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ABSTRACT

METHYLMERCURY-INDUCED DISRUPTION OF CALCIUM HOMEOSTASIS AND
SUBSEQUENT CYTOTOXICITY IN THE RENSHAW AREA

By
Mobnica Rios-Cabanillas
Methylmercury (MeHg) is an environmental neurotoxicant of current concern. It bioaccumulates
in humans, via consumption of contaminated fish, causing deficiencies in motor function. The
mechanism(s) underlying the MeHg-induced neuronal injury are not yet understood, but nerve
cells die. Due to the prevalence of MeHg in the environment, superimposed with the high incidence
for sporadic Amyotrophic Lateral Sclerosis (Guallar et al.), gene and environmental interactions
have been proposed. At the Renshaw area, excitatory motor neurons (MNs) and inhibitory
Renshaw cells (RCs) participate in a negative-feedback mechanism that control hindlimb muscles.
Disruption of recurrent inhibition by too much excitation or too low inhibition disrupts this circuit
towards a state of hyperexcitability. MeHg affects both excitatory and inhibitory
neurotransmission, being the later the most sensitive. Also, MeHg-induced cell death is associated
to increases in intracellular calcium (Ca?") concentration ([Ca?*];). In detail, MeHg triggers Ca**
efflux from intracellular Ca?" stores followed by Ca*' influx from the extracellular solution.
Cholinergic receptors participate of MeHg-mediated alterations of Ca*'; homeostasis in CGCs.
The purpose of this research is to determine whether known targets of MeHg neurotoxicity
contribute to dysfunction in cells that degenerate in ALS. Specifically, to examine the role of the
nicotinic acetylcholine receptor (nAChR), y-aminobutyric acid type A receptor (GABAAR),
glycine receptor (GlyR), and intracellular Ca?" stores to the acute effects of MeHg neurotoxicity.
The heteropentameric nAChR contributes to MeHg (in vitro)-induced increase in [Ca*']i and

subsequent cell death. Furthermore, this occurred in an extracellular Ca?*-dependent fashion. The



nAChR and GABAAR, but not GlyR, contributes to the MeHg (in situ)-induced increase in [Ca®*];.
Intracellular Ca?" pools also participate of the MeHg-mediated increase in [Ca?*];. However, only
the GABAAR is involved during MeHg-induced cell death in the Renshaw area. This research
contributes to our understanding the effects of metal-induced neuronal injury in a group of cells

that degenerate during ALS.
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CHAPTER ONE:

INTRODUCTION



Background

Methylmercury (MeHg) in the environment

Mercury (Hg?) is also known as quicksilver for its mobility and silver liquid appearance at room
temperature. The Latin name for Hg? is hydrargyrum, which translates to liquid silver. Hg’
originates from natural and anthropogenic sources. Environmental sources that emit Hg® include
degassing of the crust of the earth and emissions released by volcanic activity (United Nations
Environment Programme., International Labour Organisation., World Health Organization., &
International Program on Chemical Safety., 1990). Depositions of Hg? increase during the summer
months as the result from the warmer temperatures (Vanarsdale et al., 2005). Nonetheless, Hg® is
present in snow (15 ng/L or less) but in less amount compared to rain (15 ng/L or more) (Landis,
Vette, & Keeler, 2002). Anthropogenic sources that add to the total atmospheric Hg? include
burning of coal and fossil fuels, smelting of sulfide ores, production of iron and steel, and
incineration of municipal and medical wastes (Clarkson, 1995; Mohapatra, Nikolova, & Mitchell,
2007). The current leading source of Hg pollution is artisanal gold mining (Ashe, 2012; Wade,
2013). Together, these sources have exacerbated the toxicological effects of Hg throughout time.
The global distribution of Hg’ and its atmospheric residence time makes this heavy metal a
potential threat to humans (Perry, Norton, Kamman, Lorey, & Driscoll, 2005). Hg’ is a stable gas,
heavier than air (Cherry, Lowry, Velez, Cotrell, & Keyes, 2002). In the atmosphere, Hg? oxidizes
and intercalates with the water cycle. In the environment, Hg® vapor undergoes two oxidation
states: mercurous (Hg") and mercuric (Hg?"). Hg?" returns to the surface of the earth in rainwater,
where it is deposited on land and open bodies of water. Methylation of Hg?>* to produce
methylmercury (MeHg) takes place on sediments in fresh and ocean waters by methanogenic

sulfate-reducing bacteria (Ekstrom, Morel, & Benoit, 2003). These bacteria use sulfur as a part of



their respiration system and they uptake Hg?" via passive diffusion (Benoit, Mason, & Gilmour,
1999). Methylation of Hg?* occurs through a mechanism that involves methyl-cobalamine
compounds as the result of the bacterial synthesis (Jensen & Jernelov, 1969; Jones et al., 2019;
Ridley, Dizikes, & Wood, 1977; Siciliano, O'Driscoll, & Lean, 2002; Wood, Kennedy, & Rosen,
1968). A decrease in the atmospheric deposition of Hg® lowers concentrations of MeHg in fish (R.
C. Harris et al., 2007). Thus, MeHg is a worldwide concern, especially for fish-eating populations

(Clarkson, 1995; Knobeloch, Gliori, & Anderson, 2007; Mergler et al., 2007).

MeHg is a persistent environmental neurotoxicant found in biota (King, Kostka, Frischer, &
Saunders, 2000). Specifically, MeHg localizes in the aquatic food-chain, where it enters by rapid
diffusion (J. Sherlock, Hislop, Newton, Topping, & Whittle, 1984; J. C. Sherlock, Lindsay, Hislop,
Evans, & Collier, 1982). MeHg is absorbed by zooplankton, which in turn feeds the fish
populations. Hence, MeHg biomagnifies in the seafood food-chain (Clarkson, 1995). Large
predatory species, such as tuna, marlin and sea mammals (pilot whale) contain the highest
concentrations of MeHg (Mason, Heyes, & Sveinsdottir, 2006). Individuals that depend on a
piscivorous diet are exposed to a low-dose exposure of MeHg through the consumption of
contaminated fish (Clarkson, 1995; Mahaffey et al., 2011; Mergler et al., 2007). MeHg
bioaccumulates in animals and humans due to its slow rate of excretion (Hammerschmidt,
Fitzgerald, Lamborg, Balcom, & Tseng, 2006). Studies have demonstrated a direct correlation
between consumption of contaminated seafood and high blood levels of Hg? (Mahaffey, Clickner,
& Jeffries, 2009; Schober et al., 2003). The mechanism(s) by which MeHg exerts its selective

neurotoxicity are unknown.



Past and current human exposures to methylmercury

MeHg is responsible for two mass outbreaks in history. The first event occurred in Japan, 1950s.
The Chisso Corporation was using inorganic Hg® as a catalyst to make acetaldehyde. MeHg was
generated as a byproduct from this reaction. The MeHg waste was discharged into the Minamata
Bay (Clarkson, 1995; M. Harada, 1995; Tsuda, Yorifuji, Takao, Miyai, & Babazono, 2009).
Human ingestion of contaminated fish with MeHg (5-35 ppm) through a chronic exposure did not
produce observable behavioral effects during years (M. Harada, 1995; Takeuchi, 1982; Takeuchi,
Eto, & Tokunaga, 1989; Tsuda et al., 2009; B. Weiss, Clarkson, & Simon, 2002). Also, pregnant
women exposed to MeHg reported severe cognitive and motor deficits in fetus (Y. Harada,
Miyamoto, Nonaka, Ohta, & Ninomiya, 1968). Clinical signs of MeHg include irreversible
damage and degeneration of neuronal populations, referred to “Minamata Disease” (Mc & Araki,
1958). These cause adult and developmental neurotoxicity (Bakir et al., 1973; Eto, Tokunaga,
Nagashima, & Takeuchi, 2002). Approximately, 1,043 deaths were attributed to MeHg poisoning

in Minamata, Japan (M. Harada, 1995).

The second mass outbreaks occurred during winter months in Iraq, 1970s. Iraqi farmers received
grain shipments from Mexico that had been previously treated with MeHg as a fungicide. The
grains containing MeHg were meant to be washed. Instead, Iraqi famers used the seed for flour
production to prepare bread and feed their livestock. Iraqi victims presented signs of poisoning
weeks and months after the occurrence of this exposure (Al-Mufti, Copplestone, Kazantzis,
Mahmoud, & Majid, 1976; Bakir et al., 1973; Greenwood, 1985; Kazantzis, Al-Mufti, Al-Jawad,
et al., 1976; Kazantzis, Al-Mufti, Copplestone, Majid, & Mahmoud, 1976). Furthermore, a high

incidence of “myasthenia gravis”-like syndrome was reported (Rustam, Von Burg, Amin-Zaki, &



El Hassani, 1975). Approximately, 6,000 hospital admissions and 400 deaths were attributed to
MeHg poisoning in Iraq (Bakir et al., 1973). The symptoms of neuromuscular weakness were
ameliorated with acetylcholinesterase inhibitors (United Nations Environment Programme. et al.,
1990). Treatment with neostigmine, to inhibit the hydrolysis of acetylcholine (ACh), alleviated
MeHg-mediated symptoms of motor weakness (Rustam et al., 1975). Thus, MeHg disrupts the

cholinergic neurotransmission at the motor end plate.

Together, these outbreaks demonstrate that the signs and symptoms associated with MeHg
poisoning are similar following chronic and acute exposures (Clarkson & Magos, 2006).
Symptoms of MeHg poisoning characteristics of the Minamata Disease include paresthesia,
blurred vision, muscle weakness, dysarthria, dysphagia, ataxia and death (Bakir et al., 1973; L. W.
Chang, 1977; Eto, 1997; M. Harada, 1995). Ataxia, due to cerebellar degeneration, is associated
with a body burden of 200-312 mg Hg or blood levels of 19.5 uM Hg (Bakir et al., 1973). Severity
of the symptoms depend on factors such as the dose and duration of exposure, and the
developmental stage at which the MeHg poisoning occurred. Symptoms of MeHg poisoning are
not immediate. Thus, it shows a latency period between MeHg exposure and the pathological
consequences. The reason for the latency period is unknown. However, it could be due to MeHg-
induced cerebellum cytotoxicity (Hunter & Russell, 1954; B. Weiss et al., 2002). Additionally, in
Canada, Cree Indian mothers consumed seafood contaminated with MeHg and their children

presented abnormal motor coordination (McKeown-Eyssen & Ruedy, 1983).

Following these MeHg outbreaks, two long-term studies were conducted in populations that

primarily eat fish to further understand effects of MeHg poisoning. Studies in the Seychelles and



the Faroe Islands have been monitoring prenatal effects of a low dose to MeHg for decades. The
Seychelles Islands is an archipelago off the eastern coast of Africa. No prenatal adverse effects
were detected in this population (Myers & Davidson, 1998; Myers et al., 2003). Also, they did not
show neurological dysfunctions associated with MeHg poisoning (Cernichiari et al., 1995;
Davidson et al., 2011). The Faroe Islands is an archipelago between the Norwegian Sea and the
North Atlantic Ocean. Besides eating seafood, this population also eat marine mammals (pilot
whale), which accumulate polychlorinated biphenyls (PCBs) (Nakai & Satoh, 2002; Weihe,
Grandjean, Debes, & White, 1996). Unlike the Seychelles population, this Nordic community
presented dysfunctions associated with MeHg poisoning. A correlation was detected between
prenatal exposure to MeHg and mental retardation and deficits in the motor system (Debes, Budtz-
Jorgensen, Weihe, White, & Grandjean, 2006; Grandjean et al., 1997). Adult brains in this cohort
reported levels of 300 ng/g MeHg in the brain (Bjorklund et al., 2007; B. Weiss, Stern, Cox, &
Balys, 2005). The factors that account for the differences in susceptibility between these
populations to MeHg are not known. However, their genetics and the type of fish consumption
could be involved. The neurotoxicity observed in the population of the Faroe Islands could had
been provoked by the consumption of contaminated meat from whales (Booth & Zeller, 2005).
Furthermore, adverse effects in cognitive functions as the result of exposure to MeHg may become

evident with age (Weihe et al., 1996).

Currently, the largest known source in the world of Hg? pollution is artisanal and small-scale gold
mining (ASGM) (Veiga et al., 2004; Wade, 2013). In detail, Hg? is mixed with gold ore to form
an amalgam. Then, the amalgam is heated followed by the evaporation of Hg’. This separates the

gold from the rock and sediments allowing the miners to collect the gold. Hence, Hg? vapors enter



the environment. Hg® comprises about 37% of the total atmospheric emissions (Sakamoto,
Nakamura, & Murata, 2018). Additionally, miners are a fish-eating population. Therefore, the
miners are simultaneously exposed to MeHg through dermal absorption and fish consumption. The
main site for ASGM is in Madre de Dios, Peru (Ashe, 2012; Fraser, 2016; Gardner, 2012). In 2012,
a report indicated that 11% of the population at Madre de Dios had levels of hair mercury above
16 mg/g (Ashe, 2012). This concentration is associated with neurotoxic symptoms (United Nations
Environment Programme. et al., 1990). Other locations for ASGM include Africa (Odumo et al.,
2014; Rajaee, Long, Renne, & Basu, 2015), French Guiana (Frery et al., 2001), China (Gunson,
2004) and Indonesia (Nakazawa et al., 2016). These populations could present neurological signs

similar to those observed with Minamata Disease (Bailey, Colon-Rodriguez, & Atchison, 2017).

The first association between a neurodegenerative disease and an environmental toxicant occurred
in Guam (Johnson & Atchison, 2009). The Chamorro indigenous people were exposed to the non-
protein amino acid f-methylamino-L-alanine through consumption of cycad seeds and flying fox
(Armon, 2003). They presented high incidence of amyotrophic lateral sclerosis (Guallar et al.).
Furthermore, veterans of the Persian Gulf War (1990-1992) presented incidence of nonspecific
neurological symptoms, which it is known as the “Gulf War Syndrome”. Clinical observations
concluded that incidence of ALS in this population increased significantly (Haley, 2003; Horner
et al., 2003). Also, onset of ALS was hastened, occurring at earlier time points compared to the
general population (Schmidt et al., 2008). Thus, military personnel developed ALS following an
environmental or occupational exposure (Weisskopf, Cudkowicz, & Johnson, 2015). Therefore,
gene and environmental (GXE) interactions may hasten onset or cause neurodegenerative diseases

(Johnson et al., 2011; Roos, Vesterberg, & Nordberg, 2006).



MeHg neurotoxicity has been reported in United States. Particularly, the fish population in the
Great Lakes has been reported to exceed the reference dose (RfD) for MeHg (Gerstenberger &
Dellinger, 2002; Gilbertson & Carpenter, 2004; D. C. Rice, 1995; Weis, 2004). The Environmental
Protection Agency (EPA) suggested RfD for the daily intake of MeHg during chronic exposure is
4-5 pg/L blood and approximately 0.1 pg/kg per day (Keating, United States. Environmental
Protection Agency. Office of Air Quality Planning and Standards., & United States. Environmental
Protection Agency. Office of Research and Development., 1997; G. Rice, Swartout, Mahaffey, &
Schoeny, 2000; Schoen, 2004). The RfD value was based from MeHg exposure in the Faroe
Islands and contains two uncertainty factors: pharmacodynamic and pharmacokinetics variabilities
(Grandjean et al., 1997). Additionally, the RfD takes in consideration research on children exposed
in utero during the Iraq poisoning (Marsh et al., 1987). Fish consumption of 7 ounces or less per

week is recommended for the general population.

Pharmacokinetics of MeHg

Thiol groups are ubiquitously found within cells. MeHg binds to thiol forming a covalent bond via
an oxidation reaction (H. H. Harris, Pickering, & George, 2003; Kostyniak & Clarkson, 1981).
Thus, MeHg targets cysteine groups (Hisatome et al., 2000). Cysteine amino acids are conserved
residues important for regulatory and catalytic proteins, and binding functions. Cysteine is

constantly produced and metabolized, achieving a plasma concentration of 10 pM (Bannai, 1984).

