the rats’ motor cortex in exposed ani-
mals (MeHg: 0.065 *= 0.019ug/g; control: 0.004 = 0.0007 pg/g;
p = 0.0034; Fig. 3).

3.2. The low and chronic MeHg exposure promoted misbalance on oxidative
biochemistry by increasing the pro-oxidant parameters and reducing the
antioxidant defense

MeHg exposure is capable of modulating the oxidative biochemistry
by reducing the ACAP levels on the motor cortex of exposed animals in
about 54.05 = 9.30%, showing a statistical difference when compared
to the control group (100.00 *+ 16.57%) (p = 0.015), as presented in
Fig. 4a. Furthermore, the pro-oxidant factors were found statistically
increased. The MDA levels (Fig. 4b) found in the motor cortex of ani-
mals exposed to MeHg were more than twice of those found in control
ones (p =0.008), while the concentration of nitrite was
94.4 + 32.32% (Fig. 4c) higher than those of the control group
(p = 0.02).

3.3. Chronic MeHg exposure induces histopathological changes in rat motor
cortex and decreases the density of NeuN+ and GFAP+ cells

To analyze whether MeHg exposure is able to induce changes in
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Fig. 3. Graphical representation of THg levels found in the motor cortex of
adult Wistar rats after 60 days exposure to 40 ug/kg/day MeHg. The results are
expressed as mean * standard error of the mean (SEM). *p < 0.05 compared
to control group (Student’s t-test).
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Fig. 4. Effects of chronic MeHg exposure (40 ug/kg/day), during 60 days on the
motor cortex oxidative biochemistry of adults Wistar rats. Total antioxidant
capacity against peroxyl radicals in (A), lipid peroxidation by malondialdehyde
(MDA) levels (B) and nitrite levels (C). The results are expressed as mean *+
standard error of the mean (SEM) (n = 10 animals per group). *p < 0.05
compared to control group (Student’s t-test).

motor cortex tissue morphology, we performed HE staining (Fig. 5). We
showed that MeHg chronic exposure apparently reduced the cell den-
sity, which motivated us to evaluate and quantify the cellular density of
neuron and astrocyte populations.

The comparative analysis between the studied groups showed a
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Fig. 5. Effects of chronic MeHg exposure (40 pug/kg/day), during 60 days on the morphology of the motor cortex of adult Wistar rats. Sections were stained with
hematoxylin and eosin (HE). Control animals administered corn oil (A and B) and exposed animals MeHg (C and D). Scale bars: 100 pm (A and C); 30 um (B and D).

NeuN" cells/field

Corl1trol MeHg

reduction in the NeuN+ cell population of MeHg-exposed animals
(29.64 = 2.60) compared to the control group (44.07 * 3.40;
p = 0.007; Fig.6). In addition, the number of GFAP+ cells in the Hg-
exposed group was also reduced (MeHg: 17.79 #+ 1.20; control:
37.94 = 1.22; p = 0.007; Fig. 7). Interestingly, the decrease in the
neuronal population (67.25%) was significantly higher than that

23

Fig. 6. Effects of chronic MeHg exposure
(40 ug/kg/day), during 60 days on NeuN™*
cells in the motor cortex of adults Wistar rats.
Arrowhead indicates NeuN™* cells. Panel A
showing photomicrographs NeuN " cells in the
control group and the panel B represents
MeHg-exposed group. Panel C represents
NeuN* cells density (n =10 animals per
group). The results are expressed as mean *+
standard error of the mean (SEM). *p < 0.05
compared to control group (Student’s t-test).
Scale bars: 30 pm.

observed in the astrocytic population (46.89%) (Fisher’s exact test,

p < 0.05)
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3.4. Biochemical and morphological alterations in the motor cortex were
reflected in poor performance of motor function assays

The spontaneous locomotor activity performed by the animals is
represented on the tracking plot (Fig. 8a), showing a representative plot
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Fig. 7. Effects of chronic MeHg exposure
(40 pg/kg/day), during 60 days on GFAP*
cells in the motor cortex of adult Wistar rats.
Arrowhead indicates GFAP™ cells. Board A
represents photomicrographs showing GFAP*
cells in the control group and the board B
showing MeHg-exposed group. Board C re-
present GFAP™* cells density (n = 10 animals
per group). The results are expressed as
mean * standard error of the mean (SEM).
*p < 0.05 compared to control group
(Student’s t-test). Scale bar: 30 pm.

of exploratory activity performed by the animals. The peripheral dis-
tance executed by exposed animals was lower than in the control group
(MeHg: 7.93 + 1.34; control: 13.72 + 0.84; p = 0.0019; Fig. 8b). No
difference was observed in the central distance performed between the
two groups (p = 0.8774; Fig. 8b), reinforcing that the motor

Fig. 8. Behavioral evaluation of adult Wistar
rats chronically exposed to low doses of MeHg

201 (40ug/Kg) (n =10 animals per group).
— 3 Control Tracking Plot (A), distance traveled in the
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% " (E). The results are expressed as mean *
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9 test (A-C): *p < 0.05 compared to control
E 5- group. Rotarod test (D): *p < 0.05 (repeated
g measure one-way ANOVA with Holm-Sidak
post-hoc test).
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impairment was not related to an anxiety-like behavior, once the cen-
tral distance performed did not show differences in comparison to the
control group.

