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1. Introduction

Catecholamines, including dopamine and norepinephrine, are biological amines that display 

important roles in the homeostasis of several biological functions. Within the central nervous 

system (CNS), dopamine and norepinephrine play major roles as neurotransmitters, taking 

part in the proper functioning of critical neuronal pathways linked to motor function, 

cognition, emotion, memory and endocrine modulation. Impairments in catecholaminergic 

neurotransmission are implicated in neurologic and neuropsychiatric disorders. Moreover, 

catecholaminergic neurons represent important targets that mediate the deleterious effects of 

neurotoxic agents, such as metals and metalloids, pesticides, among others. Methylmercury 

(MeHg) is an organic mercury compound ubiquitously present in nature due to both natural 

and anthropogenic sources. MeHg is produced mainly as a consequence of the methylation 

of inorganic mercury in the aquatic environment (in a reaction catalyzed by reducing 

bacteria) and is biomagnified within the aquatic food chain, reaching high levels in 

predatory fish. Human populations, exposed to MeHg, mainly due to the ingestion of 

predatory fish, may develop neurological symptoms. Even though the glutamatergic 

neurotransmitter system has been noted as a major target mediating MeHg-induced 

neurotoxicity, several studies also affirm that the catecholaminergic system is involved in 

several toxic effects of MeHg. This chapter will focus on the toxic effects of MeHg toward 

the catecholaminergic system, with particular emphasis on the potential neurotoxic effects 

and neurological consequences resulting from MeHg exposure, as well as related 

mechanisms.

2. The catecholaminergic neurotransmitter system: general aspects

Catecholamines, including dopamine and norepinephrine (also called noradrenaline), are 

biological amines derived from the amino acid tyrosine. In order to synthesize dopamine, 

tyrosine is first converted to dihydroxyphenylalanine (DOPA) in a reaction catalyzed by 

tyrosine-hydroxylase (TH). DOPA is then decarboxylated by DOPA-decarboxylase to yield 

dopamine. The generation of norepinephrine from dopamine involves the hydroxylation 
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catalyzed by dopamine β-hydroxylase. Figure 1 depicts the synthesis of dopamine and 

norepinephrine from the non-essential amino acid tyrosine.

Within the central nervous system (CNS), dopamine and norepinephrine act as 

neurotransmitters; the cell groups producing catecholamines are localized in discrete brain 

regions and project their axon terminals to a wide range of target areas that play important 

roles in CNS functions (Kobayashi, 2001). Dopaminergic cells are mainly localized in the 

substantia nigra (A9 cell group) and ventral tegmental area (A10 cell group) (Lindvall et al., 

1983). Neurons from the A9 group innervate the caudate-putamen to form the nigrostriatal 

pathway, which has a pivotal role in motor control (Gerfen,1992). Neurons from the A10 

group project their fibers to the nucleus accumbens, amygdala, and prefrontal cortex, 

forming the mesocorticolimbic pathway, which is involved in emotion, motivation, and 

memory formation (Le Moal and Simon, 1991). Dopaminergic neurons from the A11-A14 

groups are present in the mediobasal region of the hypothalamus, projecting their fibers to 

the median eminence and pituitary gland (Moore and Lookingland, 1995), modulating 

pituitary gland function.

The norepinephrine system originates from the locus coeruleus (A6 cell group) and the 

lateral tegmental area in the brain stem (A1, A2, A5, and A7 cell groups) (Moore and Card, 

1984). Neurons from the A6 group innervate the cerebral cortex, amygdala, hippocampus 

and thalamus, forming the dorsal norepinephrinergic pathway. The ventral 

norepinephrinergic pathway represents an additional way that innervates mainly the 

hypothalamus and septum. These neurons are implicated in both cognitive (attention, 

memory) and vegetative functions, such as neuroendocrine and autonomic regulation 

(Robbins and Everitt, 1995).

Several behavioral and pharmacological approaches have been used to understand brain 

functions mediated by catecholamines. Using a mutant phenotype of mice genetically 

impaired in dopamine or norepinephrine biosynthesis, Kobayashi and coworkers reported 

behavioral and physiologic roles of these two catecholamines in the CNS (Kobayashi, 2001). 

Using mutant mice defective in dopamine biosynthesis, in which the expression of TH in 

norepinephrinergic neurons was rescued with the dopamine β-hydroxylase gene promoter 

(functional in norepinephrinergic cells), the authors observed a significant reduction of 

dopamine in various encephalic structures (forebrain, midbrain, hindbrain and pituitary 

gland) compared with wild-type animals, whereas norepinephrine levels were normal. The 

dopamine-deficient mice displayed a significant reduction in spontaneous locomotor activity, 

exhibited cataleptic behavior and were insensitive to the methamphetamine treatment, which 

normally induces the hyperactivity of locomotion (Kobayashi, 2001). These observations, 

derived from studies with genetically modified mice, are in line with the crucial role of 

dopamine in motor function in humans (Ko and Strafella, 2012).

In addition to motor dysfunction, dopamine-deficient mice displayed defects in certain 

emotional learning paradigms, such as the active avoidance; these defects seem to be related 

to dopamine depletion in nucleus accumbens (McCullough et al, 1993). In agreement with 

these data from experimental studies with genetically modified mice, pharmacological 

studies have shown the crucial role of dopamine in memory and cognition. In an in vivo 
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study using mice treated with the D2 dopamine receptor agonist quinpirole (administered 

into the ventral pallidum), Lenard et al. (2017) showed that the activation of the D2 

dopamine receptors in the ventral pallidum facilitates memory consolidation as well as 

memory-retention in inhibitory avoidance paradigm. In humans, striatal dopamine D2 

receptors play a critical role in enabling the flexible updating and manipulation of 

information in working memory (Dodds et al., 2009). However, the role of dopamine in 

memory seems to depend on the type of receptor involved, given that D₃ receptor blockade 

may enhance cognitive performance in healthy individuals and treat cognitive dysfunction in 

individuals with a neuropsychiatric disorder (Nakajima et al., 2013).

With respects to norepinephrine, genetic manipulation procedures were able to generate 

heterozygous mutant mice with reduced norepinephrine metabolism in the brain; the release 

level through repetitive high K+ stimulation was reduced in the mutant mice (56% of the 

wild-type level). These heterozygous mutant mice displayed deficits in three kinds of 

associative learning paradigms, including active avoidance, cued fear conditioning, and 

conditioned taste aversion (Kobayashi, 2001). Notably, treatment with desipramine, an 

inhibitor of norepinephrine uptake, recovered the memory deficits in the mutant mice, 

confirming that the central norepinephrine system plays a key role in long-term memory 

formation of conditioned learning. With respect to brain regions involved in long-term 

memory of conditioned learning, several behavioral studies have indicated that the 

associative learning require the amygdala and its linking pathways, including the cerebral 

cortex (Everitt et al, 1991; Yamamoto et al., 1995). In line with the aforementioned 

evidence, Veyrac et al. (2009) showed that labetalol, a mixed β- and α1-adrenoceptor 

antagonist, blocked the improve in short-term olfactory memory and neurogenesis in the 

olfactory bulb of mice subjected to the environmental enrichment. In addition, desipramine, 

an inhibitor of norepinephrine uptake, has shown to improve cognition/memory in both 

animals (Feltmann et al., 2015) and humans (Mokhber et al., 2014).