The 95% of MeHg is absorbed in the gastrointestinal tract in rats, mice and humans (Aberg et al.,
1969; Bakir et al., 1973; Berlin & Ullberg, 1963; I. R. Rowland, Davies, & Evans, 1980). Thus,

MeHg is systemically distributed throughout the body (Clarkson, Vyas, & Ballatori, 2007). The



high affinity that MeHg has with cysteine groups allows it to target the bloodstream (Kerper,
Ballatori, & Clarkson, 1992; Simmons-Willis, Koh, Clarkson, & Ballatori, 2002). The MeHg-
cysteine complex acts as an amino acid analog similar in structure to methionine (Cernichiari et
al., 2007). The large neutral amino-acid carrier transports the MeHg-cysteine complex instead of
the methionine complex (Yin et al., 2008). Also, MeHg is lipophilic and it can cross lipid
membranes. Thus, MeHg associates with endothelial cells where it forms a new complex with
glutathione. Then, MeHg-glutathione complex crosses the placenta and blood brain barrier (BBB),
reaching the brain via the glutathione carrier (Kajiwara, Yasutake, Adachi, & Hirayama, 1996;
Kerper et al., 1992). MeHg targets the central nervous system (CNS) causing damage to the
developmental and adult brain (Castoldi et al., 2008). The process of MeHg absorption to
distribution is completed in 3-4 days in humans (Clarkson et al., 2007). The brain MeHg values
are the highest in about 5-6 days (Goodman, Gilman, & Brunton, 2008; United Nations
Environment Programme. et al., 1990). Furthermore, MeHg reaches brain tissue within 5 min after
intravenous injection in the rat (Hirayama, 1985; Thomas & Smith, 1979) and 4 hour (hr) after
ingestion in mice (Sager, Doherty, & Rodier, 1982). Excretion of MeHg occurs in its inorganic
form (I. R. Rowland, Robinson, & Doherty, 1984). Elimination of MeHg in the brain accounts for
10% of demethylation (Dunn & Clarkson, 1980). Thus, the brain has limited demethylation
capability. The liver is the main organ responsible for the elimination of MeHg (Dunn & Clarkson,
1980). The MeHg-glutathione complex is secreted into the bile via glutathione carriers (Ballatori
& Clarkson, 1985; Ballatori, Gatmaitan, & Truong, 1995). Then, biliary elimination brakes down
the MeHg-glutathione complex into a MeHg-cysteine complex. The latter can be reabsorbed into
the bloodstream (Dutczak & Ballatori, 1992, 1994). MeHg reabsorption produces a multiphasic

kinetics secretion-reabsorption cycle, called enterohepatic circulation. The mean human half-life



for MeHg elimination is 70 days (Aberg et al., 1969; Birke et al., 1972; Kershaw, Clarkson, &
Dhabhir, 1980). It corresponds to the loss of the body burden to 1% MeHg every 24 hr (Cernichiari
et al., 2007). The 90% of MeHg elimination occurs via the feces (Clarkson et al., 2007).
Furthermore, lactation facilitates elimination of MeHg from the blood (Skerfving, 1988). An
effective method to remove MeHg from the human body it hemodialysis with n-acetyl
penicillamine (Elhassani, 1982). The basis for chelation of MeHg consists in adding free sulthydryl
groups to promote metal mobility within the ligands (Bernhoft, 2012). There is no effective

antidote against MeHg poisoning.

Pathophysiology of MeHg

Consumption of seafood contaminated with MeHg highlights the pathophysiology of
developmental and adult poisoning. Several brain regions are particularly sensitive to the effects
of MeHg. MeHg affects the occipital lobe, specifically the visual cortex and the cerebellum.
Chronic exposure to MeHg (2 mg/kg/day) disrupts GABAergic signaling in the occipital cortex of
wild minks (Basu et al., 2010). Administration of MeHg in vivo causes cell death of GABA-
containing neurons in the visual cortex, cerebral cortex and forebrain (J. O'Kusky, 1985; J. R.
O'Kusky & McGeer, 1985). Furthermore, impaired spatial vision in the visual cortex was reported
in monkeys following a chronic exposure to MeHg (50 mg/kg/day) (D. C. Rice & Gilbert, 1982).
Also, a case study of a 23 year old man that was exposed to MeHg in dust revealed contraction of
the visual field and ataxia. Specifically, the autopsy revealed atrophy of the cerebellum and
occipital lobe (Hunter & Russell, 1954). This study demonstrated a latency period (6 months)
between the time of exposure to MeHg and presentation of symptoms. A long latency, delay or

“silent phase” caused by MeHg has been previously described (Nierenberg et al., 1998; B. Weiss
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et al., 2002; J. H. Weiss & Sensi, 2000). The rationale for this silent phase is unknown. However,
mechanisms that involve cell death have been proposed. Particularly, the latency phase suggests
that live cells are trying to sustain normal functions and compensate against MeHg-induced cell
death (B. Weiss et al., 2002). Furthermore, the case study demonstrated that cerebellar granule
cells (CGCs) degenerated more than neighboring Purkinje neurons. Thus, the effects of MeHg
neurotoxicity are cell-type specific. This relative sensitivity has been reported in vitro (Yuan &
Atchison, 2003, 2007). Purkinje cells are larger than CGCs and following MeHg exposure,
Purkinje cells accumulated more MeHg than CGCs. Furthermore, Purkinje cells were spared from
cytotoxicity following MeHg exposure in vivo (Leyshon-Sorland, Jasani, & Morgan, 1994) and in
vitro (Edwards, Marty, & Atchison, 2005). Thus, neurotoxicity is not dependent solely on the
amount of MeHg accumulated within a cell. Perhaps, Purkinje cells metabolize MeHg into organic
Hg?" faster than CGCs (Leyshon-Sorland et al., 1994). Also, Purkinje cells express calbindin,
while CGCs do not (Celio, 1990). This suggests that presence of calbindin could protect against
Ca**-induced cell death (Mattson, Rychlik, Chu, & Christakos, 1991; McMahon et al., 1998).
Furthermore, transfection of calbindin in neuron-like cells demonstrate an increased capacity of
these cells to buffer Ca?* ions and protect against cell death (McMahon et al., 1998). Purkinje cells
express the a1 subunit while CGCs express the a6 subunit in the GABAAR (Herden, Pardo, Hajela,
Yuan, & Atchison, 2008). Thus, differential expression of the a subunit could underly the
preferential neurotoxicity of MeHg. Together, the amount of MeHg accumulated by cells do not

correlate to their susceptibility.

Another region in the brain that is particularly sensitive to MeHg poisoning is the hippocampus.

In this region, MeHg (5-8 mg/kg/day) alters gene expression, by upregulating the mRNA levels of

11



the N-methyl-D-aspartate (NMDA) receptors, and impaired cognitive behavior in rats (Baraldi,
Zanoli, Tascedda, Blom, & Brunello, 2002; Liu, Wang, Zhang, & Zhou, 2009). Furthermore,
MeHg (2 mg/kg/day) increases the density of muscarinic acetylcholine receptors (mAChRs) in the
hippocampus and cerebellum (Coccini et al., 2000). Additionally, in the brainstem, as well as, in
the occipital lobe and hippocampus, MeHg (10 mg/kg/day) mediates cell death of cortical neurons
(Miyamoto et al., 2001) Together data demonstrate that mechanisms involved in motor and

cognitive functions are altered by MeHg poisoning.

Amyotrophic Lateral Sclerosis

ALS is a neurodegenerative disorder characterized by the linear progressive degeneration of a-
motor neurons (aMNs) located in the cerebral cortex, brainstem and spinal cord (Kanning, Kaplan,
& Henderson, 2010; Tandan & Bradley, 1985). This results in a loss of function of skeletal
muscles. ALS is the current most common MN disease in humans. Population studies determined
an incidence of 5 cases in a population of 100,000 annually. Preferentially, ALS affects white men
over the age of 50 (McGuire, Longstreth, Koepsell, & van Belle, 1996). After the initiation of
symptoms, the disease culminates in death for 80% of the patients in approximately 5 years
(Cleveland & Rothstein, 2001; L. P. Rowland & Shneider, 2001). Signs and symptoms include
muscle denervation, atrophy muscular spasticity and paralysis. Ultimately, respiratory failure
causes death (Cleveland & Rothstein, 2001). The majority of the ALS cases are sporadic (SALS).
Thus, GxE interactions may hasten or trigger ALS in susceptible individuals. Only 10% of the
ALS cases are classified as familial (fALS) inheritance with autosomal dominant transmission.
Both, sSALS and fALS have virtually identical etiology, clinical course and neuropathology

(Cleveland & Rothstein, 2001). Thus, both forms share a common pathological mechanism(s),
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although their causes may differ. The 20% of the fALS cases are linked to an autosomal dominant
mutation in the superoxide dismutase (SOD)-1 gene (Swarup & Julien, 2011). This gene is an
antioxidant that detoxifies intracellular superoxide anions and free radicals. Specifically, the
SOD1-G93 A mutation has been a common model to study the pathophysiology of fALS and sALS
(Andersen et al., 1996; Synofzik, Fernandez-Santiago, Maetzler, Schols, & Andersen, 2010).This
mutation substitutes the glycine amino acid for an alanine at position 93 and leads to a toxic gain

of function (Gurney et al., 1994; Sau et al., 2007).

There is not yet a definitive mechanism by which ALS originates. Three theories have been
proposed. First, primary damage occurs to aMNs mediated through glutamate (Glu) excitotoxicity,
(Braak et al., 2013; Cappello & Francolini, 2017). Second, degeneration of «MNs starts at the
nerve ending and progress toward the cell body (Cappello & Francolini, 2017; Fischer et al., 2004;
Moloney, de Winter, & Verhaagen, 2014). Regardless of how ALS originates, the neuromuscular
junction (NMJ) degenerates leading to impairment of skeletal muscle (Cappello & Francolini,
2017). Third, since ALS is a not an aMN-only disease, the contribution from dysfunctions in
astrocytes and microglia has been suggested (Philips & Rothstein, 2014; Qian et al., 2017).
Mechanisms involved in the pathology of ALS include: increases in protein aggregation, defects
in protein stability, increase in oxidative stress, impairment of the excitatory amino acid transporter
2 (EAAT?2), Glu-mediated excitotoxicity, uncontrolled activation of the a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (Campanari, Garcia-Ayllon, Ciura, Saez-Valero, & Kabashi)
receptor, dysregulation of Ca®" homeostasis, and mitochondrial dysfunction and altered neuronal
excitability (Cleveland & Rothstein, 2001; Ghasemi & Brown, 2018; Pasinelli & Brown, 2006).

Also, lack of the Ca**-binding protein, calbindin, in MNs may increase susceptibility to ALS
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neurodegeneration (Shaw & Eggett, 2000). There is no cure or effective treatment against ALS.
Riluzole is the first FDA approved drug to treat ALS. However, it alleviates ALS symptoms and
delays death of ALS-patients by ~3 months (Bellingham, 2011). Riluzole mechanism of action
works by blocking release of Glu. Radicavas is the second FDA approved treatment for ALS. A
study indicates its mechanism of action is by reducing oxidative stress in nerve and vascular cells

(Nagase, Yamamoto, Miyazaki, & Yoshino, 2016).

Dysfunction of the cholinergic, GABAergic and glycinergic systems have been reported in ALS
patients. Downregulation of cholinergic, GABAergic and glycinergic receptors has been observed
in ALS patients (Whitehouse et al., 1983; Wootz et al., 2013). Muscle biopsies from ALS patients
indicate a reduction in ACh esterase (Frery et al.) (Campanari et al., 2016; Cappello & Francolini,
2017). Results from spinal cord autopsies reveal that ALS patients have reduced binding sites for
glycine (Hayashi, Suga, Satake, & Tsubaki, 1981). Furthermore, Recurrent inhibition between
Renshaw cells (RCs) and aMNs appears to be abnormally reduced in patients with ALS compared
with healthy individuals (Raynor & Shefner, 1994). Dysfunction of excitatory and inhibitory
synaptic transmission has also been reported in animal models of ALS. Downregulation of choline
acetyltransferase (ChAT) and the vesicular ACh transporter (VAChT) have been reported in
humans and mouse models. This suggests that reduced ACh availability in the presynaptic
terminals contributes to degeneration of MN (Campanari et al., 2016; Cappello & Francolini,
2017). An increase in ACh level mediated by overexpression of VAChT leads to degeneration of
the NMJ and accelerates disease onset in SOD1-G93A mice (Cappello & Francolini, 2017; Sugita
et al., 2016). GABA receptors induce more chloride (Cl") influx into MNs, accelerating neuronal

excitotoxicity in mice (Carunchio, Mollinari, Pieri, Merlo, & Zona, 2008). Furthermore, MNs have
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a reduced GABAergic and glycinergic neurotransmission in the SOD1-G93A mouse model (Q.
Chang & Martin, 2009, 2011; Nieto-Gonzalez, Moser, Lauritzen, Schmitt-John, & Jensen, 2011).
Metals are considered to be an environmental contributor to the manifestation of ALS disease due
to their prevalence in the environment (Rooney, 2011). Exposure to an environmental factor on its
own may not cause ALS. Conversely, a person with a genetic polymorphism exposed to a
neurotoxicant could have hastening of ALS. Additionally, the GXE interaction could cause
sufficient damage to MNs in order for the ALS disease to manifest (Mitchell, 2000; Wang, Little,

Gomes, Cashman, & Krewski, 2017).

Hg?* exposure affects MN by a syndrome that resembles ALS-mediated neurodegeneration
(Adams, Ziegler, & Lin, 1983; Praline et al., 2007; Schwarz, Husstedt, Bertram, & Kuchelmeister,
1996; Sutedja et al., 2009). ALS-like clinical syndrome include progressive weakness of the
extremities, muscular atrophy and widespread fasciculations. These all indicate injury of spinal
MNs (Brown, 1954; Kantarjian, 1961). Exposure to Hg chloride (HgCl») causes localized deposits
of Hg?" in MNs of the spinal cord and the brainstem (Arvidson, 1992). Also, Hg?" significantly
accumulates in spinal cord MNs in mice, and this was not different from the Hg?>* accumulated by
patients who died from a spinal MN disease (Pamphlett & Waley, 1996). These findings

demonstrate possible roles in how exposure to an environmental contaminant contributes to ALS.

MeHg poisoning and ALS disease share a similar toxic mechanism(s). Both, MeHg and ALS
increase release of Glu (Cleveland & Rothstein, 2001; Yuan & Atchison, 1997), increase [Ca*'];
(Grosskreutz, Van Den Bosch, & Keller, 2010; Limke, Heidemann, & Atchison, 2004), causes

mitochondrial damage (Cleveland & Rothstein, 2001; Limke & Atchison, 2002), increase reactive
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oxygen species (ROS) (Aschner, Syversen, Souza, Rocha, & Farina, 2007; Cleveland & Rothstein,
2001; Pamphlett & Coote, 1998), and impair function of the astrocytic EAAT2 (Aschner, Yao,
Allen, & Tan, 2000; Cleveland & Rothstein, 2001). Thus, these mechanisms of excitotoxicity share

a common denominator which is the disruption of Ca?" homeostasis.

A study conducted in our laboratory established the first relationship of cause and effect between
development of ALS and an exposure to an environmental neurotoxicant (Johnson et al., 2011). In
detail, exposure to chronic, low-dose MeHg (3 parts per million (ppm)) caused elevations in
internal Ca?" concentrations ([Ca?*]i) in slices from the brainstem slices of SOD1-G93A mice
(Johnson et al., 2011). Additionally, MeHg hastened the onset of the ALS phenotype in SOD1-
G93A mice (Johnson et al., 2011). In another experiment, treatment with an antagonist for the L-
type voltage gated Ca*" channel (VGCC) ablated the MeHg-mediated neurological dysfunctions
in vivo and in vitro (Sakamoto, Ikegami, & Nakano, 1996). Moreover, blocking the L-type VGCC
with nimodipine protected against MeHg-induced behavioral toxicity in mice (Bailey, Hutsell, &
Newland, 2013).

