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ABSTRACT

RELATIONSHIP BETWEEN METHYLMERCURY-INDUCED DISRUPTION OF
INTRACELLULAR CALCIUM AND NEURONAL DEATH

By

Tobi Leigh Limke

The mechanism by which the environmental neurotoxicant methylmercury
(MeHg) causes elevations of intracellular Ca®* ([Ca’*];) and subsequent neuronal death
was examined using single cell microfluorimetry of rat cerebellar granule neurons in
primary culture. In granule cells loaded with fura-2 to monitor changes in [Ca*'};, 0.2-1.0
uM MeHg causes early release of Ca’* from at least one intracellular source; the possible
sources examined were the smooth endoplasmic reticulum (SER) and the mitochondria.
The non-specific muscarinic acetylcholine (ACh) receptor antagonist atropine delayed
MeHg-induced elevations of [Ca’*];, while down-regulation of the muscarinic receptors
and the inositol-1,4,5-triphosphate (IP3) receptor with 24 hr application of the muscarinic
agonist bethanechol decreased the amplitude of the MeHg-induced release of Ca’*; by
approximately 30-40%. Depletion of SER Ca?" stores with thapsigargin also reduced the
amplitude of the MeHg-induced release of Ca*; by approximately 30-40%. Inhibition of
Ca®" release through the ryanodine receptors had minimal effect. Removal of
mitochondrial Ca®* (Ca?*y,) content prior to MeHg exposure using carbonyl cyanide m-
chlorophenylhydrazone (CCCP) and oligomycin decreased the amplitude of the MeHg-
induced release of Ca”*; by approximately 70%. Additionally, inhibition of the
mitochondrial permeability transition pore (MTP) using cyclosporin A (CsA) delayed the

increase in [Ca*};. In granule cells loaded with tetramethylrhodamine ethy] ester



(TMRE) to monitor changes in mitochondrial membrane potential, CsA delayed the
irreversible loss of membrane potential caused by 0.5 uM MeHg. In granule cells loaded
with rhod-2 to monitor changes in [Ca?*]m, MeHg caused an early increase in [Ca* m,
followed several minutes later by release of dye from the mitochondria into the cytosol.
The initial increase in [Ca’*]m occurred independently of extracellular Ca®*, while the
release of dye from the mitochondria was delayed by prior application of thapsigargin or
CsA. Use of a calcein AM-ethidium homodimer cell viability assay revealed that
increasing concentrations of MeHg (0.2-1.0 pM) caused a corresponding increase in cell
death at 24 hr post-exposure. Atropine and ryanodine did not protect against MeHg-
induced cell death, while 24 hr BCh pretreatment significantly protected against cell
killing. The BCh-mediated protection was reversed by atropine and the M3 muscarinic
ACh receptor antagonist 4-diphenylacetoxyl-N-methylpiperidine methiodide (4-DAMP)
but not by the M2 receptor antagonist methoctramine or the nicotinic ACh receptor
antagonist dihydro-B-erythroidine hydrobromide (DHE). Thapsigargin itself was toxic,
highlighting the sensitivity of granule cells to disruption of SER Ca**. CsA also provided
significant protection against cell death at 24 hr post-MeHg exposure. These results
suggest that MeHg: 1) acts at M3 muscarinic ACh receptors to cause production of IP;,
which releases Ca?* from the SER and 2) causes Ca 2* uptake into mitochondria which is
then released into the cytosol via opening of the MTP. Additionally, these disruptions of
[Ca®'}; contribute to MeHg-induced neuronal death, and may underlie the specific

neurotoxicity of MeHg within granule neurons of the cerebellar cortex.
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CHAPTER ONE

