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1 Preface

The alkyl mercury compounds methylmercury (MeHg) and ethylmercury (EtHg)

have been shown to be toxic to humans and non-human animals as well (Driscoll

et al. 2013). Both of those compounds have similar chemical properties, and both

have been shown to disrupt the normal function of the CNS in a variety of animal

species.

In mass poisonings from the consumption of MeHg-contaminated seafood in

Japan (Kutsuna 1968) and MeHg-treated grain in Iraq (Bakir et al. 1973), frank

developmental/birth effects and/or severe brain damage were observed in the

children of some mothers who consumed large quantities of mercury-contaminated

fish, bread, or grain products during pregnancy. In addition, a variety of neurologic

effects were reported in both the 1968 and 1973 papers. Among these effects were

deficits in cognitive and motor function. Some of the many specific effects observed

were distal paresthesias, ataxia, unsteady gait, muscle weakness, impairment of the

senses, irritability, memory loss, insomnia, and confusion. Similar neurologic

disorders were seen in Iraq in 1956 and 1960, when food containing flour made

from grain treated with EtHg p-toluene sulfonanilide was consumed (Bakir

et al. 1973; Jalili and Abbasi 1961). In another reported incident (Zhang 1984),

41 individuals were poisoned by eating rice that had been treated with a grain

disinfectant containing 2–2.5% EtHgCl2. Many of the symptoms and clinical signs

were similar to those experienced in the ethyl- and methylmercury poisonings in

Japan and Iraq. And while both of the alkyl compounds primarily effect the central

nervous system, the rapid metabolism of ethylmercury to inorganic mercury may

lead to kidney damage (Clarkson and Magos 2006), especially at higher amounts

and with longer periods of exposure.

1.1 How Alkyl Mercury Compounds Get into the Food Web

Mercury enters the atmosphere from both natural sources (e.g., volcanos) and

anthropogenic activities (e.g., burning of fossil fuels and industrial processes).

As it gradually settles onto land and bodies of water, it is methylated by bacteria

and other microorganisms to form MeHg. In aquatic and marine environments,

the MeHg is biomagnified as it passes to larger and larger predatory organisms in

the ecosystem. Top predatory fish typically have the greatest concentrations of

MeHg in their muscle tissue.

The neurotoxic effects of alkyl mercury compounds appear to be similar across

the vertebrate species studied. A primary source of exposure for humans and large

marine animals is fish and shellfish. Many species of birds are piscivorous, so it

logically follows that a number of bird species have been found to be negatively

impacted by MeHg (Seewagen 2010). The effects reported in such species are

primarily of neurologic origin and include ataxia, lethargy, reduced appetite and

egg production, poor hatching success, and aberrant parental care. Non-avian
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species that feed on fish are also exposed to MeHg, and would be expected to

manifest symptoms and clinical signs of MeHg effect, just as with humans and

birds. Elevated MeHg levels have been reported in aquatic mammals that feed

largely on fish, including pilot whales (Weihe et al. 1996), elephant seals

(Cossaboon et al. 2015) and mink and river otter (Yates et al. 2005). But since

there is currently a relative paucity of literature on the effects of alkyl mercury

compounds and their respective mechanisms of toxic action compared with the

plethora of such studies regarding humans, the information presented in this paper

focuses primarily on mechanisms of action on human cells and tissue cultures.

2 Introduction

The affinity of mercury for sulfur has been known since the days of alchemy

(Hughes 1957), and the strong affinity of sulfhydryl (-SH) groups for mercury has

often been considered to be involved in the mechanism of toxic action of mercury

and its compounds. Clarkson et al. (2007) reported that the high mobility of

methylmercury (MeHg) in the body is due to the formation of small molecular

weight thiol complexes that are readily transported across cell membranes.

There are a number of mechanisms by which alkylmercury compounds cause

toxic action in the body (Faustman et al. 2002). This paper represents a summary of

some of the studies regarding these mechanisms of action in order to facilitate the

understanding of the many varied effects of alkylmercurials in the human body. The

data reveal that there are some similarities between the mechanisms of the two

mono-alkyl mercury compounds: methylmercury (MeHg) and ethylmercury

(EtHg).

Mercury in any form will bind with sulfhydryl (-SH) groups in thiols or

proteins. Sulfur is present in the amino acids cystine, cysteine, and methionine,

as well as the cysteine-derivative taurine, which is plentiful in the bile. Since

receptors in/on cell membranes are all constructed from proteins, those receptors

are susceptible to attack by various forms of mercury. The majority of protein

transport systems in higher eukaryotes contain cysteine, and the presence of

cysteine residues exposed towards the extracellular environment make them

potential sites of interaction with mercurials (Pochini et al. 2013). When mercury

binds to one of the amino acid residues in receptor proteins, it blocks or

attenuates that protein molecule’s range of availability for normal metabolic

function. When the affected protein is normally used to transport a substance,

such as calcium ion (Ca++), across the membrane of a cell or sub-cellular

organelle, the selective permeability of that membrane and the proper physiologic

function of that cell or organelle may be compromised.

Overall, the data reveal that there are some remarkable similarities between the

toxic mechanisms of the mono-alkyl mercury compounds MeHg and EtHg.

However, due to differences in metabolic rates and the subsequent elimination

half-lives, the methyl and ethyl forms of organic mercury are presented separately

in this paper. The effects of MeHg are provided in Table 1. The effects of
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EtHg/thimerosal are provided in Table 2. Because of the controversy between the

preservative thimerosal (CDC 2015), which is metabolized to ethyl mercury and

thiosalicylate, a comparatively benign compound, there is much more published

Table 1 Some mechanisms of toxic action proposed for MeHg

Mechanism Results Reference(s)

Altered membrane

permeability

MeHg attaches to cystine,

enabling it to enter cells via a

neutral amino acid transporter that

also transports methionine into

cells; also increases mitochondrial

membrane permeability

Clarkson (1995); Clarkson

et al. (2007); Pochini

et al. (2013); Simmons-Willis

et al. (2002)

Altered intracellular

calcium homeostasis

Blocks cellular membrane Ca++

channels; causes release of mito-

chondrial Ca++ into the cytosol

Hare et al. (1993); Kang

et al. (2006) Limke et al. (2004b);

Marty and Atchison (1997);

Minnema et al. (1987); Peng

et al. (2002); Sirois and Atchison

(2000); Szalai et al. (1999)

Oxidative stress/reac-

tive oxygen species

(ROS)

MeHg causes increase in ROS and

subsequent depolarization of the

mitochondrial membrane;

decreases aconitase activity

Dreiem and Seegal (2007); Garg

and Chang (2006); Myhre

et al. (2003); Yin et al. (2007)

Effects on receptor

binding/neurotrans-

mitter release

Blocks GABA receptor sites;

binds to NMDARs, inducing their

expression; causes up-regulation

of muscarinic ACh receptors

Basu et al. (2008); Coccini

et al. (2000); Cooper et al.

(2003); Fonfria et al. (2001);

Ndountse and Chan (2008); Yuan

and Atchison (2003)

Generation of

arachidonic acid

Promotes the release of

arachidonic acid, resulting in

neurotoxicity

Shanker et al. (2002); Verity

et al. (1994)

Effects on cycle/cell

division

Causes arrest in the GM2/M-

phase of the cell cycle through

microtubule disruption

Burke et al. (2006); Castoldi

et al. (2000); Gribble et al. (2005);

Kim et al. (2007); Ou et al.

(1999b); Rodier et al. (1984)

Effects on glutathione

activity

Decreases glutathione activity,

particularly in the cerebellum and

mitochondria, thus providing less

protection from oxidative stress

due to MeHg

Carocci et al. (2014); Choi

et al. (1996); Franco et al. (2006);

Mori et al. (2007); Ndountse and

Chan (2008)

Involvement with

nitric oxide synthetase

MeHg causes an increase in nNOS

protein, causing the

overproduction of NO

Chuu et al. (2001); Shinyashiki

et al. (1998)

Glutamate—glutamine

uptake and homeo-

stasis in glial cells

Disrupts glutamate homeostasis

by disrupting glutamine/gluta-

mate cycling; causes glutamate

release from pre-synaptic neurons

Farina et al. (2003a, b); Manfroi

et al. (2004); Yin et al. (2007)

Activation of calpain

cascade leading to

apoptosis

Cascade begins with increased

intracellular Ca++ leading to

microtubule degradation and cell

death

Sakaue et al. (2005)
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data regarding thimerosal than EtHg by itself. Consequently, most of the studies

regarding the toxicity of EtHg consist of experiments using the vaccine preservative

thimerosal, in which the effective portion is EtHg.

3 Methylmercury: Mechanisms of Toxic Action

Since Aschner and Aschner (1990) published that MeHg associates with

thiol-containing amino acids due to the high affinity of the methylmercury cation

(MeHg+) for sulfhydryl groups (-SH), many studies have further explored the

mechanism(s) by which MeHg exerts its toxic effects on mammalian cells.

When mercury binds to protein receptors, the effects that occur following, or as

a result of, that binding are key to understanding the ultimate mechanism or

mechanisms of toxic action of mercury. Since these effects occur at both the

cellular and sub-cellular levels, in vitro and in situ studies are necessary to

examine the chemical mechanisms occurring at these levels. Together, in vitro

and in situ studies have provided the most valuable evidence and explanations of

exactly why and how mercury and its organic compounds cause damage to

nervous tissue.

Table 2 Some mechanisms of toxic action proposed for EtHg/thimerosal

Mechanism Results Reference(s)

Altered intracellular

calcium homeostasis

Mobilization of intracellular Ca++;

causes release of mitochondrial

Ca++ into the cytosol; attenuates

any increase in internal calcium

ion concentration

Elferink (1999); Machaty

et al. (1999); Sayers et al. (1993);

Tornquist et al. (1999); Zarini

et al. (2006)

Oxidative stress/reac-

tive oxygen species

(ROS)

EtHg causes increase in ROS and

depolarization of the mitochon-

drial membrane; inhibits mito-

chondrial respiration; increased

formation of superoxide and

hydrogen peroxide

Sharpe et al. (2012)

Generation of

arachidonic acid (AA)

Promotes release of AA; prevents

reacylation of AA

Chen et al. (2003); Stuning

et al. (1988)

Effects on cell

division

Thimerosal destroyed cell spindle,

arresting embryonic development

Machaty et al. (1999)

Effects on glutathione

activity

Inhibits glutathione-S-transferase

T1 (GST T1); depletes GSH

Muller et al. (2001); Wu

et al. (2008)

Involvement with

nitric oxide synthetase

Causes an increase in NOS Chen et al. (2003)

Effects glutamate

transport

Disrupts glutamate homeostasis by

disrupting glutamine/glutamate

cycling; decreases GLT-1 levels;

significantly inhibition of GLAST

activity

Mutkus et al. (2005)
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A number of recent studies have examined the sub-cellular mechanism of the

neurotoxicity of MeHg. Impaired calcium homeostasis (Dreiem and Seegal 2007;

Sirois and Atchison 2000), oxidative stress (Garg and Chang 2006; Ou et al. 1999a;

Yin et al. 2007), and the alteration of glutamate homeostasis (Farina et al. 2003a, b;

Ou et al. 1999a; Yin et al. 2007) have all been suggested as possible mechanisms

contributing to neurotoxicity. This paper will discuss these proposed mechanisms,

in addition to a number of other mechanisms of action. Kang et al. (2006) reported

that cell damage caused by MeHg may occur through more than one mechanism,

the effects of which may be additive or synergistic. Ndountse and Chan (2008) also

indicated the likelihood of more than one mechanism contributing to the expression

of MeHg neurotoxicity. After reviewing the literature, we believe that there are

indeed multiple mechanisms of action, which individually and collectively contrib-

ute to the adverse effects of MeHg on human health.

3.1 Altered Membrane Permeability

In a review of the mechanisms of mercury distribution in the body, Clarkson

et al. (2007) described how the high mobility of MeHg in the body is due to the

formation of small molecular weight thiol complexes that are readily transported

across cell membranes. When MeHg attaches to the amino acid cysteine, the

resulting structure mimics that of methionine, a large neutral amino acid (Clarkson

1992, 1995). This enables the MeHg-cysteine complex to enter cells on neutral

amino acid transporters that also transport methionine into the cells. This is

supported by the fact that the uptake of MeHg into the brain is inhibited by the

presence of large, neutral amino acids such as leucine, methionine, and phenylal-

anine, and others (Clarkson 1995). Evidence presented by Clarkson et al. (2007) is

also supported by the work of Simmons-Willis et al. (2002), who showed experi-

mentally that the MeHg-L-cysteine complex is a substrate for human L-type large

neutral amino acid transporters (LAT) LAT1 and LAT2.

Most MeHg in tissues is normally complexed with water-soluble sulfhydryl-

containing molecules, primarily L-cysteine, GSH, hemoglobin, albumin, and other

cysteine-containing polypeptides (Simmons-Willis et al. 2002). One possible

explanation for the wide distribution of MeHg in the body is that an endogenously

formed MeHg complex acts as a substrate for transporters that are also widely

distributed throughout the body. Simmons-Willis et al. (2002) investigated the

possibility that MeHg-L-cysteine, which is structurally similar to methionine, is a

substrate for LAT. LAT1 and LAT2 are expressed in many tissues, including brain,

and mediate the uptake of large neutral amino acids (Palacin et al. 1998; Verrey

et al. 2000).

Using oocytes from the African clawed toad (Xenopus laevis), which expresses

two of the L-type carriers expressed in humans [LAT1-4F2 heavy chain

(LAT1-4F2hc) and LAT2-4F2hc], Simmons-Willis et al. (2002) injected oocytes

with 50 nL of 110 mM stocks of amino acids. This resulted in intracellular

concentrations of ~10 mM just prior to taking uptake measurements. In another
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part of the study, healthy oocytes were loaded with either [3H]methionine, and a

10:1 molar ratio of L-cysteine and [14C]MeHg giving approximate intracellular

concentrations of 1 and 0.1 mM (100 μM), respectively.