To date, no specific factor is known to cause ALS disease and the mechanisms that contribute to
the hastening of ALS are unknown. Alterations in Ca?" oscillation and Ca** dynamics have been
hypothesized as a risk factor for the onset of neurodegenerative diseases. Hence, GXE interactions
are a possible explanation for the SALS cases. This is important because it allows to use MeHg-
mediated Ca?" dysregulation and subsequent cytotoxicity as a model to understand mechanisms of

ALS pathogenesis (Bailey et al., 2017)
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Regulation of Ca?*

Ca?" is an alkaline earth metal. It is the most abundant metal in the body. Ca®* is a 2"¢ messenger
that regulates neuronal activity and downstream pathways through activation of enzymatic
cascades. Ca** regulation of intracellular events controls fundamental neuronal functions including
membrane depolarization, neurotransmitter release and synaptic activity. At the biomolecular level
Ca?" homeostasis is an extensive, well-regulated and tightly coupled process. In normal conditions,
external Ca®" concentration ([Ca*']c) is in the 1-2 mM range (Kass & Orrenius, 1999). This
represents 10,000 times more than cytosolic Ca?*. In normal conditions, unbound Ca?"; is in the
100 nM range but in active zones, it increases to concentrations as high as 100 pM (Bennett,
Farnell, & Gibson, 2000). This drastic difference in [Ca®"]i across the plasma membrane creates a
large chemical driving force. The tight coupling between Ca?* buffering and Ca?" release processes
causes physiological oscillations to initiate and end electrical activity in the plasma membrane.
Ca®*¢ enters the cell through VGCCs and ligand-gated ion channels (LGICs). These channels alter
the concentration of cytoplasmic ions because of their high rate capacity for ion transfer (Hille,
1978). Thus, they are important for regulating the membrane potential, activating secretion of
neurotransmitters, initiating gene transcription pathways and second messenger Ca?" signaling,

among others.

MeHg disrupts Ca** homeostasis and drives an uncontrolled and sustained increase in [Ca®"]i in
both primary and transformed cell lines (e.g. rat brain synaptosomes, NG108-15 neuroblastoma
cells, CGCs and MNs) (Edwards et al., 2005; Hare, McGinnis, & Atchison, 1993; Kauppinen,
Komulainen, & Taipale, 1989; Marty & Atchison, 1997; Ramanathan & Atchison, 2011; T. A.

Sarafian, 1993; Yuan & Atchison, 2007, 2016). The MeHg-mediated biphasic [Ca®"]i increase
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consists of two kinetically and temporally distinct phases. “Phase 1” is thought to be due to Ca?*
efflux from both mitochondria and the smooth endoplasmic reticulum (SER). “Phase 2” is thought
to be due to entry of extracellular Ca?* (Denny, Hare, & Atchison, 1993; Edwards et al., 2005;
Hare & Atchison, 1995; Hare et al., 1993; Limke, Bearss, & Atchison, 2004; Marty & Atchison,
1997; Ramanathan & Atchison, 2011). Treatment with specific antagonists for VGCC during
MeHg exposure protects against MeHg-mediated increases in [Ca?*]i (Marty & Atchison, 1997)
Furthermore, presence of the Ca®'i chelator, 1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N'-tetra
acetic acid tetrakis (BAPTA), protects against Ca?*-dependent cytotoxicity in CGCs (Marty &
Atchison, 1998). MeHg neurotoxicity is not exclusive to VGCCs. Thus, other membrane channels

participate of MeHg-mediated increase in [Ca®'];.

Structure and biodiversity of ligand-gated ion channels

LGICs consist of cys-loop receptors, ionotropic Glu receptors (GluRs) and serotonin (5-HT3)
channels. LGICs control fast synaptic neurotransmission by converting a chemical signal into a
postsynaptic electric signal. The cys-loop family include nicotinic ACh receptors (nAChRs),
GABAARs and glycine receptors (GlyRs), among others. In the cys-loop of the receptors there are
two cysteine residues separated by 13 amino acids that form a disulfide bond. This bond creates a
signature loop important for signal transduction following the binding of an agonist at the N-
terminal in the extracellular domain (Karlin et al., 1986; Sine & Engel, 2006).

MeHg has high affinity to cysteine residues (Bahr & Moberger, 1954; Hughes, 1957; Kostyniak
& Clarkson, 1981; Roberts, Steinrauf, & Blickenstaff, 1980). The presence of these residues on
LGIC:s facilitates MeHg to target them (Hisatome et al., 2000). Interactions of MeHg with cysteine

residues on membrane receptors lead to changes in the conformation of the receptor. This interferes
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with cellular processes and disrupts synaptic neurotransmission (Denny & Atchison, 1996; Sirois

& Atchison, 1996).

LGICs consist of a, B, v, and 6 subunits. The subunit heterogeneity determines the kinetics and
characteristics of the receptor. Each subunit contains four conserved transmembrane domains with
the second segment the one that forms the central ion pore (Tsetlin, Kuzmin, & Kasheverov, 2011).
The o subunit constitutes the pore forming, voltage-sensing and ligand-binding component (Lukas
et al., 1999). Thus, it defines the functional kinetics of the channel. The non-a subunits fulfill a

role in complementary binding sites.

ACh is the primary neurotransmitter of lower MNs and at the NMJ. ACh is the endogenous agonist
for all nAChR subtypes. The binding site for the agonist in the nAChR is formed by two o subunits.
These receptors are permeable to K* and divalent cations such as Na* and Ca?* (Dajas-Bailador &
Wonnacott, 2004; Seguela, Wadiche, Dineley-Miller, Dani, & Patrick, 1993). Activation of
nAChRs and the generation of an action potential trigger Ca®’. influx and Ca?" release from
internal Ca?" stores (Sharma & Vijayaraghavan, 2001; Tsuneki, Klink, Lena, Korn, & Changeux,
2000), which then causes the release of ACh. ACh is synthesized in the motor nerve terminals
from acetyl-CoA and choline by the catalysis of ChAT (Hebb, 1972). Effects of ACh are
terminated by the action of AChE, which hydrolyzes ACh into acetate and choline. ACh release
can occur by either spontaneous or induced by an action potential. Spontaneous release of ACh
represents the release from a single quantum (one vesicle). This produces a miniature end plate
potential (mEPP) (Katz & Miledi, 1963). A quantum represents a small depolarization because it

is not enough to produce an action potential at the postsynaptic membrane. Action potentials that
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evoke release of ACh from many quanta in a synchronous way results in a large membrane

depolarization or end plate potential (Djiogue et al.) (Del Castillo & Katz, 1954).

The muscle and neuronal nAChRs are two different pentameric receptors. 2 a (2-10), 2 B (2-4) and
1 (y (1-3), 9, v, €) subunits form the nAChR (Albuquerque, Pereira, Alkondon, & Rogers, 2009).
Adult skeletal muscle subunit composition consists of (a 1), B, 8, € with a ratio of 2:1:1:1. The al
subunit is specific to muscular nAChRs. Neuronal nAChRs are homo- or heteromeric constructed
channels. The compositions that predominate the most in the CNS are a7 and a4p2 (Dineley,
Pandya, & Yakel, 2015; Gotti, Zoli, & Clementi, 2006). The homomeric a7 nAChRs is the most
Ca®' permeable of all the stoichiometries (Seguela et al., 1993; Vernino, Amador, Luetje, Patrick,
& Dani, 1992). The nAChRs in the mature spinal cord express a: 2, 3,4, 5, 7 and B: 2, 3, 4 with a
ratio of 2:3, 3:2, or 2:2:1 (Chavez-Noriega et al., 1997; Vincler & Eisenach, 2004). Specifically,
nicotine has the highest affinity for the 2 (a0 4) - 3 (B 2) stoichiometry (Albuquerque et al., 2009).
The specific antagonist to block the nAChR is dependent on the stoichiometry expressed.
Methyllycaconitine (MLA) blocks a 7-containing homomeric receptors (Turek, Kang, Campbell,
Arneric, & Sullivan, 1995). This competitive antagonist is derived from a camphene, a plant
alkaloid (Mogg et al., 2002; Philip, Carpenter, Tyrka, & Price, 2012). Mecamylamine (MEC)
blocks a 2-containing heteromeric receptors (Sacco, Bannon, & George, 2004). This non-
competitive antagonist developed as an anti-hypertensive drug (Stone, Torchiana, Navarro, &
Beyer, 1956). Dihydro-p-erythroidine (DHBE) blocks o 4-containing heteromeric receptors
(Chavez-Noriega et al., 1997). This alkaloid is derived from the plant Erythrina poeppigiana

(Djiogue et al., 2014).

20



MeHg disrupts cholinergic transmission at the presynaptic and postsynaptic membranes. MeHg-
mediated elevations in [Ca®']; increase the release of neurotransmitters (Atchison, 1986, 1987;
Atchison & Narahashi, 1982), suppresses the amplitude of the EPP (Traxinger & Atchison, 1987),
excitatory post-synaptic potential (EPSP) (Yuan & Atchison, 1995, 1997) and inhibitory post-
synaptic potential (IPSP) (Yuan & Atchison, 1995). MeHg blocks spontaneous synaptic current
(Yuan & Atchison, 2007), suggesting MeHg interacts with the channel itself. Furthermore,
exposure to MeHg disrupts the cholinergic neurotransmission. Specifically, MeHg suppresses the
nicotinic fast depolarizing response (Quandt, Kato, & Narahashi, 1982). MeHg increases
spontaneous release of ACh and decreases the nerve-evoked release of ACh (Atchison, 1986,
1987; Atchison & Narahashi, 1982; Juang & Yonemura, 1975). MeHg blocks binding of ACh to
its receptor (Eldefrawi, Mansour, & Eldefrawi, 1977) and MeHg binds to nAChRs (Eldefrawi et
al., 1977; Shamoo, Maclennan, & Elderfrawi, 1976) and mAChRs (Abd-Elfattah & Shamoo, 1981;
Coccini et al., 2000; Von Burg, Northington, & Shamoo, 1980). Also, MeHg acts on mAChRs
causing the release of Ca?" from the inositol-1,4,5-triphosphate (IP3)-sensitive Ca** pool (Limke,

Bearss, et al., 2004). Thus, effects of MeHg in the cholinergic neurotransmission have been well

established.

GABA is the most important inhibitory neurotransmitter in the mammalian CNS (Obata, Ito, Ochi,
& Sato, 1967; Seeburg et al., 1990). GABA is synthesized in neurons from Glu by the enzymes
glutamic acid decarboxylase 65 (GAD65) and 67 (GAD67). GABAARSs are heteropentameric with
four membrane spanning domains. The stoichiometry of the GABAAR consists of a: 1-6, B: 1-3
and y: 1-3, 9, €, 0, or  subunits (Mohler et al., 1996) with a ratio of 2:2:1. Also, the GABAAR has

an allosteric binding site for benzodiazepines (BZs) (Smith, 2001). Thus, a spectrum of drugs such
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as anxiolytics and anesthetic, and toxic agents can interact with the function of the receptor. Zinc
(Zn") is an allosteric modulator for the GABAAR. The binding site for GABA in the GABAAR is
located between the o and B subunits. The binding site for BZs in the GABAAR is located between
the o and y subunits (Jacob, Moss, & Jurd, 2008). Activation of the GABAAR increases the
receptors permeability to Cl-, resulting in an IPSP response that reduces the amplitude of the EPSP.
Therefore, the primary role of GABAARs is to decrease neuronal excitability and
neurotransmission (Long et al., 2009). GABAARs mediate phasic inhibition, as well as, tonic
inhibition (Farrant & Nusser, 2005). GABAaRs on Purkinje cells express a. 1, 2, B 3, y 2 subunits.
GABAARs on CGCs express a 1, a 6, B 2, B 3, v 2 subunits (Laurie, Seeburg, & Wisden, 1992).
GABARs on MNs of the mature spinal cord express the a 2, a 3 subunits (Carunchio et al., 2008;
Wisden, Gundlach, Barnard, Seeburg, & Hunt, 1991). Quantification of the GABAergic
interneurons in the spinal cord is not known, but in the brain, they constitute 17%—-20% of all the
cell populations (Somogyi, Tamas, Lujan, & Buhl, 1998). The antagonist for the GABAAR is
bicuculline (BCC). This alkaloid is a competitive antagonist derived from the plant Dicentra

cucullaria. Actions of BCC mimic epilepsy.

MeHg suppresses the GABA-mediated CI' current in dorsal root ganglion cells (Arakawa,
Nakahiro, & Narahashi, 1991). MeHg increases the frequency of occurrence of GABA-mediated
IPSCs (Yuan & Atchison, 2003, 2007). MeHg (20, 100 uM) causes a transient stimulation of the
IPSP amplitude followed by a complete block of the GABA current (Yuan & Atchison, 1995,
2003, 2007). GABAergic neurotransmission is more sensitive to MeHg neurotoxicity than
glutamatergic because inhibitory synaptic transmission is blocked faster (Yuan & Atchison, 1995,

1997). Furthermore, GABAergic synaptic transmission is blocked faster in CGCs than in Purkinje
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cells (Yuan & Atchison, 2003). MeHg directly interacts with the a 1 and a 6- containing GABAAR
in oocytes (Tsai, Yuan, Hajela, Philips, & Atchison, 2017). Administration of MeHg in vivo causes
cell death of GABA-containing neurons in the visual cortex, cerebral cortex and forebrain (J.
O'Kusky, 1985; J. R. O'Kusky & McGeer, 1985). Furthermore, MeHg boosts BZs to bind to the
GABAAR in the cerebellum and cerebral cortex (Concas et al., 1983; Corda et al., 1981; Fonfria,
Rodriguez-Farre, & Sunol, 2001). Together, these findings suggest that the relative sensitivity of
GABAARs to MeHg plays a role during MeHg-mediated neurotoxicity. Preferential block of

GABAARs by MeHg would cause hyperexcitability leading to subsequent increases of [Ca?'].

GlyRs open to CI" with activation from glycine. Glycine is an inhibitory neurotransmitter
predominantly found in the brainstem and spinal cord (Olsen, DeLorey, Gordey, & Kang, 1999;
Pycock & Kerwin, 1981). However, they are also localized in the cerebral cortex and hippocampus
(Bristow, Bowery, & Woodruff, 1986). The expression of GlyRs at the brainstem and spinal cord
is different from the brain. GlyRs at the brainstem and spinal cord express the a 1 subunit, which
it is very sensitive to strychnine binding (Becker, Hoch, & Betz, 1988; Bristow et al., 1986). GlyRs
in the brain express the o 2 subunit which has low affinity for strychnine binding (Becker et al.,
1988; Bristow et al., 1986). GlyRs are homo- and heteropentameric receptors. The stoichiometry
of the heteromeric GlyRs consists of a: 1-4 and B: 1, with a ratio of 3:2 (Durisic et al., 2012; Lynch,
2004). The B subunit colocalizes with gephyrin. Gephyrin is an intracellular protein necessary for
the anchoring of GlyRs to the membrane. Thus, gephyrin is used to identify the synaptic
localization of the GlyRs (Kirsch, Wolters, Triller, & Betz, 1993; Meyer, Kirsch, Betz, &
Langosch, 1995). GlyRs on MNs in the mature spinal cord express a 1 (Q. Chang & Martin, 2011;

Dutertre, Becker, & Betz, 2012). The antagonist for the GlyR is strychnine. This competitive
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antagonist is an alkaloid derived from the tree Strychnos nux-vomica. Actions of strychnine mimic
rigidity and seizure. Electrophysiological studies have demonstrated that spinal MNs
hyperpolarize in response to strychnine treatment (Curtis, Hosli, & Johnston, 1967; Werman,
Davidoff, & Aprison, 1967). Effects of MeHg on glycinergic neurotransmission is less known
compared to other LGICs. A study from our laboratory demonstrated that GlyRs in hippocampal
CALl do not participate of MeHg-induced increase of population spikes amplitude (Yuan &

Atchison, 1997).