INTRODUCTION



A) GENERAL INTRODUCTION

Methylmercury (MeHg) is a highly lipophilic environmental contaminant which
easily crosses both the blood-brain barrier and placental barrier, resulting in
neurotoxicity in adults and fetuses alike (Friberg and Mottet, 1989; Aschner and
Aschner, 1990; Myers and Davidson, 1998). Despite its ability to bind thiols
indiscriminately with high affinity (Roberts et al., 1980), making any protein or peptide
with a cysteine group a potential target, MeHg causes a surprisingly specific pattern of
neuronal damage in both the central and peripheral nervous systems (CNS and PNS,
respectively). Over the past few decades, there has been considerable effort to elucidate
the specific mechanism(s) by which MeHg causes neurotoxicity within discrete areas of
the CNS by focusing on specific molecular targets of the compound. By identifying the
molecular targets of MeHg within the CNS, particularly proximate targets in cells which
exhibit heightened sensitivity, it is hoped that more reliable risk assessment can be
performed in which results from in vitro assays can be correlated with in vivo effects
observed at environmentally relevant exposure levels.

The primary pathological result of both acute and chronic MeHg poisoning is
neurotoxicity, with clinical signs ranging from ataxia and visual disturbances to paralysis
and death (Rustam et al., 1975; Chang, 1980). Several areas of the brain exhibit marked
pathological damage upon MeHg exposure, including the cerebral and cerebellar cortices
(Hunter and Russell, 1954; Leyshon-Sorland et al., 1994). In both humans and rats, the
granule cell layer of the cerebellum is particularly sensitive to MeHg-induced cell death
(Hunter and Russell, 1954) through an as yet undefined mechanism. In contrast, the

neighboring Purkinje cells are less sensitive to MeHg-induced cell death despite



accumulating equal or greater MeHg concentrations (Hunter and Russell, 1954). The
mechanism underlying the heightened susceptibility of these neurons is not yet known,
but is hypothesized to be due to interactions with specific molecular targets which have
not yet been identified (Castoldi et al., 1996; Robertson and Orrenius, 2000; Castoldi et
al., 2001).

Given the large number of potential molecular targets containing cysteine
moieties, it is not surprising that MeHg has a number of effects which could contribute to
the observed toxicity. At the cellular level, MeHg interacts with a number of sites to
cause disruption of divalent cation homeostasis, particularly Ca>* and Zn?* (Denny et al.,
1993; Hare et al., 1993), elevation of spontaneous release of neurotransmitter (Juang,
1976; Atchison and Narahashi, 1982; Atchison, 1986), generation of reactive oxygen
species (Sarafian and Verity, 1991; Yee and Choi, 1994) and cell death (Kunimoto, 1994;
Marty and Atchison, 1998). The disruption of intracellular Ca®* (Ca’*;) has received
much attention in recent years, with both plasma membrane Ca’* channels and
intracellular Ca”* stores being investigated as potentially critical targets during MeHg
exposure (Tan et al., 1993; Oyama et al., 1994; Sakamoto et al., 1996; Marty and
Atchison, 1997; Marty and Atchison, 1998; Sirois and Atchison, 2000). Cell viability
assays in which Ca2+i was buffered by the Ca2+i chelator 1,2- bis(2-
aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tetrakis (acetoxymethyl)ester (BAPTA)
indicated that removal of Ca®*; provides significant protection against neuronal death at 3
hr post-exposure, suggesting an important role for loss of Ca>* homeostasis in MeHg-

induced neurotoxicity (Marty and Atchison, 1998).