The aforementioned evidence indicates that both catecholamines play important roles in 

motor control, emotional learning and memory formation. In line with this, disruption of 

these neurotransmitter systems lead to motor and cognitive impairments, as discussed below.

3. Catecholamines in neurological and neuropsychiatric disorders

As already mentioned, catecholaminergic neurotransmission is involved in the regulation of 

variety of neurophysiological and behavioral processes, from relatively simple endocrine 

events (for instance, peripheral regulation of blood pressure) to complex mental activities 

(i.e., motivation, attention, learning, cognition, and thinking, etc.) (Nieoullon, 2002; 

Bromberg-Martin et al., 2010; Cools and D’Esposito, 2011; Johansen et al., 2011; Huys et 

al., 2014; Montes et al., 2015). Disruption in the normal neurophysiology of 

catecholaminergic system has been implicated in the etiology of important neuropsychiatric 

disorders (van Os & Kapur, 2009; Del Campo et al., 2011; Tritsch and Sabatini, 2012; 

Sigitova et al., 2017). In this context, a significant progress in our knowledge concerning the 

role of dopaminergic transmission in neuropsychiatry diseases was achieved by showing that 

the first generation of therapeutic antipsychotic agents (i.e., chlorpromazine, haloperidol), 

used to treat schizophrenia, had the ability of blocking dopaminergic receptors (Creese et al. 
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1976). Likewise, the reported relationship between dopamine depletion in the caudate 

nucleus of rodents and the appearance of Parkinson’s diseases (PD)-related motor symptoms 

was instrumental in linking dopaminergic transmission with the neuropathology of this 

neurodegenerative condition. The major symptoms of PD, such as tremor, rigidity, difficulty 

to initiate movement and postural hypotension are associated with dopamine depletion in the 

substantia nigra and other interconnected brain regions. Although the degeneration of 

dopaminergic cells is more pronounced in PD, noradrenergic neurotransmission plays also 

an important role in the modulation of PD symptoms (Barbeau, 1970; Teychenne et al., 

1985).

Nowadays, the importance of catecholaminergic neurotransmission in different types of 

motor, cognitive and affective disorders has been validated (Nieoullon, 2002). The pivotal 

role of dopamine and norepinephrine in the regulation of normal behavior in experimental 

animals and humans and the crucial causal role of disruption of catecholaminergic 

neurotransmission in the etiology of neuropsychiatric disorders is now well-established. For 

instance, in addition to schizophrenia and PD, disturbances of catecholaminergic 

neurotransmission have been implicated in attention deficit hyperactivity disorders (ADHD) 

(Van Enkhuizen et al., 2015), bipolar disorders (Van Enkhuizen et al., 2015; Sigitova et al., 

2017), depression (Hamon and Bilier, 2013), substance-use or addiction disorders (Ewing 

and Myers, 1985; Beaulieu and Gainetdinov, 2011; Fitzgerald, 2013; Huys et al., 2014), 

eating disorders (Kaye et al., 2013; Volkow et al., 2011; 2013), Alzheimer’s disease (Trillo 

et al. 2013), obsessive compulsive disorder (OCD) (Tritsch and Sabatini, 2012; Pauls et al., 

2014), autism spectrum disorders (ASD) (Quaak et al., 2013; Nguyen et al., 2014), among 

others.

In the case of schizophrenia, the dopaminergic hyperactivity in the prefrontal cortex is 

thought to play a central role in the psychotic symptoms of this condition. Although both 

pre- and post-synaptic dopamine receptors located in different brain areas seem to be 

involved in schizophrenia (Nikolaus et al., 2014; Howes et al., 2015), particular attention has 

been given to the increase in the D2 dopamine receptors in the high-affinity state in 

schizophrenic patients (Beaulieu and Gainetdinov, 2011).

Alterations in dopaminergic neurotransmission can explain satisfactorily the 

symptomatology found in about 2/3 of schizophrenic patients, but the remaining cases 

cannot be attributed exclusively to dopaminergic hyperactivity. In fact, other 

neurotransmitter systems interact with the dopaminergic transmission to produce the typical 

psychotic (hallucination, disorganized speech, delusions, etc.) or negative symptoms (social 

withdraw, apathy, cognitive deficits, etc.) found in this neurological condition. For instance, 

changes in the glutamatergic neurotransmission have been implicated in the etiology of 

schizophrenia, particularly the N-methyl-D-aspartate (NMDA) receptor hypofunctioning in 

specific brain areas (Howes et al., 2015). Noradrenergic neurotransmission has also been 

suggested to contribute in the etiology of some cases of schizophrenia (Fitzgerald, 2014). 

Thus, as in the case of other neurological or psychiatry disorders, the disruption in the 

delicate interaction between different neurotransmitters seems to be more important than 

isolated changes in a single neurotransmitter system.
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Factors that can be important to the emergence of neuropathological disorders are the 

exposure to stressful situations or neurotoxic agents during critical periods of brain 

development (Rice and Barone Jr., 2000; Andersen, 2003; Rakers et al., 2017). Indeed, the 

delicate ontogeny of the nervous system can be disrupted by different stressors or neurotoxic 

chemicals (Rice and Barone Jr., 2000; Andersen, 2003; Grandjean and Landrigan, 2014; 

Rakers et al., 2017) and the normal pre-natal and post-natal development of 

catecholaminergic neurotransmission systems can be permanently altered by environmental 

stressors or neurotoxicants (Spear, 2000; Cory-Slechta et al., 2008). Accordingly, the 

association between exposures to environmental or industrial neurotoxicants with 

neurological disorders has been advocated in the literature. For instance, the increase in the 

incidence of autism or autism spectrum disorder (ASD) has been attributed to mercury 

exposure during brain development (Mutter et al., 2005; Austin & Shandley, 2008; Kern et 

al., 2011; 2016; Sealey et al., 2016). However, the points of evidence supporting the link 

between mercury and ASD are highly questionable (Stellfeld et al., 2003; Taylor et al., 2014; 

Rossignol et al., 2014).

Exposure of experimental animals and humans to high levels of neurotoxic xenobiotics 

during critical periods of brain development have been consistently linked with permanent 

behavioral abnormalities later in life (Rice and Barone Jr.; Kari et al., 2016; Heyer and 

Meredith, 2017). In contrast, epidemiological data showing a potential causal relationship 

between exposures to low levels of neurotoxicants (for instance, MeHg, Hg, Pb, 

polychlorinated biphenyls (PCBs), organophosphates, pyrethroids, etc.) and the occurrence 

of behavioral abnormalities are scarce (Petersen et al. 2008). Despite of this, the available 

studies indicate that exposure to MeHg, lead and PCBs have to be avoided (Rice and Barone 

Jr. 2000; Kraft et al., 2017; Heyer and Meredith, 2017).