Control oocytes were able to accumulate methionine from the medium

containing 100 μM tritiated methionine, due to the presence of endogenous amino

acid transporters. But when oocytes were injected with cRNA for LAT1-4F2hc or

LAT2-4F2hc, methionine uptake was greatly enhanced. Further, LAT1- and LAT2-

expressing oocytes also showed higher uptake of [14C] MeHg when applied as

100 μM MeHg-L-cysteine. Simmons-Willis et al. (2002) reported that the LAT1-

and LAT2-stimulated uptake of MeHg from 100 μM MeHg-L-cysteine was signif-

icantly ( p< 0.05) higher than from 100 μM methionine, indicating that the MeHg-

L-cysteine complex may make an excellent substrate for these amino acid trans-

porters. Those authors concluded that the LAT1 and LAT2 proteins may provide

the route of MeHg entry into brain and other tissues and may account for the rapid

and widespread tissue distribution of MeHg.

Pochini et al. (2013) provided supporting data by using proteoliposomes to

investigate the effects of MeHg on the carnitine (OCTN2) transporter activity.

Proteoliposomes have been shown to be an appropriate experimental model for

investigating the interaction of transporters with chemical compounds, including

MeHg (Oppedisano et al. 2010, 2011). Carnitine is an acyl carrier with respect to

the mitochondrial membrane and stimulates fatty acid oxidation and synthesis in

the mitochondria.

In their study, Pochini et al. (2013) added 10 μM [3H]carnitine to

proteoliposomes. The subsequent addition of 8 μM MeHg was found to strongly

inhibit carnitine transport. Fifteen minutes after the application of the MeHg, the

transport was inhibited by more than 50%.

To test whether the cysteine (Cys) sulfhydryl groups could be involved in the

observed inhibition of the carnitine transporter, Pochini et al. (2013) added 2 mM

dithioerythritol (DTE) to the proteoliposomes after they were incubated with

MeHg. DTE is a sulfur-containing sugar, known to be an excellent reducing

agent. The addition of the DTE resulted in recovery of the transport. In contrast,

DTE had virtually no effect when added to control proteoliposomes. These results

indicated that the thiol groups of the protein were involved in the binding with

MeHg. From their studies, Pochini et al. (2013) concluded that the interaction of

mercury with transport systems essential in cell homeostasis seems to be a general

mechanism of toxicity.

Garg and Chang (2006) examined the effects of MeHg concentrations from 0.5

to 40 μM on mitochondrial membrane potential in microglia. In this experiment,

they observed significant depolarization of the mitochondrial membrane with

increasing MeHg concentrations, but statistically significant ( p< 0.001) only at

concentrations of 20 μM or higher.
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3.2 Altered Intracellular Calcium Homeostasis

In a review of possible mechanisms for the cytotoxic action of MeHg, Limke

et al. (2004b) noted that intracellular calcium [Ca++]i undergoes cyclic changes in

concentration during normal neurologic function, and that a large concentration

gradient of calcium ion concentration typically exists across the neuronal mem-

brane. As a result, the sustained elevation of [Ca++]i can be deleterious in two major

ways: (1) a depletion of energy reserves resulting from excessive employment of

ATP-dependent Ca++ pumps to restore resting membrane potential; and (2) the

activation of catabolic functions, both of which can contribute to Ca++-mediated

cell death (Limke et al. 2004a, b).

Further, Peng et al. (2002) provided evidence that MeHg disrupts normal Ca++

channel functions, as seen in studies measuring the influx of radiolabeled calcium in

synaptosomes (pinched-off nerve endings), ligand binding, and studies employing

electrophysiological techniques.

One of the functions of the smooth endoplasmic reticulum (SER) is to serve as a

storage site for [Ca++]i. As such, Ca
++ in the cytosol must be actively transported

against its concentration gradient into the SER, a process requiring ATP. Bearss

et al. (2001) reported that the application of thapsigargin, an inhibitor of smooth

endoplasmic reticulum Ca-ATPase activity, reduced the amplitude of MeHg-

induced increase in [Ca++]i by 30% in rat cerebellar granule cells in primary

culture.

Hare et al. (1993) used single NG108-15 cells preloaded with the fluorescent dye

fura-2 to evaluate whether MeHg caused an increase in [Ca++]i. Whereas 0.5 μM
MeHg had no effect, both 2 and 5 μM MeHg produced a biphasic increase in

fluorescence. The initial increase in fluorescence was sustained, with the time to

onset being concentration-dependent. The maximum increase, however, was not

found to be dependent on the MeHg concentration. The initial phase was considered

to likely be the result of an increase in Ca++ from both intra- and extra-cellular

sources, since removal of Ca++ from the extracellular medium reduced, but did not

eliminate, the increase. The time to the onset of the second phase was also

concentration dependent. Thus, MeHg was found to alter the measured fura-2

fluorescence in the cells in both a concentration- and time-dependent manner.

Hare et al. (1993) also concluded that the initial effect involved alterations in

intracellular cation buffering, as well as an increase in the permeability of the

plasma membrane to Ca++.

Sirois and Atchison (2000) used whole-cell patch clamp techniques to investi-

gate the ability of MeHg to block Ca++ channel currents in cultures of neonatal

cerebellar granule cells taken from 7-day-old rat pups of either gender. This cell

type was chosen for this study due to their diversity of Ca++ channels, as initially

reported by Randall and Tsien (1995). To determine whether MeHg is specific for

one or more of the known sub-types of Ca++ channel receptor, Sirois and Atchison

(2000) used a number of putative Ca++ channel antagonists (ω-conotoxin GVIA,
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ω-conotoxin MVIIC, ω-agatoxin IVA, calcicludine, and nimodipine), each with

specific blocking characteristics.

To eliminate the possibility of mixing the release of intracellular calcium with

the influx of extracellular calcium through calcium channels, Sirois and Atchison

(2000) used the radiolabeled divalent barium ion (Ba++) instead of Ca++ in the

bathing medium. While Ba++ is not normally a constituent of extracellular fluid

bathing the neurons, the gated calcium channels are nonetheless highly permeable

to Ba++, making Ba++ a logical surrogate for extracellular Ca++. In this study, the

authors found that acute exposure to sub-micromolar concentrations of MeHg can

block Ba++ currents carried through multiple Ca++ channel subtypes. They further

reported that the channel-blocking effect of MeHg was seen well within concen-

trations seen during episodes of MeHg intoxication. And while the role that MeHg-

induced calcium block plays in MeHg neurotoxicity remains to be determined fully,

the low concentration at which these effects were seen in this study makes it likely

that the effects on Ca++ channels at least contribute to the pathological damage

observed in MeHg poisoning (Sirois and Atchison 2000). These authors further

postulated that the blockage of Ca++ channels could possibly contribute to ultimate

neuronal death in the cerebellum through the disruption of neurotransmitter release,

cell growth and differentiation, protein synthesis, maintenance of the membrane

potential, and regulation of [Ca++]i.

Additional support for the ability of MeHg to block Ca++ channels comes from

work in that same lab which found that MeHg blocked Ca++ currents, although not

completely, in human embryonic kidney cells in culture (Peng et al. 2002).

Altering intracellular calcium levels in brain capillary endothelial cells has a

direct effect on blood-brain barrier permeability and transport (Paemeleire

et al. 1999). Thus, substances such as organic mercury compounds, which cause

the release of intracellularly bound Ca++, might not only have a direct effect on

neuronal function, but may also increase the availability of mercury, and possibly

other neurotoxicants, in the CNS.

Minnema et al. (1987) also found evidence of MeHg-induced release of mito-

chondrial calcium from rat brain synaptosomes. In a multi-faceted experiment,

these researchers found that MeHg produced large effluxes of calcium from isolated

mitochondria preloaded with radio-labeled calcium, but not from synaptosomes

preloaded with radiolabeled calcium. They also found that 0.5–5.0 μm MeHg

caused a concentration dependent increase in the spontaneous release of tritiated

dopamine from striatal synaptosomes, gamma-amino butyric acid (GABA) from

cerebellar cortical synaptosomes, and acetylcholine from hippocampal synapto-

somes. These releases were determined to not be attributable to a MeHg-increase in

calcium permeability of the synaptosomal membrane, since these increases

persisted in the absence of extrasynaptosomal calcium (Minnema et al. 1987).

Some of the effects of MeHg intoxication involve the cerebellum, and some of

those cerebellar effects are due to the preferential targeting of MeHg. At low

concentrations, MeHg has been shown to disrupt the ability of rat cerebellar granule

cells in primary culture to maintain the intracellular calcium concentration ([Ca++

]i). The mitochondria in cerebellar granule cells can store and release large amounts
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of Ca++ (Budd and Nicholls 1996). One avenue of Ca++ release is through the

mitochondrial permeability transition pore (MTP) (Bernardi et al. 1992; Bernardi

and Petronilli 1996). Szalai et al. (1999) reported that, at the beginning of the

apoptotic process, apoptotic stimuli induce a switch in mitochondrial calcium

signaling by facilitation of a Ca++-induced opening of the MTP. Thus, signals

evoked by large Ca++ pulses or IP3-mediated spikes in cytosolic Ca++ trigger

mitochondrial permeability. Limke and Atchison (2002) demonstrated that MTP

appears to play a significant role in the cellular effects following acute exposure of

cerebellar granule neurons to MeHg.

Marty and Atchison (1997) had previously demonstrated that low (0.2–2.0 μM)

concentrations of MeHg disrupt the ability of rat cerebellar granule cells to main-

tain [Ca++]i, resulting in a biphasic increase in [Ca++]i. Further, the initial phase

involved release of intracellular Ca++ into the cytosol, followed by a secondary

influx of extracellular Ca++. It had also been previously demonstrated that the

opening of the MTP could be inhibited by the immunosuppressant cyclosporine

A (CsA) (Bernardi et al. 1993). Limke and Atchison (2002) found that exposure to

CsA for 10 min prior to the addition of MeHg delayed the time-to-onset of both the

first- and second-phase elevations of intracellular Ca++ in a CsA concentration-

dependent manner. The delay in both phases suggested to the authors that the two

phases of increased intracellular Ca++ were interrelated, with the first phase causing

or contributing in some way to the second phase. Limke and Atchison (2002) thus

felt that the induction of the MTP may link the first and second [Ca++]i phases.

Kang et al. (2006) used both canine kidney and human neuroblastoma cells to

further investigate the mechanism by which MeHg exerts its cytotoxicity. These

researchers found that MeHg-induced toxicity was linked to the elevation of [Ca++]i
through the activation of phosphatidylcholine-specific phospholipase C (PC-PLC),

To first study the change in [Ca++]i, Kang et al. (2006) loaded the calcium

binding dye fura-2 into Marbin-Darby Canine Kidney (MDCK) cells. MeHg was

found to increase [Ca++]I in a bimodal manner. Whereas the first phase sharply

peaked by ~4-fold at approximately 80 s, the second phase was only gradually

increased [Ca++]I by ~2-fold at 400 s. In order to determine whether this increase

came from extracellular calcium or intracellular calcium stores, [Ca++]i was mea-

sured in the absence of extracellular Ca++. To accomplish this, the calcium binding

agent ethylene glycol tetraacetic acid (EGTA) was added to the extracellular

medium. In the presence of EGTA, the MeHg-induced increase in [Ca++]i was

decreased by ~65% in the first phase and ~30% in the second phase, suggesting

that the MeHg-induced increase in [Ca++]i could come from both intracellular and

extracellular Ca++ sources. One source is the mobilization of Ca++ from [Ca++]i
pools, and the other is through an increase in the permeability of the plasma

membrane, as previously suggested by Atchison and Hare (1994).

Kang et al. (2006) also found that the antiviral, anti-tumoural xanthate D609, a

competitive inhibitor of PC-PLC, almost completely abolished blocked MeHg-

induced cytotoxicity in SH5YSY human neuroblastoma cells in a dose-dependent

manner in both of the biphasic phases of [Ca++]i increase, providing strong evidence

of the role of PC-PLC as a critical pathway in mediating theMeHg-induced toxicity.
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To investigate whether mitochondrial dysfunction is involved in MeHg-induced

neurotoxicity, Yin et al. (2007) exposed astrocytes to concentrations of 1, 5, or

10 μM MeHg for 1 or 6 h. Mitochondrial membrane potential was measured by

quantification of TMRE fluorescence. The mitochondrial membrane potential was

significantly ( p< 0.001) reduced both at 1 h and 6 h measurements at all three

MeHg concentrations.

Garg and Chang examined the effects of MeHg concentrations from 0.5 to

40 μM on mitochondrial membrane potential in microglia. In this experiment,

they observed depolarization of the mitochondrial membrane with increasing

MeHg concentrations, but the effect was significant ( p< 0.001) only at concentra-

tions of 20 μM or higher.

3.3 Oxidative Stress/Reactive Oxygen Species (ROS)

One demonstrated mechanism of MeHg toxicity is the generation of reactive

oxygen species (ROS), which can lead to neuronal cell death. An excessive

presence of ROS can trigger cytotoxicity through a mechanism involving the

endoplasmic reticulum (ER) (Makino et al. 2014). One function of the ER is to

synthesize, fold, and process secretory and transmembrane proteins (Oslowski and

Urano 2011). Proteins enter the ER as unfolded polypeptide chains, which fold and

mature in the lumen of the ER (Ron and Walter 2007). When unfolded proteins

accumulate in the lumen of the ER, a condition called ER stress can occur. This ER

stress is created due to an imbalance between the load of unfolded proteins entering

the ER and the capacity of the cellular machinery to handle this load (Ron and

Walter 2007).

