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A B S T R A C T   

The environmental contamination by methylmercury (MeHg) is a major concern for public health. The effects of 
MeHg in the central nervous system (CNS) of adult animals have been extensively investigated; however, little is 
known about the effects of MeHg exposure during intrauterine and lactation periods on motor and cognitive 
functions of adolescent rats. Therefore, this study aimed to investigate the effect of MeHg exposure during in
trauterine life and lactation on both motor and cognitive functions of offspring rats. Ten female Wistar rats were 
exposed to 40 μg/kg/day of MeHg through cookie treats from the first day of pregnancy until the last day of 
breastfeeding. Both motor and cognitive functions of offspring male rats were assessed by open field, rotarod, and 
step-down inhibitory avoidance tests. Forty-one days after birth, the hippocampus and cerebellum were collected 
to determine total Hg content, antioxidant capacity against peroxyl radicals (ACAP), reduced glutathione (GSH) 
levels, lipid peroxidation (LPO), and nitrite levels. MeHg exposure during CNS development increased Hg levels 
in both hippocampal and cerebellar parenchymas, triggered oxidative stress throughout ACAP and GSH decrease, 
increased LPO and nitrite levels. These alterations resulted in reduced spontaneous and stimulated locomotion 
and short- and long-term memory deficits. Therefore, damages triggered by MeHg exposure during intrauterine 
life and lactation had detrimental effects on oxidative biochemistry and motor and cognitive functions of 
offspring rats.   

1. Introduction 

The environmental disposal of pollutants is one of the most 
dangerous anthropogenic actions. Mercury (Hg) is a harmful substance 
still used in illegal gold mining in developing countries [1-4] that re
mains a major concern for public health [5]. 

The methylmercury (MeHg) is the major source of organic Hg 
exposure in humans and is environmentally produced through bio
methylation of the inorganic Hg found in aquatic sediments. MeHg is 
accumulated into the marine food chain, which is the major source of 

human contamination [6]. 
Human Hg poisoning leads to multiple systemic impairments and the 

central nervous system (CNS) is one of the main targets due to its high 
metabolism [7,8]. In the 1950 s, large amounts of Hg-containing in
dustrial waste were dumped into a Japanese bay, poisoned people that 
consumed local seafood [9], and resulted in peripheral vision loss, 
dysarthria, and cerebellar ataxia [10]. Since the so-called Minamata 
disease, the detrimental effects of Hg have been investigated in humans 
[11-13], in vitro, and in vivo experimental models [14-17]. 

The intake of a MeHg dose that simulates human environmental 
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exposure can cause cognitive and motor damages in adult rats [14-17]. 
Moreover, detrimental effects of MeHg have been observed during pe
riods of critical neurodevelopment such as adolescence [18-22]. In 
humans, significant correlations have been already detected between 
chronic exposure to MeHg during development and delayed milestone 
achievements (for example, age of first walking and talking), language 
issues and low mental and psychomotor indices (reviewed by [8]), 
demonstrating the urgent need of better understanding the cellular and 
molecular changes underlying neural damage. 

Brain development is a highly organized and dynamic multistep 
process that occurs in precisely timed stages including neurogenesis, 
neuronal migration and differentiation. These events occur during 
distinct time windows that span from the early embryonic stages to 
adulthood [25]. This development is not uniform, the timing of brain 
development differs from one region to another, as it also differs be
tween substrates, neurotransmitter systems, and central endocrine cir
cuitries [26]. In this context, the excessive generation of reactive oxygen 
species, such as in the exposure to mercury, causes a damage of bio
molecules such as lipids, proteins and nucleic acids resulting in neuro
toxicity damage, may compromise neurodevelopment [27,28]. 

To the best of the author’s knowledge, no study has demonstrated 
both Hg in two neurodevelopmental regions (hippocampus and cere
bellum) by using a comprehensive exposure model. Therefore, this study 
aimed to investigate the effect of MeHg exposure during intrauterine life 
and lactation on both motor and cognitive functions of offspring rats. 

2. Methods 

2.1. Animals and experimental design 

Ten female Wistar rats (Rattus norvegicus) (90 days-old, 175 ± 25 g) 
were monitored at the Federal University of Para (UFPA) maintenance 
room under a 14:10 h light and dark cycle (lights on 7:00 AM) and a 
climate-controlled room (25 ± 2 ◦C). The experimental protocol started 
on the next day (D1) after the pregnancy was diagnosed. The pregnancy 
was tested after observing a genital plug (D0). The pregnant rats were 
kept in cages with food and water ad libitum associated with the 
experimental protocol. 

All the experiments followed the Animal Research: Reporting of In 
Vivo Experiments (ARRIVE) guidelines (see Table S1) and the Guide for 
the Care and Use of Laboratory Animals [29]. The study was reviewed 
and approved by the Ethics committee on animal experimentation of 
UFPA (protocol number 8613011217/CEUA-UFPA). All efforts were 
made to avoid suffering and distress and to reduce the number of ani
mals used. 