4. The catecholaminergic neurotransmitter system as a potential target of 

neurotoxicants and related consequences

Several effects resulting from exposures to neurotoxicants are linked to misbalances in the 

proper functioning of specific neurotransmitter systems. Both dopaminergic and 

noradrenergic neurotransmission have been implicated. Of note, some neurochemical, 

histological and behavioral effects resulting from exposures to neurotoxicants have been 

useful to understand mechanisms concerning the role of such toxicants toward a specific 

neurotransmitter system. In this section, we will briefly introduce two noxious agents, 

paraquat (PQ) and N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride (DSP-4), 

which are known to cause neurotoxicity in the dopaminergic and noradrenergic 

neurotransmitter systems, respectively. Classical dopaminergic toxins, such as 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA), are not 

discussed here because of its nonspecific toxic roles; they act on both dopaminergic and 

noradrenergic neurotransmitter systems (Miyoshi et al., 1988; Archer and Fredriksson, 2006; 

Szot et al., 2012), making difficult to discriminate between specific outcomes.
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Paraquat

(PQ; N,N′-dimethyl-4–4′-bipiridinium) is an herbicide widely used in several countries and 

its toxicity has been reported since approximately 50 years ago (Clark et al., 1966). Even 

though initial studies with PQ have reported its effects on lung, liver, and kidney, significant 

damage to the brain was seen in individuals who died from PQ intoxication (Grant et al., 

1980). The molecular mechanisms mediating PQ-induced dopaminergic neurotoxicity seem 

to involve a redox cycling that generates superoxide anion (Day et al., 1999), leading to 

oxidative stress and neurodegeneration.

Experimental evidence has reported that PQ possesses marked neurotoxicity and induces 

degeneration of the rat nigrostriatal dopaminergic system (Liou et al., 1996). In addition, 

elevated levels of α-synuclein have been reported in the frontal cortex and ventral midbrain, 

as well as α-synuclein-positive inclusions in substantia nigra neurons of mice treated with 

PQ (Manning-Bog et al., 2002). The occurrence of dopaminergic neurotoxicity and α-

synuclein up-regulation and aggregation suggests that the experimental PQ model may serve 

a useful tool to study Parkinson’s disease-like disorders (i.e., nigral cell loss and synuclein 

pathology). Notably, PQ exposure has been significantly associated with Parkinson’s disease 

(2.2-fold increase in risk for ever having used the chemical) (Pezzoli & Cereda., 2013).

It is noteworthy that experimental animals exposed to PQ have shown both motor (Park et 

al., 2005; Kang et al., 2010) and (Ait-Bali et al., 2016; Li et al., 2016) cognitive 

impairments, consistent with the aforementioned roles of dopamine in motor control and 

emotional learning (presented in item 2). Even though PQ exposure has been associated with 

increased risk for Parkinson’s disease (Pezzoli and Cereda., 2013), epidemiological studies 

on the effects of PQ toward motor and cognitive performance in humans are limited.

N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride

(DSP-4) is a neurotoxin that selectively damages the locus coeruleus noradrenergic system. 

The first studies with DSP-4 date from approximately 4 decades ago, when Ross & Renyl 

(1976) found that DSP-4 inhibited the active uptake of norepinephrine in mouse cortical 

cerebral slices. In the same year, Ross (1976) observed that exposure of rats to DSP-4 

decreased dopamine β-hydroxylase (DBH) activity in the brain, suggesting the loss of 

noradrenergic neurons. By observing that the inhibition of adrenaline uptake did not per se 

cause the fall in DBH activity, this author concluded that the binding of DSP-4 to the 

neuronal membrane was responsible for a degenerative process. This hypothesis is 

reinforced by the observation that desipramine, an inhibitor of norepinephrine uptake, 

prevented the decrease in brain DBH activity.

Because of its relative specific effects toward the noradrenergic system (serotoninergic and 

dopaminergic nerves are only slightly or not at all affected), DSP-4 has been an important 

toxic agent to understand the roles of the norepinephrine in the central nervous system (for a 

review, see Ross and Stenfors, 2015). DSP-4 readily passes the blood-brain barrier and 

cyclizes to a reactive aziridinium derivative that is accumulated into the noradrenergic nerve 

terminals via the noradrenaline transporter. DSP-4 exposure (at the dose 50 mg/kg i.p. in 

rodents) causes a rapid and long-lasting loss of noradrenaline and a slower decrease in the 
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dopamine-β-hydroxylase enzyme activity and immunoreactivity in the regions innervated 

from locus coeruleus (A6 cell group). The neurotoxic effect is counteracted by pretreatment 

with noradrenaline uptake inhibitors (i.e. desipramine). MAO-B inhibitors of the N-

propargylamine type, such as selegiline, also counteract the DSP4-induced neurotoxicity.

Taking advantage of DSP-4 as a specific toxin for the noradrenergic neurotransmitter 

system, it was possible to establish critical roles of norepinephrine for several physiological 

functions, such as learning, memory, pain and emotion, among others. By using a protocol 

of DSP-4 exposure in rats, Ogren and coworkers (1980) showed that DSP-4-induced 

degeneration of the locus coeruleus noradrenergic system was paralleled by a marked 

impaired avoidance acquisition, indicating that the locus coeruleus noradrenergic system 

may play a role in aversive learning (Ogren et al., 1980). Consistent with this observation, 

Archer et al., (1984), studying the effects of DSP-4 on active avoidance acquisition in rats, 

observed that DSP-4 significantly impaired avoidance learning and that pretreatment with 

desipramine antagonized the active avoidance impairment. In a study with rats, Liang (1998) 

observed that intra-amygdala infusion of DSP-4 impaired retention in the inhibitory 

avoidance task, suggesting the involvement of norepinephrine but not serotonin in memory 

storage processing in the applied experimental model.

The role of the noradrenergic system in modulating nociception was also proposed from 

studies using DSP-4. Zhong et al., (1985) showed that intrathecal injections of DSP-4 

selectively depleted spinal noradrenaline and attenuated morphine analgesia in rats. In 

addition, by lesioning locus coeruleus noradrenergic neurons with DSP-4 in rats, Kudo et al 

(2010) proposed that central neuropathic pain may be facilitated by DSP-4 depleting locus 

coeruleus noradrenergic neurons.

Based on the aforementioned studies with the toxic agent DSP-4, the noradrenergic 

neurotransmitter system was invoked to play a critical role in modulating learning and pain. 

In addition, it is noteworthy that experimental studies with DSP-4 have also pointed to 

important roles of the noradrenergic neurotransmitter system in modulating mesolimbic 

dopamine transmission (Lategan et al., 1992) and emotionality (Harro et al., 1995).