Intracellular Ca?* stores

Intracellular stores dynamically participate in the homeostasis of [Ca?]i and generate cytosolic
Ca?" signals that potentiate neuronal activity. The two Ca?" stores that contribute to regulation of
[Ca®']iin the cytoplasm are the mitochondria and the SER. The mitochondria is responsible for the
dynamic process of Ca?" homeostasis, storage, regulation and buffering of free Ca?*; ions. This
organelle regulates the physiological Ca** signaling that occurs in response to different stimulation
and signaling pathways (Gunter & Gunter, 1994). At resting membrane potentials, the
mitochondria is a high-capacity but low-affinity Ca?" store (Somlyo, Bond, & Somlyo, 1985).
Thus, for the mitochondria to induce Ca?" uptake it requires a strong driving force. External stimuli
such as neurotransmitter release causes the mitochondria to serve as a Ca?" store (Rizzuto, Brini,
Murgia, & Pozzan, 1993; Rizzuto, De Stefani, Raffaello, & Mammucari, 2012). Ca®* enters the
mitochondria via the inner mitochondrial membrane receptor, the Ca?* uniporter. This uniporter
allows Ca?" to move in favor of the electrochemical gradient from the cytosol into the
mitochondrial lumen (Gunter & Gunter, 1994). Thus, this is an energetically favorable process

because the inner mitochondrial membrane has a negative potential of approximately 140-180 mV.
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Inside the mitochondria, Ca®* stimulates synthesis of adenosine 5°- triphosphate (ATP) (Tarasov
et al., 2013) because the proton gradient in the mitochondrial internal membrane drives synthesis
of ATP (Lehninger, Nelson, & Cox, 2005). Release of Ca?* from the mitochondria triggers the
release of neurotransmitters (Rizzuto, 2003; Yang, He, Russell, & Lu, 2003). Furthermore, release
of Ca** from the mitochondria, but not the SER, contributes to spontaneous release of
neurotransmitter at the NMJ (Levesque & Atchison, 1988). Mitochondrial Ca?* efflux is controlled
by the reversal of the uniporter, the Na*/Ca?* exchanger (Simpson & Russell, 1998) and the
opening of the mitochondrial permeability transition pore (mPTP) (Gunter & Gunter, 1994). The
mPTP is a non-selective pore across the inner mitochondrial membrane. This pore opens in
response to stress signals such as high mitochondrial Ca?*, oxidative stress, depletion of ATP
(Bernardi, Scorrano, Colonna, Petronilli, & Di Lisa, 1999; Dubinsky & Rothman, 1991). As a
result, the proton gradient in the inner mitochondrial membrane dissipates and the synthesis of
ATP is uncoupled (Hillered, Muchiri, Nordenbrand, & Ernster, 1983). These reactions cause the
mitochondria to depolarize (White & Reynolds, 1996). Thus, depolarization of the mitochondrial
membrane decreases influx of Ca** and decreases production of ATP. Activation of the mPTP
increases cytosolic Ca** and correlates to mechanisms of Glu-mediated excitotoxicity and
subsequent cell death (Bernardi & Petronilli, 1996; Ichas & Mazat, 1998; Lemasters et al., 1998;

Schinder, Olson, Spitzer, & Montal, 1996).

MeHg releases °Ca** from mitochondria while simultaneously preventing mitochondrial Ca**
uptake (Levesque & Atchison, 1991). MeHg release in mitochondrial Ca?* increases [Ca?*]i, which
it is delayed by treatment with cyclosporin A in CGCs (Limke & Atchison, 2002; Limke, Otero-

Montafiez, & Atchison, 2003). Treatment with ruthenium red, to block the mitochondrial Ca?*
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uptake, partially suppresses the MeHg-induced increase in the frequency of mEPP (Levesque &
Atchison, 1987). MeHg opens the mPTP in human monocytes (InSug, Datar, Koch, Shapiro, &
Shenker, 1997) and in lymphocyte cells (Shenker, Guo, & Shapiro, 2000). MeHg-induced release
of ACh and norepinephrine depend on the efflux of Ca?* from the mitochondria (Gasso, Sunol,
Sanfeliu, Rodriguez-Farre, & Cristofol, 2000; Levesque & Atchison, 1988). Inhibition of the
mPTP with bcl-2 protects against MeHg-induced cell death (T. A. Sarafian, Vartavarian, Kane,
Bredesen, & Verity, 1994). MeHg exposure increase the generation of ROS, decreases the
mitochondrial membrane potential and increases levels of cytochrome-c in CGCs (Bellum, Bawa,
Thuett, Stoica, & Abbott, 2007; T. Sarafian & Verity, 1991). Experiments with carbonyl cyanide
m-chlorophenyl hydrazine (CCCP) to uncouple the mitochondrial oxidative phosphorylation, and
oligomycin to inhibit the mitochondrial ATP synthase, demonstrate that the Ca®*; that enters the
mitochondria originates from the SER (Limke & Atchison, 2002). Thus, MeHg releases Ca?* from
the mitochondria which then contributes to mechanisms of hyperexcitability and cell death. Other

cytosolic Ca?* stores participate during the release of neurotransmitter by MeHg.

The SER is an intracellular Ca** compartment present in all types of neurons. It buffers the excess
of cytosolic Ca** through the Ca?’-ATPase. Contrary to the mitochondria, the SER is a high-
affinity, low-capacity pool (Somlyo et al., 1985). The SER has two main Ca** pools: ryanodine
and IP3. The SER releases Ca* to the cytosol via ryanodine and IP3 receptors (Berridge, 1998).
Stimulation of metabotropic receptors activate phospholipase-c (PLC). PLC hydrolyzes
phosphatidylinositol biphosphate (PIP2) producing IP3, which then binds to the IP3 receptor. The
SER is able to regulate Ca’*; homeostasis by accumulating, storing and releasing Ca®* ions.

Ryanodine and IP3 receptors are involved in Ca?'-induced Ca’'-release mechanisms
y
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(Bezprozvanny, Watras, & Ehrlich, 1991; Simpson, Nahorski, & Challiss, 1996). Ca>* release from
IP3 triggers Ca?' release from the ryanodine receptors. Thus, an increase in Ca?’j activates these
receptors and further increases [Ca**]; (Irving, Collingridge, & Schofield, 1992). Following a
transient increase in Ca®*; the restoration of Ca*" homeostasis depends on electrogenic activities.
The SER is able to buffer Ca?* through the sarcoendoplasmic reticulum ATPase (SERCA) Ca**
pump. Also, this pump serves as a sensor of how much [Ca?*]i is inside the SER. Hence, an increase
in SER-Ca?" will inhibit functioning of the SERCA pump. The SERCA refills the ryanodine and
IP3 Ca?' pools. Thapsigargin (THP) is a pharmacological drug that inhibits Ca?" uptake and the
accumulation of Ca?" in the SER by selectively blocking the SERCA pump. THP causes a slow
release of Ca?" within neurons. Thus, it prolongs the depolarization induced by transient increases
in [Ca*"]i. In this way, THP depletes the SER (Thastrup, Cullen, Drobak, Hanley, & Dawson,
1990). Thiol groups in the SERCA pump (Abramson, Trimm, Weden, & Salama, 1983; Chiu,
Mouring, & Haynes, 1983) could interact with MeHg and facilitate Ca®* release from the SER
(Limke, Heidemann, et al., 2004). Regulation of Ca®'; is important because it precedes

neurotransmitter release and regulates synaptic plasticity.

MeHg stimulates binding of IP3 to the IP3 receptor, suggesting a direct interaction between MeHg
and the receptor (Chetty, Rajanna, Hall, Yallapragada, & Rajanna, 1996). MeHg exposure results
in a two-fold increase of IP3 receptors in CGCs (T. A. Sarafian, 1993). Moreover, desensitization
of IP3 receptor with bethanechol, prior to MeHg exposure, delays MeHg-mediated increase in
[Ca®']; suggesting that MeHg upregulates IP3 receptors (Limke, Bearss, et al., 2004). Depletion of
the IP3-Ca?* pool with the IP3 receptor agonists, bradykinin, reduces MeHg-induced increase in

[Ca?"]i (Hare & Atchison, 1995). Moreover, blocking the TIP3 receptor with heparin blocks MeHg-
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induced Ca?* release from the SER (Tan, Tang, Castoldi, Manzo, & Costa, 1993). THP partially
reduces the MeHg-induced increase in [Ca®*]; in NG108-15 cells (Hare & Atchison, 1995). MeHg-
mediated Ca?* release from the SER is buffered by the mitochondria in CGCs (Limke & Atchison,
2002). However, in NG108-15 cells MeHg-mediated Ca?* release is primarily from the SER (Hare
& Atchison, 1995).Together, disruption of the SER by MeHg contributes to cell death via

disruption of mitochondrial functions.

Mechanisms of cell death

Prolonged increase in [Ca*"]; is associated with the activation of mechanisms of cell death (Choi,
1988; Dubinsky, 1993). Uncontrolled Ca?* release from the mitochondria and the SER causes cell
death (Kroemer, Petit, Zamzami, Vayssiere, & Mignotte, 1995; Wei, Wei, Bredesen, & Perry,
1998). Loss in the mitochondrial ability to buffer Ca** results in cell death via activation of
cytochrome-c-dependent mechanisms (Bernardi et al., 1999). Cell death via disturbances in Ca?*
homeostasis is a common phenomenon in neurodegenerative diseases, including ALS (Mattson,
2000; Wojda, Salinska, & Kuznicki, 2008; Zundorf & Reiser, 2011). Furthermore, disturbances in

Ca®" homeostasis mediate degenerations of MNs in ALS (Shaw & Eggett, 2000).

Ca*"-mediated excitotoxicity activates apoptotic and necrotic signaling (Ichas & Mazat, 1998;
Kruman & Mattson, 1999; Lemasters et al., 1998; Mattson & Chan, 2003). Apoptosis is
characterized by cell shrinkage, chromatin aggregation, plasma membrane blebbing, DNA
condensation, loss of ATP maintenance and activation of caspases (Kroemer et al., 1995). Necrosis
is characterized by cellular swelling, lysis, loss of cell membrane integrity and depletion of ATP.

Nonetheless, both death pathways share similar mechanisms such as elevation in [Ca®']; and
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damage to the mitochondria (Kruman & Mattson, 1999). MeHg toxicity causes apoptosis and
necrosis depending on the duration and concentration of the exposure to MeHg (Miura & Imura,
1987). Low MeHg (0.1 -1 uM) concentrations and in vivo exposure is associated with apoptosis
(Kunimoto, 1994; Nagashima et al., 1996). High MeHg (5 — 10 uM) concentrations is associated
with necrosis (Castoldi, Barni, Turin, Gandini, & Manzo, 2000). However, within 1 hr of MeHg

(1 uM) exposure both types of cell death were reported in CGCs (Castoldi et al., 2000).

Increases in [Ca?"]i mediated by MeHg causes cell death in both primary and immortalized cell
lines (Edwards et al., 2005; Hare et al., 1993; Marty & Atchison, 1998). Specifically, increases in
[Ca®']; occur in a time-and-concentration-dependent manner following exposure to MeHg in vitro
(Hare et al., 1993; Marty & Atchison, 1997; Ramanathan & Atchison, 2011), in situ (Yuan &
Atchison, 2007, 2016) and in vivo (Johnson et al., 2011). MeHg damages the neurofilaments in the
cell membrane in carcinoma-derived neurons (Graff, Falconer, Brown, & Reuhl, 1997). However,
mechanisms underlying MeHg-induced cell death are not yet completely understood. Treatment
with specific antagonists of VGCCs protects against MeHg-induced cell death in vitro and in vivo
models(Marty & Atchison, 1998; Sakamoto et al., 1996). Thus, block of VGCCs delay the MeHg-
mediated increase in [Ca®'];. This unmasks the involvement of VGCCs during MeHg-mediated
alterations in Ca?* homeostasis. Thus, disruptions in the regulation of Ca?*; plays an important role
in MeHg-induced cell death. Inhibition of mAChRs with atropine and downregulation of mAChRs
with bethanechol protects against MeHg-induced cell death in CGCs (Limke, Bearss, et al., 2004).
Thus, the participation of LGICs during MeHg-mediated increase [Ca?*]; has been identified. Also,
inhibition of the mPTP with cyclosporin-A protects against MeHg-induced cell death (Limke &

Atchison, 2002). Buffering Ca?*; with BAPTA provides protection against MeHg-induced cell
g p P
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death at 3.5 but not 24.5 hr post-MeHg exposure (Marty & Atchison, 1998). Antioxidant treatment
with lycopene and vitamin E protects from MeHg-induced cytotoxicity (Qu et al., 2013; T.
Sarafian & Verity, 1991). Together, these experiments showcase the pivotal role of disruptions in

Ca?'i mechanisms during MeHg-mediated cell death.

The spinal cord

Organization of the motor system

The brain and spinal cord communicate with each other through ascending and descending nerve
pathways. Motor output originates in the premotor and primary motor cortices. The corticospinal
tract connects the upper MNs that originate in the cortex to lower MNss in the spinal cord (Welniarz,
Dusart, & Roze, 2017). Specifically, the MNs that descend from the primary motor cortex, through
the lateral corticospinal pathway, control voluntary movement. The MNs that descend from the
primary motor cortex through the ventromedial corticospinal pathway control posture and
locomotion. The spinal column is divided in four regions and subdivided in levels: cervical,
thoracic, lumbar and sacral. The spinal cord has 31 pairs of nerves and 5 of these nerves are in the
lumbar region. A transverse section of the spinal cord displays the gray and white matter. The gray
matter is comprised of neuronal cells bodies, and glial cells. The white matter is comprised of
longitudinal axons and glial cells. The gray matter is divided into different laminae depending on
the basis of cytoarchitecture (Waxenbaum & Futterman, 2019). The nuclei of lower MNs are
located in the ventral horn. Specifically, MNs are located in the lamina IX, which includes laminae

VII and VIIL.
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Motor neurons

The main type of MNs in the spinal cord is the a subtype. The classification of MNs depend on
the muscle fiber that they innervate (Kanning et al., 2010). The aMNs are the biggest (diameter >
30 um) cells in the ventral horn (Wootz et al., 2013). Spinal aMNs release ACh from their axon
terminal causing the postsynaptic cell or sarcolemma to depolarize and initiate muscle contraction.
Thus, aMNs innervate extrafusal muscle fibers, which are responsible for the generation of tension
and muscle contraction (Burke, Levine, Tsairis, & Zajac, 1973). Dorsal root ganglion cells, upper

MNs and interneurons in the spinal cord synapse aMNss.

Renshaw area

The Renshaw area is located in the lamina VII of the lumbar ventral horn. The lumbar region
innervates the hindlimb muscles. (Harrison et al., 2013; Rigaud et al., 2008). In detail, tMNs have
an axon collateral that synapses on and excites RCs, which in turn inhibit the same aMNs,
ultimately modulating their signaling. This negative-feedback mechanism is known as recurrent
inhibition (Eccles, Fatt, & Koketsu, 1954; Renshaw, 1946). Thus, RCs control locomotor activity
by communicating with aMNs, Ia interneurons and nearby RCs. ACh, GABA and glycine are the
principal neurotransmitters that modulate recurrent inhibition (Dourado & Sargent, 2002; Geiman,
Zheng, Fritschy, & Alvarez, 2002; Jonas, Bischofberger, & Sandkuhler, 1998; Schneider & Fyffe,
1992). RCs cells receive synaptic inputs from sensory neurons, aMNs and interneurons. Activation
of RCs by aMNs causes a high-frequency discharge in the co-release of GABA and glycine

(Geiman et al., 2002; Gonzalez-Forero & Alvarez, 2005).
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RCs are the only spinal neuron that express gephyrin clusters (Alvarez & Fyffe, 2007). Gephyrin
is a postsynaptic scaffolding protein in glycine receptors (GlyRs) (Kirsch & Betz, 1993). This
observation has been confirmed in all studied mammalian species (Alvarez & Fyffe, 2007). Also,
RCs express high levels of calbindin proteins in rodents and primates (Arvidsson et al., 1992; Carr,
Alvarez, Leman, & Fyffe, 1998; Geiman, Knox, & Alvarez, 2000). The development of gephyrin
clusters and calbindin reaches plateau by postnatal day (PND) 25 (Geiman et al., 2000). Thus,
calbindin immunoreactivity, expression of gephyrin and the anatomical location of the Renshaw
area are the criteria used to identify adult RCs. These parameters elucidated that the mean soma
diameter of RCs in the adult cat and rat is 20 — 25 pum in size (Fyfte, 1990; Geiman et al., 2000) or
less (Wootz et al., 2013). The abundance of RCs is approximately 750 cells in the adult cat (Carr
et al., 1998). The ratio of RCs to aMN is 1:5 (Alvarez & Fyffe, 2007). RCs express a 2- and o 4-
containing nAChRs (Dourado & Sargent, 2002; Ishii, Wong, & Sumikawa, 2005), a 3- and a 5-
containing GABAARs (Geiman et al., 2002) and o 1-containing GlyRs (Alvarez & Fyfte, 2007;
Geiman et al., 2002; Gonzalez-Forero & Alvarez, 2005). Degeneration of RCs causes rigidity,
spasticity and tremors (Alvarez & Fyffe, 2007). A decrease in the recurrent inhibition at the
Renshaw area has been reported in ALS patients. Particularly, aMNs degenerate during the early
presymptomatic stages of ALS disease while RCs are spared (Wootz et al., 2013). Thus,
disruptions in this synaptic circuit occur during late presymptomatic stages of disease via

degeneration of aMNSs.
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Objectives and rationale

Hypothesis

Recurrent inhibition in the Renshaw area controls motor output. An unfavorable change in this
negative feedback would influence neurotransmission toward more excitation or less inhibition
(Zanette et al., 2002; Ziemann et al., 1997). Furthermore, a reduction in recurrent inhibition
underlies the enhanced excitability observed in pyramidal neurons of the motor cortex (Nieto-
Gonzalez et al., 2011). Thus, a disruption by MeHg in the mechanism that regulates recurrent
inhibition via Ca**-dependent mechanisms would enhance the susceptibility of the Renshaw Area

to degenerate.