2.2. MeHg exposure protocol 

The progenitor animals were equally and randomly distributed into 
two groups based on the experimental protocol: MeHg group (n = 5), 
that received MeHg (40 μg/kg body weight/day) according to the 
weekly weighing of female rats for dose adjustment; and the control 
group (n = 5), that received the vehicle in the same scheme of treatment. 
Thus, in a preclinical perspective, the elected MeHg dose mimics the 
environmental exposure faced by human populations in endemic areas 
of mercurial exposure, especially those dependent on fish consumption. 
This long-term and low-dose exposure were previously proposed by 
Kong et al. [30] as not capable of causing visible neurological effects 
common to high doses of intoxication in adult animals and deeply 
investigated by our group in the past four years [18,22,31-34]. This 
evidence showed a reasonable proportionality between the values found 
in rats and humans. 

The MeHg was orally and daily administered by cookie treats (Teddy 
Grahams, Nabisco, Canada). Each cookie was offered once a day to each 
pregnant animal during gestation. Prior to offer the cookie to the animal, 
the MeHg or only ethanol was incorporated into the treats, depending on 

the exposure group. The administration of the metal was carried out 
after dissolving the MeHg chloride (CH3HgCl; Sigma-Aldrich, Milwau
kee, WI, USA) in ethanol and, later, incorporated into the cookies (Teddy 
Grahams, Nabisco, Canada). In this model, the cookies were air-dried for 
12 h under controlled humidity to allow the ethanol to evaporate. The 
cookies in the control group were treated only with ethanol ([16,35]; 
Nascimento et al. [36]). The MeHg was administered during the gesta
tional (20–21 days) and lactation (20–21 days) periods only for the 
progenitor animal, once a day. In the lactation period, the pups were 
apart allocated in a suitable cage for 2 min. The cookies were immedi
ately eaten by progenitor animals, as confirmed by a visual inspection 
([36]; Nascimento et al. [37]). For every experimental group, 10 male 
offspring were used. At the end of MeHg administration, the offspring 
animals were divided by sex. The male pulps were maintained in col
lective cages (4 animals each) with food and water ad libitum and 
maintained in a climate-controlled room with a light/dark cycle 
appropriate until 41 days old when they were submitted to behavioral 
tests. 

2.3. Behavior tests 

The tests were conducted in a sound-attenuated room under low- 
intensity light (12 lux) and performed between 11:00 AM and 6:00 
PM. Besides, the animals were habituated for at least two hours before 
beginning the assays. 

2.3.1. Open Field 
The spontaneous exploratory activity was analyzed by open field 

assay [38]. In this test, each animal was placed in the center of the 
apparatus (100 ×100 x 40 cm) to explore it for 5 min. The rat’s activity 
was monitored by a camera localized above the arena. The apparatus 
was virtually divided by Any-maze software (version 4.99; Stoelting Co., 
Wood Dale, IL, USA) into 25 equal quadrants (20 cm2) of which sixteen 
(equivalent to 64%) and nine (equivalent to 36%) quadrants were 
considered peripheral and central areas, respectively. The results of the 
peripheral and total distance traveled, in meters, assessed locomotion 
and time spent in central area in seconds as anxiety-like behavior. 

2.3.2. Rotarod test 
Motor coordination and balance were evaluated through forced 

tasks. The animals were trained to remain on the equipment’s rotating 
axis for 2 min at 8 rpm. After training, the rats were subjected to the test. 
The animals were submitted to the apparatus in five stages of 120 s each, 
with continuous exposure at 16 rpm, with 120 s between exposures. 
Each time a rat fell off the rotating bar, the same rat was put back on it. It 
was counted the animal’s first fall time (latency) from the cylinder’s 
scroll bar, in the five phases (in seconds), and the number (n) of falls 
(adapted from Teixeira et al. [39]. 

2.3.3. Step-down inhibitory avoidance test 
The step-down inhibitory avoidance test was performed to test the 

memory through an aversive stimulus and its behavioral response [40]. 
The inhibitory avoidance device (EP104R, Insight, Brazil) consists of a 
poly (methyl methacrylate) box (50 × 25 × 25 cm) with parallel 
stainless-steel bars (1 mm diameter, each pair spaced 1 cm apart) on the 
floor connected to an electrical stimulator. The equipment has a secure 
platform (7 cm wide × 2.5 cm high) located against the left wall. The 
animals were individually placed on the platform and freely explored 
the device for 3 min in a habituation session. 

Thirty minutes later, the animals were reintroduced to the apparatus. 
In the exact moment in which they positioned the four paws in the 
metallic grid, we applied a shock of 0.4 mA for 1 s. Afterward, the an
imals were returned to their cages. The short-term memory assessment 
was performed 1.5 h after the shock by putting the animals once again in 
the safe platform and counting the time it took the animal to put its four 
paws on the grid (step-down latency) without any shock induction. The 
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same procedures were repeated 24 h after the shock induction to eval
uate the long-term memory [41,42]. 

After the last behavioral test, the animals were deeply anesthetized 
with a mixture of ketamine hydrochloride (180 mg/kg) and xylazine 
hydrochloride (30 mg/kg) and euthanized by cervical dislocation. The 
brain was removed from skull, and the cerebellum was separated from 
telencephalon, from where we collected the hippocampus, and brain
stem. The samples were gently washed in cold saline buffer, divided into 
two hemispheres, frozen in liquid nitrogen, and stored at − 80 ◦C until 
further analyses. 