In the highly susceptible cerebellar granule cell, MeHg affects multiple subtypes
of voltage-gated Ca* channels on the plasma membrane (Marty and Atchison, 1997;
Sirois and Atchison, 2000). However, very little is known about the intracellular Ca®*
targets in this cell type. Previous studies demonstrated that MeHg disrupts intracellular
Ca®* (Ca?"}) homeostasis in cultures of rat cerebellar granule cells, resulting in a biphasic
increase in [Ca*];: the first phase results from release of Ca®* from intracellular pools,
and the second phase results from influx of extracellular Ca®* (Ca**,) (Hare et al., 1993;
Marty and Atchison, 1997) (Figure 1.1). The initial increase in [Ca’"]; is intracellular in
origin, as removal of Ca®*. abolishes the secondary fura-2 fluorescence elevation (Hare et
al., 1993; Marty and Atchison, 1997) (Figure 1.2). In cerebellar granule cells, the MeHg-
induced influx of Ca”", occurs through nifedipine- and @-conotoxin-MVIIC-sensitive
pathways, suggesting that L, N and/or P/Q-type voltage-gated Ca’* channels participate
in MeHg-induced Ca’* entry; however, the intracellular Ca** source has not yet been
identified (Marty and Atchison, 1997). Two intracellular Ca?" stores could contribute to
the early-onset elevation of [Ca**]; during MeHg exposure: the smooth endoplasmic
reticulum (SER) and the mitochondria. The SER provides high-affinity, low-capacity
Ca’* storage while the mitochondria are generally considered to be a low-affinity, high-
capacity pool (Fohrman et al., 1993; Gunter and Gunter, 1994; Simpson ef al., 1995;
Budd and Nicholls, 1996b; Masgrau et al., 2000). The SER contains ryanodine- and IP;-
sensitive Ca®* pools which can release sequestered Ca’* into the cytosol (Irving et al.,
1992). In NG108-15 cells, part of the MeHg-induced first-phase is due to release of Ca>*

from the IP;-sensitive pool in the SER; however, emptying
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Figure 1.1. MeHg causes a biphasic increase in [Ca®']; in cerebellar granule cells in
primary culture. Representative tracing of the fura-2 fluorescence from a cerebellar
granule cell exposed to 40 mM K" for 1 min (as a viability test), followed by HBS
washout and 0.5 uM MeHg. The ratio of fluorescence emitted at excitation wavelengths
of 340 nm and 380 nm gives the approximate level of [Ca®'];, which increases in a
biphasic manner. Time-to-onset of fluorescence increases is measured from the
beginning of MeHg treatment.

Modified from: Marty and Atchison, Toxicol. Appl. Pharmacol. 147:319-330 (1997).
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Figure 1.2. Elevations of fura-2 fluorescence in a cerebellar granule cell in culture
exposed to 0.5 pM MeHg in Ca'-free buffer. Under these conditions, the first [Ca’*];
phase is evident while the second phase (due to influx of [Ca*]e) is absent.

Modified from: Marty and Atchison, Toxicol. Appl. Pharmacol. 147:319-330 (1997).



this pool does not eliminate the first phase, suggesting that at least one additional source
contributes to the first phase Ca®" increase (Hare and Atchison, 1995). Mitochondria also
store and release Ca’*, and are also affected by MeHg. Ca®* release can occur via
reversal of the uniporter, activation of the Na*/Ca®* exchanger, or opening of the
mitochondrial permeability transition pore (MTP). MeHg has a number of effects on
mitochondria, including decreased Ca®* uptake and increased Ca®* efflux from preloaded
rat brain mitochondria, as well as inhibition of respiration, increased permeability of the
inner membrane, and depolarization of the inner mitochondrial membrane (Sone et al.,
1977; Levesque and Atchison, 1991; Hare and Atchison, 1992), any of which could
contribute to the first phase Ca®" elevation via disruption of mitochondrial Ca?* buffering.
Several lines of evidence suggest a critical relationship between intracellular Ca>*
pools and cell death, thus necessitating inquiry in this area to gain full understanding of
neuronal death induced by MeHg. As such, the goal of this dissertation is to identify the
intracellular Ca** pools targeted by MeHg in cerebellar granule neurons and determine
their relative importance in MeHg-induced cytotoxicity of cerebellar granule neurons.
This dissertation reports results of experiments designed to investigate the hypothesis that
MeHg initiates Ca?" release from the SER which is buffered by mitochondria; however,
MeHg impairs the ability of mitochondria to hold Ca®* (by causing loss of mitochondrial
membrane potential and inhibiting respiration), leading to opening of the mitochondrial

permeability transition pore and cell death (Figure 1.3).
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Figure 1.3. Hypothesis regarding MeHg-induced elevations of [Ca?']; in rat
cerebellar granule neurons. MeHg binds M3 muscarinic ACh receptors, causing
production of IP; and release of Ca2+ through the IP; receptors. This elevation of [Ca2+];
triggers Ca2*-induced Ca2* release through the ryanodine receptors. Ca2+ released from
the SER is buffered by mitochondria. Excess uptake of Ca2+ into the mitochondria,
combined with direct effects of MeHg on the mitochondrial respiratory chain, leads to
opening of the mitochondrial permeability transition pore (MTP) and promotion of cell
death.