5. Methylmercury: general aspects and major mechanisms of 

neurotoxicity

The mercury atom covalently bound to a carbon from the methyl group forms a reactive and 

soft electrophile center in the MeHg molecule. In fact, MeHg is a soft electrophile that has 

high affinity for soft nucleophiles (Pearson, 1963). In the biological scenario, we can found 

two types of physiologically relevant soft nucleophile centers, i.e., the sulfhydryl (-SH or 

thiol) or the selenohydryl (-SeH or selenol) groups. Thiol groups are found in a few 

endogenous low molecular mass molecules, such as cysteine and reduced and oxidized 

glutathione (GSH and GSSG), as well as in thousands of high molecular mass 

macromolecules (thiol-containing-proteins) (Table 1; Miseta et al. 2000; Go & Jones, 2013). 

For instance, the cysteinyl (Cys) proteome revealed that approximately 200,000 Cys residues 

are encoded in the human genome (Go & Jones, 2013). Evolutionary studies have indicated 
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that cysteine was first selected to be part of the specific motif –C-(X)2-C-, which is found in 

metal binding proteins and in oxidoreductases.

According to Miseta et al. (2000), in archea, the ancient motif containing the two vicinal 

cysteine residues was evolutionary selected to binding metals. Here, possibly those metals 

with physiological function (i.e., Zn2+, Cu2+, etc).

Glutathione (GSH and GSSG) and thioredoxin [Trx(SH)2] systems have crucial roles in 

maintain the cellular homeostasis of redox sensitive cysteinyl- or thiol-containing proteins 

(Go and Jones, 2013). In fact, Trx and GSH systems have different role as regulators of 

disulfide-thiol redox equilibrium, because they regulate the redox state of distinct classes of 

thio-disulfide-containing proteins (Go et al. 2015; Jones 2015). Of particular toxicological 

significance, MeHg can target both antioxidant systems and their disruption can have 

profound impact in the neurotoxicity of MeHg (Carvalho et al. 2011; Farina et al. 2011b, 

2013; Branco et al. 2017).

Low molecular mass molecules containing thiol groups have been synthesized for 

therapeutic purposes (Longcope et al., 1946; Vilensky and Redman, 2003; Blanusa et al. 

2005). Table 1 shows some synthetic thiol molecules used in the treatment of intoxication 

with mercurials, lead and other toxic elements. In contrast, the existence of low mass 

selenol-containing biomolecules has not yet been clearly demonstrated and the occurrence of 

stable low mass selenol molecules under physiological conditions are improbable.

The occurrence of the selenol group is much more restricted than the thiol center and the –

SeH group is found only a few number of selenoproteins (Hatfield et al. 2014; Rocha et al. 

2017; Table 1). For instance, the mammalian genome codifies 20–30 selenoproteins, 

including important oxidoreductases involved in the metabolism of reactive species (e.g., 

glutathione peroxidase and thioredoxin reductase isoforms, Hatfield et al., 2014).

The affinity of MeHg for the –SH is high and the formation constant of RSH + MeHg →RS-

HgMe (i.e. the formation of –Hg-S- bond ) is very high (~15–20; Rabenstein, 1978a). This 

implies that, under physiological conditions, MeHg will be not found in “a free form” or 

bound to other abundant ligands, such as Cl− (chloride, e.g., in stomach) or OH−. As a 

corollary, we may infer that the chemistry, biochemistry and toxicology of MeHg will be 

dictated by the chemistry of thiol ←→MeHg-sulfide exchange (Figure 2 and 3, Rabenstein 

1978a,b; Rabenstein and Fairhurst, 1975; Rabenstein et al., 1974; 1982; Rabenstein and 

Reid, 1984; Farina et al. 2011; Dórea et al. 2013). On the other hand, MeHg can also 

coordinate with the selenol group of selenoproteins (Arnold et al., 1986; Rabenstein et al. 

1986; and for review, see Farina et al. 2011). Of particular toxicological significance, the 

affinity of MeHg for the selenohydryl (selenol) groups is much higher than that of for the 

sulfhydryl (thiol) group (Sugiura et al., 1976; 1978). However, the formation constant of 

RSeH + MeHg →RSeHgMe has rarely been calculated chemically (Arnold et al., 1986). 

Essentially, the affinity of the –SeH for MeHg is too high, which makes the determination of 

the constant difficult. Recent in silico studies have confirmed the superior affinity of the 

selenol group for electrophilic mercury forms (e.g., Hg2+ and MeHg) over the analog thiol 

molecules (Asaduzzaman and Schreckenbach, 2011; Asaduzzaman et al., 2009).
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Indeed, many studies have corroborated the ability of MeHg to inhibit selenoenzymes, both 

in vitro and after in vivo exposure (Carvalho et al., 2008; 2011, Farina et al., 2009; Franco et 

al., 2009; Wagner et al., 2010; Branco et al., 2011; 2012; 2014, 2017; Dalla Corte et al., 

2013; Meinerz et al., 2017).

The higher affinity of MeHg for the –SeH than –SH groups may indicate that selenoproteins 

should be the primary targets of MeHg. However, the much lower concentration of –SeH 

groups when compared with –SH groups makes the scenario more complex and we have to 

weigh the superior affinity of –SeH for MeHg against the much greater concentrations of –

SH groups in the biological milieu.

In short, any type of molecule containing thiol or selenol groups can be a potential target of 

MeHg. But our knowledge about the primary targets of MeHg is still elusive. In fact, the 

toxicity of MeHg is rather complex and involves the hierarchical interaction with multiple 

targets at different levels of cellular organization (Castoldi et al., 2000; Deny and Atchison 

1996; Minnema et al., 1989; Sirois and Atchison, 2000; Atchison, 2005; Aschner et al., 

2007). For instance, after being absorbed as a MeHg-cysteine complex, the MeHg derived 

from fish muscle proteins, can interact with thiol- and selenol-containing molecules (Figure 

2 and 3; Farina et al., 2011a,b; Dórea et al., 2013). Since thiols are much more abundant 

than selenol groups, the probability that MeHg will target thiol-containing molecules is 

higher than targeting the selenol groups. Thus, the distribution of MeHg from non-target 

tissues to target tissues (particularly the brain) will be dictated by the exchange of MeHg 

from one thiol to another thiol- or selenol-containing molecule (Figure 2). However, in view 

of the high concentration of low mass thiol-containing molecules (i.e. GSH and cysteine), 

they are expected to have a central role MeHg distribution through the body and brain 

(Naganuma et al., 1980). In the blood, plasma and erythrocyte thiol-containing proteins (e.g. 

albumin and hemoglobin, etc.; Figure 2) possibly also play an important role in the 

distribution of MeHg. Accordingly, hemoglobin has the ability of binding MeHg and 

erythrocytes can retain a great proportion of MeHg in vertebrates (Naganuma et al., 1980; 

Doi and Tagawa, 1983; Clausing et al., 1984; Doi, 1991). The exchange of MeHg from the 

thiol group of hemoglobin to low molecular mass thiol (e.g. GSH and cysteine) will have a 

central role in the distribution of MeHg (Figure 2).