Furthermore, the MeHg group had a lower number of total quad-
rants crossed (MeHg: 29.22 + 3.52; control: 45.50 + 4.69; p = 0.01;
Fig. 8c¢) in comparison to the control group. In the forced coordinating
test (rotarod), repeated measure ANOVA showed that MeHg intoxica-
tion elicited lower latency to the first fall in all test sessions after
training (Fig. 8d), suggesting motor coordination impairment (inter-
action: p < 0.0210; treatment: p < 0.0001).

4. Discussion

In our study, chronic MeHg exposure in adult rats, which simulates
lifelong human MeHg exposure, resulted in Hg accumulation in the
motor cortex, oxidative stress, and a reduced number of neurons and
astrocytes, which consequently generated alterations of motor skills.

This model is representative of the chronic exposure of fish-eating
populations around the world, such as those found in the Amazon [3,9].
Deleterious consequences such as genotoxic, pro-oxidant, and, mainly,
neurofunctional alterations have already been described in Amazonian
populations [26-29]. The minimum levels of THg found in these po-
pulations is about 2-3 ug/g in hair, which is equivalent to approxi-
mately 0.06 pg/g in the brain, according to the proportion 250:5:1 for
hair:brain:blood in humans [8]. The latter level of Hg (0.06 ug/g in the
brain) is similar to that observed in the cortex of exposed animals
(Fig. 3), confirming the importance of the present model to elucidate
brain alterations caused by an exposure relevant for human popula-
tions.

The motor cortex, the anatomical area chosen for our investigation,
is considered the main source of voluntary cortical motor commands
[30], receiving afferents from the prefrontal cortex and parietal cortex,
projecting them to the thalamus, cerebellum, and spinal cord [31,32].
Although neural control of motion begins in the prefrontal cortex and is
modulated by the basal and cerebellar ganglia, the motor cortex is the
main effector area for descending pathways [30].

In this way, considering the role played by the motor cortex, this
region is the subject of study in several investigations that evaluate its
alterations in animal models facing exposure to metals [5,7,33,34]. The
CNS is reported as an important target of MeHg action, characterizing a
region of tropism, and the mechanisms of toxicity in MeHg exposure
models are widely debated (for review, see Farina [35]). Among them,
the imbalance between oxidative and reductive cellular processes is
critical for MeHg-induced neurotoxicity [36].

Regarding this problem, the MeHg neurotoxicity potential through
the increase of reactive oxygen and nitrogen species (RONS) generation
is well established in a number of experimental models [37-40]. In the
present study, nitrite levels were elevated in the motor cortex of ex-
posed rats, indicating an increased production of nitrites due to MeHg
exposure. Associated to this effect, the antioxidant capacity was de-
creased and LPO increased in the adult rats chronically exposed to this
organometallic compound. These findings are probably related to the
high affinity of MeHg to sulfhydryl (thiol) groups (-SH). Several in vivo
and in vitro studies have shown that MeHg covalently binds to -SH
groups of enzymatic and non-enzymatic molecules, thereby inactivating
them [41-46]. The major intracellular antioxidant in all tissues, due to
its abundance (1-10mM), is glutathione (GSH), a low-molecular-
weight thiol compound [47]. The Hg atom in MeHg binds with the thiol
group of GSH, leading to the formation of the complex GS-HgCHj [48].
This complex is excreted from the cell, lowering the GSH intracellular
concentration and thus depleting the antioxidant competence of the
tissue [49], which, in turn, leads to an excess of non-intercepted
prooxidants and oxidative damage, showed in the present study as an
increase in nitrite concentration and LPO, respectively

Huang et al. [50,51] exposed mice to a low dose of MeHg (50 and
20 pug/kg/day, respectively) for seven weeks and analyzed brain tissues
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(cerebral and cerebellar cortex) and blood. In both studies, chronic
MeHg exposure resulted in alteration of LPO, Na*, K™ -ATPase activity,
and nitric oxide (NO) in the same brain tissues and blood. It is im-
portant to point out that there are other important routes of MeHg
oxidative stress-induced neurotoxicity that are probably acting together
with the described mechanism. These pathways include the inactivation
and thus dysfunction of important thiol enzymes (tyrosine phosphatase
and creatine kinase) and selenoproteins (thioredoxins and thioredoxin
reductase) [35].

In addition, according to our oxidative biochemistry analyses, the
motor cortex showed to be susceptible to Hg damage, decreasing an-
tioxidant capacity, and increasing LPO and nitrite levels. Modulation of
oxidative stress parameters has already been demonstrated in other
brain regions like the cerebellum, hypothalamus, and cerebral cortex,
as well as in the total brain [50,52-55].