Makino et al. (2014) investigated the means by which methylmercury interacts

with an important ER enzyme, protein disulfide isomerase [PDI]. PDI is responsible

for catalyzing the formation of disulfide bonds of maturing proteins in the ER. Any

agent that interferes with the action of PDI can cause the accumulation of newly

synthesized unfolded proteins in the ER, leading to ER stress. Makino and his fellow

investigators hypothesized that methylmercury would affect PDI in the ER by

covalently bonding with the enzyme and reducing its ability to act. They incubated

human neuroblastoma SH-SY5Y cells with various concentrations of MeHg. The

effect ofMeHg on the cells was measured by anMTT assay [3-(4,5-dimethylthiazol-

2-thiazolyl)-2,5diphenyl-tetrazolium bromide (MTT) assay]. The MTT is a tetrazo-

lium reduction coloration assay which examines the ability of the treated cells to

metabolize MTT and is used as a measure of their viability. Through this assay,

Makino et al. (2014) found a dose-dependent effect of MeHg on the viability of the

cells, especially at MeHg concentrations >4 μM MeHg.

To test whether the decrease in viability was tied to ER stress, levels of two

indicators of ER stress, CHOP (transcription factor C/EBP homologous protein)

and BiP (immunoglobulin binding protein) were measured. These two ER stress

indicators were elevated by the presence of MeHg. Matrix-assisted laser desorption/
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ionization—time-of-flight (MALDI-TOF)/MS assays were also performed to spe-

cifically show that MeHg modifies PDI covalently at Cys 383 or 386 via bonding

with thiol regions. They also looked at the effects of MeHg on the activity of PDI

and found that it causes decreases in this enzyme’s activity. Thus, Makino

et al. (2014) proposed that one possible mechanism for neuronal cell death caused

by MeHg is the binding of Cys residues of the endoplasmic reticulum enzyme, PDI.

This MeHg interference with the action of PDI could lead to ER stress (specifically

through a build-up of unfolded protein residues), which if not corrected by the

machinery of the cell’s unfolded protein response (UPR) could lead to cell death.

Limke et al. (2004a) examined the role of muscarinic receptors in MeHg-

induced dysregulation in rat cerebellar granule cells in vitro through the use of

fura-2 single-cell microfluorimetry. When atropine, a non-specific muscarine

receptor antagonist, was added to the preparation, the onset of MeHg-induced

Ca++ release into the cytosol was significantly delayed. In addition, depletion

of smooth endoplasmic reticulum (SER) Ca++ with thapsigargin or down-

regulation of muscarinic receptors and inositol-1,3,4-triphosphate (IP3)

receptors with bethanechol caused similar reductions in the amplitude of the

MeHg-induced Ca++ increase. Collectively, these suggest that MeHg interacts

with muscarinic receptors to cause Ca++ release from the SER through activa-

tion of IP3 receptors.

Limke et al. (2004a) concluded that the results of their experiments suggested

that interactions of MeHg with muscarinic receptors and resultant perturbation of

Ca++ regulation within the SER may contribute to the selective vulnerability of

cerebellar granule cells. Further, the importance of the SER as a MeHg target may

lie in the effect of the released Ca++ on nearby mitochondria, and the localization of

specific muscarinic receptor subtypes may contribute to the regional selectivity of

MeHg toxicity within the CNS. These conclusions are supported by previous work

in the same laboratory (Limke et al. 2003), which suggested that the SER contrib-

utes Ca++ to the observed mitochondrial dysregulation and subsequent neuronal

death via an MTP-dependent pathway.

Active transport processes essential to the maintenance of the neuronal resting

membrane potential require a great amount of the energy-carrying molecule aden-

osine triphosphate (ATP), which is produced in the mitochondria within the neu-

rons through the oxidative metabolism of glucose. The effect of MeHg on

mitochondrial metabolic function was examined by Dreiem and Seegal (2007)

using rat striatal synaptosomes. Specifically, the study was designed to determine

whether MeHg-induced elevations in reactive oxygen species (ROS) or alterations

in intracellular calcium were the cause of compromised mitochondrial function.

The formation of ROS was assessed through the use of dichloro-dihydro-fluores-

cein diacetate (DCFH-DA), a non-fluorescent, cell-permeable compound to form

2070-dichlorolfluorescein (DCF) (Myhre et al. 2003). Mitochondrial metabolic

function was assessed by the ability to convert the dye methyl-thiazoletetrazolium

to formazan. The authors reported that MeHg increased ROS levels, decreased

mitochondrial function, and caused an increase in both cytosolic and mitochondrial
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calcium levels in the synaptosomes. When the synaptosomes-MeHg preparation

was co-incubated with Trolox, an antioxidant, the MeHg-induced ROS level was

significantly reduced; however, the Trolox failed to restore mitochondrial function.

The elevation in calcium levels was found to be independent of extra-synaptosomal

calcium. The authors concluded that the MeHg-induced mitochondrial dysfunction

is not the result of increased ROS levels, but instead the ROS increase is a

secondary event in MeHg toxicity. Further, they suggested that MeHg-induced

elevations in mitochondrial calcium are responsible for the mitochondrial damage

caused by MeHg (Dreiem and Seegal 2007).

Garg and Chang (2006) examined the effects of MeHg at various concentrations

on the murine N9 microglial cell line. They treated microglial cells with various

concentrations of MeHg for 30 or 60 min and found that ROS increased in a time-

and dose-dependent manner. At concentrations of 20 μM or above, the increase in

ROS was statistically significant ( p< 0.001). It had previously been shown that the

enzyme aconitase is a sensitive intracellular target for oxidative stress (Gardner

et al. 1994). Aconitase is an enzyme catalyzing the conversion of citrate to

isocitrate in the tricarboxylic acid (or citric acid) cycle, and is thus crucial to the

production of the energy-carrying molecule adenosine triphosphate (ATP) from

glucose. Garg and Chang (2006) thus performed experiments to study the effects of

MeHg on aconitase at concentrations of 0, 5, 10, or 20 μM MeHg. Aconitase

activity was found to be impaired by MeHg, with activity dropping by 14% at

5 μM, 53% at 10 μM, and 90% at a MeHg concentration of 20 μM. All decreases

were statistically significant ( p< 0.01 at 5 μM and p< 0.001 at 10 μM and 20 μM
concentrations).

It had been previously reported (Eskes et al. 2002) that MeHg also decreased

the production of the cytokine interleukin-6 (IL-6) in microglia. Garg and Chang

also conducted experiments to study whether IL-6 production was affected in

cultured N9 microglia. These cells were treated with various concentrations of

MeHg for 8 h before measuring the production of IL-6 using ELISA. At concen-

trations of 10 μM, MeHg caused a significant increase in IL-6 production, despite

the fact that this concentration greatly inhibited protein synthesis. The authors

noted, however, that the role(s) of IL-6 in neurotoxicity is still unknown. Overall,

Garg and Chang (2006) concluded that their study demonstrated that exposure

to MeHg caused microglial cellular oxidative stress as determined by ROS

generation, in addition to changes in mitochondrial membrane potential and

aconitase activity.

Yin et al. (2007) studied the ability of MeHg to induce oxidative stress in

primary astrocytes by measuring the levels of F2-isoprostanes (F2-Iso-Ps), a lipid

peroxidation biomarker of oxidative injury. They found that 1 or 6 h of exposure of

primary astrocytes to concentrations of 5 or 10 μM MeHg resulted in significant

( p< 0.05) increases in F2-Iso-Ps levels. The highest increases were observed at a

concentration of 5 μM for 6 h, suggesting a maximal effect at this concentration. A

MeHg concentration of 1 μM did not cause a significant biomarker increase, with

F2-Iso-Ps levels indistinguishable from controls.
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3.4 Effects on Receptor Binding/Neurotransmitter Release

The muscarinic ACh (mACh) receptor has five different isotopes that regulate a

diverse number of motor, sensory, and cognitive neurobehaviors (Basu et al. 2008).

And while it is recognized that MeHg can affect the general population of mACh

receptors and alter receptor protein levels, relatively little is known about the

interaction of MeHg with specific isoforms of that receptor.

Therefore, Basu et al. (2008) investigated the effects of MeHg on muscarinic

cholinergic receptor subtypes M1 and M2 using a combination of in vitro compet-

itive binding assays and examination of tissues from MeHg exposed mink. In this

study, juvenile male mink (9 per treatment group) were fed diets containing MeHg

concentrations of 0, 0.1, 0.5, 1, or 2 μg/g (ppm) diet for 89 days. Animals were then

sacrificed and the entire brain was extracted from each skull, after which the

occipital cortex and brain stem were dissected from the right hemisphere.

Pirenzepine, a selective anti-muscarinic agent, was used in tritiated form to block

M1 muscarinic ACh receptors, and [3H]-AFDX-384 was used as an M2 blocker.

In the in vitro tests, MeHg inhibited the binding of radioligands to the M1 and

M2 receptors in the occipital cortex and brain stem of the mink. Whereas MeHg

inhibition of [3H]-pirenzepine binding to M1 receptors was observed in both the

cortex and brain stem, the effect was more pronounced in the cortex. Similarly, [3

H]-pirenzepine in vitro binding results showed that MeHg was more potent at

inhibiting ligand binding in the occipital cortex than in the brain stem (Basu

et al. 2008).

Conversely, in vivo exposure of the mink to dietary MeHg resulted in greater

binding of radioligands to both M1 and M2 receptors (Basu et al. 2008). While an

exposure-dependent increase in [3H]-pirenzepine binding was measured in both the

occipital cortex and brain stem, only the increase in the cortex was statistically

significant ( p< 0.01, vs. p¼ 0.2 in the brain stem). In the case of [3H]-AFDX-384,

a MeHg-dependent increase in binding was observed in the occipital cortex of mink

exposed to concentrations of 0.5, 1, and 2 ppmMeHg ( p< 0.01), but the increase in

binding in the brain stem was non-significant ( p¼ 0.1). The authors explained this

difference in direction of binding change between in vitro and in vivo studies as

being logical. They pointed out that previous neuropharmacologic studies have

established that exposure of animals to the muscarinic agonist atropine results in the

up-regulation of receptor protein (Wall et al. 1992). The relevance to the Basu

et al. (2008) study is straight-forward, as the receptor binding inhibition outside of a

whole-body situation could not result in a compensatory increase in protein neces-

sary to make new receptors. However, the response to blockage of receptors in vivo

over a period of time would be the compensatory up-regulation of receptors.

In another study, adult female Sprague-Dawley rats were provided MeHg in

drinking water at nominal concentrations of 0, 2.5, or 10 μg/L for 16 consecutive

days (Coccini et al. 2000). Water consumption and body weights were obtained

daily and used to determine daily intakes of 0.5 or 2.0 mg MeHg/kg/day for the 2.5

and 10 μg/L concentrations, respectively. The rats were decapitated either
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immediately following the dosing period or 14 days after the cessation of MeHg

administration. The cerebral cortex, cerebellum, and hippocampus were dissected

out and examined for muscarinic receptors radiolabeled with [3H]quinuclidinyl

benzilate. The authors found evidence of up-regulation of muscarinic ACh recep-

tors. The density of these receptors was increased in only the cerebellum and

hippocampus, but receptor affinity remained unaltered in all three brain areas.

While an increase in muscarinic ACh receptors was not initially seen in the cerebral

tissue, it was demonstrable in the cerebrum of animals examined two weeks after

the termination of treatment.

Coccini et al. (2000) concluded that prolonged ingestion of low doses of MeHg

by rats causes subtle molecular changes with adaptive imbalance of muscarinic

ACh receptors in the hippocampus and cerebellum. These authors also noted that

because cholinergic systems play an important role in learning and memory, as

reported by Mash et al. (1985), the increased ACh receptor density caused byMeHg

may be a deleterious process.

Yuan and Atchison (2003) conducted experiments using whole-cell recording

techniques to examine why cerebellar granule cells are much more sensitive to

MeHg than are their neighboring cerebellar Purkinje cells. A specific area of

interest was whether the expression of phenotypically different GABAA receptor

alpha subunits plays a role in this differential sensitivity. The premise was that if so,

the responses of GABAA receptor-mediated inhibitory postsynaptic currents

(IPSCs) in Purkinje and granule cells should differ in their response to MeHg.

Despite the fact that a range of MeHg bath concentrations was used, the pattern of

response was similar. Biphasic changes were observed in frequency and amplitude

of both spontaneous IPSCs and miniature IPSCs recorded from Purkinje and

granule cells in a concentration and time-dependent fashion. However, the magni-

tude of the changes in frequency or amplitude of postsynaptic current was inde-

pendent of the concentration of MeHg, suggesting that either a fairly constant series

of events is initiated once an effective MeHg concentration is achieved, or that the

concentrations tested were all at the high end of the concentration-response rela-

tionship. To use lower MeHg concentrations, however, the authors felt would

compromise the high quality of the continuous whole-cell recordings due to the

concentration-dependent latent period preceding the time of onset of the response.

While thus unable to prove their hypothesis, Yuan and Atchison (2003) did

establish that MeHg acts at both pre- and post-synaptic sites to alter GABAA

receptor-mediated inhibitory synaptic transmission. And while the general patterns

of effects on the two cell types were similar, GABAA receptors in granule cells did

appear to be more sensitive to blockage by MeHg than are those in Purkinje cells, as

spontaneous GABAergic currents in granule cells were blocked at an earlier time

than were those in Purkinje cells.

