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Abstract: The aims of this study were to evaluate whether chronic intoxication with
mercury chloride (HgCly), in a low concentration over a long time, can be deposited in the
central nervous tissue and to determine if this exposure induces motor and cognitive
impairments. Twenty animals were intoxicated for 45 days at a dose of 0.375 mg/kg/day.
After this period, the animals underwent a battery of behavioral tests, in a sequence of open
field, social recognition, elevated T maze and rotarod tests. They were then sacrificed, their
brains collected and the motor cortex and hippocampus dissected for quantification of
mercury deposited. This study demonstrates that long-term chronic HgCl, intoxication in
rats promotes functional damage. Exposure to HgCl, induced anxiety-related responses,
short- and long-term memory impairments and motor deficits. Additionally, HgCl,
accumulated in both the hippocampus and cortex of the brain with a higher affinity for
the cortex.
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1. Introduction

Mercury is a heavy metal that can be found in the environment in three species: (i) elemental
mercury or metallic mercury (Hg®): (ii) inorganic mercury (i.e., mercuric chloride, HgCl,); and
(iii) organic mercury (methylmercury, MeHg), which is the most common form of intoxication in
humans. However, MeHg is gradually metabolized to inorganic mercury by intestinal microflora at a
low rate per day [1].

Inorganic mercury has been used for many years in medications, teething powders, skin creams and
germicidal solutions, exposing humans to its toxicological effects [2]. Paresthesia, fatigue, progressive
weakness and neuropsychiatric disorders have been reported as nervous system symptoms related to
inorganic mercury exposure [3,4].

Despite its low liposolubility, inorganic mercury can be detected in the brain, disrupting neuronal
homeostasis [5]. The exact mechanism that underlies its accumulation in the nervous system, as well as
its effects after chronic exposure are poorly understood. Szumafiska et al. [6] reported that disruption
in Na/K ATPase activity in the cerebral cortical microvessels is a possible pathway for inorganic
mercury absorption by the central nervous system (CNS).

Although organic mercury is the most important mercuric toxicant for humans and its effects have
been extensively studied [7], more reactive mercuric inorganic compounds can accumulate in the body,
inducing CNS damage [8]. Therefore, organic and inorganic mercury are the two principal chemical
forms in the toxicoepidemiology of mercury and its effects in the CNS.

The aim of the present study was to determine whether chronic inorganic mercury exposure during
late adulthood induces motor and cognitive impairments. We also studied the content of mercury that
crossed the blood-brain barrier and deposited in the hippocampus and cortex areas and correlated this
with the behavioral responses observed.

2. Methods
2.1. Ethics Statement

The animal protocols used in this work were evaluated and approved by the Ethics Committee on
Experimental Animals of the Federal University of Para(Protocol BIO139-13). They are in accordance
with NIH Guide for the Care and Use of Laboratory Animals and national law for laboratory
experimentation (Law No. 18.611).

2.2. Animals and Experimental Groups

Male Wistar rats (n = 20; 150 days old) were obtained from the Federal University of Para(UFPA)
and kept in collective cages (five animals per cage). Animals were maintained in a climate-controlled
room on a 12-h reverse light/dark cycle (lights on 7:00 a.m.), with food and water ad libitum.
The animals were orally administered (gavage) distilled water or mercury chloride (HgCl,) (dose of
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0.375 mg/kg/day) over a period of 45 days (i.e., until the 195th day of life), according to a procedure
previously described by Szasz et al. [9]. A daily dose of HgCl, starting at 0.375 mg/kg/day reflects
intoxication at low doses for long periods and the probability of human exposure levels in mercury
contaminated areas [10].

2.3. Behavioral Assays

After 24 h of HgCl, or distilled water administration, animals were subjected to the room assay and
acclimated for 1 h before the behavioral experiments, with attenuation of noise levels and low
illumination (12 lux).

All animals performed a battery of behavioral tests, in a sequence of open field, social recognition,
elevated T maze and rotarod tests with 60-min intervals.

2.4. Open Field

The animals were placed for 5 min in an open-field arena. The apparatus, made of wood covered
with impermeable Formica, had a white floor of 100 < 100 cm (divided by black lines into 25 squares
of 20 <20 cm) and 40-cm high white walls. Each rat was placed at the center of the open field and free
to explore the unfamiliar arena; the total number of squares crossed and rearing were measured [11].
The quadrant was considered crossed when the animal had four paws in the adjacent square.