Furthermore, RONS are also related to a drive to oxidative DNA
resulting in cell death or tissue injury within the central and peripheral
nervous system [51,56]. In this case, the oxidative stress caused by
MeHg exposure probably acts on the classic pathways of apoptosis in-
itiation through a mitochondrial oxidative chain [57] associated with
an increase of intracellular Ca%?™ (described below; Chan [58]) or even
by activating multiple cell death pathways concomitantly [59]. Thus,
one of the hypotheses of MeHg toxicity is based on mitochondrial re-
spiratory chain breakdown, resulting in increased peroxide levels in the
motor cortex and, consequently, disruption of the cell proliferation
process and cell death by apoptosis [60]. However, it is clear that MeHg
neurotoxicity depends on cell type [59].

Astrocytes were previously reported as a preferential site of MeHg
accumulation [61-64]. Additionally, significant reductions in the
number of neurons were also observed and previously described in
other studies that analyzed CNS and MeHg exposure [35,65,66]. In-
terestingly, exposure to the same concentration of MeHg caused greater
accumulation of this organometal in glial-origin cells than in cells of
neuronal origin [67], but lower cell death [68]. This preferential ac-
cumulation in glial cells may protect neurons by removing the metal
from the extracellular environment. The high susceptibility of neurons
to MeHg exposure was demonstrated in vivo in our work with a 67.25%
decrease in number of neurons and 46.89% decrease in number of glial
cells (Fig. 6 and 7).

In this way, astrocytes have been described as the preferential site of
accumulation of MeHg [69]. They play an essential role in the devel-
opment, function, and plasticity of the brain. These cells coordinate
neuronal development and survival, control the formation and function
of synapses, and play an important role in the formation of neuronal
circuits [34,70,71]. In addition, astrocytes perform other critical func-
tions in the brain, including the formation of the blood-brain barrier
and the expression of neurotransmitter transporters [72]. Damage in
astrocyte cells caused by exposure to MeHg generates imbalance in the
perineuronal parenchymal homeostasis. This imbalance leads to in-
creased permeability of the blood-brain barrier, oxidative damage, and
cytoskeletal disruption [35,61,73-75].

These findings are in line with previous reports showing that MeHg
disrupted the homeostasis of the phosphorylation system associated
with the cytoskeletal proteins of astrocytes and neurons in the motor
cortex [41,76]. However, neurons seem to be more susceptible to the
toxic effects of MeHg, probably due to the loss of protection by astro-
cytes against MeHg, or neuronal death by apoptosis may be the end
point of the neurotoxicity of MeHg [77,78].

Additionally, neuronal death is directly linked to the decrease in
astrocyte number. The main mechanism of neuronal protection played
by glia consists in reducing the bioavailability of excessive glutamate in
the synaptic cleft in order to avoid excitotoxicity [79]. In this way,
Aschner et al. [63] exhaustively described how MeHg plays an im-
portant role in excitotoxicity, once this event propitiates the parallel
intracellular calcium overload, which is related to increased Ca2™ in the
mitochondrial matrix and its further dysfunction, with consecutive
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opening of pores in the mitochondrial membrane and release of cyto-
chrome c and apoptotic factors, such as caspases and pro-caspases
[36,80]. In this way, we believe that neuronal death is a second result of
glial failure, once the neuronal microenvironment is misbalanced. In
this sense, considering the importance of pyramidal neurons in cell
communication in the motor cortex for motor performance, MeHg ex-
posure damaged this structure, possibly leading to the poor motor skills
observed in this study.

Although other areas of the CNS also participate in motor function
as cited above, the motor cortex plays an essential function in fine
motor control and fractionation of movement sensorimotor integration,
besides acting in higher-order cognitive-motor movements [20,81].
Actually, our low MeHg intoxication paradigm with loss of brain cells in
the motor cortex (e.g neurons and astrocytes) reflected in poor motor
performance. Motor function was assessed by two ethological and dif-
ferent paradigms. The first one is related to purposive motor behavior
(e.g. open field) in an area that has been directly related to cortical
areas [82]. On the other hand, the second paradigm (rotarod test) is
sensible to demonstrate gross motor deficits, in which the fear of fall is
considered the motivational stimulus to maintain itself on the rotating
rod. This also reflects motor learning through successive exposures of
individuals (for review, see Brooks and Dunnett [83]).

Our data support the evidence that the neurodegeneration observed
in the motor cortical area was reflected in ethological behavior al-
teration, with a reduced spontaneous exploration profile. Indeed, to add
a stimulus to perform a motor task, such as fear, we employed the ro-
tarod paradigm. In this assay, the motor cortex degeneration induced
by MeHg exposure reduced the latency to first fall, even after successive
exposures.

5. Conclusion

In conclusion, we showed that MeHg exposure during adulthood in
rats, at similar doses to which humans are exposed in contaminated
environments, is capable of triggering oxidative stress and neurode-
generation in the motor cortex, promoting impairments to the pri-
mordial motor functions.
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