Selenoprotein P has an important role in the distribution of selenium to the brain and it is 

also one of the most abundant selenoproteins in the plasma (Burk and Hill, 2005). Although 

elevated levels of plasma selenoprotein P levels have been recently associated with high 

whole blood mercury (derived from fish and whale consumption) (Ser et al., 2017), its role 

in the distribution of MeHg to the brain has not been investigated. It is noteworthy that 

selenoprotein P can bind Hg+2-selenide complexes and it has been suggested that this type 

of interaction can facilitate the detoxification of Hg (Yoneda and Suzuki, 1997; Suzuki et al., 

1998). However, the importance of selenoprotein P in MeHg distribution have been little 

investigated and, in contrast to humans exposed to mercury from seafood (Ser et al., 2017), 

the levels of selenoprotein P were decreased in rats intoxicated with high doses of MeHg 

(Usuki and Fujimura, 2016).
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The complex biochemistry of MeHg movement from one thiol- or selenol-molecule to other 

molecules has not been studied in detail. Professor Dallas L. Rabenstein and collaborators 

were the pioneers investigating this type of MeHg-thiol exchange (Rabenstein & Fairhurst 

1975; Rabenstein 1978b; Rabenstein et al. 1974; 1982; 1986; Rabenstein & Reid, 1984; 

Arnold et al. 1986). However, after them, little has been made and this subject is an 

important bottleneck in the molecular toxicology of MeHg. Although the exchange of MeHg 

from one thiol or selenol to another is well demonstrated, we cannot predict whether or not 

the temporary interaction of a given protein with MeHg will result in the inactivation of this 

protein even after MeHg leaving the thiol-containing protein (Figure 3). Consequently, we 

can hypothesize that the exchange of MeHg from one class of protein to another type of 

thiol- or selenol-containing protein can result or not in the inactivation of the proteins that 

have been temporarily bound with MeHg (Figure 3).

After reaching the brain, MeHg-thiol complex(es) are distributed to different cells types, 

including neural and glial cells (Atchison and Hare 1994; Aschner et al., 2007; Ni et al., 

2012; Colón-Rodrigue et al., 2017). Astrocytes play a critical role in MeHg neurotoxicity 

and MeHg-induced impairment in glutamate up-take by astrocytes is tentatively one of the 

primary targets of MeHg (for review, see Aschner et al., 2007; Farina et al., 2011b). The 

inhibition of glutamate transport by MeHg causes an increase in the extracellular glutamate 

concentration, which can trigger excitotoxicity via activation of NMDA receptors. The 

activation of the glutamatergic receptors stimulates the entrance of Ca2+ into the neuronal 

cells and the activation of neurotoxic pathways. The intracellular overload of Ca2+ promotes 

the up-take of Ca2+ by the mitochondria, triggering reactive oxygen species overproduction, 

energy failure, mitochondrial permeability transition pore (mPTP) and cell demise (Atchison 

and Hare, 1994; Atchison, 2005; Limke et al., 2003; Roos et al., 2012; Farina et al., 2011b; 

2013). The source of Ca2+ can be derived from the extracellular space and from intracellular 

stores (Atchison & Hare, 1994; Limke et al. 2003, Roos et al., 2012). Accordingly, in vitro 
and in vivo studies have demonstrated the protective role of Ca2+ channel blockers against 

the neurotoxicity of MeHg (Hare and Atchison 1995; Sakamoto et al., 1996; Castoldi et al., 

2001; Gassó et al., 2001; Ramanathan and Atchison, 2011; Bailey et al., 2013).

Of particular neurotoxicological significance, MeHg also stimulates the ROS in astrocytes 

that can overwhelm the antioxidant cellular capacity (Aschner et al., 2007). Since astrocytes 

have substantial reserve of antioxidants, particularly the GSH system (Peuchen et al., 1997), 

the over-production of ROS/RNS can exhaust the astrocytes defenses, rendering the 

surroundings neurons more vulnerable to the neurotoxicity of glutamate and oxidative stress 

(Farina et al., 2011a,b).

MeHg can also be transported to the microglial cells and can trigger some biochemical 

changes similar to those provoked in astrocytes (Ni et al., 2010; 2011;2012). However, in 
vitro, microglial cells responded earlier to MeHg than astrocytes, indicating a potential role 

of this type of glial cells in the neurotoxicity of MeHg.

Although excitotoxicity has been shown to play a crucial role in the cytotoxicity of MeHg in 
vitro, the points of evidence indicating the participation of glutamatergic system under in 
vivo conditions are still limited (Juarez et al., 2002; 2005; Feng et al., 2014). The 
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intracerebral infusion of high concentrations of MeHg caused a substantial increase in the 

extracellular levels of glutamate and oxidative damage (mediated by NMDA receptor 

activation) in the brain of rats (Juarez et al., 2002; 2005). Indirect points of evidence support 

the involvement of disruption in glutamatergic neurotransmitter system in the neurotoxicity 

of MeHg in developing and adult rodents (Farina et al., 2003; Manfroi et al., 2004; Carratu 

et al., 2006, Feng et al., 2006; Deng et al., 2014).

In addition to glutamatergic system, MeHg can also disrupt the functionality of cholinergic, 

dopaminergic, adrenergic and GABAergic neurotransmission in vertebrates (Hrdina et al., 

1976; Sharma et al., 1982; Bartolome et al., 1987; Pereira et al., 1999; Zhou et al., 1999; 

Gimenez-Lort et al., 2001; Limke et al., 2004b; Aschner et al., 2007; Bradford et al., 2017). 

Indeed, MeHg can interact with thiol-containing proteins involved in the regulation of 

neurotransmission at different subcellular levels. For instance, MeHg can modify the activity 

of ionic channels, neurotransmitter receptors, neurotransmitters storage (uptake and release) 

and metabolism, etc. (Slotkin and Bartolome, 1987; Atchison and Hare 1994; Castoldi et al., 

2001; Limke et al., 2004a,b; Atchison, 2005). In the next sections, we specifically discuss 

the effects of MeHg on the catecholaminergic system.

6. Methylmercury-mediated catecholaminergic toxicity

6.1. Dopamine

The effects of MeHg toward the dopaminergic neurotransmitter system have been 

extensively reported. In 1982, Bartolome and coworkers (1982) reported the effects of 

neonatal MeHg exposure on the biochemical development of CNS catecholamine synapses 

by evaluating synaptosomal and synaptic vesicular uptakes of [3H]catecholamines, TH 

activity, and levels and turnover rates of catecholamines. Most of the evaluated parameters 

were measured during the early postnatal (PN) period (from birth to PN day 40). The 

authors observed that neonatal MeHg exposure produced initial inhibition of [3H] dopamine 

synaptosomal uptake, followed by marked elevations of uptake from PN day 20 day onward. 

The observed changes in synaptosomal uptake were preceded by increases in the turnover 

rate of dopamine. However, the authors observed normal developmental patterns for other 

presynaptic terminal parameters (vesicular uptake, TH activity, and dopamine content). At 

that time, it was concluded that the alterations in uptake and turnover for dopamine indicate 

that the synaptic dynamics of developing central dopaminergic neurons are indeed affected 

by MeHg exposure.