2.5. Social Recognition

Short-term social memory was assessed with the social recognition task described by Dantzer et al. [12]
and previously evaluated in our laboratory [13]. All juveniles (male Wistar rats of 25 days old) were
isolated in individual cages for 20 min prior to the beginning of the experiment. The test consisted of
two successive 5-min presentations separated by 30 min, where the juvenile rat was placed in the home
cage of the adult rat. The time spent by the adult to investigate the juvenile (nosing, sniffing, grooming
or pawing) during both presentations was measured. At the end of the first presentation, the juvenile
was removed and kept in an individual cage during the delay period and reintroduced into the home
cage of the same adult rat for the second presentation. According to Dantzer et al. [12], if the delay
period is less than 40 min, the adult rats display recognition of this juvenile, as indicated by a
significant reduction in the social investigation time during the second presentation. Time spent in
social investigation by the adult rat was measured and then expressed for each animal as the ratio of
the second exposure to the first exposure (ratio of investigation duration (RID)). A reduction in RID
reflects a decrease in investigation behavior during the second encounter, demonstrating the
recognition ability of the adult rat. This transformation was chosen in order to minimize day-to-day
variations in the baseline of performance and to equalize variances among different groups [12,13].

2.6. Elevated T Maze (ETM) Test

The equipment originated consisted of a T-shaped wooden maze with two opposite open
arms (50 %10 cm) and one enclosed arm (50 % 10 x40 cm), spreading out from a central platform of
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10 =10 cm, elevated to a height of 50 cm from the floor and internally painted with an impermeable
dark epoxy resin to avoid urine impregnation.

In accordance with Takahashi et al. [14] and Maia et al. [15], each animal was placed at the end of
the enclosed arm facing the open space. To measure inhibitory avoidance acquisition (learning
function), rats were allowed to explore the enclosed arm of the maze as many times as necessary to
comply with the avoidance criterion, which determined that animals should remain there for 300 s.
When a rat placed all four paws onto one of the open arms, the trial ended, and the animal was
returned to the arena for 30 s. After 24 h, the animals were subjected to two subsequent enclosed arm
trials (called test (long-term memory) and retest (priming memory)), with a 30-s interval between
trials. The number of trials required for inhibitory avoidance acquisition and avoidance latency test and
retest was measured.

2.7. Rotarod Test

The rotarod apparatus (Insight Scientific Equipments, SP, Brazil) consists of a grooved metal roller
(8 cm in diameter) and separated 9-cm wide compartments elevated 16 cm. As a part of the test
procedure, animals were initially trained to maintain themselves on the rotating rod at 8 rotations per
minute (RPM) for 2 min (habituation phase). Subsequently, after a period of 24 h, animals were
evaluated for their ability to remain on the rotating rod for five successive trials of 3 min each, starting
at 16 RPM and increasing to 20, 25, 28 and 37 RPM in the next sessions, respectively. The lapse of
60 s was maintained between each session (adapted from Sharma et al. [16]). The latency of the first
fall and total number of falls at each session were measured.

2.8. Mercury Measurements

After the behavioral assays, animals were sacrificed by cervical dislocation, and their brains were
immediately removed. The hippocampus and cortex were removed and submitted to dry ice. Briefly,
a homogenized sample was weighed (0.5 g maximum of wet weight) in a sample digestion bottle,
and 1 mL of distilled water, 2 mL of nitric acid-perchloric acid 1 + 1 (HNO3-HCIO,4) and 5 mL of
sulfuric acid (H,SO4) were sequentially added, followed by heat treatment on a hot plate (200-230 <C)
for 30 min. The final volume (50 mL) was completed by distilled water. Then, the extracts were
transferred to 0 and 1.0 mL of methylmercury-cysteine solution (0.10 pg Hg/ml) in two sample
digestion bottles (corresponding to 0 and 0.10 g Hg), and 1 mL of distilled water was added to only
the former (the blank) followed by 2 mL of HNO3;-HCIO, (1 + 1) and 5 mL of H,SO,. In order to
obtain blank and standard test solutions for the measurement of total mercury, the same procedure for
the sample test solution was followed. Total mercury content in the samples was estimated by wet
digestion, reduction and cold vapor atomic absorption spectrometry (CVAAS) (Semi-automated
Mercury Analyzer, model Hg-201, Sanso Seisakusho Co. Ltd., Tokyo, Japan); the circulation-open air
flow system was as previously described by Akagi et al. [17]. This involves the reduction of Hg®* ions
in the sample test solution with stannous chloride to generate elemental mercury vapor (Hg0); and
the insertion of mercury vapor into the photo-absorption cell for the measurement of absorbance at
253.7 nm. Mercury measurements were calculated by the following formula [17]: total mercury
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concentration in the sample (jg/g) = 0.10 g < (test sample — blank sample)/(standard sample — blank
sample) xdilution factor > 1/sample weight (g) ><ratio of wet weight/dry weight.