To determine whether MeHg interacts specifically with the GABAA receptor,

Fonfria et al. (2001) used intact mouse cerebellar granule cells as an in vitro model

of neuronal selectivity of that organomercurial. In this study, the authors investi-

gated whether MeHg had an effect on granular cells pretreated for 30 min. with

the radioligand [3H]flunitrazepam, and found that binding was increased in a
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dose-dependent fashion. They further found that this increase was completely

blocked by bicuculline and picrotoxinin, both GABAA receptor antagonists, and

by the organochlorine pesticide gamma-endosulfan as well. It was also found that

the increase in [3H]flunitrazepam binding in the presence of MeHg was independent

of intracellular events, such as [Ca++]i, kinase activation/inactivation, or antioxidant

conditions. Fonfria et al. (2001) concluded that MeHg interacts with the GABAA

receptor by the way of alkylation of SH groups of cysteinyl residues found in

GABAA receptor subunit sequences.

The effects of 40 μM, 400 μM, or 4 mM MeHg on the dopaminergic system of

the rat striatum in conscious, freely moving animals were studied by Faro

et al. (2000). All doses increased dopamine (DA) release (907� 31%,

2324� 156%, and 9032� 70%, for low, middle, and high dose concentrations,

respectively). High-dose exposure also caused significant decreases in extracellular

levels of the DA metabolites dihydroxyphenylacetic acid (DOPAC) and

homovanillic acid (AV). The authors attributed these effects to the MeHg-

stimulated DA release, decreased DA intra-neuronal degradation, or both.

Gao et al. (2008) investigated the effects of MeHg on postnatal neurobehavioral

development in mice. Mice from the MeHg treatment groups were given intraper-

itoneal injections of 0.1, 1, or 3 mg/kg MeHg chloride from postnatal days

15 through 17, while control mice were injected with sterile saline. On postnatal

day 45, the mice were tested using the Morris water maze to evaluate spatial

learning and memory. Significant differences were seen between 1 mg/kg and

3 mg/kg groups and controls with regard to two measured parameters. Twenty-

four hours after the final tests, three mice from each group were sacrificed and the

hippocampus removed. Increases in NR1, NR2A, and NR2B subunits of the

N-methyl-D-aspartate (NMDA) dopamine receptor were expressed in the hippo-

campus, relative to controls. Expressed as a percentage of control values, subunit

NR1 (NMDAR1) was increased by 10% in the 0.1 mg/kg group, 378% in the

1 mg/kg group, and 314% in the 3 mg/kg group mice. NR2A expression was

increased by 21% in 0.1 mg/kg mice, 256% in 1 mg/kg mice, and 670% in

3 mg/kg mice, while NR2B expression was enhanced by 59%, 168%, and 252%

in the 0.1 mg/kg, 1 mg/kg, and 3 mg/kg groups, respectively. Gao et al. (2008)

concluded that the MeHg-induced subtle, but persistent, learning deficits and

neurobehavioral abnormalities seen in the mice might be ascribed to alteration of

the gene expression of specific NMDA receptor subunits in the hippocampus.

To investigate the role of the dopamine transporter in MeHg-induced dopamine

release, Faro et al. (2002) administered adult female Sprague-Dawley rats MeHg

dissolved in perfusion fluid and applied locally into the striatum via a dialysis

probe. Intrastriatal infusion of 400 μM MeHg increased the extracellular dopamine

levels to 1941% of baseline levels (�199%). The MeHg-induced release of

dopamine was not attenuated in the total absence of calcium in the bathing Ringer’s
solution, nor was it attenuated after intraperitoneal (i.p.) pre-treatment with reser-

pine (a depletor of catecholamine stores in brain tissue) or the sodium channel

blocker tetrodotoxin (TTX), suggesting that the dopamine release was independent

of calcium and vesicular stores, as well as not affected by the blockade of
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voltage-sensitive sodium channels. Following infusion of KCl (75 mM) through

the dialysis probe, Faro et al. (2002) found that MeHg caused a decrease in the

KCl-evoked release of dopamine. The authors concluded that collectively, their

experiments suggest that MeHg induces the release of dopamine via a transport-

dependent mechanism. The MeHg-induced release of dopamine was also indepen-

dent of calcium and vesicular stores.

It has been known for some time that NMDA receptors (NMDARs) are widely

distributed in the mammalian brain and spinal cord, with particularly high densities

in the hippocampus and cerebral cortex. Over-activation or long term stimulation

can damage and eventually kill target neurons via a process known as excitotoxicity

(Cooper et al. 2003). Based on this knowledge, Ndountse and Chan (2008) hypoth-

esized that MeHg binds to NMDARs and induces their expression, ultimately

leading to cell death. They tested this hypothesis by investigating the effects of

MeHg on the NMDA component of the excitatory neurotransmitter system. Spe-

cifically, they investigated the functional roles of NMDARs on the induction of cell

death in the SH-SY 5Y neuroblastoma cell line after exposure to MeHg. The stated

objective of their study was to investigate the effects of MeHg on the concentration

of NMDARs in the membrane of neuronal cells and to explore the mechanism of

toxicity involved.

In the Ndountse and Chan (2008) study, binding to the NMDAR was measured

using the tritiated antagonist [3H]-MK801. To measure the role of NMDA on the

cultured neuroblastoma cells following MeHg application, the NMDAR antago-

nists MK801 (a.k.a. Dizocipine) and Memantine were used. Specific binding to the

NMDARs was defined as the difference in [3H]MK801 bound in the presence

and absence of unlabeled MK801 (100 μm). Cytotoxicity was determined using

the level of lactate dehydrogenase (LDH) in the supernatant released from the cells.

MeHg treatment levels ranged from 0.1 to 5 μM.

Ndountse and Chan found that the cytotoxic effects of MeHg in human SH-SY

5Y neuroblastoma cultured cells were both time- and concentration-dependent.

LDH increases of 20%, 100%, and 170% were observed after 4 h of incubation

with 1, 2.5, and 5 μM MeHg, respectively. After 24 h of treatment with 0.25, 0.5,

1, or 2.5 μMMeHg, LDH release was increased by 50%, 120%, 150%, and 190%,

respectively, compared to control values.

Both of the NMDAR antagonists (100 μM) were found to significantly

( p< 0.05) inhibit MeHg-induced neurotoxicity (72% with MK801 and 70% with

Memantine). This finding was reported to suggest that the toxicity caused by MeHg

was NMDA-dependent. To test for the involvement of Ca++ in the MeHg-induced

neurotoxicity, Ndountse and Chan (2008) used the intracellular Ca++ chelator

BAPTA-AM. They found that the inhibitory effect of BAPTA-AM on cytotoxicity

was around 30%, but not complete. The conclusion of Ndountse and Chan (2008)

was that their study demonstrates that MeHg binds and increases NMDARs

and induces apoptosis and necrotic cell death on human SH-AY 5Y neuroblastoma

cells.
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3.5 Effects Involving Arachidonic Acid

Arachidonic acid (AA) is an important component of the phospholipid component

of mammalian cell membranes (Stuning et al. 1988). Cultured cerebellar granule

cells (Verity et al. 1994) and astrocytes (Shanker et al. 2002) have been used to

demonstrate the release of AA in the presence of MeHg. Verity et al. (1994)

pre-labeled primary cerebellar granule cultures with tritiated ([3H]) AA and

exposed them to MeHg concentrations of 10–20 μM. The result was that MeHg

induced [3H]AA release in both a concentration-dependent and time-dependent

fashion. Verity et al. (1994) also looked at the role of phospholipase A2 (PLA2) in

MeHg-induced cytotoxicity, Cytosolic PLA2 (cPLA2) is important in the mainte-

nance of membrane phospholipids, catalyzing the production of arachidonic acid

and affecting its release. They found that PLA2 activation preceded cytotoxicity in

the cerebellar granule cells at lower, but not high, MeHg concentrations. Further,

when the anti-malarial enzyme inhibitor mepacrine (100 μM) was present in the

culture to inhibit MeHg-induced activation of PLA2, the cytotoxicity was not

altered. This could mean that either PLA2 activation was not necessary for

MeHg-induced cytotoxicity or that mepacrine failed to inhibit MeHg-induced

PLA2 activation.

Shanker et al. (2002) conducted a study designed to determine the effects of

MeHg on the regulatory expression and activity of astrocytic cPLA2 and AA release

and look for a unifying target for MeHg-induced neurotoxicity. The astrocytes were

obtained from cerebral cortices from 1-day-old Sprague-Dawley rat pups. The

effect of MeHg on the activation of cPLA2 was measured by the lease of [3H]AA

from astrocytes over a period of 120 min. Shanker et al. (2002) found a sustained

increase in the rate of [3H]AA release in astrocytes treated with 2.5 or 5.0 μMMeHg.

This release was statistically significant (p< 0.05) at 10, 30, 60, and 120 min in

astrocytes treated with 5.0 μM MeHg, but only at 120 min in cultured astrocytes

treated with 2.5 μM MeHg. This was consistent with the time- and concentration-

dependent finding of Verity et al. (1994). To test for the involvement of cPLA2 in the

observed [3H]AA release following MeHg treatment, Shanker et al. (2002) used the

specific cPLA2 inhibitor AACOCF3. They found that pre-treatment of astrocytes for

3 h with 10 μM AACOCF3 reduced the release of [3H]AA following 5 μMMeHg to

control levels (“statistically indistinguishable from control astrocytes”). The authors

concluded that their results support the notion that cPLA2 stimulated hydrolysis and

release of AA play a critical role in MeHg-induced neurotoxicity.

3.6 Effects on Cell Cycle/Cell Division

MeHg has long been known to interfere with the production of new neurons by

adversely impacting the biological process of cell division (Rodier et al. 1984). This

has been substantiated by a number of studies, including those reviewed next.
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Castoldi et al. (2000) exposed in vitro cultures of rat cerebellar granule cells to

MeHg concentrations of 0.5–1 μM or 5–10 μM. One hour of exposure to the higher

concentration resulted in impairment of mitochondrial function and plasma mem-

brane lysis, resulting in cell death. While the lower (0.5–1 μM) concentrations did

not compromise cell viability or mitochondrial function at early time points,

neuronal network fragmentation and depolymerization of microtubules were

observed within 1.5 h. This damage continued to progress over time, and complete

dissolution of microtubules and neuronal processes was seen after 18 h. The authors

postulated that cytoskeletal breakdown and deprivation of neurotrophic support

may play a role in delayed toxicity following MeHg exposure. Similarly, Miura

et al. (1999) studied the relationship between changes in the cell cycle and the

induction of apoptosis caused by MeHg in cultured mammalian cells, and reported

that GM2/M-phase arrest through the disruption of microtubules is an important

event in the development of apoptosis by MeHg. Consistent with altered mitotic

division, Bahia et al. (1999) observed a reduction in the frequency of mitotic

divisions following in vitro exposure of human lymphoblastoid (TK6) cells

to MeHg.

While investigating the possibility that intracellular glutathione (GSH) synthesis

may determine sensitivity to MeHg exposure, Ou et al. (1999a) found that

while oxidative stress may mediate aspects of MeHg toxicity, disruption of GSH

homeostasis alone is not responsible for the sensitivity of embryonic CNS cells to

MeHg. In a separate study, Ou et al. (1999b) reported that the activation of cell

cycle regulatory genes may be one mechanism by which MeHg interferes with the

cell cycle in both adult and developing organisms.

Kim et al. (2007) used SH-SY5Y neuroblastoma cells to investigate whether or

not MeHg alters the activity of regulatory proteins involved in the cell cycle.

All-trans-retinoic acid (ATRA) was used in this study to induce differentiation of

the neuroblastoma cells. The existence of retinoid receptors and related cytoplasmic

binding proteins has previously been demonstrated in mammalian models (Maden

et al. 1990; Ruberte et al. 1993); and it has been suggested that retinoids have a

fundamental morphological action in the mammalian nervous system (Perez-Castro

et al. 1989; Maden and Holder 1991). ATRA has been associated with several

fundamental aspects of CNS development, including axonal growth (through mod-

ulation of nerve growth factor, or NGF), migration of elements of the neural crest

(Perez-Castro et al. 1989; Maden and Holder 1991, 1992), and specifying the

rostrocaudal position of the forebrain, midbrain, hindbrain, and spinal cord in the

developing CNS (Maden and Holder 1992). Two days after ATRA-stimulated

differentiation of neuroblastoma cells, Kim et al. (2007) performed cell cycle

analysis using flow cytometry. Those researchers reported that MeHg treatment

caused a significant change ( p< 0.05) in the SH-SY5Y cell cycle. The G1/G0

portion of interphase was reduced in duration, and arrest of the S phase was

reported.

Gribble et al. (2005) examined the role of p53, a major regulator of G1 and G2

stages of the cell cycle, in MeHg toxicity using isolated gestation day 14 (GD 14)

mouse fibroblasts. In this study, mice heterozygous for the wild-type and null p53
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allele were impregnated. At GD14, the pregnant mice were euthanized and gravid

uteri were removed. Single cell fibroblast suspensions were subsequently isolated

for testing. The fibroblasts were then exposed to sterile water solutions containing

0.25, 1.0, 2.5, or 4.0 μM MeHg. Gribble et al. (2005) found that MeHg caused a

non-permanent delay in the G2 phase stage in p53+ cells at MeHg concentration of

1.0 μM and above. There was also an inhibition of G0/G1 cells to progress to G2.

At 24 h following treatment, an average of 28% of untreated control cells had

progressed to the G2 stage, compared with no progression to G2 in 1.0 and 2.5 μm
MeHg treated cells. In addition, it was found that1.0 μM MeHg caused

an approximate 3-fold larger percentage of p53+ cells to undergo apoptosis than

p53� cells at 24 and 48 h.