Several years later, two groups reported increased dopamine release after MeHg exposure. 

Kalisch and Racz (1996) investigated the effects of in vitro MeHg exposure on endogenous 

dopamine efflux from mouse striatal slices. MeHg produced a concentration-dependent 

increase in the efflux of dopamine from mouse striatal slices. Notably, potassium-stimulated 

efflux of dopamine was enhanced by MeHg in both the presence and absence of Ca2+ in the 

medium, suggesting that under depolarizing conditions, dopamine efflux induced by MeHg 

has a Ca2+-independent component. The authors suggested that alterations in dopamine 

neurotransmission in the striatum might contribute to the symptoms of MeHg toxicity. In 

agreement with Kalisch and Racz (1996), Faro and colleagues (2000) investigating the 

effects of intrastriatal administration of MeHg on the dopaminergic system of rat striatum in 
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conscious and freely-moving animals (using microdialysis coupled to liquid 

chromatography), observed that intrastriatal administration of MeHg (40μM to 4 mM) led to 

concentration-dependent increases in dopamine release from rat striatal tissue associated 

with significant decreases in extracellular levels of its main metabolites 

dihydroxyphenylacetic acid (DOPAC) and homovallinic acid (HVA). The authors explained 

these effects as a result of stimulated DA release and/or decreased DA intraneuronal 

degradation. The results from these two research groups reinforce the idea that increased 

dopamine release is an important effect of MeHg toward the dopaminergic neurotransmitter 

system. Further studies from Faro and coworkers (2002a) provided additional mechanistic 

information concerning MeHg-induced dopamine release in a microdialysis study. 

Evaluating the effects of striatal MeHg administration in dopamine release, the results 

demonstrated that MeHg increases the spontaneous DA release from rat striatum in a 

transporter-dependent manner, which is independent on vesicular stores and external Ca2+. 

MeHg also decreased KCl-evoked DA release.

Notably, the possibility of indirect effects in MeHg-induced dopamine release was proposed 

in 2002. Faro and coworkers (2002b) observed that intrastriatal infusion of MeHg in rats 

increased the extracellular dopamine levels with respect to basal levels. In contrast, this 

effect was significantly decreased in 400 μM MK-801 pretreated animals. Moreover, MeHg-

induced increase in the extracellular dopamine levels was significantly decreased in 100 μM 

L-NAME or 7-NI (nitric oxide synthase inhibitors) pretreated animals, suggesting that 

MeHg acts, at least in part, through an overstimulation of NMDA receptors with possible 

NO production to induce DA release, and that administration of NMDA receptor antagonists 

and NOS inhibitors protects against MeHg-induced DA release from rat striatum. This study 

by Faro et al., (2002b) raised the possibility of indirect effects in MeHg-induced dopamine 

release through activation of other neurotransmitter systems, such as the glutamatergic one.

In agreement with these studies (Kalisch and Racz, 1996; Faro et al., 2000, 2002a, 2002b), 

an in vivo study by O’Kusky and coworkers (1988) showed that the treatment of rats with 

subcutaneous injections of MeHg during early postnatal development caused a significant 

increase in the concentrations of dopamine (28–29%) with a significant decrease in the 

concentration of 3,4-dihydroxyphenylacetic acid (DOPAC, 20–27%) at PN days 22–24. The 

authors pointed to altered metabolism of dopamine in the developing CNS during the 

pathogenesis of MeHg-induced movement and postural disorder.

The effects of MeHg on dopamine transporters have also been reported. By investigating 

whether MeHg exposure leads to changes in dopamine levels and dopamine transporter 

(DAT) function in synaptosomes from early postnatal rats, Dreiem and coworkers (2009) 

reported that MeHg exposure led to DAT inhibition and increased levels of released DA 

compared to control animals. Notably, the effects were much greater in synaptosomes 

prepared from PN day 7 rats than in synaptosomes from PND 14 or PND 21 animals. To our 

knowledge, this is the only study showing the effects of MeHg toward DAT function.

The direct deleterious effects of MeHg toward dopaminergic cells under in vitro conditions 

have been also reposted. Götz et al. (2002) used an in vitro approach to investigate the 

alterations induced by MeHg in primary dopaminergic cells isolated from the ventral 
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mesencephalon of CD-1 embryonic mice. The morphometric analysis of DA neurons 

exposed to 1μM MeHg demonstrated a striking decrease in the number of neurites, 

indicative of cytoskeletal alteration. In addition, dopaminergic neurons displayed cell 

shrinkage and a significant increase in the number of nuclei with chromatin condensation. 

Based on these results, the authors concluded that MeHg is highly toxic to primary 

dopaminergic neurons. Götz and colleagues, Shao et al. (2015) investigated the effects of 

MeHg exposure on gene and protein profiles in a dopaminergic MN9D cell line. By 

performing proteomic analysis and evaluating differential protein expression, the authors 

suggested that MeHg and MPP+ (a classical dopaminergic toxin) share many similar 

signaling pathways leading to the pathogenesis of Parkinson’s disease.

MeHg also seems to affect the activity of monoamine oxidase (MAO), an enzyme involved 

in the metabolism of dopamine to DOPAC and/or HVA. Beyrouty et al. (2006) studied if oral 

exposure of adult female rats to MeHg before and during pregnancy would affect MAO 

activity in various brain regions of the offspring. The authors demonstrated that exposure to 

MeHg in rats before and/or during gestation resulted in a reduction of MAO activity in the 

developing embryo and brainstem of the female offspring with accompanying changes in 

auditory startle response. Based on these results, it is reasonable to posit a decreased 

metabolism of dopamine to DOPAC and HVA after MeHg exposure.

Dopamine receptors have also been proposed as potential targets involved in MeHg-toxicity. 

Coccini et al. (2011) treated rat dams with oral administrations of MeHg during the 

gestational days (GD) 7 to PN day 21. After treatments, the density (Bmax) and affinity (Kd) 

of dopamine D1-like (D1-Rs) and D2-like receptors (D2-Rs) were evaluated by saturation 

binding studies. Dopamine (DA) D1- and D2-like receptor Bmax and Kd were assessed in 

brain cortical and striatal membranes by saturation binding experiments using increasing 

concentrations of the specific ligands. The authors observed that the cerebral dopaminergic 

D1-like and D2-like receptors are differently impaired by developmental exposure to MeHg 

according to the brain area considered and/or to animal gender and time of growth, with 

some early changes persisting in time (D2-like receptors in males) or disappearing with time 

(D1-like receptors in males). To the best of our knowledge, this is the only study showing 

the effects of MeHg toward dopamine receptors function.