B) BACKGROUND

a) Humans and MeHg: Routes and Biological Consequences of Exposure
MeHg is an organic form of mercury which enters the environment through two primary
routes: release of MeHg itself as a by-product of human activities, and conversion of
inorganic mercury to MeHg by biological organisms. Organic mercury has been used as
a fungicide and in preservative solutions for wood, paper pulp and leather. Additionally,
inorganic mercury has been used as a catalyst in several industrial processes, allowing for
the release of both inorganic and organic mercury (as a by-product of the reaction) into
the environment through discharge of untreated waste into the water and air (Kurland,
1973; Gerstner and Huff, 1977). Organic mercury is also produced by methylation of
mercury by aquatic microorganisms in the sediment of river and lake beds (Choi and
Bartha, 1994; Baldi, 1997; Guimaraes et al., 2000). MeHg is a highly lipophilic
substance which, once in the environment, readily accumulates in the food chain
(Rabenstein and Evans, 1978). The most common mode of MeHg intoxication for
humans is through ingestion of contaminated foodstuffs (Hansen, 1990; Renzoni et al.,
1998). Once ingested, MeHg readily enters the blood and is transported in the plasma
throughout the body, where it easily crosses the blood-brain barrier (Steinwall and
Klatzo, 1966; Chang and Hartmann, 1972; Chang and Hartmann, 1972; Aschner and
Aschner, 1990). In rats exposed to radioactively labeled MeHg, the greatest
accumulation of the compound occurs in the spinal dorsal root ganglia, with the cerebral
cortex and cerebellum also exhibiting high concentrations following exposure (Somjen et

al., 1973). MeHg is excreted from the body at a slow rate, with a half-life of



approximately 70 days in humans (Clarkson, 1972; Neathery and Miller, 1975). While
the rate of MeHg elimination via metabolism and excretion is sufficient that
accumulation within the body is limited (Clarkson, 1972), there is evidence suggesting
that the brain half-life is considerably longer than that of the whole body during chronic
exposure (Rice, 1989; Carrier et al., 2001).

MeHg poisoning was first examined in the 1950s following the study of four
patients poisoned via inhalation of MeHg from fungicidal dusts in a cereal factory. The
predominant symptoms in these patients were neurological, including generalized gross
ataxia, impaired speech, and severely constricted visual fields. Histological analysis of
one of the four patients in autopsy revealed gross atrophy of the cerebrum as well as
marked degeneration of the granule cell layer of the cerebellum and neuronal destruction
in the visual area of the calcarine (visual) cortex (Hunter and Russell, 1954). The authors
noted that the observed ataxia was probably due to gross alterations in the cerebellar
cortex because there was no damage to the cerebellar motor pathways other than the loss
of granule cells. The cerebellar damage itself was very selective, with loss of granule
cells occurring in the absence of damage to nearby Purkinje cells.

The two most widely known incidents of MeHg poisoning occurred in Japan in
the 1950s and 1960s (Takeuchi et al., 1962; Harada, 1995) and Iraq in 1972 (Bakir et
al., 1973; Clarkson et al., 1976). There were epidemics in Japan in both Minamata
(from 1953 to 1960) and Niigata (from 1960 to 1965) as a result of eating contaminated
seafood (Chang et al., 1977). In Minamata, both organic and inorganic mercury were
part of a chemical plant’s waste effluent discharged into Minamata Bay. Once in the