Previous studies have demonstrated effects of neurotoxicity mediated by MeHg. Briefly, MeHg
disrupts cholinergic transmission in the NMJ (Atchison, 1986; Atchison, Joshi, & Thornburg,
1986; Atchison & Narahashi, 1982; Eldefrawi et al., 1977; Juang, 1976b). MeHg blocks both
excitatory and inhibitory neurotransmission in CAl neurons of hippocampal slices (Yuan &
Atchison, 1993, 1995, 1997). Furthermore, the inhibitory neurotransmission is more susceptible
to the effects of MeHg than excitatory neurotransmission (Yuan & Atchison, 1995). This is
important because MeHg-mediated dysregulation of the inhibitory system precedes disruption of
Ca®" homeostasis (Yuan & Atchison, 2016). MeHg, in vitro and in vivo, increase [Ca*"]i in MNs
(Johnson et al., 2011; Ramanathan & Atchison, 2011). Also, MeHg accumulates i MNs of the
ventral horn in rodents (Moller-Madsen, 1991; Pamphlett & Waley, 1996) and degenerates the
MN s associated with hindlimb function (M. Su, Wakabayashi, Kakita, Ikuta, & Takahashi, 1998).
Additionally, intracellular Ca*" stores participate of MeHg-mediated neurotoxicity (Hare &

Atchison, 1995; Levesque & Atchison, 1991; Limke & Atchison, 2002; Limke, Bearss, et al.,
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2004). Furthermore, studies have shown a direct correlation between Ca?* dysregulation and

activation of cell death pathways (Edwards et al., 2005; Marty & Atchison, 1998).

Ca®* dysregulation induced by MeHg and subsequent cell death through nAChRs has not been
characterized. The sensitivity of the Renshaw area during MeHg exposure has not been described.
The sensitivity of glycinergic neurotransmission following MeHg exposure has never been studied
in the spinal cord. Thus, this research study addresses these gaps in our knowledge. The purpose
of this dissertation is to determine whether known targets of MeHg neurotoxicity contribute to
dysfunction in cells that degenerate in ALS disease. The aim of my research is to test for the central
hypothesis that LGICs and internal Ca®* stores participate of MeHg-mediated increase in [Ca*];
leading to degeneration of the Renshaw area. Specifically, I examine the role of nAChRs,
GABAAR, GlyR, and intracellular Ca** stores during MeHg-mediated increase in [Ca**]; and cell
death. The effects of acute MeHg exposure on Ca?" dysregulation was assessed in three different

studies.

Aims
The first study, presented in Chapter 2, aims to determine whether in vitro MeHg-induced Ca**
dysregulation and subsequent cell death is prevented or ameliorated using antagonists specific for

the heteromeric and homomeric stoichiometry of the nAChR in differentiated PC12 cells.

The second study, presented in Chapter 3, aims to determine for the first time the sensitivity of the

Renshaw area to MeHg neurotoxicity. Also, to determine whether MeHg-induced Ca®*

34



dysregulation and subsequent cell death is prevented or ameliorated with specific antagonists of

LGICs in the Renshaw area.

The third study, presented in Chapter 4, aims to determine if MeHg-mediated increase in [Ca®"];
is due to contributions from the mitochondria and SER, which may lead to cytotoxicity in the
Renshaw area. This study is the first to determine the participation of intracellular Ca*" stores

during MeHg-mediated neurotoxicity in the Renshaw area.

Model systems

Comparison of an in vitro and in situ model

An in vitro and in situ approach was performed in order to characterize the neurotoxic effects
caused by MeHg. Experiments were first performed in conditions in vitro. This allows for an in-
depth exploration of the actions of MeHg. The in vitro system characterizes the mechanisms
underlying MeHg toxicity without the interactions of different types of cells within the area. Thus,
it simplifies the biologic system. Furthermore it excludes glia cells, which can interfere with MeHg
neurotoxicity (Ni, Li, Rocha, Farina, & Aschner, 2012). The in vitro findings were adapted to a
model in situ. The in situ environment takes in consideration neurons in their natural setting.
Furthermore, it excludes mechanisms of pharmacokinetics. A limitation of using slices is that when
cutting the tissue, the cells that form the border of the slice get destroyed, as opposed to cell culture
or a study in vivo. Hence, this leads to progressive degeneration of the tissue (Kasischke, Buchner,
Ludolph, & Riepe, 2001). However, by considering the correct parameters for slice culture such
as the right control of temperatures and the precise osmolarity of the buffer solutions reliefs the

tissue from stress.
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Experiments in this dissertation consist of an acute exposure to MeHg. A chronic exposure results
in direct, as well as, long-term neurotoxicity. On the contrary, an examination of the acute exposure
identifies the initiating effects of MeHg neurotoxicity. Thus, an acute exposure to MeHg represents

the first crucial steps in determining the chronic effects of MeHg neurotoxicity.

Pheochromocytoma 12 (PC12) cells

The PC12 cell model is an immortalized cell line derived from a rat catecholamine-secreting tumor
of the adrenal medulla (Greene & Tischler, 1976). PC12 cells release dopamine, norepinephrine
and ACh (Shafer & Atchison, 1991b). These cells express Na* and K* channels, as well as, VGCCs
(Shafer & Atchison, 1991a) and G-protein couple receptors (Shafer & Atchison, 1991b).
Additionally, the expression of second messengers, such as PKC (K. M. Harris, Kongsamut, &
Miller, 1986) and cAMP (Rabe, Schneider, & McGee, 1982) has been described. Also, PC12 cells
contain intracellular Ca*" pools (Fasolato et al., 1991). Undifferentiated PC12 cells resemble
noradrenergic adrenal chromaffin cells (Greene & Tischler, 1976). Upon differentiation with NGF,
cell proliferation ceases and the PC12 cells transform into sympathetic neuron-like cells in function
and morphology (Chamley, Mark, Campbell, & Burnstock, 1972; Greene & Tischler, 1976; Mains
& Patterson, 1973; Shafer & Atchison, 1991b). Differentiated PC12 cells express nAChRs and
mAChRs, they synthetize ACh in small vesicles and release ACh in a Ca?'-dependent manner
(Greene & Rein, 1977). Differentiated PC12 cells have a nicotinic phenotype because exposure to
an organosulfur derivative reduced the evoked vesicular ACh release without affecting the content
of ACh (Ireland, Yan, Nelson, & Atchison, 1995). PC12 cells do not express GluRs (Shafer &
Atchison, 1991b). Previous studies have demonstrated the participation of GluRs during MeHg-

induced neurotoxicity (Ramanathan & Atchison, 2011). Hence, this cell line eliminates the
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glutamatergic contribution to MeHg-induced toxicity. Together, differentiated PC12 cells provide
a unique opportunity to investigate the involvement of neuronal-like heteromeric and homomeric

nAChRs during MeHg-induced toxicity.

Lumbar slice

All animal procedures are in accordance with National Institute of Health (Aberg et al.) guidelines
for experimental animal use and were approved by the Michigan State University (MSU)
Institutional Animal Care and Use Committee (IACUC). C57BL6J mice were obtained from
Jackson Laboratories. Briefly, following anesthesia (carbon dioxide) mice (either sex) were
decapitated, the spinal cord was removed, and the lumbar region was dissected. The completion
of this process was completed in 10 minutes (min) or less, to maintain the viability of the cells.
Although C57BL6J female mice have a faster whole-body clearance for MeHg than males, both
genders accumulate the same amount of MeHg in their brains. Furthermore, the levels of MeHg in
the brain were within the range found in a healthy adult human (10 - 100 ng/g) (Bjorklund et al.,
2007; Garcia, Ortega, Domingo, & Corbella, 2001). The use of a mouse to determine the effects
of MeHg neurotoxicity is more appropriate than a rat model. Mice have a similar blood to brain

ratio compared to humans (Bjorklund et al., 2007; B. Weiss et al., 2005).

Studies on the neurotoxic effects of MeHg have concluded that the CGC is among the first cell
type to degenerate following exposure to MeHg. CGCs express the most mAChRs than any other
cell in the cerebellum in mice (Neustadt, Frostholm, & Rotter, 1988). The sensitivity of CGCs to
MeHg exposure in vivo have been demonstrated in humans and rats (Hunter & Russell, 1954;

Leyshon-Sorland et al., 1994). In agreement, experiments in CGCs in vitro report the heightened
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sensitivity of CGCs (Edwards et al., 2005; Marty & Atchison, 1998). This is important because
recent experiments in primary cultures of MNs isolated from the spinal cord demonstrates that the

sensitivity of MN to MeHg is in par with CGCs (Ramanathan & Atchison, 2011).

Techniques

Calcium imaging

Ca?" homeostasis, transport and function within live cells is often studied with Ca**-specific
fluorescent tools (Limke & Atchison, 2009). Changes in [Ca*']; in PC12 cells are measured using
single cell microfluorimetry. Ratiometric Ca?" measurements are performed using fura-2
acetoxymethyl ester (AM). Fura-2 is a high affinity intracellular Ca** fluorophore and does not
interact with MeHg (Hare et al., 1993). The AM group makes fura-2 lipid soluble. Thus, it allows
the fluorophore to easily cross the cell membrane. Pluronic acid 0.02% (w/v'') (Molecular Probes)
is a vehicle used to increase the transport of fura-2 into the cell. Also, it prevents the AM group to
diffuse away from the cytosol before endogenous esterase cleave it from fura-2. During cell
loading, fura-2 AM enters the cytoplasm. Esterases cleave the AM group and fura-2 is trapped in

the cytoplasm, where it binds to unbound, free Ca?" ions.

Ratiometric differences in the wavelength for dual excitation are taken at 340 nm and 380 nm,
(F3401380). Fluorescence at 340 nm indicates the bound form of fura-2 to Ca?*. Fluorescence at 380
nm indicates the unbound form of fura-2 to Ca?*. Emission fluorescence is measured at 505 nm
(Grynkiewicz, Poenie, & Tsien, 1985; Limke & Atchison, 2009). An increase in the Fz40380 ratio
corresponds to an increase in [Ca?*]i. Binding of fura-2 to Ca?* causes the unbound, free Ca*" form

to decrease (380 nm) while the amount of Ca?" bound to fura-2 increases (340 nm). The ratiometric
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(F340380) difference between the bound and unbound states of fura-2 to Ca?" ions takes in
consideration and compensates for differences in the efficiency of cellular loading across the
sample population (Grynkiewicz et al., 1985). The fura-2 ratio demonstrates how much of a
reaction has moved towards spatial localization as an indication of increases in [Ca*"]i. changes in
fura-2 fluorescence are an indirect measure of Ca?" within the cytosol of the cell. Fura-2 maximum
can be reached using the Ca?* ionophore: A23187. The latter allows Ca*" to enter the cell and
maximize binding of fura-2 to Ca®" ions. On the other hand, fura-2 minimum can be achieved

using the anion egtazic acid (EGTA), to chelate extracellular Ca*" ions.

The isobestic point is a wavelength independent of Ca?" measured at 360 nm. At this wavelength
fura-2 binds to non-Ca?" cations. Fura-2 binds to Zn*" because shares the commonality of being
divalent cations like Ca**. Furthermore, MeHg induces release of Zn?*, which affects the binding
of fura-2 to Ca?". Thus, measurements of [Ca’']; skew (Denny et al., 1993). For this reason, the
absolute amplitude quantification of the fura-2 fluorescence response was not determined
Therefore, studies in this dissertation refer to relative changes in [Ca®"]; rather than absolute and

quantifiable changes in [Ca*'];.

Changes in [Ca?']i in a slice tissue from the C57BL6J mouse are measured using confocal
microscopy. Fluo-4 no wash (fluo-4 NW) with 2.5 mM probenecid is used to study increases in
[Ca®'];. Probenecid inhibits organic-anion transporters from extruding the fluorophore. Unlike
fura-2, fluo-4 is not ratiometric. Fluo-4 is excited at 485 nm and emits fluorescence at 520 nm. An
increase in fluo-4 fluorescence corresponds to an increase in [Ca®*];. Confocal microscopy allows

the visualization through the slice as opposed to only visualizing the cells in one plane when using
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an inverted microscope. Thus, the length of time the microscope takes to scan through the entire
slice is a limitation of this approach because it could photo bleach the tissue (Knight, Roberts, Lee,
& Bader, 2003). Therefore, studies in this dissertation represent spatial changes in [Ca*']; at
specific timepoints. While spatial changes elucidate what occurs to a general region, we did not

monitor continuous changes in [Ca?'];, as they were done in experiments with fura-2.

Measurement of cell viability

Cell viability was determined with the Viability/Cytotoxicity Assay (Molecular Probes Inc., OR,
USA). The use of calcein AM and ethidium homodimer-1(EtHD-1) have been previously
described (Marty & Atchison, 1998). Calcein AM labels viable cells in green while EtHD-1 labels
dead cells in red (Papadopoulos et al., 1994). Calcein excites at 495 nm and emits fluorescence at
515 nm. EtHD-1 excites at 528 nm and emits fluorescence at 617 nm. Differentiated PC12 cells
were incubated with calcein AM and EtHD-1 for 45 min to 1 hr. Examination of viability was
conducted under a Nikon Eclipse fluorescence microscope. Viability changes in the lumbar slice
isolated from a C57BL6J mouse were measured using calcein-AM and confocal microscopy. The
methodology for measuring viability in tissue is the same as measuring changes in [Ca?'];, except
that fluo-4 AM was replaced by calcein AM. For all the experiments conducted in the presence of

specific pharmacologic drugs, the antagonist was applied prior, as well as, during MeHg exposure.
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Abstract

Environmental exposure to methylmercury (MeHg) is a contemporary public health concern.
MeHg exposure induces a characteristic biphasic internal calcium (Ca?";) response and subsequent
cytotoxicity in cells that is in part modulated by ligand-gated ion channels. This event has been
studied in undifferentiated pheochromocytoma (PC12) cells, and here we provide the first study
examining these events in PC12 cells differentiated to a neuron-like phenotype. We examined
whether nicotinic acetylcholine receptors (nAChRs) participate in MeHg-induced Ca®*
dysregulation and cytotoxicity using a pharmacological approach, with fura-2 single-cell
microfluorimetry to monitor [Ca?*]i changes and cytotoxicity with a viability assay. Exposure to
MeHg (1, 2, 5 uM) induced a kinetically distinct biphasic Ca?'; increase. The first phase being
Ca?" release from intracellular stores followed by a second phase dependent on extracellular Ca®*
influx. The time-to-onset of both phases was inversely proportional to MeHg concentrations.
Administration of the hetero-pentameric nAChRs inhibitor, mecamylamine (MEC, 5 uM), but not
the homo-pentameric inhibitor methyllycaconitine (MLA), significantly delayed fura-2 time-to-
onset by 240 sec during phase 1 at 1 uM MeHg compared to control. Low external Ca®" conditions
with the Ca?* chelator, egtazic acid (EGTA, 20 uM), in combination with MeHg, significantly
delayed MeHg-induced [Ca?']; dysregulation at both phases. To determine whether MeHg-induced
[Ca*"]i elevations contribute to cell death, cytotoxicity was measured at immediate (1 hr) and
delayed (24 hr) timepoints post-MeHg exposure. At 1 hr post-MeHg, cell viability significantly
decreased 7% and 20% from the control values with 2 and 5 uM MeHg, respectively. EGTA during
MeHg exposure protected against cell death. MeHg + MEC protected from MeHg-induced

cytotoxicity at the immediate timepoint. Thus, specific involvement of heteromeric nAChRs are
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implicated in MeHg-mediated increase in [Ca®']; and subsequent cytotoxicity in differentiated

PC12 cells.