2.4. Mercury levels 

Total mercury (Hg) present in the samples was estimated by using an 
atomic absorption spectrometry with cold vapor (CVAAS) (Semi
automatic Mercury Analyzer, model 201-Hg, Sanso Seisakusho Co. Ltd, 
Tokyo, Japan). Each sample of hippocampus and cerebellum were 
weighted (weighting 0.5 g maximum), which consists in wet digestion of 
samples through homogenizing a wet sample; further, 1 mL of distilled 
water, 2 mL of nitric acid-perchloric acid 1:1 (v:v) (HNO3-HClO4), and 5 
mL of sulfuric acid (H2SO4) were sequentially added, which were 
maintained on a heat plate (200–230 ◦C) for 30 min. All procedures were 
based on protocol, following previously published studies by our 
research group [43,32,21,33,22], with a limit of detection of values until 
0.001 mg/kg Hg. The results were expressed in mg/kg of total Hg levels. 

2.5. Oxidative biochemistry assays 

Prior to the biochemical analyses, the samples were thawed and 
homogenized in Tris buffer (20 mM HCl), pH 7.4, at 4 ◦C, by sonic 
disintegration (approximate concentration of 1 g/mL), and stored in 
individual microtubes at − 80º C until further analyses. 

In the moment of the assays, from the crude homogenate, an aliquot 
was immediately taken to determinate protein concentration to 
normalize the parameters. The remaining homogenate was separated 
into three different aliquots and centrifuged at the specific rotation of 
each assay described below. 

2.5.1. Antioxidant capacity against peroxyl radicals (ACAP) 
Initially, the samples were centrifuged at 9700 rpm at 4 ◦C for 20 

min. The supernatant was exposed in triplicates in a transparent 96-well 
microplate to a peroxyl radical generator, 2,2’-azobis (2 methyl
propionamidine) dihydrochloride (ABAP, 4 mM; Sigma Company, St 
Louis, MO, USA) and, in another triplicate, they were exposed just to 
ultrapure water. 

For fluorescence reading, 10 µL of 2′,7′ dichlorofluorescein diacetate 
(H2DCF-DA) was added to all samples. After that, data were collected 
every 5 min per 1 h in an opaque Microplate Reader (Victor 2, Perki
nElmer Inc., Llantrisant, UK) at 35 ◦C. All steps of this assay followed the 
Amado et al. [44] protocol. For data analysis, the difference in fluo
rescence area in the same sample, with and without the addition of 
ABAP, was considered. The relative area was calculated, and the results 
expressed as an inverse of the relative area in the control percentage. 

2.5.2. Reduced glutathione (GSH) levels 
This analysis was performed according to Ellmans’ protocol [45]. 

The technique is based on GSH ability to reduce 5,5-dithiobis-2nitroben
zoic acid (DTNB) to 5-thio-2-nitrobenzoic acid (TNB), which was read by 
412 nm wavelength. The samples were deproteinized with 2% tri
chloroacetic acid and the supernatant collected for analysis after 
centrifugation at 3000 rpm for 5 min. A 20 µL aliquot of the sample was 
added to a test tube containing 20 µL distilled water and 3 mL PBS/EDTA 
buffer to record the first reading of the sample (T0), and 100 µL DTNB 
was added and after 3 min the second sample reading (T3) was taken to 
determine the GSH concentration, which was expressed in μg/mL. 

2.5.3. Lipid peroxidation (LPO) 
The level of lipid peroxidation was based on the reaction of the 

polyunsaturated fatty acid metabolites, malonaldehyde (MDA), and 4- 
hydroxyalkenes (4HDA), with N-methyl-2-phenylindol (NMFI). In the 
presence of methanesulfonic acid, this reaction produces a stable chro
mophore. The color produced in the process is proportional to the 
concentration of oxidized lipids, measured by spectrophotometry. Thus, 
the LPO was determined using the method proposed by Esterbauer and 
Cheeseman [46]. 

For this purpose, the lysates were centrifuged at 5600 rpm for 10 min 
at 4 ◦C, and the supernatant was separated into aliquots to determine 
lipid peroxidation and protein concentration [47]. To 325 µL of 10.3 mM 
NMFI diluted in methanol (1:3) and 75 µL of methanesulfonic acid, 100 
µL of the standard MDA solutions or samples were added. This mixture 
was then heated to 45 ◦C for 40 min. After this period, the reading was 
performed by 570 ηm wavelength, and the results were expressed as 
MDA nanomolar (nM) per microgram of protein by % of control. 

2.5.4. Nitrite levels 
To measure Nitrite levels, the lysate was centrifuged at 14,000 rpm 

for 10 min at 4 ◦C. The supernatant was aliquoted to determine the ni
trites. The concentration of nitrites was determined based on their re
action with the Griess reagent (Nafty-ethylene-diamine 0.1% and 
Sulfanilamide 1% in phosphoric acid 5% − 1:1). This reaction forms 
azoic compounds, which give a characteristic bluish color. The blue 
intensity is proportional to the chromogen’s concentration, verified by 
spectrophotometric reading [48]. One hundred microliters of the su
pernatant were added to 100 µL of the Griess reagent and incubated for 
20 min at room temperature. Then, the reading was performed (λ = 550 
ηm), and the results were expressed as micromolar (µM) of nitrites for 
each microgram of protein by % of control. All the experimental steps 
and analyzes performed are summarized in Fig. 1. 