Studies in Caenorhabditis elegans (C. elegans) have also contributed to understand 

molecular mechanisms mediating MeHg effects toward the dopaminergic system. Martinez-

Finley et al. (2013), using C. elegans as experimental model, tested the hypothesis that early-

life exposure to MeHg and knockout (KO) of pdr-1 (mammalian: parkin/PARK2, mutations 

in this gene are a risk factor for PD) exacerbates MeHg toxicity and damage to the 

dopaminergic system. The authors observed that pdr-1 KO worms were more sensitive to 

MeHg than wild type worms, but MeHg did not exacerbate behavioral changes related to the 

absence of pdr-1. They concluded that the combination of early-life exposure to MeHg and 

pdr-1KO had significant effects on oxidative stress and aging, also suggesting that early-life 

MeHg exposure is a risk factor for loss of dopaminergic function later in life in wild type 

worms, but the combination of pdr-1 KO and early-life MeHg does not further exacerbate 

the already reduced dopaminergic function produced by pdr-1 KO alone. In another study 

with C. elegans, VanDuyn and Nass (2014) showed MRP-7 (multidrug resistance protein 7) 
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loss-of-function mutations increase susceptibility of dopaminergic neurons to MeHg, 

attesting to gene x environment interactions.

Based to the studies mentioned in herein (6.1), it is reasonable to propose that the 

dopaminergic neurotransmitter system is indeed a target involved in MeHg-induced 

neurotoxicity, including developmental neurotoxicity. But what do the previously mentioned 

molecular effects represent in terms of behavioral outcomes? Reed and Newland (2009) 

studied the effects gestational exposure to MeHg on rat behavior during adulthood, as well 

as the involvement of dopaminergic system. The authors performed a protocol in which 

female rats were exposed in utero to MeHg, via maternal drinking water. As adults, the 

MeHg-exposed offspring were trained to lever press under a fixed interval schedule of 

reinforcement. Experiments with acute dose-effect curves were performed with dopamine 

(cocaine) and norepinephrine (desipramine) reuptake inhibitors, as well as a direct D1 or D2 

agonist and antagonists. For high-rate behavior, MeHg-exposed rats were 2–3 times more 

sensitive to the rate-reducing effects of high doses of cocaine, but no differential effects of 

MeHg were seen with desipramine, suggesting MeHg’s effect is specific to dopaminergic 

receptors. In addition, no differential effects were seen with the specific D1 and D2 agonists. 

Notably, it seems that the observed effects were formed during gestational exposure and 

persisted into adulthood, suggesting that gestational MeHg exposure produces irreversible 

sensitivity to dopamine in rats.

6.2. Epinephrine

The effects of MeHg towards the adrenergic system have been less investigated than the 

dopaminergic system. Early in vitro studies reported that MeHg caused inhibition of 

norepinephrine uptake and stimulated its release from pre-loaded synaptosomes 

(Komulainen and Tuomisto, 1981; Rajanna and Hobson, 1985) and hippocampal slices 

(Gassó et al., 2000). The effects of perinatal in vivo exposure to MeHg have consistently 

indicated changes in brain norepinephrine levels in rats. However, the magnitude of brain 

norepinephrine decrease or increase varied depending on the schedule of exposure (period, 

dose, brain area evaluated, etc.)(Hrdina et al., 1976; Taylor and Distefanelo, 1976; 

Bartolome et al., 1982; 1984a; Tsuzuki, 1982; Lindstrom et al., 1991). For instance, MeHg 

exposure of suckling rats from birth to weaning caused dose and time dependent increase in 

brain norepinephrine levels and turnover. Of neurotoxicological significance, the levels of 

norepinephrine remained elevated even 20 days after the end of MeHg exposure (Bartolome 

et al., 1982). In contrast, the gestational exposure to MeHg did not cause changes in 

norepinephrine levels or turnover, but caused an increase in norepinephrine uptake by 

synaptosomes of suckling rats (Bartolome et al., 1984a).

The ontogeny of alfa- and beta-adrenergic receptors (α1, α2 and β) were modified by pre- 

and post-natal exposure to MeHg. The regions more affected were cerebellum>cerebral 

cortex>mid-brain and brain stem and, according to authors, the effects depended on the 

maturational profile of each brain region, and the regions that developed early were less 

affected than the ones that matured latter (Bartolome et al., 1987; Slotkin and Bartolome, 

1986). In another study, the exposure of rats to a low dose of MeHg from conception-

gestation to 50 days of life was associated with an increase in norepinephrine levels in the 
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cerebellum, but not in frontal cortex, striatum, hypothalamus and hippocampus (Lindstrom 

et al., 1991).

In a comprehensive study, O’Kusky and co-workers examined the neurochemical alterations 

in rat brain noradrenergic system at three different stages of post-natal MeHg exposure 

(O’Kusky et al., 1988). MeHg exposure was started at the 5th post-natal day until day 15 

(stage I, where MeHg treated pups did not show any overt sign of behavioral intoxication 

and gained weight but at lower rate than controls), day 18–21 (stage II, where significant 

changes in body weight were observed) and day 22–24 (stage III, which corresponded to the 

period of the onset of neurobehavioral impairments). The authors reported that 

norepinephrine levels were increased in spinal cord and caudate putamen, when compared 

with controls and body weight gain-matched controls (which were separated from their 

dams to growth at the same rate as did MeHg exposed rats). The increase in norepinephrine 

levels started before the installation of neurobehavioral impairments (started in the stage II 

and persisted until stage III), indicating that changes in norepinephrine levels occurred 

before the onset of neurobehavioral manifestations (O’kusky et al. 1988). In cerebral cortex, 

the variations in norepinephrine levels were very complex and body weight gain-matched 

controls had higher levels of norepinephrine than controls, whereas MeHg treated rats had 

the lowest levels of norepinephrine in the stage I. At stage II, the levels of norepinephrine 

were lower in controls and MeHg, when compared with body weight-matched controls. 

During the onset of neurological symptoms, there were no differences between the groups. 

Authors concluded that movement and postural disorders in suckling rats were associated 

with selective alterations in central catecholaminergic (dopaminergic and noradrenergic) and 

serotoninergic neurotransmitter systems.

The exposure of catfish (Clarias batrachus) to MeHg for long periods (90 and 180 days) 

caused a significant increase in brain norepinephrine levels. To some extent, this is 

agreement with results obtained with rats, where the levels of catecholamines (dopamine and 

norepinephrine) can be increased after different schedules of exposure to MeHg 

(Kirubagaran et al., 1990). Moreover, this indicates a conserved neurotoxic effect of MeHg 

in different vertebrates possibly reflecting the targeting of a similar group of conserved 

proteins involved in catecholaminergic neurotransmission.

One important aspect of MeHg neurotoxicity that has been little explored is its deleterious 

effect toward the sympathetic noradrenergic neurotransmission in heart and kidney. 