All analyses were conducted in duplicates of the group tissue samples, and the values obtained
ranged from a confidence interval of 210% (r: 0.9992). The methodology is summarized in Figure 1.

Figure 1. Schematic representation of the experimental design utilized in the present study.
(A) Open field; (B) social recognition apparatus; (C) elevated T maze; (D) rotarod;
(E) hippocampus on the left and motor cortex on the right; (F) sample to measure mercury.
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2.9. Statistical Analysis

All values are expressed as the means =SEM (n = 10 animals per group) for the behavioral assays.
Statistical comparisons between groups were performed using the Student’s t-test for behavioral
analyses and one-way ANOVA followed by Tukey’s test for mercury measurements. Values of
p < 0.05 were considered statistically significant. GraphPad Prism 5.0 (San Diego, CA, USA) software
was used for all analyses.

3. Results

3.1. Chronic HgCl, Exposure during Late Adulthood Induces Deficits on Spontaneous Locomotor
Activity in Rats

Figure 2 illustrates spontaneous locomotor activity evaluated in the open field arena by chronic
HgCl, exposure. The Student’s t-tests revealed that HgCl,-treated animals displayed a reduced
locomotor activity in both horizontal and vertical exploration in the open field. The total number
of squares crossed by HgCl, group was lower than that of the control group (p < 0.05, Figure 2A).
Chronic HgCl; exposure also decreased the number of rearing in rats in the unfamiliar arena (p < 0.01,
Figure 2B).
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Figure 2. Effects of HgClI, administration (0.375 mg/kg/day) for 45 days on the locomotor
activity of male Wistar rats evaluated in the open field (5 min). The results are expressed as
the mean = SEM of the: (A) total quadrants crossed; (B) number of rearing. * p < 0.05
compared to control group (Student’s t-test).
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3.2. Learning, Short- and Long-Term Memory Impairments Induced by Chronic HgCl, Exposure
during Late Adulthood in Rats

The effects of chronic HgCl, administration during senescence on the male rats’ social recognition
memory evaluated in the social recognition task are illustrated in Figure 3. The Student’s t-test
revealed that chronic HgCl, exposure during adulthood did not alter implicit social recognition ability
(p > 0.05), observed in RID when the same juvenile was re-exposed 30 min after the first encounter.

Figure 3. Effects of HgCl, administration (0.375 mg/kg/day) for 45 days on the social
recognition memory of male Wistar rats. The results are expressed as mean =SEM of RIDs
(ratio of investigation duration; i.e., the ratio of the second exposure to the first exposure)
when the same juvenile was re-exposed after an interval of 30 min.
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The effects of chronic HgCl, administration during late adulthood on the learning, short- and
long-term memory evaluated in the elevated T maze task are illustrated in Figure 4.

Figure 4. Effects HgCl, administration (0.375 mg/kg/day) for 45 days on the learning,
short- and long-term memory of male Wistar rats evaluated in the elevated T maze (ETM)
test. The results are expressed as the mean == SEM of the: (A) number of re-expositions
(learning function); (B) time in seconds in the enclosed arms for the first time test of
long-term memory; and (C) time in seconds in the enclosed arms for the first time test of
short-term memory. * p < 0.05 compared to control group (Student’s t-test).
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Statistical comparisons revealed that HgCl, administration during senescence induced a significant
increase in the number of re-expositions to achieve inhibitory avoidance, indicating significant
impairments to learning compared with the control group (p < 0.05, Figure 4A). Panel 4B represents
the test and 4C the retest conducted 24 h after the exposures. In the test session related to long-term
memory and the retest session related to short-term memory (p < 0.05), the mercury-intoxicated group
reduced enclosed-arm time compared to the control group. This indicates that intoxicated animals had
damage in these two types of memory.
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3.3. Chronic HgCl, Exposure during Late Adulthood Promotes Alterations in Motor Function

In order to evaluate balance and coordination, the animals were tested in the rotarod apparatus.
During test sessions, animals were subjected five times to the gyratory cylinder at increasing speeds
(16, 20, 25, 28 and 37 RPM) with 60-s intervals between the sessions. The parameters observed were
the latency and number until the first fall [16].