2.6. Statistical analyses 

All data were tabulated and analyzed using the GraphPad Prism 8.2.0 
software (GraphPad Software Inc., La Jolla, CA, USA). The normal dis
tribution was tested by the Shapiro-Wilk method. The results of body 
mass and rotarod test were compared by one-way repeated measures 
ANOVA followed the Tukey post-hoc test. The Student’s independent t- 
test analyzed the data resulting from the other tests. All results were 
expressed in mean ± standard error of the mean (SEM), and values of 
p < 0.05 were considered statistically significant. 

3. Results 

3.1. Bodyweight and mercury concentration in the hippocampus and 
cerebellum after pre- and postnatal exposure to MeHg 

During the experimental period, there was no difference in body 
weight between progenitor animals in both control and MeHg groups 
(p > 0.05), as well as with offspring animals (Fig. 2, p > 0.05). All the 
animals displayed a gradual weight gain (Fig. 2, p < 0.05). 

When the Hg levels in the hippocampus (Fig. 3A) and cerebellum 
(Fig. 3B) were analyzed, it was observed deposit of Hg in these offspring 
tissues, after the protocol of indirect exposure, compared with control 
animals (Fig. 3, p < 0.05). The cerebellum significantly accumulated 
more Hg than the hippocampus, presenting approximately ten times 
higher in this tissue. 

3.2. MeHg impairs the oxidative status of hippocampus and cerebellum of 
rats exposed for pre- and postnatal periods 

In oxidative biochemistry parameters, a reduction in ACAP levels 
was observed in the hippocampus (Table S2, p < 0.01, Fig. 4A) and 
cerebellum (Table S2, p = 0.01, Fig. 4B) of exposed rats when the MeHg 
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and control groups were compared. Moreover, the GSH content 
decreased significantly in both regions (p < 0.01, Figs. 4C and 4D). 

The levels of pro-oxidant parameters were increased, as evidenced by 
the increase in levels of MDA found in the hippocampus (Table S2, 
p < 0.01, Fig. 4E) and in the cerebellum (Table S2, p < 0.01, Fig. 4F) of 
exposed animals, compared with the control group. Furthermore, it was 

observed an increase in the levels of nitrite in the hippocampus 
(Table S2, p < 0.01, Fig. 4G) and cerebellum (Table S2, p < 0.01, 
Fig. 4H) in the exposed offspring rats to MeHg for intrauterine and 
neonatal periods, when analyzed with the control group. When the ef
fects of the metal were compared between the two areas, some inter
esting differences were detected. Although the extension of lipid 
peroxidation was proportionally similar in both tissues at the time of 
death (Fig. 4, E and F), the cerebellum showed significantly higher levels 
of nitrites and lower ACAP levels, pointing to higher production of free 
radicals and lower antioxidant defenses, than those in the hippocampus. 

3.3. MeHg-induced triggers motor and cognitive impairments on rats after 
exposure in intrauterine and neonatal periods 

In the open field test, the group exposed to MeHg showed a reduction 
in the total distance traveled (Table S2, p < 0.01, Fig. 5B). There was 
also a decrease in the peripheral distance by the MeHg group (Table S2, 
p < 0.05, Fig. 5D). 

The rotarod test showed that MeHg intoxication led to a reduction in 
latency time, mainly in the 4th and 5th exposures to the apparatus 
(Table S2, adjusted p value <0.0001, Fig. 6A), which demonstrate 
motor-learning deficit. The number of falls was altered, with the MeHg 
exposed animals increasing such parameters in the 4th (adjusted p value 
= 0.0021) and 5th (adjusted p value = 0.0103) sessions (Table S2), 
which suggests motor coordination impairment (Fig. 6B). 

Fig. 1. Sample description and experimental 
steps. Ten pregnant Wistar rats exposed to 
MeHg (0.04 mg/kg/day) or vehicle only (con
trol group) during pregnancy and lactation pe
riods (40-day exposure). At 41st postnatal day 
(PN), ten male pups per group were evaluated 
by behavioral assays: open field, rotarod, and 
step-down inhibitory avoidance tests. Then, 
after the last behavioral test, the animals were 
euthanized, and the hippocampus and cere
bellum were collected for analyses of mercury 
(Hg) measurement, oxidative biochemistry 
thought antioxidant capacity against peroxyl 
radicals (ACAP); lipid peroxidation (LPO) and 
nitrite levels.   

Fig. 2. Effects of gestational and postnatal exposure to methylmercury on body 
weight gain (g) of the offspring rats (n = 10 per group) from 5 (per group) 
progenitor females. Results are expressed as mean ± standard error of mean. 
Two-way ANOVA and Tukey’s post-hoc test, p < 0.05. 