Key Words: Fura-2, Calcein-AM, Ethidium Homodimer-1 (EtHD-1), Toxicity, Intracellular Ca**

43



Introduction

Methylmercury (MeHg) is the most prevalent form of organic mercury and represents a current
public health concern. Studies in vivo have shown that oral administration of 5-10 mg/kg/day
MeHg to adult rats accumulates in spinal cord aMNs and causes their degeneration (Moller-
Madsen, 1990, 1991; Mori, Tanji, & Wakabayashi, 2000; M. Su et al., 1998). Neuronal
degeneration leads to severe pathological effects, via unknown mechanisms. MeHg disrupts
calcium (Ca®") homeostasis and drives an uncontrolled and sustained increase in internal Ca®*
concentration ([Ca?*];) in both primary and transformed cell lines (e.g. rat brain synaptosomes,
NG108-15 neuroblastoma cells, cerebellar granule cells (CGCs) and motor neurons (MNs))
(Edwards et al., 2005; Hare et al., 1993; Kauppinen et al., 1989; Marty & Atchison, 1997;
Ramanathan & Atchison, 2011; T. A. Sarafian, 1993). The MeHg-mediated biphasic [Ca®*];
increase consists of two kinetically and temporally distinct phases: first, Ca?* efflux from internal
Ca®* stores (phase 1) followed by external Ca** (Ca*"¢) influx (phase 2) (Denny et al., 1993; Hare
et al., 1993; Limke, Bearss, et al., 2004; Limke et al., 2003; Marty & Atchison, 1997; Ramanathan
& Atchison, 2011). The mitochondria (Hare et al., 1993; Levesque & Atchison, 1991; Limke &
Atchison, 2002) and the smooth endoplasmic reticulum (SER) (Hare & Atchison, 1995; Limke,
Bearss, et al., 2004) have both been identified as contributors to increases in [Ca?*]; during MeHg

exposure.

Previous work demonstrates that treatment with voltage-gated calcium channel (VGCC)
antagonists during MeHg exposure protects against MeHg-mediated increases in [Ca?']; in
cerebellar granule cells (CGCs) (Marty & Atchison, 1997) and subsequent neurotoxicity (Marty

& Atchison, 1998; Sakamoto et al., 1996). Furthermore, presence of the Ca?*; chelator, 1,2-Bis(2-

44



aminophenoxy)ethane-N,N,N’ N'-tetra acetic acid tetrakis (BAPTA), protects against Ca*'-
dependent cytotoxicity in CGCs (Marty & Atchison, 1998). Thus, MeHg-mediated Ca?*

dysregulation may play an important role in the etiology of MeHg-induced cell death.

Prolonged [Ca*"); increase is associated with activation of cell death mechanisms Specifically,
inhibition of the mitochondrial permeability transition pore with cyclosporin-A, delays the onset
of increased fura-2 fluorescence and protects against cell death in CGCs (Limke & Atchison,
2002). Atropine-mediated inhibition or bethanechol-mediated downregulation of muscarinic
acetylcholine (ACh) receptors (mAChRs) delays increased fura-2 time-to-onset and protects
against MeHg-induced cytotoxicity in CGCs (Limke, Bearss, et al., 2004). Thus, MeHg activates
inositol-1,3,4-triphosphate (IP3) receptors through interaction with mAChRs causing Ca** release
from the SER and reveals a cholinergic contribution to MeHg neurotoxicity (Limke, Heidemann,

et al., 2004).

The pheochromocytoma (PC12) cell model is an immortalized cell line derived from a rat
catecholamine-secreting tumor of the adrenal medulla (Greene & Tischler, 1976). Undifferentiated
PC12 cells are sensitive to MeHg toxicity. Exposure to (0.5 - 5 uM) MeHg causes the characteristic
biphasic [Ca*"]; increase in a concentration- and time-dependent manner followed by cell death
(Edwards 2004 dissertation). However, treatment with specific VGCC antagonists delays
increased [Ca®']i and protects against MeHg toxicity (Edwards 2004 dissertation) (Marty &
Atchison, 1998). The PC18 cell line is a subclone from PCI12 cells that that does not express
functional VGCCs (Hinkle & Osborne, 1994) and does not respond to differentiation by nerve

growth factor (NGF) (Roskoski & Roskoski, 1989; Tank, Ham, & Curella, 1986). PC18 cells

45



remain responsive to MeHg exposure with increased fura-2 fluorescence during phase 1 and phase
2 (Edwards 2004 dissertation). Thus, despite the lack of VGCCs in PC18 cells, MeHg enters the
cells, causes Ca?'; dysregulation and subsequent cell death through non-VGCC pathways
(Edwards 2004 dissertation). Furthermore, there is a delay in the MeHg-mediated Ca®";
dysregulation in PC18 cells compared to undifferentiated PC12 cells. This suggests that MeHg
could use membrane channels as a pore to reach the cytoplasm (Edwards 2004 dissertation).
Similarly, in the VGCC non-expressing MN hybrid mouse cell line, NSC34, MeHg exposure
causes an increase in the incidence of cell death, confirming that MeHg-induced effects are not
exclusively dependent on VGCCs (Colon-Rodriguez 2018 dissertation). Therefore, other Ca?*

entry pathways are available in neuron-like cells.

PC12 cells contain intracellular Ca** pools (Fasolato et al., 1991). Upon differentiation with NGF,
cell proliferation ceases and the cells transform into sympathetic neuron-like cells in function and
morphology (Chamley et al., 1972; Greene & Tischler, 1976; Mains & Patterson, 1973; Shafer &
Atchison, 1991b). Differentiated PC12 cells express cholinergic receptors, synthetize ACh in small
vesicles and release ACh in a Ca?*-dependent manner (Greene & Rein, 1977). Differentiated PC12
cells have a nicotinic phenotype because exposure to an organosulfur derivative reduced evoked
vesicular ACh release without affecting ACh content (Ireland et al., 1995). Specifically, they
express pentameric ligand-gated nicotinic ACh receptors (nAChRs) with a cysteine-loop, required
for transduction of agonist binding into channel opening (Karlin et al., 1986; Sine & Engel, 2006).
This determines the o-subunit type on their extracellular domain (Lukas et al., 1999).
Differentiated PC12 cells develop heteromeric 042 (slow desensitization, mecamylamine

(MEC)-sensitive) (Virginio, Giacometti, Aldegheri, Rimland, & Terstappen, 2002) and
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homomeric a7 (fast desensitization, methyllycaconitine (MLA)-sensitive) (Blumenthal, Conroy,
Romano, Kassner, & Berg, 1997; Gueorguiev, Zeman, Meyer, & Sabban, 2000; Zhang,
Vijayaraghavan, & Berg, 1994) subunit compositions. The extent to which nAChRs contribute to
Ca?" permeability depends on the subunit-expression (Seguela et al., 1993). Also, nAChRs could
potentially act as a portal for MeHg to enter the cytoplasm initiating Ca?* efflux from intracellular
Ca®* pools (Atchison, 1986, 1987; Mirzoian & Luetje, 2002) (Edwards 2004 dissertation). These
characteristics of differentiated PC12 cells provide a unique opportunity to investigate the

involvement of cholinergic mechanisms in MeHg-induced toxicity.

The purpose of this study is to determine whether acute in vitro MeHg-induced Ca?" dysregulation
and subsequent cell death is prevented or ameliorated with MEC and/or MLA both nAChR
inhibitors, in differentiated PC12 cells. We hypothesize that MeHg-mediates loss of Ca®";
homeostasis through nAChR-dependent mechanisms and that presence of the heteromeric and
homomeric nAChR antagonists, MEC and/or MLA, respectively, will delay MeHg-mediated
[Ca*"]iincrease and subsequent cytotoxicity. Our findings indicate that heteromeric MEC-sensitive
mechanisms, but not homomeric MLA-sensitive mechanisms, participate in MeHg-mediated

increase in [Ca?"]i and cell death in differentiated PC12 cells.

Materials and methods

Materials and experimental solutions

PC12 cells were obtained from American Type Culture Collection (ATCC) (Manassas, VA). Cell
culture supplies including Roswell Park Memorial Institute (RPMI) medium,

Antibiotic/Antimycin and Horse Serum were purchased from Gibco BRL (Invitrogen, Grand
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Island, NY). Fura-2 acetoxymethyl ester (fura-2 AM) and the Live/Dead™ viability/cytotoxicity
kit, for mammalian cells, both were purchased from Molecular Probes (Invitrogen, Eugene, OR).
NGF was prepared in RPMI media to a stock solution concentration of 100 pg/mL and used on
day of experiment at 0.2 pg/mL = 200 ng/mL final concentration. The hetero- and homomeric
nAChR blockers, MEC (5 uM) and MLA (5 uM) were purchased from Sigma-Aldrich (St. Louis,
MO). MeHg chloride was purchased from ICN Biochemicals Inc. (Aurora, OH). A 10 mM MeHg

stock solution was prepared in double-distilled water and stored at 4°C.

Experimental solutions were prepared on the day of the experiment by diluting the MeHg stock
solution at the desired working concentrations (1, 2, or 5 uM MeHg) in 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)-buffered saline (HBS) solution, which
contains (mM): 150 NaCl, 5.4 KCl, 1.8 CaCl2, 0.8 MgS04, 20 D-glucose, and 20 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) Sigma-Aldrich (St. Louis, MO), free
acid (pH 7.3), in the absence or presence of drugs. The 40 mM K" solution contains the same
components as HBS but with 40 mM K* and 115.4 mM NaCl. The low [Ca**] HBS solution used
for the ethylene glycol-bis(f-aminoethyl ether)N,N,N’,N’-tetra acetic acid (EGTA) experiments
had the same constituents as HBS minus CaCl, and addition of 0.02 mM EGTA, purchased from
Sigma-Aldrich (St. Louis, MO) (approximately final [Ca®*]. = 60 nM) (Marty & Atchison, 1997).
Disposable or MeHg-contaminated materials used during the preparation and experiment were
discarded following the Michigan State University (MSU) Office of Radiation, Chemical, and

Biological Safety (ORCBS) guidelines.
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PC12 cell culture supplies

PC12 is a classic in vitro neuroendocrine clonal cell model derived from the rat adrenal medulla
useful for studying disruption by MeHg. PC12 cells are thawed from a liquid nitrogen tank in
RPMI media and in 10% dimethyl sulfoxide (DMSO) Sigma-Aldrich (St. Louis, MO). PC12 cells
are then grown in RPMI medium supplemented with (v/v): 10% heat-inactivated horse serum,
2.5%, fetal bovine serum, and 1% penicillin-streptomycin (pH 7.3 with tris-(hydroxymethyl)-
aminomethane (TRIS)) and cultured using established methods (Greene & Tischler, 1976). PC12
cells from passages 15-30 were cultured in either 25-cm? or 75-cm? T-flasks in a humidified
chamber set at 37°C with 95% air - 5% COa. Cells were split every 3-4 days or when the flask is
approximately 80-90% confluent. PC12 cells were treated with 50 ng/mL NGF and allowed 48 hr

to mature and differentiate into sympathetic-like neurons before experiments.

Measurement of fura-2 fluorescence changes

To measure relative changes in [Ca?*]i, PC12 cultures were detached from the flasks with 0.25%
(v/v) trypsin Sigma-Aldrich (St. Louis, MO) and seeded on 35-mm culture dishes coated with
poly-D-lysine (PDL) Sigma-Aldrich (St. Louis, MO) at a density of 6 x 10° cells/mL. Cells were
incubated with the ratio-metric fluorophore fura-2 AM (3 uM) and pluronic acid (3 puM) for 45
min at 37°C with 95% air - 5% COa, as previously described (Edwards et al., 2005; Hare et al.,
1993; Limke, Bearss, et al., 2004; Marty & Atchison, 1997; Ramanathan & Atchison, 2011).
Single-cell microfluorimetry images were obtained with a Diaphot microscope (Nikon, Tokyo,
Japan) coupled to an IonOptix cation fluorescence imaging system (IonOptix, Milton, MA). Before
the experiment began, multiple soma (5-9) within the same microscopic field were selected to

simultaneously and continuously record their emitted fluorescence (505 nm) at excitation
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wavelengths of 340 and 380 nm. At these wavelength relative changes in the amount of bound
Ca’" and unbound-free Ca®", respectively, can be detected. Changes in fura-2 fluorescence ratio
(340/380 nm) indicate the approximate cytosolic amount of [Ca®"]i. MeHg does not interact with
fura-2. Thus, changes in fura-2 fluorescence are the result of MeHg binding to cytosolic free Ca®*
(Hare et al., 1993). To examine whether Ca?’. is involved during MeHg-induced elevation in fura-
2 fluorescence ratio, experiments were done in the absence or presence of 20 uM EGTA. All
experiments began with perfusion of HBS or EGTA-HBS to reach a stable baseline before 1, 2, or
5 uM MeHg perfusion. Only cells with Ca** buffering capacities following a 40 mM K*
depolarizing solution during 2-4 min were considered viable for experiments (Edwards et al., 2005;
Marty & Atchison, 1997; Ramanathan & Atchison, 2011). To identify the various Ca*" entry
pathways as possible targets contributing to Ca?" influx following MeHg exposure, a
pharmacologic approach was performed a different day from the control experiments. To examine
whether nAChRs blockers could reduce MeHg-induced [Ca®'];, the non-specific antagonist MEC
or the specific a7 subunit antagonist MLA, both at [5 uM], were perfused 5 min prior to, as well
as, during exposure to MeHg. This concentration was chosen based on the ability of each
antagonist to block the 400 uM nicotine-mediated fura-2 fluorescence increase (results not shown).
Because MeHg actions are irreversible only one treatment at a time was applied to differentiated
PC12 cells. Perfusion with all buffers followed a 2 mL/min speed throughout the duration of
experiment. An experiment was considered complete when fura-2 AM ratio reached plateau.
MeHg exposure fixed as time = 0 sec, times-to-onset of phase 1 and phase 2 were measured
manually and determined as the point at which fura-2 ratio irreversibly slowly increased over

baseline and the point at which fura-2 ratio drastically rises above phase 1, respectively. The phase
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1 and phase 2 time-to-onset was calculated for each viable cell in the same experimental field and

the mean time-to-onset was determined for that field of cells.