Figure 5A shows that the HgCl, group reduced the latency until the first fall at speeds of 16, 20, 25
and 28 RPM when compared to the control group (p < 0.05). The latency of the intoxicated animals
group was only restored in the last test session (p > 0.05). The HgCl, group had an increased number
of falls across the rotation increment in the two first sessions (p < 0.05) when compared to the control
group, which was recovered in the next rotation sessions (p > 0.05) (Figure 5B).

Figure 5. Effects of HgCl, administration (0.375 mg/kg/day) for 45 days on the motor
function of male Wistar rats evaluated in the rotarod apparatus. The results are expressed
as mean =SEM of the: (A) latency in seconds to the first fall; and (B) number of falls.
*p < 0.05 compared to the control group (Student’s t-test).
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3.4. Mercury Deposition Is Higher in the Cortex than Hippocampus after Chronic Intoxication during
Late Life in Rats

Figure 6 displays the mercury concentrations in the hippocampus and cortex of rats (after 45 days
of intoxication). Note that the mercury concentration in the hippocampus and cortex is more than
that in the control group. Indeed, ANOVA followed by Tukey’s test indicates that the mercury
concentration is higher in the cortex than in the hippocampus region (p < 0.001).

Figure 6. Effects of HgCIl, administration (0.375 mg/kg/day) for 45 days on mercury
(o/g) deposition in the cortex and hippocampus of male Wistar rats. The results are
expressed as the mean +=SEM. *** p < 0.001 compared to the control group; * compared
cortex to hippocampus intoxicated groups (one-way ANOVA followed by Tukey’s test).
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4. Discussion

This study demonstrates, for the first time, that long-term chronic HgCl, intoxication in rats during
senescence promotes functional damage. Chronic HgCl, exposure induced anxiety-related responses,
short- and long-term memory impairments and motor deficits, as evaluated by different behavioral
tests (open field, social recognition, elevated T maze and rotarod). Additionally, it was observed that
HgCl, accumulates in both the hippocampus and cortex regions, but has a higher affinity for
the cortex.

During the last few years, our group has extensively studied the long-lasting consequences of
mercury intoxication during the prenatal period [15,18,19]. In this work, our hypothesis was that
inorganic mercury exposure during adulthood also promotes functional impairment.

Mercury is able to induce distinct neurotoxic effects that depend on its chemical form (organic
compounds, elemental mercury vapor or inorganic salts) [19,20]. It is well documented that organic
mercury easily crosses the blood-brain barrier (BBB), and inorganic mercury salts (i.e., HgC1,) that are
lipid insoluble, which could impede BBB penetration, are detected in the CNS following a single [21]
or repeated i.p. administration [22]. These studies are in accordance with our results that detected
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mercury in both the hippocampus (medium 0.04 g/g) and cortex (medium 0.06 pg/g) of rat brains.
Interestingly, our results highlight that mercury has a higher affinity for the cortex than the hippocampus.

The possible mechanism involved in HgCl; transport through the BBB implies an indirect effect
resulting from interference with the activities of cerebrovascular enzymes involved in BBB transport.
In fact, Szumafiska et al. [6] showed the effect of acute doses of HgC1, (6 mg/kg) on Na'/K* ATPase
activity in the neuropil of all of the cerebral cortical layers, which impairs BBB ion movement across
the membrane even after a single dose of inorganic mercury. In addition, Moller-Madsen [21]
demonstrated that after i.p. administration of HgCl,, mercury was detected in the cortical layer, but not
after oral administration [23]. However, Pamphlett and Hum [24] detected mercury deposits in lower
motor neurons, but not in corticomotor neurons after inorganic mercury intoxication in rodents.
The uptake of mercury seems to be through striated muscle and neuromuscular junctions, and finally,
it is retrogradely transported to lower motor neuron cell bodies by their axons [25].