In a population of cells allowed to progress to the G2 stage, treatment with a

MeHg concentration of 2.5 μM resulted in a time-dependent inability of G2 cells to

progress in the cell cycle (Gribble et al. 2005). At 24 h, there was a 17.3% increase

in the number of p53+ cells over the untreated cells; and at 48 h, 77.0% of the

treated cells remained at the G2 stage, compared with an average of only 7.3% of

the untreated G2 cells.

Gribble et al. (2005) concluded that low-dose MeHg causes cell cycle inhibition

in the absence of cytotoxicity. Their study results suggest a mechanism involving

p53 signaling that may have important implications for neurodevelopmental toxic-

ity associated with MeHg.

Burke et al. (2006) further investigated the phenomenon of cell cycle interfer-

ence by conducting both in vivo and in vitro studies using Sprague-Dawley rats. In

the in vivo study, rats were mated, and the litter birth date was considered to be

post-natal day 0 (P0). At day P7, rats were injected subcutaneously with vehicle

(controls) or 0.1–30 μg/g MeHg. Rats were sacrificed at 7 h, 24 h, or 2 weeks, and

the hippocampus and cerebellum were removed from whole brains. Tissues for cell

cultures were obtained at embryonic day 14.5 for cortical precursors or day P7 pups

for granule cells. Acute changes in DNA synthesis were evaluated at 7 h post-

dosing, using [3H]-thymidine as a marker of DNA synthesis.

Burke et al. (2006) found that the incorporation of [3H]-thymidine decreased as

the concentration of MeHg increased above 0.1 μg/g in the hippocampus. However,

DNA synthesis in the cerebellum was unchanged across the entire dosage range of

MeHg. The authors suggested that this indicated a region-specific response to

MeHg, as total Hg levels were very similar in both areas of the brain. They also

pointed out that since brain development relies on the production of new neurons,

the acute decrease in the synthesis of DNA in the hippocampus might have

permanent effects. This is supported by the observation that MeHg exposure on

P7 resulted in a decrease in the cell number at P21 by 17%. In contrast, parallel

studies of the cerebellum showed no significant change in cell number at 2 weeks

post-exposure.

To determine whether the difference in the effects in the two brain regions was

the result of differences in cellular characteristics, as opposed to regional differ-

ences, Burke et al. (2006) then conducted in vitro experiments. In isolated granule

cells from the line that had shown resistance to MeHg in the in vivo studies, [3H]
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incorporation was decreased as the duration of exposure increased. Whereas 0.3 μM
MeHg caused no change at 6 h, [3H]-thymidine incorporation was decreased by

17% at 24 h. Exposure of the granule cells to 3 μM MeHg resulted in a 43%

decrease at 6 h and 92% at 24 h, indicating that granule cells are, in fact, responsive

to MeHg, and they are not simply resistant to MeHg exposure.

Using bromodeoxyuridine (BrdU) labeling to assess the number of cells in

S-phase during the last 2 h of MeHg incubation, Burke et al. (2006) found that in

6 h cerebellar granule cultures, MeHg induced a 73% reduction in [3H]-thymidine

incorporation into DNA and a 43% decrease in BrdU labeling. The authors noted

that this is consistent with the hypothesis that MeHg inhibits the transition from the

G1 to the S phase of cell division. Based on the decrease in BrdU labeling, they also

assessed the effects of MeHg on proteins involved in the transition of the G1 to

S-phase of the cell cycle. One of these regulatory proteins is cyclin E. Burke

et al. (2006) found that cyclin E is specifically targeted by MeHg; thus the effects

of MeHg they observed on DNA synthesis may be the result of the MeHg-induced

reduction in the availability of cyclin E.

3.7 Effects on Glutathione (GSH) Activity

The brain is particularly sensitive to oxidative injury, in large part due to its high

rate of oxidative metabolism (Halliwell 1992). In the cellular cytosol, GSH serves

as the major antioxidant, helping to scavenge ROS.

In a study described earlier in this paper, Ndountse and Chan (2008) used GSH

levels as an indicator of cytotoxicity, measuring GSH levels in cultured human

neuroblastoma cells incubated at MeHg concentrations of 0.1–5 μM. They found

that GSH was decreased, even at non-toxic concentrations of MeHg, noting that

GSH depletion is an indicator of oxidative stress. They further noted that they had

found a good correlation between the observed decrease in GSH and cell death.

In a review of the neurodegenerative effects of mercury and its compounds,

Carocci et al. (2014) note that the most important mechanism by which mercury

causes toxicity is by mitochondrial damage via depletion of GSH, coupled with

thiol binding which in turn generates free radicals. Mori et al. (2007) point out that

the function of mitochondrial GSH would be expected to be essentially the same as

cytosolic GSH with respect to MeHg toxicity. In this study, both whole tissue GSH

and mitochondrial GSH were lower in the rat brains than in the livers, and the same

was true of two other antioxidant enzymes, superoxide dismutase (SOD) and

glutathione peroxidase (GPX). This occurred despite the higher oxygen consump-

tion and subsequent ROS production in the brain. The authors suggested that the

brain mitochondria might therefore function with marginal stability against oxida-

tive stress. Further, the mitochondria of the cerebellum might be particularly

sensitive to this, because of their higher oxygen consumption and ROS production

than the cerebrum. In fact, the GSH levels measured in mitochondria in the

cerebellum of intact rats was as low as one-third that of cerebral mitochondria.

Mori et al. (2007) noted that the higher susceptibility to MeHg-induced oxidative
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damage in brain mitochondria (particularly in the cerebellum) compared with the

liver mitochondria might account, at least in part, for the selective toxicity of

MeHg. Mori et al. (2007) concluded that their data suggest that the high MeHg-

induced activity in mitochondrial ROS generation and low activity in the brain’s
defense system, particularly in the cerebellum, would easily cause a critical imbal-

ance in ROS production and at least partially account for the selective neurotoxicity

of MeHg.

Franco et al. (2006) examined the exclusive contribution of MeHg exposure

through maternal milk on biochemical parameters related to the thiol status in the

cerebellums of suckling mice. The thiol status was determined by GSH levels and

GPX and glutathione reductase (GR) activity. In this study, 14 Swiss albino mice

dams were randomly assigned to one of two groups of seven females each (one

treatment and one control group). Pups (eight per litter) were maintained with their

mothers, half of which were immediately exposed to MeHg (10 mg/L) in drinking

water (treatment group) or to MeHg-free tap water ad libitum (control group). The

exclusive route of MeHg exposure for the treated offspring was maternal milk.

Franco et al. (2006) found that the GSH level in the cerebellum was signifi-

cantly higher ( p< 0.05) in the MeHg-exposed dams than in the control rats. In

the exposed pups, however, the response was completely the opposite, with

MeHg exposure through breast milk resulting in a significant decrease in GSH

levels ( p< 0.05). Cerebellar GR activity was also significantly higher ( p< 0.05)

in MeHg exposed dams than in controls, but this increase was not seen in exposed

pups. A two-tailed Pearson correlation test revealed a significant positive corre-

lation between cerebellar GR activity and cerebellar GSH in mothers ( p< 0.001).

MeHg exposure did not affect GPX. Franco et al. (2006) concluded that

decreased motor performance in the MeHg-exposed pups may be related to

alterations in the cerebellar thiol status. They suggest that the increases in GSH

levels and GR activity in the cerebellums of MeHg-exposed dams could represent

a compensatory response to the oxidative effects of MeHg toward endogenous

GSH. Franco et al. (2006) also suggest that the inability of the pups to perform

this compensatory response is probably due to the immaturity of the CNS in the

pups, making them more susceptible to the oxidative effects of MeHg on cere-

bellar thiol status.

The effects of MeHg on microglia were examined using the murine N9

microglial cell line (Garg and Chang 2006). Microglia are macrophage-like cells

that make up ~15% of the cell population within the CNS. As such, they are

responsible for removal of invading pathogens and are critical to the survival and

maintenance of CNS neurons. They also secrete a number of proteins, such as IL-6,

which can be either beneficial or detrimental to neuronal cells, depending on the

internal conditions. To test for cytotoxicity, the cells were treated with various

concentrations of MeHg for one day, and the viability of each treatment subse-

quently determined. Cytotoxicity was found to appear in a rapid and irreversible

manner. Under the conditions of this experiment, MeHg at concentrations of 4, 8,

12, or 16 μM reduced cell viability by 12%, 59%, 85%, and 95%, respectively.
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Targets of developmental MeHg exposure include neural cell adhesion mole-

cules (NCAMs), which are sialoglyco conjugates whose proper temporal and

spatial expression is important at all stages of neurodevelopment, especially during

the formation of synapses. Dey et al. (1999) dosed rat pups subcutaneously with

7.0 mg/kg on every other day from postnatal days 3–13, and investigated the effects

of MeHg on the temporal expression of NCAM during development. Postmortem

examination of whole-cerebellum homogenates, cerebellar synaptosomes, and iso-

lated cerebellar growth cones collected at postpartum days 15, 30, and 60 was

conducted. Golgi sialytransferase activity analysis revealed significant reductions

in samples collected at postnatal day 15; however, no such changes were found at

postnatal days 30 or 60. In vitro studies revealed decreasing MeHg sensitivity of

cerebellar sialytransferases with increasing developmental age. The authors con-

cluded that MeHg-induced perturbation of the developmentally regulated expres-

sion of polysialylated NCAM during brain formation may disturb the stereotypic

formation of neuronal contacts and contribute to the behavioral and morphologic

disturbances seen following MeHg poisoning (Dey et al. 1999).

In a study of the in vivo degenerative effects of methylmercuric chloride on rat

brain and cranial nerves, Kinoshita et al. (1999) demonstrated a disturbance in the

integrity of microtubules and neurofilaments in the rat nervous system, particularly

in the optic nerves. Specifically, electron microscopic examination revealed a

marked decrease in microtubules and a moderate decrease of neurofilaments in

the myelinated fibers of optic nerves in treated animals.

Faro et al. (2005) investigated the effect of pretreatment with GSH, cysteine, or

methionine on MeHg-induced dopamine release from the rat striatum (Faro

et al. 2005). Adult female Sprague-Dawley rats were administered a perfusion

fluid containing either MeHg, MeHg following GSH pretreatment, MeHg following

cysteine pretreatment, or MeHg following methionine pretreatment via a dialysis

probe inserted directly into the striatum. The individual concentration of each of the

four substances in the perfusion fluid was 400 μM. Infusion of 400 μMMeHg alone

resulted in a 1941% (�199%) increase in extracellular dopamine levels (vs. basal

levels). Infusion of 400 μM following GSH pretreatment resulted in an increase in

extracellular dopamine of only 465% (�104%), or 76% less increase than that

caused by MeHg alone. MeHg infusion following pretreatment with cysteine

resulted in only an increase of 740% (�149%), or only 62% lower than that

induced by MeHg alone. Treatment with MeHg following methionine pretreatment

resulted in no significant difference from MeHg alone.

In a study previously described in the current paper, Faro et al. (2005) pointed out

that MeHg promotes a decrease in intracellular GSH levels, as previously demon-

strated by Choi et al. (1996). Thus, pretreatment with GSH would to some extent

ameliorate the impact of MeHg on existing cellular GSH, as found in this study.

They also noted that the amino acid-cysteine has a free -SH group, whereas the

amino acid methionine has a sulfur atom without the capacity to form -SH groups.

Therefore, it is not surprising that the -SH group available in the cysteine pretreated

group would bind with MeHg and serve to decrease dopamine release. But since the
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sulfur atom in methionine was unavailable for binding to MeHg, pretreatment

with that amino acid had no effect on MeHg-induced dopamine release (Faro

et al. 2005).

3.8 Involvement with Nitric Oxide Synthetase

Shinyashiki et al. (1998) examined the effects of MeHg on cerebral and cerebellar

neuronal nitric oxide synthase (nNOS) isoforms in rat brain in vivo and in vitro.

Eight week-old male Wistar rats were given subcutaneous doses of 10 mg MeHg/

kg/day for 8 days. In vivo manifestation of neurotoxicity was considered to be hind

limb crossing, which was evaluated as an indication of paralysis. Five animals were

sacrificed each at 1, 2, 5, and 8 days after the first injection and when paralysis was

achieved, and the cerebrum and cerebellum of each was removed and examined for

MeHg levels. Effects on enzyme activity, interaction of NOS with mercuric com-

pounds via thiols, and involvement of SH groups in MeHg-induced enzyme loss

were examined in vitro.

Total Hg concentrations in blood, cerebrum, and cerebellum increased progres-

sively through 8 days of exposure (Shinyashiki et al. 1998). The first hind limb

crossing was seen 14.5 days after the first injection. The activity of nNOS

increased in both the cerebrum and cerebellum, but in a different manner. In the

cerebrum, nNOS activity increased significantly with time and peaked 5 days

following the first injection ( p< 0.01); it then declined slightly, but statistically

significantly, at 8 days ( p< 0.01). NOS activity in the cerebellum, however, was

significantly increased only after 8 days ( p< 0.05). In contrast to the in vivo

results, in vitro tests showed a decrease in cerebellar nNOS activity in a

concentration-dependent fashion following MeHg-induced covalent modification

of thiol groups. Shinyashiki et al. (1998) suggested MeHg causes not only an

increase in intracellular calcium, but also in nNOS protein, bringing about

overproduction of NO.

Chuu et al. (2001) administered male mice oral gavage MeHg doses of 0.2 or

2.0 mg/kg/day for seven consecutive days. The animals were sacrificed by pento-

barbital injection at 0, 5, and 11 weeks following cessation of treatment.