Measurement of differentiated PC12 cell viability

Cell viability was measured using the commercial fluorimetric viability assay consisting of calcein
AM and ethidium homodimer-1 (EtHD-1). Calcein AM stains green the cytoplasm of live cells
while EtHD-1 stains red the DNA of compromised cells (Papadopoulos et al., 1994). Briefly, PC12
cells were incubated with calcein AM (0.1 uM) and EtHD-1 (0.5 uM) for 45 min at 37°C with
95% air - 5% CO», and examined under a Nikon Eclipse epifluorescence microscope as previously
described (Limke & Atchison, 2002; Limke, Bearss, et al., 2004; Marty & Atchison, 1998). PC12
cells were plated in a 24-well plate at a density of 6 x 10° cells/mL and incubated for 48 hr with
NGEF treatment at 37°C. Next, RPMI complete media was replaced with HBS containing 0, 1, 2 or
5 uM MeHg for a 1 hr acute MeHg exposure at 37°C. MeHg time exposure paradigm was
determined on the results from fura-2 microfluorimetry in which differentiated PC12 cells
displayed the characteristic MeHg-induced biphasic [Ca?"]i increase within 1 hr. Following acute
MeHg exposure, cells were allowed to recover in RPMI complete media for 1 or 24 hr before
assessing viability. Because MeHg disrupts microtubule stabilization and cell adhesion (Abe,
Haga, & Kurokawa, 1975; Imura, Miura, Inokawa, & Nakada, 1980; Vogel, Margolis, & Mottet,
1985) gentle centrifugation (140 g, 3 min) was applied before HBS washes after MeHg exposure
and prior to assay staining agents. To examine whether nAChRs blockers could delay MeHg-
induced cell death, MEC and/or MLA, both at [5 uM] were used. MeHg exposure occurred either
in the absence, presence or combination of the nAChR antagonists. A similar exposure paradigm

was used for Ca®’.-free experiments, except that MeHg solutions were made in EGTA-HBS and

51



cells were incubated in medium containing EGTA (20 uM). Because MeHg actions are irreversible
only one treatment at a time was applied to differentiated PC12 cells. Viability was calculated by
averaging live and dead cells from 3 distinct regions in the same well and expressed as percentage
of control cell viability. Thus, for each set of exposures, data were collected as triplicate
measurements within the same well averaged from three distinct wells. The formula for percent

viability is as follows:

Percent viability = (total cells — dead cells)

total cells

Statistics

All experiments consisted of repeated measures, (n > 3). For fura-2 experiments, one n value
represents the average response from 5-9 cells in the same microscopic field. For viability
experiments, one n value represents the average response from 3 different regions in the same
microscopic field. All values are expressed as + standard error of the mean (SEM). To analyze
among one or different groups a one-way or two-way analysis of variance, respectively will be
made using GraphPad Prism® software (GraphPad Software Inc., San Diego, CA). A post hoc
comparison such as Tukey’s or Sidak’s were used when significant differences between means

were found (Steel & Torrie, 1960). Values are considered statistically significant at p < 0.05.
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Results

Characteristics of in vitro acute MeHg-induced Ca**; dysregulation in differentiated PC12 cells
The characteristic MeHg-mediated [Ca®*]; biphasic response has been observed in a plethora of
cell lines, including mouse spinal cord MNs (Ramanathan & Atchison, 2011) and human derived
MN-induced pluripotent stem cell model (Colon-Rodriguez 2018 dissertation). This biphasic
response has also been observed in undifferentiated PC12 cells (Edwards 2004 dissertation) but
has not been studied in differentiated PC12 cells. To identify if Ca** dysregulation occurs in
differentiated PC12 cells we performed fura-2 microfluorimetry recordings. Acute MeHg exposure
to differentiated PC12 cells caused the characteristic and kinetically-distinct biphasic [Ca?*];
increase. This was determined by a rise in the intensity of fura-2 fluorescence. Figure 2.1 shows a
representative tracing of fura-2 fluorescence ratio from a differentiated PC12 cell exposed to 5 uM
MeHg. In the absence of MeHg, no change in fura-2 fluorescence intensity was observed until the
KCl-induced depolarization. Ca®" elevations during phase 1 have canonically been credited to Ca**
release from internal stores while onset of phase 2 depends on Ca**. entry (Denny et al., 1993;
Hare & Atchison, 1995; Limke & Atchison, 2002; Limke, Bearss, et al., 2004; Marty & Atchison,
1997). The biphasic Ca?" response was observed during all MeHg (1, 2 and 5 uM) treatments in
differentiated PC12 cells. There was a dose-dependent reduction in time to onset of phase 1 and
phase 2 following exposure to MeHg (Fig 2.2). Thus, differentiated PC12 cells are susceptible to

MeHg-mediated disruption of [Ca®*]; in a biphasic manner.
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Figure 2.1. Representative tracing of changes in fura-2 fluorescence intensity in a
differentiated PC12 cell during a continuous perfusion with 5 pM MeHg. All cells responded
to a brief (2-4 min) 40 mM K Cl-mediated transient depolarization followed by a return to baseline,
demonstrating Ca?*-buffering capacity upon K' cessation. A continuous MeHg exposure is
depicted with a horizontal line. Onset of K*-mediated depolarization, phase 1 and phase 2 is shown

with vertical arrows. In all experiments the MeHg-induced biphasic fura-2 increase was observed.
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Figure 2.2. MeHg exposure reduces the time-to-onset of phase 1 and phase 2 in [Ca'];
elevations in differentiated PC12 cells in a concentration-dependent manner. There were
significant differences both for the main effect of MeHg concentrations and time-to-onset. Phase
1 shows a significant difference in time-to-onset at 5 uM MeHg compared to 1 uM MeHg, denoted
by the asterisk (*) and compared to 2 uM MeHg, denoted by pound (#). Phase 2 shows a significant
difference in time-to-onset at 2 and 5 uM MeHg compared to 1 uM MeHg, denoted by asterisk
(*). Phase 2 shows a significant difference in time-to-onset at 5 uM MeHg compared to 2 uM
MeHg, denoted by pound (#). MeHg was associated with an inverse correlation between the MeHg
concentration and the fura-2 time-to-onset in phase 1 and phase 2. Values are represented as mean
+ SEM (n=10) for 1, 2 and 5 uM MeHg. Each n represents the recording of three separate fura-2
fluorescence values from the soma of 5-9 differentiated PC12 cells per cover dish. Each
experiment was replicated three times. Two-way analysis of variance followed by Sidak’s post-

hoc comparison was used. Statistical significance is considered at p < 0.05.
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Contribution of Ca**.to MeHg-mediated Ca’*; dysregulation in differentiated PC12 cells

To determine the role of extracellular Ca*" during MeHg-induced biphasic alterations in Ca**
homeostasis, Ca?’. was removed from the perfusion buffer. MeHg exposure occurred in Ca**c-free
buffer (60 nM). As a result, the fura-2 time-to-onset of phase 1 and phase 2 were significantly
delayed compared to 1.8 mM Ca?" during exposure to 5 uM MeHg (Fig 2.3). Presence of phase 2
during Ca?*.-free circumstances was surprising because previous studies from our laboratory
indicate that Ca®*. is the primary constituent source of Ca?" responsible for onset of phase 2 (Hare
et al., 1993; Ramanathan & Atchison, 2011). However, presence of phase 2 during Ca*'.-free
circumstances was also observed in human embryonic kidney (HEK) 293 cells (Hannon 2016
dissertation). Also, our results are the second to indicate a contribution of Ca?’. in phase 2 Ca*";
dysregulation during EGTA conditions (Hannon 2016 dissertation). These data suggest that other

divalent cations could be contributing to changes in fura-2 fluorescence intensity.
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Figure 2.3. Comparative effects of Ca?*. on times-to-onset of MeHg-induced Ca?*; elevations
in differentiated PC12 cells. Differentiated PC12 cells were perfused with MeHg in either
standard HBS (1.8 mM Ca®'e) or Ca*'-free solution (EGTA-HBS) while simultaneously
monitoring changes in fura-2 fluorescence ratio. The time-to-onset of both phases during 5 uM
MeHg treatment in the absence of Ca?’. was significantly delayed when compared to 1.8 mM Ca?*.
treatment, denoted by the asterisk (*). Values are represented as mean + SEM (n = 10) for 5 uM
MeHg. Values are represented as mean + SEM (n = 3) for 5 uM MeHg + EGTA. Each n represents
the recording of fura-2 fluorescence value from the soma of 5-9 differentiated PC12 cells per cover
dish. Each experiment was replicated three times. Two-way analysis of variance followed by

Sidak’s post-hoc comparison was used. Statistical significance is considered at p < 0.05.
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Concentration-dependent death of differentiated PC12 cells occurs after acute MeHg exposure

MeHg-induced cytotoxicity has been linked to [Ca®']; elevations (Limke, Bearss, et al., 2004;
Marty & Atchison, 1998) and antagonists of VGCCs improve viability after an in vivo and in vitro
MeHg exposure in CGCs (Marty & Atchison, 1998; Sakamoto et al., 1996). We explored the
relationship between increases in [Ca?*]i and consequent reduction of viability in differentiated
PC12 cells. Differentiated PC12 cells were exposed to 0, 1, 2 or 5 uM MeHg for 1 hr. This MeHg
exposure time is within the biphasic MeHg-induced increase in [Ca®']i. After MeHg treatment,
cells were allowed to recover in culture media for 1 or 24 hr time points to assess short and long-
term viability, respectively. The MeHg-induced cell death time course shows that short-term
viability of differentiated PC12 cells exposed to 1 uM MeHg was not significantly reduced from
control (Fig 2.4). This suggests that perturbations in Ca**; resulting from 1 uM MeHg exposure
are not substantial to induce cell death. However, viability of cells exposed to 2 or 5 uM MeHg
was significantly reduced from control in a concentration-dependent manner at immediate
timepoint (Fig 2.4A). Long-term viability was significantly reduced from control only at 5 uM
MeHg exposure (Fig 2.4B). Thus, cell viability is inversely proportional to MeHg concentrations
at both 1 hr post- and 24 hr post-MeHg. Together, the viability assay indicates that differentiated

PC12 are susceptible to the toxic effects of MeHg at 1 and 24 hr post-MeHg exposure.
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Figure 2.4. Viability of differentiated PC12 cells at immediate (1 hr after MeHg exposure) or
delayed (24 hr after MeHg exposure) time points following in vitro acute MeHg exposure.
(A) Exposure to MeHg leads to a concentration-dependent increase in cell death at the 1 hr post-
MeHg time point. At 2 and 5 uM MeHg compared to control, denoted by asterisk (*). At 5 uM
MeHg reduced viability is significantly different from 1 and 2 uM MeHg, denoted by dagger ()
and pound (#), respectively. (B) High MeHg concentration shows a significant increase in cell

death incidence at 24 hr post-MeHg compared to control, denoted by asterisk (*). Values are
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Figure 2.4. (cont’d)

represented as mean £ SEM (n=7,7, 7, 6) for 0, 1, 2 and 5 uM MeHg, respectively, for immediate
viability. Values are represented as mean £ SEM (n =7, 7, 6, 5) for 0, 1, 2 and 5 uM MeHg,
respectively, for delayed viability. Each experiment was replicated three times. One-way analysis
of variance followed by Tukey’s multiple comparison test was performed for a concentration-
dependent comparison. Two-way analysis of variance followed by Sidak’s multiple comparison
test was performed for immediate vs delayed time-dependent comparison. Statistical significance

is considered at p < 0.05.
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Contribution of Ca’*.to acute MeHg-induced cell death in differentiated PC12 cells

Uncontrolled, sustained and prolonged dysregulation of Ca®" leads to cell death (Choi, 1988).
Similarly, MeHg exposure causes dysregulation of [Ca?']; that contributes to cell death. Next, we
examine the contribution of Ca®'. to the acute phase of neurodegeneration in differentiated PC12
cells. MeHg + EGTA treatment, low Ca?*. (approximately 60 nM) significantly protected against
MeHg cytotoxicity and increased cell viability at 2 and 5 uM MeHg from control (Fig 2.5). Thus,
extracellular Ca?" sources contribute to MeHg-induced elevations of [Ca?*]i at 1 hr post-MeHg
exposure in differentiated PC12 cells. Conditions of low Ca?*. protects against MeHg-induced cell
death. Together, data suggest that extracellular Ca**-dependent pathways contribute MeHg-

induced immediate cytotoxicity.
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Figure 2.5. EGTA (20 pM) treatment was able to reduce cell death at both 2 and S pM MeHg
during the acute phase of degeneration. Differentiated PC12 cells were exposed to MeHg for 1
hr and cell viability was assessed. MeHg + EGTA treatment significantly protects against MeHg-
induced cell death at 2 and 5 pM MeHg compared to 1.8 mM Ca>*., denoted by asterisk (*). Values
are represented as mean £ SEM (n = 6) for 0, 1, 2 and 5 uM MeHg, and mean £ SEM (n = 9) for
0, 1,2 and 5 pM MeHg, respectively, during immediate time point. Each experiment was replicated
three times. Two-way analysis of variance followed by Sidak’s multiple comparison test was

performed. Statistical significance is considered at p < 0.05.
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Inhibition of heteromeric nAChRs blocks MeHg-induced increases in [Ca’']; in differentiated
PCI2 cells

Experiments on mouse spinal cord MNs have demonstrated that blocking N-methyl D-aspartic
acid (NMDA) receptors and VGCCs with their specific antagonists protects against MeHg-
mediated Ca®'i dysregulation (Ramanathan & Atchison, 2011). Selective heteromeric or
homomeric nAChRs antagonists MEC or MLA, respectively were used separately to determine if
cholinergic pathways contribute to the biphasic increase in [Ca?']; following MeHg exposure in
differentiated PC12 cells. Cells were loaded with fura-2 AM and then exposed to MEC or MLA
pretreatment followed by perfusion with 1, 2, or 5 uM MeHg. Exposure to the blocker and MeHg
occurred simultaneously during all experiments. MeHg + MEC treatment significantly slowed the
fura-2 time-to-onset only for phase 1 during 1 uM MeHg exposure (Fig 2.6A) and not phase 2 (Fig
2.7A). This suggests that heteromeric nAChRs participate in MeHg-mediated [Ca?*]; dysregulation
during phase 1. MLA treatment during MeHg exposure does not affect the MeHg-mediated
increase of fura-2 fluorescence (Fig 2.6B, 2.7B). This suggests that homomeric nAChRs do not
participate of MeHg-mediated dysregulation of [Ca?]i. Together, these findings implicate that
heteromeric, but not homomeric, nAChRs contribute to the first phase increase in [Ca®*]i caused
by MeHg. Also, it shows that Ca?" influx during phase 2 is not exclusively dependent on

cholinergic receptors because blocking them did not affect phase 2.

63



>

1000

800

600

400-

2004

o~

1000

800-

600-

400-

Time-to-onset (sec)

200+

I IT
T
T T il
1 2 5

[MeHg] (LM)

Figure 2.6. Comparative effects of Ca?* on phase 1 time-to-onset of MeHg alone or the
combination of MeHg + MEC or MLA during MeHg-mediated Ca?'; elevations.
Differentiated PC12 cells were incubated in 5 uM MEC or 5 uM MLA, 5 min prior to perfusion
with MeHg while simultaneously monitoring changes in fura-2 fluorescence. (A) Time-to-onset
of phase 1 during 1 uM MeHg + MEC was significantly delayed from MeHg alone, denoted by
the asterisk (*). (B) Presence of MLA during MeHg exposure did not affect MeHg-mediated fura-

2 ratio for phase 1. Values are represented as mean = SEM (n = 10) for 1, 2 and 5 uM MeHg.
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Figure 2.6. (cont’d)

Values are represented as mean = SEM (n = 10) for I pM MeHg + MEC and + SEM (n = 8) for 2
and 5 uM MeHg + MEC. Values are represented as mean £ SEM (n = 5) for | pM MeHg + MLA,
+ SEM (n = 7) for 2 uM MeHg + MLA and £ SEM (n = 9) for 5 uM MeHg + MLA. Each n
represents the recording of fura-2 fluorescence value from the soma of 5-9 differentiated PC12
cells per cover dish. Each experiment was replicated three times. Two-way analysis of variance
followed by Sidak’s multiple comparison test was performed. Statistical significance is considered

atp <0.05.
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Figure 2.7. Comparative effects of Ca?* on phase 2 time-to-onset of MeHg alone or the
combination of MeHg + MLA during MeHg-mediated Ca?*; elevations in differentiated PC12
cells. Differentiated PC12 cells were incubated in 5 pM MEC or 5 uM MLA, 5 min prior to
perfusion with MeHg while simultaneously monitoring changes in fura-2 fluorescence. (A) Time-
to-onset of phase 2 during MeHg + MEC or (B) phase 2 during MeHg + MLA did not affect
MeHg-mediated fura-2 ratio fluorescence. Values are represented as mean = SEM (n = 10) for 1,

2 and 5 uM MeHg. Values are represented as mean + SEM (n = 10) for 1 pM MeHg + MEC and
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Figure 2.7. (cont’d)

+ SEM (n = 8) for 2 and 5 uM MeHg + MEC. Values are represented as mean + SEM (n = 5) for
1 uM MeHg + MLA, + SEM (n = 7) for 2 uM MeHg + MLA and + SEM (n =9) for 5 uM MeHg
+ MLA. Each n represents the recording of fura-2 fluorescence value from the soma of 5-9
differentiated PC12 cells per cover dish. Each experiment was replicated three times. Two-way
analysis of variance followed by Sidak’s multiple comparison test was performed. Statistical

significance is considered at p < 0.05.
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MEC-sensitive pathways protect against immediate MeHg-induced cell death in differentiated
PC12 cells in the acute phase of degeneration

Studies have demonstrated that the blocking membrane receptors, such as VGCCs (Marty &
Atchison, 1998) and mAChRs (Limke, Bearss, et al., 2004) besides reducing MeHg-mediated Ca?*
dysregulation, protects against cell death. We determined whether nAChRs participate in cell death
by protecting against MeHg-induced cytotoxicity with MEC, MLA or MEC + MLA. MEC pre-
incubation and co-exposure with 5 uM MeHg for 1 hr significantly improved cell viability 1 hr
post-MeHg exposure (Fig 8A). MeHg + MLA treatment significantly reduced acute viability at 5
uM MeHg suggesting a potential toxic role from MLA in differentiated PC12 (Fig 2.8B).
Combination of both antagonists did not change MeHg-induced cell death compared to control at
1 hr post-MeHg exposure (Fig 2.8C). None of the pharmacologic agents in combination with
MeHg exposure did not successfully protect differentiated PC12 cells from MeHg-induced cell
death at the 24 hr timepoint (Fig 2.9A, B, C). These data are consistent with the view that MEC-
sensitive pathways protect viability in the acute phase of degeneration, but that protection does not
persist over the long term. Therefore, heteromeric, but not homomeric, nAChRs contribute to