Despite claims that HgCl, concentrations under 1 pg/g are not toxic to in vitro cultured CNS
tissues [26,27], our results affirm that lower concentrations of HgCI, induce behavioral and
cognitive impairment.

In this sense, our current findings suggest that chronic HgCl,-treated animals reduced locomotor
exploratory activity in both horizontal and vertical exploration in the open field related to 0.06 pg/g of
mercury concentration in cortex tissue. In addition, in the forced motor task (rotarod apparatus),
inorganic mercury induced motor learning and coordinating impairment, reducing the latency until the
first fall during four sessions, which was restored only in the last phase of the test. In accordance with
our results, neurodevelopmental studies demonstrated that exposure to HgCl, in the early postnatal
days induced impairments in motor function and muscular strength, as well as reductions of locomotor
and exploratory activities [28,29]. On the contrary, Yasutake et al. [30] demonstrated that after three
weeks of intracerebroventricular injection of inorganic mercury, rodents increased spontaneous
locomotor activity in the open field apparatus, indicating that Hg®*-induced hyperactivity was
recovered three months after mercury exposure. These contradictory results may be explained by the
administration protocol and age of the animals, since we adopted animals at 150 days old that were
intoxicated until 195 days of life, which is mimetic of late adulthood and aged periods. It is well
documented that ageing reduces motor performance and cognitive functions [31,32], which could be
exacerbated by mercury poisoning.

The motor cortex has long been viewed to play an important role in fine motor control and
fractionation of movement [33,34], sensorimotor integration and higher order cognitive-motor
movements [35]. There are also other studies showing the role of motor cortex in the performance of
behavioral tasks utilized in the current study [36-38], as well as showing that alterations on motor
cortex can be associated with impaired spontaneous locomotion and incoordination in rodents [39-41].

Cognitive dysfunction was also observed in our work. Learning, short- and long-term memory
were reduced in social recognition and T maze tests related to 0.04 pg/g content of mercury in the
hippocampus. Previous works have elucidated that distinct forms of memory are mediated by different
CNS regions, such as the primary cortex (i.e., prefrontal cortex-PFC) and limbic structures
(i.e., hippocampus). These forms can be classified as declarative or explicit, defined by the ability to
recall past events deliberately, and are hippocampus-dependent; and non-declarative or procedural
(also called implicit), defined by unconsciously performed skills (motor or cognitive) that are mainly
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dependent on the striatum and cerebellum [42,43]. Of high importance, PFC plays a pivotal role, since
it receives projections from both motor and sensory areas that are crucial for learning and is an
intricate neuroanatomical correlation [44]. On the other hand, the hippocampus is involved in
anxiety-like behaviors, as well as in memory and learning processes, as a result of its connections with
other limbic areas involved in emotional behaviors [45,46]. Our results are in accordance with
Yasutake and colleagues [30], which infer that acute doses of inorganic mercury induced cognitive
damage in mice.

In the current chronic inorganic mercury intoxication protocol, we suggest that observed behavioral
disabilities were related, at least in part, by the cortical and hippocampal mercury content that may
interfere with local homeostasis. Considering the high bonding affinity between mercury and sulfur
compounds (i.e., thiol groups of proteins, peptides and amino acids), interactions of mercury
compounds with proteins in the CNS may explain some of their effects on neurotransmission. Mercury
micromolar concentrations inhibited cholinergic, glutamatergic, GABAergic and dopaminergic
systems [47-51], affecting both behavior and cognition. It is well established that cognitive and
motivational processes depend on the connections between PFC and limbic structures, which are
dependent on the neurotransmitters cited above, and the hippocampus plays a key role in the
functioning of these pathways [43].

5. Conclusions

In conclusion, our results provide new evidence that exposure to inorganic mercury during late
adulthood induces motor and cognitive impairments associated with low mercury content in cortex and
hippocampus structures. Of significance are the current findings indicating that even under in vitro
cytotoxic effects, CNS micromolar concentrations of mercury induce behavioral and motor dysfunction
after chronic exposure in late adulthood. The mechanisms involved in the observed neurobehavioral
consequences include disruption to the blood brain barrier, mainly the damage activity of Na/K
ATPase found in brain microvessels; however, the completed mechanism should be investigated in
future research, but the present data provide promising evidence that inorganic mercury can also
promote neurotoxic effects, even in the mature brain.
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