Fig. 3. Effects of gestational and postnatal exposure to methylmercury on Wistar offspring rats (n = 20). Mercury (Hg) total measurement in the hippocampus (A) 
and cerebellum (B). Results are expressed as mean ± standard error of the mean of Hg levels (µg/kg). *Student’s t-test, p < 0.05. 
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In the cognitive evaluation, the inhibitory avoidance test indicated a 
reduction in the step-down latency in short-term memory sessions (1.5 h 
after the training session) in animals exposed to MeHg (Table S2, 
p = 0.0021, Fig. 7A). This profile was also found in the long-term 
memory stage (24 h after the training session; p = 0.0002, Fig. 7B), 
which suggests cognitive impairment in short- and long-term memory 
after exposure to low doses of MeHg during the perinatal (prenatal and 
lactation) period. 

4. Discussion 

The present study investigated the effect of pre- and postnatal MeHg 
exposure on the motor and cognitive functions of offspring rats. Hg 
parameters were simultaneously investigated to demonstrate the rela
tion between two relevant brain regions regarding motor and cognitive 
control. Therefore, MeHg exposure was shown associated with signifi
cant Hg levels in the hippocampus and cerebellum. In addition, the 
oxidative biochemistry analysis revealed that MeHg can trigger oxida
tive stress throughout the increase of pro-oxidant parameters (LPO and 

Fig. 4. Effects of gestational and postnatal exposure to methylmercury on oxidative balance in the hippocampus and cerebellum of the Wistar offspring rats (n = 20). 
A-B: Antioxidant capacity against peroxyl radicals (ACAP) in inverse of area; C-D: Reduced Glutathione (GSH) levels expressed as µg/mL; E-F: MDA concentration in 
nanomolar per microgram of protein (LPO); G-H: nitrite levels in micromolar per microgram of protein. Results are expressed as mean ± SEM. *Student’s t- 
test, p < 0.05. 
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nitrite) and decrease of ACAP and GSH levels and lead to motor, short- 
and long-term memory deficits. 

The MeHg dose (40 μg/kg) used in this comprehensive study aimed 
to mimic Hg levels detected in environmental chronic exposure of 
humans [30]. Moreover, the daily use of intragastric gavage in pregnant 
rats was replaced by a non-stressful administration through the spon
taneous intake of MeHg-containing cookies [16,35]; thus, this strategy 
better simulated the regular human consumption of Hg-contaminated 
food and avoided additional research bias. 

In our model, we opted for the oral administration of MeHg, this 
route of administration increases the bioavailable in blood and tissues, 
with rapid distribution of organic Hg compounds in tissues, mainly liver, 
CNS and kidney, through the bloodstream (Bridges and Zalups [49,50, 
51]). MeHg is promptly balanced between blood and target organs due 
to its high affinity for thiols that enhances intracellular transport 

through cysteine or glutathione complexes [50,51]. Urinary excretion 
only eliminates a small fraction of the MeHg dose. 

Although the placental barrier separates maternal from fetal blood 
circulation, it allows the exchange of substances. The lipophilic MeHg is 
very efficiently transported throughout the human placenta and its 
accumulation affects cellular functions that result in detrimental con
sequences for the fetus developing, figuring MeHg as a considerable risk 
of tissue damage [52]. 

Moreover, Hg can be transferred to infants via breast milk [53] and 
even the small amount of MeHg that passes from maternal plasma into 
breast milk can become bioavailable in blood and tissues of the infant 
[54]. Since Hg remains deposited in the organism for long periods and 
its exposure during pregnancy would also cause effects during lactation, 
this study model investigated both periods. It is important to note that as 
Hg is deposited in the organism for long periods, therefore of this our 

Fig. 5. Effects of gestational and postnatal exposure to methylmercury on spontaneous locomotor activity of the Wistar offspring rats (n = 20) in the open field test. 
In A, representative heat map of control and MeHg-exposed groups performances in open field. Results are expressed as mean ± SEM of B: total distance traveled (m); 
C: total distance traveled in the central area (s); and D: peripheral distance, both in meters (m). *Student’s t-test, p < 0.05. 

Fig. 6. Effects of gestational and postnatal exposure to methylmercury on forced locomotion of the Wistar offspring rats (n = 20) in the rotarod test. Results are 
expressed as mean ± SEM of latency of the fast fall in seconds (s) and the number of falls (n). One-way repeated measures ANOVA, p < 0.05. Similar overwritten 
letters do not reveal statistically significant differences. 
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study opted to consider the pregnancy and breastfeeding periods, since 
the exposure to MeHg only in pregnancy would also cause effects while 
breastfeeding occurred. In this way, due to the high absorption by the 
gastrointestinal tract, in our work we opted for an administration of 
MeHg incorporated into cookies that mimics the environmental expo
sure faced by populations in endemic areas of mercurial exposure. 
Thereby, our indirect prenatal and postnatal exposure model was able to 
observe the increase Hg levels content in cerebellum and hippocampus 
of the offspring. 

This preclinical study design on the effects of MeHg in the CNS has 
applicability in human trials and is rarely found in the literature. The 
weekly acceptable MeHg intake recommended by the World Health 
Organization (WHO) results in Hg accumulation of approximately 2.3 
and 0.046 ppm in hair and brain, respectively [7]. Moreover, chroni
cally exposed populations such as the Amazon riverine usually present 
6 ppm of Hg as mean value [55-56], which is equivalent to approxi
mately 0.12 ppm in the brain [7]. 