Brainstem tissue was assayed for Na+/K+-ATPase activity immediately following

the cessation of treatment and from animals sacrificed at 5 and 11 weeks post-

treatment. Brainstem tissue and whole blood were also assayed using a nitric

oxide (NO)/ozone chemiluminescence assay method. Their tests revealed MeHg-

related inhibition of Na+/K+-ATPase activity in the brainstems of mice treated

with 0.2 and 2.0 mg/kg MeHg, but this was observable only in those animals

sacrificed immediately following treatment cessation; no such effect was seen in

animals sacrificed at 5 or 11 weeks post-treatment. A significant ( p< 0.05) and

irreversible increase in brainstem NO level was seen at all times during the

experimental course (0, 5, or 11 weeks post-treatment) at 2.0 mg/kg/day, com-

pared to vehicle controls. No discernible change in nitric oxide level was seen at
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any post-treatment analysis period in animals receiving the 0.2 mg/kg dose. The

authors concluded that high-dose MeHg intoxication is associated with a decrease

in functional Na+/K+-ATPase activity in the brainstem of affected animals, sec-

ondary to excessive production of NO, leading to oto-toxicity and hearing loss

(Chuu et al. 2001).

3.9 Effects on Glial Cells and Glutamate-Glutamine Uptake
and Homeostasis

Of the non-neuronal support cells in the CNS, astrocytes are the most abundant.

They participate in neurotransmitter synthesis, help to maintain K+ balance, assist

in neuronal migration during development, play a prominent role in glutamate-

glutamine homeostasis, and are a structural component of the blood-brain barrier.

To identify the mechanisms involved in astrocyte damage due to MeHg expo-

sure, Yin et al. (2007) examined the effects of MeHg on glutamine uptake and

expression of glutamine transporters in primary astrocyte cultures. Pre-treatment

with 1 μM, 5 μM, or 10 μM MeHg for 30 min resulted in significant ( p< 0.001)

inhibition of glutamine uptake at both 1 and 5 min measurements at all three

concentrations, compared to controls. The degree of inhibition was concentration,

but not time, dependent. Differences in glutamate uptake with 10 μM MeHg was

also significantly higher ( p< 0.001) than uptake with 1 μM ( p< 0.001) and 5 μM
( p< 0.05) at both 1 and 5 min.

Yin et al. (2007) also investigated the molecular mechanisms associated with the

effects of MeHg on glutamine uptake in cultured astrocytes by measuring the

astrocytic amino acid transporter mRNAs by RT-PCR. Glutamine uptake is depen-

dent upon several sodium-dependent transporters, including SNAT1, SNAT3, and

ASCT2. MeHg treatment at 10 μM MeHg (but not at 1 μM or 5 μM) significantly

( p< 0.05) reduced the mRNA expression of SNAT3 and ASCT2, but not SNAT1,

when compared to controls. Yin et al. (2007) concluded that their data, when taken

collectively, demonstrate an association between MeHg exposure and increased

mitochondrial membrane permeability, alterations in glutamine/glutamate cycling,

and oxidative injury resulting from increased ROS formation. They further

suggested that the ultimate effect of MeHg is the initiation of multiple additive or

synergistic mechanisms of a disruptive nature that lead to cellular dysfunction and

cell death (Yin et al. 2007).

Farina et al. (2003a) examined the effects of MeHg on glutamate uptake by brain

cortical slices. Two-month-old male Swiss Albino mice were given MeHg chloride

equivalent to doses of 0, 10, or 40 mg/kg MeHg chloride in drinking water for

15 days and then sacrificed and the cerebral cortex removed for experimentation.

The 40 mg/kg equivalent dosage, but not the 10 mg/kg dose, significantly

( p¼ 0.013) decreased glutamate uptake in the cortical slices.
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To evaluate the effects of in vivo MeHg exposure on glutamate release from

synaptosomes and glutamate uptake by brain cortical slices, Farina et al. (2003b)

divided 48 suckling Wistar rat pups into two groups of equal size. The pups

received daily subcutaneous (s.c.) injections of MeHg dissolved in a 25 μM
NaHCO3 solution beginning on post-natal day 3 (PND 3). The 24 MeHg-treated

rat pups were divided in three groups of eight pups each that were sacrificed on

PNDs 10, 17, and 24 for preparation of synaptosomal and cortical preparations.

The 2 mg/kg dosage was based on a prior study by Miyamoto et al. (2001), in which

the vulnerability of developing cortical neurons to MeHg was examined. Control

rats (n¼ 24) received daily s.c. injections of a 25 μM NaHCO3 solution.

In another paper, Farina et al. (2003b) found that glutamate release increased

with age in both control and treated animals. The control pups sacrificed on PND

24 had significantly ( p< 0.05) elevated glutamate release levels as compared to the

10- and 17-day sacrificed animals. The 24-day-old MeHg-treated pups had gluta-

mate release levels significantly higher than the 24-day controls ( p< 0.05) and the

10- and 17-PND-sacrificed MeHg-treated pups ( p< 0.05). In contrast with the

increase in glutamate with age and MeHg treatment, glutamate uptake by cortical

neurons was found to decrease with age in both controls and MeHg-treated animals.

In cortical slices from pups sacrificed on PND 24, there was a significant ( p< 0.05)

increase (56%) compared with age-matched controls. These authors concluded that

their data suggest that the effect of MeHg on glutamate release from presynaptic

nerve terminals could be involved in its neurotoxicity in suckling rats, and that the

observed increase in glutamate uptake could correspond to a pathologic response to

MeHg. Farina et al. (2003b) went on to suggest that it is possible that the neurologic

deficits seen in MeHg-exposed children might be related, at least in part, to a

MeHg-induced disturbance of glutamate homeostasis.

Due to the effects of MeHg on the brains of infants whose mothers had been

exposed to MeHg during pregnancy, Manfroi et al. (2004) examined the effects of

MeHg in weanling mice that had been exposed to MeHg only from the breast milk

of their mothers. To do so, glutamate uptake by cerebellar slices from weanling

mice was measured and compared with uptake from cerebellar slices from their

mothers. While no differences found in glutamate uptake between exposed and

control mothers, a significant ( p< 0.05) decrease in glutamate uptake was observed

in exposed weanlings, when compared to controls.

3.10 Other Mechanisms

Calpain is a Ca++-dependent cysteine peptidase (protease) that was first identified in

rat brain by Guroff (1963). It has been reported that deregulation of calpain activity

can result in tissue damage and is associated with events such as stroke and brain

trauma (Goll et al. 2003). Calpain degrades many specific substrates, including

microtubule-associated protein 2, α-fodrin, and p35.
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Lee et al. (2000) reported that the calpain/cyclin-dependent kinase 5 cdk5/p35

cascade is important in neuronal cell apoptosis. The cdk5 activator, specifically

expressed in neuronal cells, causes a cleavage of p35 to p25, which is followed by

the redistribution and overactivation of cdk5 in the presence of p25. Caplain-

induced conversion of p35 to p25 leads to the formation of a cdk5-p25 complex,

which results in the hyperphosphorylation and degradation of many proteins,

including tau and neurofilaments (Nath et al. 2000).

Sakaue et al. (2005) explored a possible mechanism by which MeHg leads to cell

death in rat cerebellar granule cells. Their hypothesis was that MeHg activates the

calpain-dependent cascade and leads to granular cell death in the cerebellum. To

investigate this, they looked specifically at the calpain/cyclin dependent kinase

(cdk5/p35) cascade which, when activated, leads to neuronal cell apoptosis. In their

studies, cultured cerebellar granule neurons prepared from Wistar rats were treated

with MeHg at concentrations ranging from 0 to 1 μM (1000 nM) for 24 or 48 h with

or without calpain inhibitor II. Intracellular Ca++ concentrations were determined

using the fluorescent Ca++ indicator, Fluo-3 (Fluo-3 acetoxymethyl ester), which

specifically binds to calcium ions.

Sakaue and colleagues found that MeHg induced death in cerebellar granule

cells in a dose dependent manner. In investigating the first stage of the calpain-

activated cell death, which is an upsurge in intracellular calcium after MeHg

treatment, the intracellular calcium increased in a dose-dependent manner. Even

at the low dosage of 30 nM MeHg, significant ( p< 0.05) cell death was observed.

However, treatment with calpain inhibitor II restored the viability of cells treated

with 30 nM or 100 nM MeHg from 76% to 89% and from 43% to 60%,

respectively. Thus, the inhibitory effect of calpain inhibitor II was demonstrated

to be statistically significant ( p< 0.05), but incomplete.

Sakaue et al. (2005) also investigated the effect of MeHg on rat neuroblastoma

cells for 48 h, and found that the sensitivity of the neuroblastoma cells to MeHg was

less than the sensitivity of cerebellar granule cells. The viability of the B35 cells

was found to be significantly ( p< 0.05) decreased only at MeHg concentrations

above 300 nM.

Sakaue et al (2005) also measured the cleavage of α-fodrin, a known calpain

substrate, and found that it occurred in a dose-dependent manner with the addition

of MeHg. They further noted that calpain inhibitor II did not completely stop the

cascade that lead to calpain activated apoptosis, although it did reduce it. Those

authors concluded that the calpain cascade may be one of the mechanisms that

contribute to microtubule degradation that leads to cell death.

Although tau proteins are necessary for microtubule stabilization, Sakaue

et al. reported that it was improbable that the phosphorylation of tau contributed

to MeHg-induced cell death at very low concentrations. Rather, proteins containing

cytoskeletons seemed to degrade and cause dysfunction via calpain-digestion in the

neuronal cells treated with a very low dose of MeHg (Sakaue et al. 2005).
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4 Ethylmercury: Mechanisms of Toxic Action

Ethylmercury is the other alkyl mercury compound discussed in this paper. While

there has been considerable interest in ethylmercury in recent years due to its

presence in the body as the result of the in vivo metabolism of the preservative

thimerosal, almost all of the data regarding its metabolism have come from the

studies of thimerosal and not ethylmercury itself.

Sodium ethylmercuric thiosalicylate (thimerosal; Merthiolate) is a mercury-

containing preservative used in some multi-dose vials of vaccines and other prod-

ucts since the 1930s. It has the chemical name ethyl(2-mercaptobenzoato-(2-)-O,S)

mercurate(1-) sodium and contains approximately 49% mercury by volume. Thi-

merosal is broken down by in vivo metabolic processes to ethylmercury (EtHg) and

salicylic acid. Thimerosal is quickly metabolized in vivo, due to its reactions with

protein and non-protein thiols (Wu et al. 2008).

4.1 Mobilization of Intracellular Ca++

Thimerosal has been shown to be a versatile sulfhydryl reagent, a mobilizer of

intracellular calcium, and a modulator of cell function (Elferink 1999). It has been

shown to induce the release of intracellular calcium stores in many cell types. This

mobilization of calcium can in turn modulate a number of cell functions. Tornquist

et al. (1999) found that thimerosal mobilized sequestered calcium and evoked

modest store-dependent calcium entry in thyroid FRTL-5 cells. The mechanism

of action was suggested to be mediated via activation of protein kinase C, as

thimerosal potently stimulated the bonding of [3H]phorbol 12,13-dibutyrate and

was without effect on store-operated calcium entry in cells treated with

staurosporine or in cells with down-regulated protein kinase C. Whole-cell

patch clamping experiments revealed that thimerosal did not depolarize the

membrane potential. It was concluded that thimerosal attenuates any increase

in internal calcium ion concentration, probably by activating a plasma membrane

Ca++-ATPase (Tornquist et al. 1999).

Thimerosal has also been shown to be a potent activator of intracellular calcium

release in pig oocytes. Such activation mimics the effects of sperm-induced release

of intracellular calcium, as well as other activation events that occur in pig oocytes

(Machaty et al. 1999). Wang et al. (1999) examined the temporal relationship

between intracellular calcium transients, cortical granule exocytosis, and the zona

reaction induced by thimerosal. These researchers found that thimerosal induced

the same degree of exocytosis in oocytes that was caused by sperm penetration.

Further, the zona block to sperm penetration in thimerosal-treated oocytes occurred

within 35 min of cortical granule exocytosis and within 40 min of the first calcium

transient. Machaty et al. (1999) found that the thimerosal-induced Ca++ release did
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not require the formation of IP3. In addition, thimerosal destroyed the meiotic

spindle, preventing further development.

Calcium channels in skeletal muscle, cardiac muscle, and certain nerve fibers

have a high affinity for the plant alkaloid ryanodine (Sitsapesan and Williams

2000). The receptors for which ryanodine has this particular affinity are known as

ryanodine receptors (RyR). Eager and Dulhunty (1999) found that thimerosal reacts

with specific cysteine residues on RyR, contributing to either activation or inhibi-

tion of the channel, depending on the domain and particular class of cysteine

associated with that receptor.

Using whole-cell patch clamping to study the effects of thimerosal on tetrodo-

toxin (TTX) sensitive and TTX-resistant sodium channels in dorsal root ganglion

neurons, Song et al. (2000) found that thimerosal blocked the two channel types in a

dose-dependent fashion. The inhibition was considerably more pronounced in the

TTX-resistant channels, but the effect was not reversed in either case with washing

with thimerosal-free solution. The thimerosal-induced inactivation of both types of

sodium channels would serve to diminish neuronal activity.