waterway, MeHg accumulated in the food chain, resulting in 46 deaths and
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approximately 2200 people poisoned through consumption of contaminated seafood
(Harada, 1995). In addition, prenatal exposure to MeHg resulted in many infants being
born with nervous system damage. This fetal neurological syndrome is now referred to
as “Minamata syndrome.” During the Iraqi poisoning incident, approximately 6500
hospitalizations and 450 deaths were reported as a result of MeHg poisoning from
ingestion of contaminated seed grain in bread (Clarkson ef al., 1976). In both the
Minimata and Iraqi incidents, the primary sign of exposure was neurological dysfunction
as characterized by cerebellar ataxia, generalized extremity weakness and sensory
disturbances including impairments of speech, vision and hearing. Correlations between
body burden of MeHg and frequency of adverse symptoms (ataxia, paresthesia, etc.) in
adult victims of the Iraqi poisoning indicated that the threshold for adverse effects was at
a body burden level of 25 to 40 mg of mercury (Bakir et al., 1973). Additionally, Iraqi
children exposed in utero, through breastfeeding, or both, exhibited marked
developmental deficiencies, including delayed onset of speech and impaired motor,
sensory and autonomic function (Bakir et al., 1980). In the more severe cases, children
were born blind and deaf (Bakir et al., 1980). Dose-response analysis suggests that fetal
effects are observed when maternal hair mercury concentrations exceed 10 ppm (Crump
et al., 2000).

In adults, MeHg causes a very specific pattern of damage within the PNS and
CNS that correlates with the observed symptoms of poisoning (Chang and Hartmann,
1972; Chang et al., 1977). In the PNS, there is axonal degeneration characterized by
secondary loss of the myelin sheath of the sensory branch (Hunter and Russell, 1954;

Takeuchi, 1982). The disruption of motor and sensory nerve function correlates with the
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observed extremity weakness and impairment of sensory function (Chang, 1980). Early
studies focused on effects of MeHg at the neuromuscular junction, in part due to the
observed increased incidence of neuromuscular weakness during the Iraqi incident
(Rustam et al., 1975) and in part because the ACh release process is well characterized
both biochemically and physiologically. At the neuromuscular junction, the primary
effect is to decrease nerve-evoked release of acetylcholine (ACh) and alter its
spontaneous quantal release by causing it to first increase, then decrease (Juang, 1976;
Atchison and Narahashi, 1982). Interestingly, the elevated spontaneous release of
neurotransmitter may be due to increased [Ca’*]; because MeHg increases [Ca®"]; in the
absence of Ca®'. in isolated nerve terminals (Komulainen and Bondy, 1987). Further,
MeHg increases the frequency of spontaneous ACh release in the absence of Ca?". in the
neuromuscular junction (Atchison, 1986).

While MeHg can damage the PNS, its effects within the CNS are of greater
concern, especially in the developing organism. During chronic MeHg exposure, MeHg
accumulates in the cerebellum, with the highest concentration in the Purkinje and Golgi
cells of the granular layer, and a slightly lower concentration in the granule cells, stellate
cells, and basket cells (Chang et al., 1977; Moller-Madsen, 1990; Moller-Madsen, 1991)
(Leyshon-Sorland et al., 1994) (Figure 1.4). However, despite the lower accumulation
of MeHg in the granule cell layer, these neurons are most affected during both acute and
chronic MeHg poisoning, resulting in a characteristic loss of the granule cell layer
(Hunter and Russell, 1954; Chang et al., 1977; Leyshon and Morgan, 1991). The
resultant cerebellar ataxia observed in both acute and chronic MeHg poisoning is

attributed to the loss of these neurons. Additionally, MeHg causes specific loss of

12



neurons from the second through fourth layers of the visual area of the calcarine cortex,
resulting in constriction of the visual field (Hunter and Russell, 1954; Takeuchi, 1982).