The effects of MeHg on CNS remain a major concern for public health 
due to Hg worldwide exposure [57]. Although it is well known that CNS 
is the main target for MeHg, the effects of low exposure levels in 
vulnerable individuals such as children and pregnant women remain 
unclear; thus, this original study was based on three key aspects: dose, 
exposure model, and offspring’s life stage. Detrimental effects have been 
already reported in adult animals chronically exposed to 40 μg/kg/day 
of MeHg and presented Hg levels between 0.04 and 0.08 ppm of Hg in 
the brain [18,21,22]. Although close to the WHO reference dose, those 
levels are lower than 0.12 ppm and support the comprehensiveness of 
this study. 

Although the effects of MeHg on the nervous system have numerous 
publications, it remains a relevant public health issue due to the high 
number of exposed populations around the world [7,58]. Moreover, 
though central nervous system (CNS) is knowingly the main target organ 
for MeHg, many questions remain open, especially those associated to 
the effects of relatively low levels of exposure in vulnerable individuals 
such as children and pregnant women. In this context, it is important to 
highlight that the originality of our study is based on three main points: 
dose, model of exposure, and the life stage of the offspring. 

Our group has been investigating the effects of MeHg on different 
areas of the CNS, from molecular to behavioral aspects. Interestingly, 
our model used a low dose for long periods of exposure, and manages to 
trigger outcomes similar to those found in populations exposed to MeHg, 
for example: evidence of motor deficits and neuronal impairment was 
found [22] associated with motor cortex of rats, in addition to 
up-regulation of Apolipoprotein E in the hippocampus [18], which has 
been reported as an important biomarker of mercury exposure in 
riverine populations [55] associated with cognitive damage. Based on 

the reports in the literature that show perinatal and postnatal exposure 
to methylmercury and its consequences in the cerebellum and hippo
campus, we know that the deleterious effects are caused by different 
doses of intoxication to MeHg and different protocols of exposure to the 
metal (Ghizoni et al. [59]; Cheng et al. [60]). Thus, the novelty proposed 
in this study is the exposure during the gestational and lactational period 
to a low dose (40 μg/kg/day) for a long period, in a model that allows 
animals to be exposed to MeHg in a way that simulates human exposure 
in the environment, representing the chronic exposure to MeHg of 
environmentally vulnerable populations with high mercury levels, such 
as those found in the Amazon ([56]; Berzas Nevado et al. [61]). In this 
study, we used a dose of 40 μg/kg body weight/day which is equivalent 
to the dose consumed by populations exposed to MeHg, showing the 
translational character of our investigation. Also, we managed a 
non-stressful administration to the female rats, without the stressful 
effects of orogastric gavage, nor the bias generated by spontaneous 
consumption, being representative to the human consumption of MeHg 
in contaminated foods. This care with a truly translational design is 
hardly found in the literature that analyzes the effects of MeHg on the 
CNS. This fact adds greater value to our results and conclusions. 

Regarding the animal age, our analyses bring novelty once per
formed in 41 post-natal days the life stage when the CNS has established 
the neural maturation and synaptic refinement [62]. Thus, this makes 
our data representative, as it shows that maternal exposure during 
pregnancy and lactation can generate biochemical and functional 
damages to the nervous system of the offspring even after the established 
maturation of this system and persist significant damages after a 
breakdown period between administration and animal evaluation, 
providing evidence to the literature for new research in the literature of 
effects MeHg-induced beyond the teratogenic damage. 

The MeHg in pregnant rats involved high absorption in the gastro
intestinal tract and rapid distribution to all tissues [7]; however, its 
accumulation in the offspring brain areas is a result of placental and 
breast milk transfer, which confirms the key roles of both pathways. 

Furthermore, Hg levels in the hippocampus of the offspring rats 
(Fig. 3A) were similar to those previously detected in brain areas of adult 
animals exposed to the same dose Hg was accumulated in the cerebellum 
almost ten times more than hippocampus (Fig. 3B); however, this phe
nomenon was not observed in adult rats [18,22,24]. This original data 
demonstrates the Hg accumulation in the offsprings that involves several 
mechanisms in different brain areas. This phenomenon must be further 
confirmed in adult animals through the analysis of these brain areas that 
present different tissue composition, vascularization, and biological 
barriers [63,64]. 

Since the 40-day-old offsprings already presented neural maturation 
and synaptic refinement [63,64], this study significantly demonstrates 

Fig. 7. Effects of gestational and postnatal exposure to methylmercury on the memory of the Wistar offspring rats (n = 20) in the step-down latency (s) of inhibitory 
avoidance test. Results are expressed as mean ± SEM of latency of step-down (s). In A, short-term memory sessions (1.5 h after the training session); in B, long-term 
memory stage (24 h after the training session) *Student’s t-test to control vs. MeHg group, p < 0.05. 
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that maternal exposure to MeHg during pregnancy and lactation causes 
biochemical and functional damages in the CNS and provides novel 
evidence for future research. Although important, genetic and epige
netic changes are secondary issues in comparison to the need to confirm 
the effects of these new findings through classical methods. The methods 
used in this study answered the respective research questions in terms of 
biochemical and functional damage. The biochemical analysis was 
based on oxidative stress due to its classical mechanism Hg-induced 
damage, while the functional analysis was based on gold standard pa
rameters of motor and cognitive disturbances [57]. 