As previously noted in this paper, inositol 1,4,5-triphosphate (IP3) is involved in

intracellular calcium homeostasis; and the binding of this compound to the inositol

triphosphate receptor (IPR) is modulated by a number of compounds, including

MeHg. IP3 plays its vital role in calcium homeostasis through its action as a second

messenger responsible for the release of Ca++ from intracellular stores following

receptor activation. Further, binding to the IPR is modulated by a number of

compounds, including MeHg. In an earlier study, Sayers et al. (1993) investigated

the mechanism by which thimerosal affects the biochemical properties of intracel-

lular Ca++ pumps and channels using rat cerebellar microsomes and rabbit skeletal

muscle and fluorescence monitoring techniques. The effect of up to 50 μM thimer-

osal on IP3 binding was assessed by the addition of thimerosal to cerebellar

microsomes incubated with 40 nM [3H]IP3. In the rat cerebellar microsomes, a

concentration-dependent inhibition of Ca++ uptake was observed, but 75 μM thi-

merosal was required for complete inhibition. In the rabbit skeletal muscle, the rate

of Ca++ uptake by the sarcoplasmic reticulum was progressively decreased with

increasing concentrations of thimerosal, with nearly complete inhibition occurring

at thimerosal concentrations over 2 μM. Upon the addition of the Ca++ ionophore

A23187 to enhance the permeability of the cell membrane to Ca++, Ca++-ATPase

activity was completely inhibited by thimerosal, indicating that thimerosal had a

direct, rather than non-specific, effect on the Ca++-ATPase. Thimerosal concentra-

tions up to 50 μM had no effect on IP3 binding or on IP3 metabolism in the

cerebellar microsomal preparation. Sayers et al. (1993) concluded that the opening

of the IP3-sensitive Ca++ channel is a complex event, and that new models to

explain IP3-induced Ca++ release were necessary.

Since the report of Sayers et al. (1993), other researchers have investigated the

effects of thimerosal on IP3-mediated Ca++ release. Vanlingen et al. (1999) reported

that the binding of IP3 to its membrane receptors can be differentially modulated by

thimerosal. Using a preparation of cerebellar microsomes, these researchers found

that thimerosal had a stimulatory effect on the binding of IP3 to IP3R1 receptors.
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Green et al. (1999) reported that the sensitivity of intracellular calcium stores to IP3
increases the affinity of the IP3 receptor in rat hepatocytes; and thimerosal was

further shown to enhance agonist-specific differences in the oscillation of intracel-

lular calcium in rat hepatocytes. Mason and Mahaut-Smith (2001) also reported the

voltage-dependent Ca++ release in rat megakaryocytes following sensitization of

IP3 receptors with thimerosal.

Bultynck et al. (2004) compared the functional and molecular effects of

thimerosal on IP3R1 and IP3R3 receptors. Using a culture of A7r5 embryonic

rat aorta cells, which express primarily the IP3R1 isoform, they found that

thimerosal produced a modulated biphasic effect on the IP3induced Ca++ release

and IP3-binding activity of IP3R1 receptors. Thimerosal (1 μM) was found to

strongly potentiate the IP3-induced Ca++ release, and this was additive to the

potentiation by the Ca++ itself. The authors stated that the additive effect of

thimerosal and Ca++ may indicate that both agents cooperate to induce a confor-

mational change to the IP3R1 receptor that is much more sensitive to activation

by IP3. Bultynck et al. (2004) also studied the effects of thimerosal on R23-11

cells in culture. R23-11 cells are IP3R knockout cells derived from DT40 chicken

B lymphoma cells by homologous recombination. These latter experiments

showed that thimerosal potentiated IP3-induced Ca++ release and the IP3 binding

activity of IP3R1 in triple IP3R knockout R23-11 cells, but not in the IP3R3

isoform, which lacks the N-terminal suppressor domain. Bultynck et al. (2004)

concluded that, collectively, their data revealed a thimerosal-dependent intramo-

lecular interaction within the N-terminal domain of IP3R1, and that this may be at

least a part of the conformation changes occurring during the desensitization of

IP3R1 by thimerosal. Further, IP3 may induce opening of the channel pore by

modifying the interaction of the C-terminal channel domain with the N-terminal

IP3-binding domain.

4.2 Effects on Mitochondria (Membrane and ROS)

Much of the increase in intracellular Ca++ is attributable to its release from the

mitochondria (Sharpe et al. 2012). Sharpe et al. (2012) investigated the effects of

ethylmercury (from thimerosal) on the mitochondria of normal human astrocytes,

paying particular attention to mitochondrial function and the generation of specific

antioxidants. These investigators pointed out that the types and levels of antioxidant

enzymes of human astrocytes are somewhat different from most other cell types.

In their experiments, Sharpe and his co-investigators incubated astrocytic cells

for 1 h, before performing fixation of the cells. Thimerosal solutions were prepared

to a maximum concentration of 360 μM, and 10 μL were added to a 240 μL
astrocytic volume. Additional 10 μL aliquots were added at 10-min intervals.

Measurements of DNA, oxidized DNA bases, and blunt-ended breaks were

also performed. Concentration dependence was determined by adding Thimerosal

concentrations of 0–14.4 μM to the cell medium at t¼ 0, 10, 20, 30, 40, and
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50 min, before fixation at 60 min. ROS generation was measured by

dichlorohydrofluorescein (DCF) fluorescence in isolated mitochondria.

Treatment with 14.4 μM thimerosal caused ~50% decrease in mitochondrial

membrane potential at 1 h, along with a 200% increase in mitochondrially gener-

ated oxidants. Time course evaluation of ethylmercury-induced changes revealed

that the generation of ROS is an early event in the course of events leading to

apoptosis and occurred prior to changes in the mitochondrial membrane potential.

Further, thimerosal-treated astrocytic mitochondria were observed to generate four

times the amount of ROS as control mitochondria. In comparison, steady state

generation of ROS in areas with no mitochondria was unchanged.

Sharpe et al. (2012) reported a 5-fold increase in levels of oxidant-damaged

mitochondrial DNA and increases in levels of mito-DNA nicks and blunt-ended

breaks. Mitochondrial DNA was found to be far more vulnerable to

ethylmercury-induced damage, compared with nuclear DNA. These researchers

observed a 240% increase in the levels of mitochondrial DNA breaks, a 300%

increase in 30OH DNA nicks, and a 460% increase in the levels of oxidized bases

(apurinic or apyrimidinic sites). Since mitochondrial DNA is localized within the

matrix, it was concluded that this is the main site of ROS generation.

Sharpe et al. (2012) also noted that EtHg not only inhibits mitochondrial

respiration, leading to a drop in the steady state membrane potential, but also causes

concurrent increases in the formation of superoxide, hydrogen peroxide, and

Fenton/Haver-Weiss generated hydroxyl radical.

4.3 Effects on Arachidonic Acid, Leukotriene Synthesis,
and Membrane Integrity

The levels of free AA in cells are known to be maintained by a balance between

hydrolysis from membrane phospholipids by phospholipase A2 and reincorporation

into phospholipids catalyzed by the L-type neutral amino acid carrier transport

(LAT) system (Chilton et al. 1996). Thimerosal has been shown to be involved in

the liberation and prolonged availability of arachidonic acid (AA) and AA metab-

olites in various mammalian tissues and cells (Chen et al. 2003; Hatzelmann

et al. 1990; Kaever et al. 1988; Stuning et al. 1988; Zarini et al. 2006). Kaever

et al. (1988) stated that the availability of arachidonic acid represents the funda-

mental prerequisite of cellular eicosanoid synthesis.

To examine the effects of thimerosal on μμLAT in human neutrophils, Zarini

et al. (2006) isolated neutrophils from whole human blood, and incubated neutro-

phil microsomes and a mixture of standard lysophospholipids with AA Co-A in the

presence or absence of 50 μM thimerosal. In the absence of thimerosal, the

corresponding diacylphospholipids were formed. However, when the thimerosal

was added to the incubated microsomes 2 min prior to the addition of the

lysophospholipids, an almost complete inhibition of the formation of phospholipids
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was observed. Subsequent experiments in which the thimerosal was removed prior

to the addition of the lysophosphate mixture revealed that the thimerosal-induced

inhibition was irreversible.

Zarini et al. (2006) concluded that irreversible covalent binding of thimerosal to

LAT inhibits activity of the LAT enzyme and the reacylation of AA into membrane

phospholipids.

Arachidonic acid (AA) is an important constituent of the phospholipid component

of mammalian cell membranes, and is present in esterified form in phospholipids and

triglycerides in the membranes (Stuning et al. 1988). In vivo, 5-lipoxygenase in the

cytosol translocates to the nuclear membrane and associates with 5-lipoxygenase

activating protein (FLAP), which is believed to act as an AA transfer protein that

presents the substrate to the 5-lipoxygenase (Hardin and Limbird 2001).

In the lab, AA can also be released from membranes upon cell activation by the

Ca++-ionophore A23187. After release, AA may undergo oxidative metabolism

through the enzyme cyclooxygenase, resulting in the formation of prostaglandins;

through the cytochrome P450 system to produce a variety of metabolites including

19- or 20-hydroxy arachidonate and eicosatrienoic acids; or through lipoxygenases,

including 5-lipoxygenase. The 5-lipoxygenase is one of the most important

lipoxygenases, since it leads to the synthesis of leukotrienes (Hardin and Limbird,

2001). (See Fig. 1).

Because of its strong affinity of EtHg for SH groups, thimerosal is known to

cause the inhibition of, among other enzymes, 5-lipoxygenase. In the presence of

thimerosal, the metabolism of AA by human polymorphonuclear leucocytes

resulted in the inhibition of 5-lipoxygenase, acetyltransferase, and the omega-

oxidative system.
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Collectively from Samuelsson (1982, 1983), and Samuelsson et al. (1987)
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Stuning et al. (1988) investigated the effects of thimerosal on the transformation

of AA via the 5-lipoxygenase pathway in human leukocytes stimulated with

A23187. In their experiments, they collected blood from healthy human

donors to isolate polymorphonuclear leukocytes (PMNs), which they incubated

with Ca++-ionophore (usually 7.3 μM) in the presence of 2 mM Ca++. Thimerosal

dissolved in phosphate buffered saline (PBS) was then added at times ranging from

0 to 0.5 min before stimulation, then allowing the reaction to proceed for 10 min. at

37 �C. In other experiments, 14C-labeled AA was given simultaneously with the

stimulus. Separately, themetabolism of 3H-labeled LTB4 was analyzed using HPLC.

Stuning et al. (1988) found that the polymorphonuclear leukocytes (PMN)

stimulated with the Ca-ionophore A23187 released a variety of arachidonic acid

metabolites in a concentration dependent fashion. These metabolites included

LTB4, LTC4, and several analogs of LBT4.

Thimerosal was found to exert a profound effect of the rate of formation of

LTB4. Pre-incubation of the cell suspension with thimerosal 0–5 min prior to the

stimulation with the Ca++-ionophore did not significantly alter the effect of thimer-

osal. Investigation of the effects of thimerosal on reacylation of AA into phospho-

lipids and the formation of 5-hydroperoxyeicosatetraenoic acid (5-HPETE) and

5-hydroeicosatetraenoic acid (5-HETE) revealed that formation of labeled phos-

pholipids, 5-HPETE, and 5-HETE was also decreased with increasing amounts of

thimerosal. The concentration of the Ca++-ionophore stimulus did not significantly

influence the effects of thimerosal.

The inhibition of the omega-oxidation system by thimerosal was further

confirmed in experiments in which PMNs were incubated with (3H)LTB4.

Pre-incubation with thimerosal at a concentration >31 μM, previously demon-

strated to cause a marked decrease in the formation of omega-oxidation products,

resulted in a 4.3 (�0.3)-fold decrease in omega oxidation of (3H)LTB4 (Stuning

et al. 1988). Stuning et al. (1988) further suggested that the interaction of environ-

mental mercury with biological systems may have important implications regarding

the efficacy of leukotriene synthesis.

4.4 Effects on Glutathione (GSH)

Muller et al. (2001) investigated the interaction of thimerosal with glutathione-S-

transferases T1 (GST T1), an enzyme expressed solely in human erythrocytes and

which displays genetic polymorphisms. Blood samples were collected from three

(2 male, 1 female) healthy Caucasian adults previously identified as being either a

non-conjugator of GST T1 (no enzyme activity), a normal conjugator (medium

GST T1 activity), or super-conjugator (high GST T1 activity). Next, in vitro

experiments were conducted using human erythrocytic and polymorphic GST T1

in the presence of a methyl chloride (MeCl) substrate and using an HPLC-

fluorescence detection assay. In the case of the non-conjugator, thimerosal showed

no effect due to the absence of GST T1. For the normal conjugator, a 2.77 mM
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thimerosal concentration (1.12 mg/L) was found to inhibit 50% of GST T1 activity;

and 2.3 mM (0.93 mg/L) thimerosal resulted in a 50% inhibition in the blood of the

super-conjugator. A 14.8 mM (6 mg/L) thimerosal concentration led to residual

enzyme activities equal to those of the non-conjugator.

When Muller et al. (2001) used a 0.6 mM concentration of thimerosal and

10,000 ppm MeCl concentration in the incubation medium, a 30% inhibition of

GST T1 was observed for both the normal and super-conjugator blood, compared

with no effect for the non-conjugator blood. The authors concluded that the

observed enzyme kinetics suggested a non-competitive inhibition of the human

erythrocytic GST T1 enzyme and that sufficiently high concentrations of thimerosal

may be able to change the phenotypic status of an individual by inhibition of the

GST T1 enzyme, at least in vitro.

Wu et al. (2008) studied the importance of GSH in modulating the activity of

thimerosal in experiments using human leukemia K562 cells and found that thi-

merosal undergoes an exchange reaction with cysteine, GSH, and human serum

albumin and forms an EtHg adduct with single stranded DNA. In addition, the

effect of thimerosal as a poisoning mechanism for topoisomerase H-alpha was also

investigated as a mechanism of cytotoxicity in dividing cells. Topoisomerase is

required to catalyze the double-stranded cleavage of DNA, allowing passage of a

second DNA duplex through the break. The decatenation of DNA is known to be a

topoisomerase H-specific reaction (Haldane and Sullivan 2001).