The fetal CNS exhibits greater sensitivity to MeHg than does the adult CNS, as
children exposed in utero may be affected in the absence of maternal toxicity (Bakir et
al., 1980; Takeuchi, 1982). Unlike the toxicity in adults, fetal poisoning produces a less
specific pattern of damage that is dependent on the concentration and duration of
exposure, as well as the stage of development during exposure (Rodier, 1995). Prenatal
exposure interferes with neuron migration (Choi et al., 1978) and decreases the mitotic
activity of CNS neurons (Rodier ef al., 1984). Following the Iraqi incident, infants born
to highly exposed mothers demonstrated permanent damage to the CNS, with symptoms
including delayed achievement of developmental milestones, seizures and abnormal
reflexes (Marsh et al., 1987). In several cases involving Japanese children, there was a
marked decrease in the number of neurons in all lobes of the cerebral cortex, as well as
widespread disorganization of the cerebral cortex architecture resulting from neuronal
degeneration (Choi, 1989). Similar to the adult symptoms, severely affected children
exhibit severe atrophy of the cerebellar cortex such that the granule cell layer
degenerates and virtually disappears (Choi, 1989). Unlike the adult cases, in which the
remaining neurons of the cerebellar cortex are relatively unaffected, children exhibit a
narrowing of the cortical molecular layer and a reduction in the number of Purkinje
neurons (Choi, 1989).

More recent studies have focused on the more subtle neurological effects resulting
from low-concentration exposure to MeHg in the developing organism. Currently, the

most common source of MeHg exposure is consumption of contaminated seafood
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Figure 1.4. Schematic diagram of cerebellar cortex. The cerebellar cortex is divided
into three distinct layers which lie outside the white matter (WM); these layers are the
outermost molecular layer (ML), the Purkinje layer (PL), and the innermost granular
layer (GL). The granular layer contains not only the cell bodies of granule cells (Gr) but
also contains Golgi cell (Gol) bodies, axons and dendrites, mossy fiber (MF) terminals,
and the axons of Purkinje cells with their accompanying climbing fibers (CF). The
Purkinje layer contains only the cell bodies of Purkinje cells (PC). The molecular layer
consists of the stellate cells (SC) and basket cells (BC), as well as the dendritic arbors of
Purkinje cells and Golgi cells, and the parallel fiber (PF) branches of granule cell axons.
Diagram courtesy of Dr. Yukun Yuan.
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(Hansen, 1990; Renzoni et al., 1998); thus, MeHg exposure is of concern in regions of
the world where indigenous populations heavily consume fish as part of their diet. At-
risk populations include those in the Seychelles (Myers e? al., 1995; Myers et al., 1997,
Palumbo et al., 2000) and Faroe Islands (Weihe et al., 1996; Grandjean et al., 1999), as
well as Greenland’s Inuits (Hansen, 1990) and certain tribes of North American Native
Americans (Dellinger et al., 1996). While there were no adverse effects observed in a
longitudinal study of children in the Seychelles Islands (Davidson et al., 2000), studies in
the Faroe Islands (Grandjean et al., 1999; Steuerwald et al., 2000) and Brazil (Grandjean
et al., 1999) found that long-term exposure to low concentrations of MeHg was
correlated with deficiencies in motor function, attention, memory, and language
development. The growing recognition that the greatest threat is to the developing
organism is reflected in the recent lowering of the US EPA reference dose from 0.3 to 0.1
pg/kg per day (Rice et al., 2000). The lower reference dose is derived from a study of
children exposed in utero during the Iraqi poisoning, in which increased maternal MeHg
exposure was associated with delayed neurodevelopment in the child (Marsh et al.,
1987). However, there is still considerable debate over the lowest exposure needed to

produce adverse effects in the fetus.

b) Cellular and Molecular Effects of Methylmercury

One of the issues complicating the risk assessment of MeHg is the large number
of potential molecular targets within the body. Because MeHg binds thiol groups with
high affinity, any protein or peptide containing a cysteine is a potential target. Given the

wide range of possible targets during MeHg exposure, the question arises whether there is
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a specific target, or set of targets, which make specific areas of the CNS vulnerable to
MeHg-induced disruption of neuronal development and viability. This dissertation will
address the question of whether MeHg targets specific receptors and ion channels
involved in Ca** signaling in the CNS, including plasma membrane cholinergic receptors
and intracellular Ca>* channels associated with Ca’*-sequestering organelles, which may

be involved in the pathogenesis of MeHg.

i) MeHg-Induced Cell Death: Apoptosis or necrosis?