In this context, MeHg can trigger molecular changes associated with 
CNS homeostasis such as the increase of ROS production at the expense 
of cellular antioxidant capacity [57]. This imbalance known as oxidative 
stress damages lipid membranes and oxidates biomolecules such as 
proteins, carbohydrates, and lipids [65,66]. The ROS-induced damage 
can also reach the cell nucleus, affect DNA structure, replication and 
repair in humans [67,68]. 

The offspring’s redox state showed an LPO increase in both cere
bellum and hippocampus, which indicates ROS-induced cell membrane 
damage. LPO causes irreversible damage to membrane integrity that can 
lead to apoptosis through the mitochondrial oxidative chain [69]. In 
addition, the antioxidant capacity of the offspring rats was reduced, 
which suggests that cellular defense mechanisms were unable to impair 
excessive ROS production and triggered oxidative reactions in several 
cellular biomolecules. Despite differences in Hg accumulation, the 
proportional LPO increase (Fig. 4, C and D) indicates similar damage in 
both brain areas and may explain the behavioral alterations detected in 
both motor activity and memory processes (Figs. 5, 6 and 7). However, 
the highest Hg accumulation in the cerebellum was potentially respon
sible for the increased production of free radicals by nitrite and LPO 
levels and decreased antioxidant defense revealed by ACAP and GSH 
levels (Fig. 4, B and F), reinforcing that exposure to MeHg decreases 
antioxidant defenses and induces genotoxic damages, as observed in 
humans populations [67]. Future studies are needed to investigate 
whether this high pro-oxidant status detected in the cerebellum could 
explain long-term detrimental effects. 

It is noteworthy that MeHg neurotoxicity can be expressed through 
oxidative stress mechanisms, genotoxicity, and Hg binding to cellular 
molecules in humans [68]. Therefore, MeHg can bind to sulfhydryl 
groups (-SH) of enzymatic and non-enzymatic molecules and impair 
several molecular pathways, which leads to a conformational change 
and alters their function [70]. The glutathione molecule binds to Hg and 
the GS-HgCH3 complex is excreted; thus, the concentration of this most 
abundant intracellular antioxidant system is reduced [71-73]. 

Since this study demonstrated that MeHg changes redox homeosta
sis, it is expected that other functional cell changes may occur (Fig. 4). 
Previous studies have shown that MeHg mainly affects astrocytes, which 
increases glutamate release, inhibits cystine and cysteine uptake, de
creases glutathione synthesis and consequently reduces the defense 
against oxidative damage [74-76]. The great amount of glutamate in the 
synaptic cleft contributes to excitotoxicity associated with increased 
Ca+2 influx, mitochondrial dysfunction, and release of apoptotic factors 
[65]. 

These molecular changes affect synaptic connections and alter tissue 
functioning [77]. Therefore, this study observed MeHg-induced behav
ioral changes such as the reduction in spontaneous locomotor activity 
(both open field total distance traveled and peripheral exploration) 
(Fig. 5, A and B). The relationship among motor cortex, striatum, and 
cerebellum plays an important role in fine motor control, sensorimotor 
integration, and higher-level cognitive-motor tasks; thus, damages in 
these connections can impair spontaneous locomotion and incoordina
tion in rats [39]. Freire et al. evaluated whether MeHg chronic exposure 
could aggravate tissue damage after induced stroke in the motor cortex 
of adult rats. Interestingly, long-term MeHg intoxication caused 
behavioral impairments and significant neuronal loss, which supports 
the great magnitude of the detrimental consequences of MeHg chronic 

exposure [21]. In this study, the fact that MeHg exposure during intra
uterine life and lactation resulted in the reduction in spontaneous 
locomotion of offspring rats indicates that motor function impairment is 
related to oxidative stress-induced molecular changes [23]. 

The cerebellum coordinates a voluntary motor activity and balance 
[78,79]. In the rotarod test, animals exposed to MeHg exhibited the 
highest number of falls, reduced balance on new tasks as well as reduced 
latency to fall from the rotating bar (Fig. 6, A and B). It is evident in our 
findings that animals intoxicated with MeHg, different from the control 
group, were not able to master the task of walking on the rotating cyl
inder at fixed speed rotarod protocol indicating motor learning deficit. 
Furthermore, the number of falls in rotarod is indicative of motor co
ordination, primarily at fixed speed rotarod protocol [39,80,81,21,82]. 
In our study, the animals MeHg-exposed had a greater number of falls 
from the rotating bar indicating motor coordination impairment. 
Furthermore, in order to avoid the fatigue of the animals, was selected a 
protocol of fixed speed with interval inter trials of 120 s each, time equal 
to the forced locomotion period Therefore, this finding confirmed that 
MeHg induced motor learning deficit. 

Changes in the motor capacity of adult rats exposed to MeHg have 
been already observed in previous studies [19,83,84]; however, this 
study model revealed significant motor damages during pre- and early 
postnatal periods, which are more prone to remain until adulthood [85]. 