In their experiments, Wu et al. (2008) mixed 500 μL of 100 μM thimerosal with a

similar quantity and concentration of cysteine in 50% methanol (v/v) at room

temperature for 5 min, followed by the addition of 10 μL of 6% acetic acid (v/v).

The same reaction of thimerosal with cysteine was carried out, with the exception

of the addition of acetic acid. Wu et al. (2008) determined the ability of thimerosal

to inhibit topoisomerase using a spectrofluorometric decantation assay as described

in Hasinoff et al. (2006).

Wu et al. (2008) found that the reaction of thimerosal with cysteine produced a

cysteine-EtHg adduct, and the reaction of thimerosal with GSH produced a

GSH-thimerosal adduct, collectively confirming the ability of thimerosal to react

with cysteine or GSH to produce a thiol-EtHg adduct and thiosalicylate. Given the

high affinity of EtHg for thiols and the involvement of topoisomerase in the

cleavage of double-stranded DNA, Wu et al. (2008) decided to investigate whether

thimerosal could, in part, exert its cytotoxicity by inhibiting topoisomerase H-alpha

through reacting with its free cysteine groups. In this part of their study, they found

that thimerosal strongly inhibited the decatenation activity of purified topoisomer-

ase H-alpha.

As the next step, Wu et al. (2008) decided to test whether GSH could protect

isomerase H-alpha from the inhibitory effects of thimerosal. By adding various

concentrations of GSH top topoisomerase H-alpha prior to thimerosal treatment,

they found that an intracellular GSH level of 0.1–5 mM completely protected

topoisomerase H-alpha decatenation activity from 5 to 20 μM thimerosal-induced

inhibition.
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In investigating the binding of thimerosal to DNA to induce DNA damage as a

mechanism of cytotoxicity, Wu et al. (2008) found that treatment if K562 cells with

thimerosal for 2 h resulted in a concentration-dependent reduction in remaining

double-stranded DNA that achieved significance at all thimerosal concentrations of

50 of μM or higher, compared with cells not treated with thimerosal. From this, the

authors concluded that thimerosal rapidly induces DNA damage in K562 cells. Wu

et al. (2008) determined that these results suggest that the EtHg-thimerosal adduct

did not significantly exchange with the free cysteines on topoisomerase H-alpha to

inhibit it, and that the protective effect of GSH is consistent with thimerosal

inhibiting topoisomerase H-alpha by binding to its free cysteines.

To assess the effects of lowering GSH levels on thimerosal-induced cytotoxicity,

K562 cells in exponential growth were seeded (i.e., spread in a defined amount of

cell suspension onto a plate) to yield a cell count of approximately 12,000 cells per

well. At 24 or 48 h after seeding, cells were treated in the presence or absence of

either 5 mM (�)-2-oxo-4-thiazolidinecarboxylic acid (OTC) or 100 μM buthionine

sulfoximine (BSO) and allowed to grow another 24 or 48 h, before treatment with

vehicle or various concentrations of thimerosal, and allowed to grow another 72 h.

(OTC is a non-thiol precursor of cysteine that is converted intracellularly to

cysteine, whereas BSO is known to inhibit the rate-limiting enzyme for GSH

synthesis.). The levels of OCT and BSO used in this experiment did not cause

measurable cytotoxicity. However, BSO or OTC pretreatments followed by expo-

sure to various concentrations of thimerosal for 72 h were remarkable. Cell growth

was inhibited by thimerosal with an IC50 value of 2.0 for untreated cells. For the

OTC-treated cells, this value was increased 1.3-fold. For the BSO-treated cells, the

LC50 value was reduced 16.7-fold. A t-test of three IC50 determinations showed that

the small OTC-dependent increase in IC50 was not significant ( p¼ 0.22), whereas

the BSO-dependent decrease in IC50 was highly significant ( p< 0.0001), leading

Wu et al. (2008) to conclude that GSH partly protected the thimerosal-treated cells

from growth inhibition.

Overall, Wu et al. (2008) concluded that their studies showed that thimerosal

reacts rapidly with cysteine, GSH, HSA, and single-stranded DNA to form EtHg

adducts detectable by mass spectrometry. Further, they showed thimerosal to be a

potent inhibitor of the decantation activity of topoisomerase H-alpha, and that

depletion of GSH with BSO greatly increased the growth-inhibitory effects of

thimerosal.

4.5 Effects on Glutamate Transport

Mutkus et al. (2005) studied the effects of thimerosal on the transport of the

non-metabolizable glutamate analog [3H]-D-aspartate in Chinese hamster ovary

(CHO) cells. In these experiments, the CHO cells were transfected with two

glutamate transporter subtypes: GLAST (EAAT1) and GLT-1 (EAAT2)

(EAAT¼ excitatory amino acid transport system). Mutkus et al. (2005) also report
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the results of studies to determine the effects of thimerosal on mRNA and protein

levels of the glutamate transporters. The mutant CHO-K1 cell line DbB7 was

chosen for their study since those cells possess essentially no endogenous Na+-

dependent glutamate transport.

When GLAST- and GLT-1 transfected CHO cells were treated with 0, 10, or

20 μM thimerosal, none of the treatment levels caused a discernable change in

GLAST mRNA expression. Under the same conditions, however, GLT-1 mRNA

expression was significantly ( p< 0.05) in 10 μM treated cells (126% of controls);

but no such change was observed in 20 μM-treated cells.

In tests to examine glutamate transporter protein levels in thimerosal-treated CHO

cells, Mutkus et al. (2005) found that 10 μM thimerosal caused a statistically signif-

icant (p< 0.001) increase in GLAST protein expression (198% of controls); how-

ever, 20 μM thimerosal GLAST levels were not significantly different from controls.

In contrast, GLT-1 protein levels were reported to decrease in a concentration-

dependent manner in 10 and 20 μM thimerosal-treated CHO cells. However, the

10 μM cells were not distinguishable from controls, whereas the 20 μM-treated cells

showed significant (p< 0.001) reductions at 20 μM treatment levels.

In another experiment, Mutkus et al. (2005) examined [3H]aspartate uptake

following 6 h of pretreatment with 0, 10, or 20 μM thimerosal, followed by

measurement of [3H]aspartate uptake during the subsequent 1, 5, 15, and 30 min.

These experiments demonstrated that thimerosal caused a significant decrease in

the uptake of [3H]aspartate in transfected GLAST- and GLT-1 CHO cells. GLAST

activity was significantly inhibited ( p< 0.01) at the 1- and 5-min measurements

with both 10 and 20 μM thimerosal. In the 10 μM treated cells, [3H]aspartate uptake

had recovered, but the decrease remained significant ( p< 0.01) in 20 μM-treated

cells. At the 30-min measurement, both 10 and 20 μM cells were back to control

levels. The effects of thimerosal on [3H]aspartate uptake in GLT-1 transfected cells

was even more pronounced. The reduction in uptake was significant ( p< 0.01) at

all measurement times with both 10 and 20 μM treatment cells, with the sole

exception of the 10 μM cells at the 30-min measurement.

The results of the Mutkus et al. (2005) experiments indicated that thimerosal

treatment caused significant, selective changes in both glutamate transporter

mRNA and protein expression in CHO cells. Thus, those authors concluded that

their studies suggested that the application of thimerosal to the central nervous

system might contribute to dysregulation of glutamate homeostasis.

4.6 Effects on Neurotransmitter Availability

Ida-Eto et al. (2011) administered thimerosal (1 mg/kg) intramuscularly to pregnant

rats on gestational day 9, reported to be a susceptible time for the development of

the fetal serotonergic system. Fetal serotonergic neurons were assessed at embry-

onic day 15, using anti-serotonin antibodies. A 1.9-fold increase in the number of

serotonergic neurons in the lateral portion of the caudal raphe was observed in
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thimerosal group compared to control values ( p< 0.01). The authors concluded

that their results indicated that embryonic exposure to thimerosal affects early

development of serotonergic neurons.

To put the results of Ida-Eto et al. (2011) in proper perspective, the amount of

mercury in a single syringe of vaccine from a multi-dose vial containing thimerosal

as a preservative is ~0.25 μg/injection. If this is divided by the weight of a female

human (assumed to weigh 60 kg), the dose to a pregnant woman would be

~0.43 μg/kg bw, as opposed to the 1 mg/kg injected into pregnant rats by Ida-Ito

et al. Thus, the dosage administered to the rats was ~2500� as high as the human

dosage. This study shows that sufficiently high doses of thimerosal/EtHg injected at

precisely the critical time in development can enhance overall serotonin

(5-hydroxytryptamine, or 5-HT) availability; however, the specific relationship to

amounts of thimerosal administered at any time in pregnancy is unclear. In addi-

tion, the unrealistically high mercury doses themselves limit the relevance of the

Ida-Eto findings to potential mechanism, and not necessarily to the toxicity of

mercury from thimerosal in vaccines.

In a follow-up study, Ida-Eto et al. (2013) administered thimerosal to pregnant

rats at dosages of 1.0, 0.1, or 0.01 mg Hg/kg by intramuscular injection on

embryonic day 9. At the 1 mg Hg/kg dosage, most of the pups were dead soon

after birth. No major anomalies, growth retardation, or reduced number of delivered

were seen at the other two dosages. On day 50 of life, male offspring were killed

and serotonin (5-HT), dopamine (DA), and their metabolites 5-hydroxyindoleacetic

acid (5-HIAA), 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic acid

(HVA) concentrations in brain tissue were measured. Females were not used, since

brain serotonin levels are influenced by the estrus cycle. Concentrations of hippo-

campal 5-HT and striatal DA in the male brains were measured by HPLC. Hippo-

campal 5-HT was significantly increased in both the 0.01 mg Hg/kg ( p< 0.05) and

0.1 mg Hg/kg ( p< 0.01) treatment groups, compared with controls. Striatal DA

levels were also significantly increased in the 0.01 mg Hg/kg ( p< 0.05) and 0.1 mg

Hg/kg ( p< 0.01).treatment groups vs. controls.

Ida-Eto et al. (2013) also found that the 5-HT metabolite 5-HIAA was increased

in the 0.01 mg Hg/kg treated group, but the increase was not significant when

compared with controls. The increase in the 0.1 mg Hg/kg vs. controls was

significant ( p< 0.05), however. The concentrations of striatal DOPAC and HVA

were not significantly statistically different from controls. Those authors concluded

that embryonic exposures to thimerosal at the concentrations tested produced

lasting impairment of the brain monoaminergic system.

5 Summary and Conclusions

There are many commonalities/similarities in the mechanisms of toxic action of

methylmercury and ethylmercury (from thimerosal). Thimerosal is quickly metab-

olized in vivo, due to its reactions with protein and non-protein thiols
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(Wu et al. 2008), so the effects of thimerosal reported in numerous articles is very

likely the result of exposure to the metabolite ethylmercury.

Evidence for the similarity of the various mechanisms of toxicity include the

following:

• Both MeHg and EtHg bind to the amino acid cysteine (Clarkson 1995; Wu

et al. 2008).

• Both MeHg and EtHg promote the release of arachidonic acid, resulting (on a

potentially positive side) in a marked increase in leukotriene production.

However, both MeHg and EtHg strongly inhibit the reacylation of arachidonic

acid, thus inhibiting the reincorporation of this fatty acid into membrane phos-

pholipids (Shanker et al. 2002; Verity et al. 1994; Zarini et al. 2006).

• Both decrease glutathione activity, thus providing less protection from the

oxidative stress caused by MeHg and EtHg (Carocci et al. 2014; Ndountse and

Chan (2008); Choi et al. 1996; Franco et al. 2006; Mori et al. 2007; Muller

et al. 2001; Ndountse and Chan 2008; Wu et al. 2008).

• Both cause an increase in NOS, causing an overproduction of NO (Chen

et al. 2003; Chuu et al. 2001; Shinyashiki et al. 1998).

• Both disrupt glutamate homeostasis (Farina et al. 2003a, b; Manfroi et al. 2004;

Mutkus et al. 2005; Yin et al. 2007).

• Both cause oxidative stress/creation of ROS (Dreiem and Seegal 2007; Garg and

Chang 2006; Myhre et al. 2003; Sharpe et al. 2012; Yin et al. 2007).

• Both alter intracellular calcium homeostasis (Elferink 1999; Hare et al. 1993;

Kang et al. 2006; Limke et al. 2004b; Machaty et al. 1999; Marty and Atchison

1997; Minnema et al. 1987; Peng et al. 2002; Sayers et al. 1993; Sirois and

Atchison, 2000; Szalai et al. 1999; Tornquist et al. 1999; Zarini et al. 2006).

• Both cause effects on cell division by damaging the spindle apparatus during

mitosis (Burke et al. 2006; Castoldi et al. 2000; Gribble et al. 2005;

Kim et al. 2007; Ou et al. 1999b; Machaty et al. 1999; Rodier et al. 1984).

• Both cause effects on receptor binding/neurotransmitter release involving one or

more transmitters (Basu et al. 2008; Coccini et al. 2000; Cooper et al. 2003;

Fonfria et al. 2001; Ida-Eto et al. 2011; Ndountse and Chan 2008; Yuan and

Atchison 2003).

• Both cause DNA damage or impair DNA synthesis (Burke et al. 2006; Sharpe

et al. 2012; Wu et al. 2008).

The difference in toxicity between MeHg and EtHg is likely the result of the

more rapid metabolism and elimination of EtHg than MeHg and the amount of

the mercurial form to which significant exposure is most likely to occur (i.e., MeHg

exposure from frequent fish consumption vs. very small and widely spaced expo-

sure to EtHg through thimerosal in multi-dose vials of vaccine).

Disclaimer The findings and conclusions in this report are those of the authors and do not

necessarily represent the views of the Agency for Toxic Substances and Disease Registry.
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