Bartolome and collaborators have demonstrated that MeHg exposure during the early post-

natal period accelerated the maturation of cardiac sympathetic transmission, which was 

associated with increased norepinephrine levels and turnover. The authors have also 

demonstrated that MeHg caused heart and kidney overgrowth, which could be linked to 

sympathetic innervations over-activity (Bartolome et al., 1984). This topic should be further 

analyzed particularly in view of the points of evidence that MeHg exposure can cause 

hypertension in experimental animals (Groto et al., 2009) or increased diastolic and systolic 

blood pressure in humans exposed to MeHg during prenatal life (Sorensen et al., 1999; 

Thurston et al., 2007). The results from human exposed during the prenatal life indicate that 

MeHg can modify development of cardiac homeostasis (Sorensen et al., 1999) as observed 

in developing rats (Bartolome et al., 1984).
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In fact, the disruption of normal cardiac function by inorganic mercury and the participation 

of sympathetic catecholaminergic system are well-documented (Henningsson et al., 1993; 

Torres et al., 2000; Beck et al., 2004; Michaeli-Yossef et al., 2007; Houston, 2011). 

However, the potential role of MeHg via fish consumption and catecholamines (particularly 

changes in noradrenergic sympathetic neurotransmission) as a risk for the development of 

cardiovascular pathologies is still debatable (Salonen et al., 1995; Guallar et al., 2002; 

Yoshizawa et al., 2002; Roman et al., 2011; Wennberg et al., 2012).

7. Concluding remarks

MeHg is a toxicant that targets a great variety of proteins involved in different cellular 

processes. Of particular neurotoxicological significance, MeHg targets several components 

of different neurotransmitter systems. MeHg exposure during perinatal phases of brain 

development can modify the fine dynamics of brain synapses (synaptogenesis, establishment 

of cell-cell contact, cell migration, etc.) by interacting with neurotransmitter receptors, ion 

channels, transport proteins, enzymes, etc. In short, MeHg can interfere with the synthesis, 

degradation, storage, release, re-uptake of different neurotransmitters, including dopamine 

and norepinephrine. The ultimate outcomes of disrupting such complex biochemical 

processes will be the behavioral teratology. More recently, the literature data have also 

indicated the dangers of interfering with normal brain development during the adolescence 

period. Indeed, the exposures to MeHg during adolescence have been shown to disrupt the 

dopaminergic neuropharmacology in rodents (Boomhower and Newland, 2016; 2017). If the 

experimental data derived from animal models were to be extrapolated to human, it might 

explain the growing incidence of behavioral and cognitive abnormalities in the human 

population. However, since now we can be exposed to thousands of potentially neurotoxic 

agents (Grandjean and Landingran, 2014), the understanding on how much a single potent 

neurotoxic agent, such as MeHg, effectively contributes to the disruption of behavior in 

developing organism will be a difficult task. In fact, our knowledge about the primary targets 

of MeHg, as well as of other neurotoxicants, is still incipient. The development of in silico 

methodologies to search for proteins containing moieties of the type –X-C-X-, X-U-X, -C-

(X)2-C- or –C-(X)2-U- (where C=cysteinyl residues, U=selenocysteinyl residues and 

X=other residues than cys or sec) will be important to define potential targets of MeHg. 

Furthermore, the in vitro and in vivo identification of which of these proteins are actually 

targeted by MeHg will help in defining primary molecular targets of MeHg. As reported 

here, MeHg changes several neurochemical processes related to catecholaminergic 

neurotransmission, but it remains to be determined whether these are direct (primary) or 

indirect (secondary or tertiary) effects of MeHg neurotoxicity.
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Figure 1: Dopamine and norepinephrine biosynthesis.
Tyrosine, a non-essential amino acid, is first converted to dihydroxyphenylalanine (DOPA) 

in a reaction catalyzed by tyrosine-hydroxylase (TH). DOPA is then decarboxylated by 

DOPA-decarboxylase to yield dopamine. The generation of norepinephrine from dopamine 

involves the hydroxylation catalyzed by dopamine β-hydroxylase, which is commonly used 

as a marker for noradrenergic neurons.
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Figure 2: Schematic representation of MeHg-thiol exchange in the body.
The absortion of MeHg-Cys complex (MeHg bound to a cysteine) in the intestine can be 

mediated by transporters or by exchange reactions. Inside the enterocyte (left part), the 

MeHg-Cys complex can exchange either with low molecular mass thiols (cysteine or 

glutathione, GSH) or with thiol-containing proteins. The complex can also exchange with 

selenol-containining proteins, i.e., selenoproteins (Prot-SeH). The low molecular mass 

sulfide-methylmercury complexes (GS-HgCH3 or Cys-S-HgCH3) can be transported to 

other cells or body fluids (e.g., interstitial fluid, capillary cells, which were omitted for the 

sake of clarity) and then can reach the plasma and blood cells (righ part). In the plasma, they 

can exchange with abundant proteins containing thiol (e.g. albumin) and can also be 

transported into the erythrocytes. Inside the erythrocytes, the low molecular mass thiols will 

delivery (exchange) the MeHg to hemoglobin and other thiol proteins, for instance, 

porphobilinogen synthase or aminolevulinate dehydratase (ALA-D, Rocha et al. 2012). The 

distribution of MeHg from plasma and erythrocytes to the tissues will involve the same kind 

of exchange reactions in the opposite direction (blood to tissue). In all the situations, the 

mobility of the low molecular mass complexes of MeHg-sulfides (MeHg-SG and MeHg-

Cys) is expected to have a high facility to be redistributed than high molecular mass (thiol- 

or selenol-containing proteins).
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Figure 3: Exchange reaction between low molecular mass methylmercury-glutathione sulfide 
(MeHg-SG) with different thiol-containing proteins.
The first exchange (indicated by the reaction of the three proteins before the brace with 

GSH) results in the formation of three different protein-sulfide-methylmercury complexes. 

The protein-MeHg complexes are commonly inactive. The second set of exchange reactions 

can hypothetically reactivate the protein (represented by the second protein in the middle of 

the figure), or can release the denatured protein (i.e., the withdraw of the MeHg from the 

protein does not reestablish the activity, because the protein was denatured during the 

temporary interaction and is represented by the protein in the top of the figure). The reaction 

of MeHg with the protein thiol can cause a dramatic re-folding of the protein in such a way 

that MeHg-S-moiety will not be accessible to the medium and will not suffer the exchange 

reaction (represented by the third protein in the bottom of the figure).
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Table 1 –

Relative quantity of molecules of biological significance containing the soft nucleophile groups thiol (-SH) or 

selenol (-SeH). These functional groups are the main targets of methylmercury (MeHg) and other soft 

electrophiles.

High molecular mass thiol molecules (thiol-containing proteins)

Occurrence

–Cysteinyl residues (Cys) in thousands of proteins

High molecular mass selenol molecules (selenoproteins)

Occurrence

–Selenocysteinyl residues (Sec) in few number of proteins

Low molecular mass thiol molecules (-SH)

Occurrence

Endogenous Cysteine
glutathione (GSH)

exogenous (synthetic) 2,3 dimercaptopropanol (BAL)
2,3 dimercaptosuccinic acid (DMSA)
2,3 dimercapto sulfonic acid (DMPS)

Low molecular mass selenol molecules (-SeH )

occurrence

Endogenous None

exogenous (synthetic) Unstable
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