The hippocampus is one of the most studied brain structures in 
neuroscience to better understand functions related to cognition, 
learning, and memory [86]. This structure is a critical participant in the 
bidirectional interaction of memory and exploration processes, which 
are interactively engaged throughout the learning course to build 
episodic memories [87]. Although the ventral hippocampus has been 
strongly associated with anxiety and interacts with the basolateral 
amygdala upon fear conditioning, the dorsal hippocampus is crucial for 
fear aversive memory consolidation and retrieval [88]; thus, elevated 
anxiety and aversive memory impairments can emerge from hippo
campal disturbances or direct or indirect connections with the amygdala 
[89]. Hence, animals exposed to MeHg in this study presented cognitive 
deficits related to conditional fear memory and anxiety-like behavior 
(Fig. 5). 

In fact, the step-down avoidance test has an intrinsic relationship 
with the amygdala due to emotional factors (aversive behavior); how
ever, the hippocampus is necessary to memory consolidation [40]. The 
amygdala is an extension of the neural network since it has rich con
nections with the hippocampus. Comodulation between these subcor
tical structures allows the influence of the amygdala on the formation of 
hippocampally-mediated memory as well as the influence of the hip
pocampus on the amygdala’s response to emotional stimuli; thus, al
terations in the amygdala induce adverse effects in the hippocampus 
[90,91]. A recent study has shown that pre-existing amygdala reactivity 
can predict the association between the hippocampus and emotional 
stimuli (Admon et al. [92]) and suggests a specified temporal relation
ship between amygdala and hippocampus [93]. 

Our study showed MeHg-induced neurotoxicity in the hippocampus 
of offspring rats and oxidative stress as one of the main toxicity mech
anisms. A previous study from our group showed that MeHg exposure 
did not impair short-term memory; however, the animals were at the 
beginning of adolescence [23]. These findings suggest that the CNS is 
more vulnerable to toxicants during the perinatal period. 

The behavioral impairment is a consequence of biochemical change 
as well as other mechanisms of brain area specifics that modulate 
behavioral impairment [23,94]. MeHg-induced damage increases the 
pro-oxidative properties and contributes to behavioral impairments 
related to motor function [16,28]; however, studies on these mecha
nisms are scarce. 

These behavioral and biochemical alterations were detected during 
the early neurodevelopment of the offsprings, albeit the pregnant rats 
were exposed to MeHg levels close to the WHO reference dose; there
fore, this study data indicate the need to revise these reference doses to 

B.H.F. Fagundes et al.                                                                                                                                                                                                                         



Toxicology Reports 9 (2022) 563–574

571

improve the knowledge on potential detrimental consequences in the 
early childhood. 

This model of pre- and postnatal MeHg exposure revealed that Hg 
accumulation causes simultaneous biochemical and behavioral effects in 
two different brain tissues of offspring rats. MeHg-induced changes can 
trigger a neurodegenerative process that reduces the density of neurons 
and astrocytes and leads to memory and learning deficits [18]. There
fore, MeHg can affect hippocampal neurogenesis and decrease the pro
liferation and differentiation of neural stem cells [95,96]. 

An important issue concerning the employment of animal models of 
Hg intoxication is the attempts to comprehensively figure out the action 
of this metal on the nervous system, seeking for establishing a trans
lational approach with the alterations observed in human beings. 
Overall, animal models using adult rats exposed to MeHg have shown 
brain alterations dose-dependent similar those observed in cases of 
human MeHg poisoning (National Research [97]). The same has been 
observed in rodent models evaluating nervous system alterations during 
neurodevelopment of offspring [98,99] when compared with reports in 
humans [100,101]. Recently, some factors have been highlighted as of 
fundamental importance for the translational meaning of the research 
using animal models of mercury intoxication [102]. As recommended, 
this study includes quantitation of mercury levels, analysis of different 
brain areas and different levels of analysis (behavioral and biochemical), 
among other characteristics. This profile guarantees the translational 
value of this work, standing out in the current literature as a more 
realistic approach when compared to other studies. For instance, cere
bellar cortex is one of the most affected regions in humans chronically 
contaminated by Hg (Eto et al. [103]), a pattern also observed in rats 
submitted to a long-term intoxication (Bittencourt et al. [104]). There
fore, although it is important to bear in mind that the physiological 
particularities between humans and rats should be considered when 
evaluating the results of studies using animal models [105], this study 
took advantage of the improvement recommendations that were previ
ously suggested to have a significant and differentiated translational 
value within the current literature. 

5. Conclusions 

Based on a model of pre- and postnatal exposure to MeHg, our study 
revealed that Hg deposits’ presence causes biochemical and behavioral 
effects in two different tissues simultaneously of offspring. Thus, it was 
noticed an alteration in the oxidative homeostasis and damage in the 
offspring’s motor and cognitive parameters. Therefore, our work in
dicates to more clinical scientific research that better elucidates this 
exposure model’s effects after the organisms reach a more mature age. 

Funding Statement 

This work was supported by the Study funded by grants from Bra
zilian National Council for Scientific and Technological Development 
(CNPq, Brazil) and Fundação de Amparo a Pesquisa do Estado do Pará 
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