To understand whether MeHg has specific targets during neurotoxicity, it is
critical to understand the mechanisms by which MeHg causes cell death. The cell death
process can be divided into two morphologically and biochemically distinguishable
categories: necrosis and apoptosis. Necrosis is generally characterized by cell swelling,
organelle damage, loss of plasma membrane integrity and cell lysis, as well as rapid
adenosine 5'-triphophate (ATP) depletion and severe alteration of mitochondrial
ultrastructure, such that an inflammatory response is initiated. Apoptosis, on the other
hand, is characterized by cell shrinkage, chromatin aggregation, plasma membrane
blebbing, and DNA condensation accompanied by maintenance of ATP levels, activation
of caspases, and loss of plasma membrane asymmetry (Kroemer, 1997; Mattson, 2000).
However, the distinction between apoptosis and necrosis is not clear-cut, as both share
several critical characteristics. For example, both modes of cell death are accompanied
by elevated [CaZ']; levels, and each can result from exposure to the same compound
depending on the severity of the insult (Kruman and Mattson, 1999). Removal of Ca?*;

with buffering agents (such as BAPTA) can protect cells from cell death in several
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different systems, including neurons (Marty and Atchison, 1998). Both mechanisms also
involve plasma membrane blebbing and mitochondrial damage, making the distinction
between necrosis and apoptosis difficult in some cases. There is also evidence that the
antiapoptotic gene bcl-2 can protect cells from both apoptosis and necrosis (Kane et al.,
1995; Kroemer, 1997). Indeed, although necrosis and apoptosis are considered to be
different forms of cell death, there is now debate over whether they are actually part of a
continuum of overlapping mechanisms of cell death (Raffray and Cohen, 1997).

In MeHg neurotoxicity, there is increasing evidence both in vivo and in vitro that
MeHg causes apoptosis at lower concentrations and necrosis at higher concentrations
(Nakada and Imura, 1983; Miura and Imura, 1987; Kunimoto, 1994; Nagashima et al.,
1996). When studied in vivo, the cerebellar damage tends to be apoptotic, as assessed
using conventional techniques such as the terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay, DNA gel electrophoresis and
ultrastructural examination (Nagashima et al., 1996). When studied in vitro, cerebellar
granule cells undergo apoptosis following 18 hr of exposure to lower MeHg
concentrations (0.5-1.0 uM), and necrosis within 1 hr of exposure to higher
concentrations (S and 10 pM) (Castoldi et al., 2000). When granule cells in primary
culture are studied after 72 hr of exposure, apoptosis occurs at 0.1-0.3 pM, with the
switch to necrosis occurring at higher MeHg concentrations (Kunimoto, 1994). Hence,
the mode of cell death in vitro depends on both the duration and intensity of exposure.
However, there is no clear-cut threshold for which death pathway is followed, as both

modes of cell death can be observed in granule cells in primary culture in response to 1
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uM MeHg within an hour of exposure, as determined using a combination of fluorescent

microscopy and morphometric analysis, and the TUNEL assay (Castoldi et al., 2000).

ii) Calcium and Cell Death

The central role of Ca?* in the cell death process is a common thread between a
wide range of neurotoxic insults, including the neurotoxicity of lead and organic mercury,
as well as glutamate excitotoxicity (White and Reynolds, 1996). Neurons contain a
variety of mechanisms for transporting Ca>" across both internal and external membranes.
The concentration of Ca?*; is tightly regulated to maintain a relatively low [Ca®*]; (in the
100-200 nm range) compared to the [Ca®*]. (in the 1-2 mM range) (Kass and Orrenius,
1999). When the [Ca®"}; becomes elevated for sustained periods of time, the
physiological signal becomes pathological as Ca’" begins to promote cell death.
Disruption of Ca®*; homeostasis results in activation of multiple enzymes which are
involved in the catabolism of proteins, phospholipids and nucleic acids, there<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>