MeHg-induce cell death 1 hr post-MeHg exposure in differentiated PC12 cells.
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Figure 2.8. Viability of PC12 cells at immediate time point following acute in vitro MeHg
exposure in the absence and presence of MEC, or MLA or MEC + MLA. (A) Following 1 hr
of MeHg in combination with MEC, significantly increased the MeHg-induced cell death

incidence at 5 uM MeHg exposure, denoted by asterisk (*). (B) MeHg in combination with MLA,
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Figure 2.8. (cont’d)

significantly decreased the MeHg-induced cell death incidence at 5 uM MeHg exposure, denoted
by asterisk (*). (C) Presence of MEC + MLA during MeHg exposure did not alter MeHg-induced
cell death rate compared to controls. Values are represented as mean £+ SEM (n=7, 7, 7, 6) for 0,
1,2 and 5 uM MeHg, respectively, for immediate viability. Values are represented as mean + SEM
(n=7,6,6,5) for 0, 1,2 and 5 uM MeHg + MEC, mean £ SEM (n=3, 3,3, 3) for 0, 1,2 and 5
uM MeHg + MLA, and mean = SEM (n =3, 3, 3, 3) for 0, 1, 2 and 5 uM MeHg + MEC + MLA.
Each experiment was replicated three times. Two-way analysis of variance followed by Sidak’s

multiple comparison test was performed. Statistical significance is considered at p < 0.05.
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Figure 2.9. Viability of PC12 cells at delayed time point following acute in vitro MeHg
exposure in the absence and presence of MEC, or MLA or MEC + MLA. (A) Following 1 hr
of MeHg in combination with MEC, (B) MeHg in combination with MLA, or (C) Presence of

MEC + MLA during MeHg exposure, all did not alter MeHg-induced cell death rate compared to
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Figure 2.9. (cont’d)

controls. Values are represented as mean + SEM (n =7, 7, 6, 5) for 0, 1, 2 and 5 uM MeHg,
respectively, for delayed viability. Values are represented as mean £+ SEM (n=7, 6, 6, 5) for 0, 1,
2 and 5 uM MeHg + MEC, mean + SEM (n =3, 3, 3, 3) for 0, 1, 2 and 5 uM MeHg + MLA, and
mean + SEM (n=3, 3,3,3) for 0, 1, 2 and 5 uM MeHg + MEC + MLA. Two-way analysis of
variance followed by Sidak’s multiple comparison test was performed. Statistical significance is

considered at p < 0.05.
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Discussion

Experiments were designed to determine whether MeHg- mediated [Ca?]i dysregulation and if
MeHg-induced [Ca?']i dysregulation correlates to cell death in differentiated PCI2 cells.
Furthermore, we aim to identify potential cholinergic mechanisms by which acute MeHg exposure
causes alterations in Ca?'; homeostasis and subsequent cytotoxicity. Uncontrolled and sustained
dysregulation of [Ca®']; is a critical component of MeHg-induced cell death (Limke, Bearss, et al.,
2004; Marty & Atchison, 1998). Our principal findings demonstrate for the first time that
differentiated PC12 cells are sensitive to acute MeHg toxicity and that MeHg-mediated [Ca®"];
dysregulation occurs in a biphasic manner. The biphasic response mediate by MeHg consists of
phase 1: Ca?" release from internal stores, followed by phase 2: Ca®'. entry (Hare & Atchison,
1995; Hare et al., 1993; Levesque & Atchison, 1991; Limke & Atchison, 2002; Limke, Bearss, et
al., 2004). Additionally, MeHg-mediated biphasic disruption of [Ca**]; and MeHg-induced cell
death is dependent, but not exclusive, to heteromeric nAChRs in a MEC-sensitive manner. This is
supported by previous in vitro and in vivo MeHg exposure studies from our laboratory. MeHg
toxicity leads to a concentration-dependent increase in [Ca®'];i in primary neurons and in
immortalized cells. Studies suggest that inhibition of VGCCs, a-amino- 3-hydroxy-5-methyl-4-
isoxazolepropionate (Campanari et al.), and NMDA receptors delay MeHg-mediated alterations
in Ca?*i homeostasis (Johnson et al., 2011; Marty & Atchison, 1997; Ramanathan & Atchison,
2011). Furthermore, inhibition of VGCCs protects against MeHg-induced cell death (Marty &

Atchison, 1998; Sakamoto et al., 1996).

MeHg is able to cross the lipid bilayer through passive diffusion due to its high lipophilicity

conferred by the methyl group (Atchison, 1987; Mirzoian & Luetje, 2002). MeHg triggers Ca?*
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release from internal Ca®" stores (Hare & Atchison, 1995; Marty & Atchison, 1997). MeHg
interacts with cysteine groups (Hisatome et al., 2000) and with cholinergic neurotransmission.
Specifically, MeHg binds to nAChRs with high affinity and displaces ACh from the muscle-type
nAChRs binding site on the electric ray (Eldefrawi et al., 1977; Shamoo et al., 1976). MeHg
suppresses the depolarization of cholinergic neurotransmission suggesting that MeHg blocks the
nicotinic response in N1E-115 neuroblastoma cells (Quandt et al., 1982). MeHg reduces nerve-
evoked ACh release and promotes spontaneous release of ACh, in a Ca?'-dependent manner
(Atchison & Narahashi, 1982; Juang, 1976a). Lastly, MeHg has preferential affinity to a subunits
on LGICs. For example, MeHg has differential sensitivity depending on the expression of the o

subunit on the gamma-aminobutyric acid type A (GABAA) receptor (Herden et al., 2008).

MeHg concentrations show an inversely related response to fura-2 time-to-onset ratio, suggesting
a concentration-dependent behavior. The latter is qualitatively and quantitatively similar to that
reported in cultures of mouse spinal cord MNs following MeHg exposure (Ramanathan &
Atchison, 2011). Thus, differentiated PC12 cells and spinal MNs, both exhibit the characteristic
MeHg-mediated biphasic Ca?"; dysregulation. In differentiated PC12 cells, a significant change in
fura-2 onset occurs at 2 and 5 uM MeHg exposure compared to 1 uM MeHg. Similarly,
undifferentiated PC12 cells display a hastening in MeHg-mediated alterations in Ca?*; homeostasis
during 5 uM MeHg but not at lower MeHg concentrations at phase 2 (Edwards 2004 dissertation).
This suggests that differentiated PC12 cells are susceptible to MeHg-mediated Ca®*; dysregulation.
Furthermore, differentiated PC12 cells are more susceptible to alterations in Ca>" homeostasis than

undifferentiated PC12 cells.
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Previous studies in undifferentiated PC12 cells (Edwards 2004 dissertation), human derived MN-
induced pluripotent stem cells (Colén-Rodriguez 2018 dissertation), spinal MN culture, CGCS and
NG108-15 cells, exposure of EGTA treatment abolished MeHg-mediated phase 2 (Hare &
Atchison, 1992; Marty & Atchison, 1997; Ramanathan & Atchison, 2011). However, the MeHg-
mediated biphasic rise in Ca®*i persisted despite removal of Ca?*. with EGTA in differentiated
PC12 cells. Specifically, phase 2 was significantly delayed but still observed during 0 mM Ca?*.
conditions. This result, although surprising, is similar to acute MeHg exposure in HEK 293 cells
which also displayed phase 2 during 1, 2, and 5 uM MeHg + EGTA, Ca**c-free conditions (Hannon
2016 dissertation). Thus, data indicate that Ca®". is responsible for time-to-onset of phase 1 and
phase 2 during MeHg toxicity. However, the onset of phase 2 is attributed to Ca*'. influx.
Therefore, the persistence of this phase under MeHg + EGTA conditions suggest that other cation-
entry pathways independent of Ca?*. are involved. Ca**. is not the only factor responsible for fura-
2 biphasic fluorescence in differentiated PC12 cells. Other divalent cations could be contributing
to this effect. Fura-2 fluorescence can be increased by non-Ca®* divalent cations, like zinc (Zn*")
(Arslan, Di Virgilio, Beltrame, Tsien, & Pozzan, 1985; Grynkiewicz et al., 1985). Similarly to
Ca*', Zn*" binds to fura-2 at 340 and 380 nm (Marty & Atchison, 1997). MeHg increases
intracellular Zn?* levels in rat brain synaptosomes (Denny & Atchison, 1994), Purkinje cells
(Edwards 2004 dissertation), and NG108-15 cells (Denny & Atchison, 1994; Hare et al., 1993).
Also, MeHg triggers Zn*>* release (Denny & Atchison, 1994, 1996) from vesicle terminals in
differentiated PC12 cells (Salazar, Craige, Love, Kalman, & Faundez, 2005) and from cytoplasmic
proteins like B-tubulin (Denny & Atchison, 1994). Administration of the heavy metal chelator
N,N,N',N'-tetrakis(2- pyridylmethyl)ethylenediamine (TPEN) protects against MeHg-mediated

divalent cation homeostasis in several cell types, including undifferentiated PC12 cells (Edwards
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2004 dissertation). Furthermore, treatment with TPEN decreases fura-2 fluorescence during phase
1 (Denny & Atchison, 1994; Hare et al., 1993) (Edwards 2004 dissertation). Disruption of
Zn**correlates with cytotoxicity of cerebellar neurons (Manev, Kharlamov, Uz, Mason, & Cagnoli,
1997). Thus, MeHg-mediated Zn** release could be the culprit associated with the MeHg-mediated
biphasic rise in fura-2 fluorescence despite removal of Ca?*c. This is important because Zn*" is
released in a Ca**-dependent manner (Assaf & Chung, 1984; Howell, Welch, & Frederickson,
1984) and low Zn?>" concentrations can potentiate nAChRs (Hsiao, Dweck, & Luetje, 2001). In
theory, Zn?* can affect surface nAChRs and intracellular-Ca" stores. As a result, an increase in

fura-2 fluorescence intensity can occur in differentiated PC12 cells.

Uncontrolled increase in [Ca®]i correlates to cytotoxicity (Kroemer et al., 1995; Kruman &
Mattson, 1999). A consensus exists that MeHg-induced elevations in [Ca?*]; result in reduced cell
viability (Edwards et al., 2005; Limke, Bearss, et al., 2004; Marty & Atchison, 1998). Cholinergic
pathways are involved in MeHg-induced neurotoxicity (Castoldi, Candura, Costa, Manzo, &
Costa, 1996; Limke, Bearss, et al., 2004). The mAChRs blocker, bethanechol, effectively protected
against MeHg-induced cytotoxicity in CGCs (Limke, Bearss, et al., 2004). In differentiated PC12
cells, MeHg increase the incidence of cell death in a concentration-dependent fashion at both 1-
and 24-hr post-MeHg exposure. Specifically, incidence of cell death was significantly decreased
1 hr following exposure to 2 and 5 uM MeHg. This finding is similar to a previous study from our
laboratory in that 2 and 5 uM MeHg, but not lower concentrations, caused reduced viability in
undifferentiated PC12 cells (Edwards 2004 dissertation). Similarly, at I uM MeHg cell death rate
did not change in differentiated PC12 cells. Perhaps, this suggests presence of a latency period due

to the MeHg concentration being too low and thus needing a longer period for MeHg to reach its
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target site. This is supported by a study from our laboratory. In detail, following 2 hr MeHg
exposure, undifferentiated PC12 cells show a significant decrease in cell viability at 2.5 and 5 uM
MeHg, but not 1 uM MeHg, at 24 hr post-MeHg exposure (Edwards 2004 dissertation). MeHg
toxicity can trigger both cell death signals: apoptotic and necrotic (Castoldi et al., 2000; Fujimura
et al., 2009; Nagashima et al., 1996). This suggests that different cell death pathways and involved

in MeHg-induced cell death and future experiments need to address this.

Influx of Ca?*. during MeHg-mediated dysregulation of Ca?'; may be one of several mechanisms
that contributes to MeHg-induced cytotoxicity. As observed, 5 uM MeHg caused a significant
reduction in the biphasic fura-2 fluorescence intensity. However, this displays the ability of
differentiated PC12 cells to retain and emit fura-2 fluorescence during high MeHg exposure.
Conditions of 0 mM Ca?*; caused a significant delay of fura-2 fluorescence during 5 uM MeHg
exposure. This suggests that membrane integrity is not compromised as a result of MeHg exposure
because otherwise the cells would have not been able to emit large fura-2 fluorescence during
MeHg + EGTA experiments. This indicates that Ca’'. is responsible for MeHg-induced
degeneration of the plasma membrane and cell death. In agreement, conditions of 0 mM Ca®*.
significantly protected against MeHg cytotoxicity and increased cell viability at 2 and 5 pM MeHg
in differentiated PC12 cells. Similarly, EGTA treatment prevents 1, 2, 5 uM MeHg-induced
cytotoxicity in cerebellar astrocyte cells (Jaiman-Cruz 2017 dissertation). Thus, Ca?*-dependent

pathways are involved during MeHg toxicity in differentiated PC12 cells.

Experiments were performed to determine the route(s) of Ca?* entry in differentiated PC12 cells.

The nonspecific heteromeric nAChRs blocker, MEC, afforded protection against MeHg-induced
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alterations in [Ca?']i. Specifically, MEC incubation prior to and during MeHg exposure,
demonstrated that blockage of MEC-sensitive pathways significantly delayed fura-2 fluorescence
only during phase 1 at 1 pM MeHg. At higher concentrations of MeHg perhaps the nAChRs are
blocked or other means of Ca?" entry are more significant or contribute more such that we are
unable to see the effect of the channel expression. The delay of fura-2 fluorescence during MEC-
sensitive pathways suggest that Ca?*. influx during phase 2 is not due to involvement of nAChRs
pathways. The hypothetical reasoning for MEC delaying MeHg-mediated phase 1 is three-fold.
First, MeHg activates several Ca®' pathways that contribute to increases in [Ca*']i. Thus, a
concoction of multiple antagonists is required to block MeHg-induced Ca?" increase. Second, the
exact mechanism by which membrane receptor antagonists delay MeHg-induced changes in fura-
2 fluorescence during phase 1 is not known. However, MeHg displaces w-conotoxin-GVIA from
its binding site on N-type VGCCs in PCI2 cells (Shafer, Contreras, & Atchison, 1990).
Furthermore, radioligand experiments report that nAChRs have high affinity to metals in rats (Jett,
Beckles, Navoa, & McLemore, 2002). These data demonstrate that MeHg competes with
membrane antagonists for the same binding site. 7hird, nAChRs are serving as a route of entry for
MeHg into the cell. Our laboratory has demonstrated that VGCCs facilitate MeHg movement
across the plasma membrane (Atchison, 1986, 1987; Atchison & Narahashi, 1982). Also, MeHg
could cross the plasma membrane on its own due to its high lipophilic properties (Mirzoian &
Luetje, 2002). Once in the cytoplasm, MeHg could trigger Ca?" influx from internal Ca** pools
causing an increase [Ca?"]i. As a consequence, the cell membrane is depolarized, and perhaps it
initiates Ca?*-induce Ca*'-release mechanisms, as revealed by fura-2 fluorescence increase in
phase 1 (Hare & Atchison, 1992; Hare et al., 1993). Furthermore, the mAChR antagonist, atropine

(10 uM) reduced the amplitude of MeHg-induced increase in [Ca®*]; only during phase 1 without
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affecting phase 2 in CGCs (Limke, Bearss, et al., 2004). Hence, cholinergic receptors contribute
to MeHg-mediated increase in the time-to-onset of fura-2 fluorescence during phase 1. MEC
treatment delayed time-to-onset of phase 1 by blocking the trajectory of MeHg to reach its target

site or delaying entry of MeHg into the cell.

Phase 1 being delayed by membrane receptor inhibitors is in accordance with previous studies.
Our laboratory has demonstrated that receptor antagonists significantly delay phase 1 time-to-
onset. These blockers include: MK-801, AP-5, CNQX and w-conotoxin-MVIIA to block NMDA
channels, NMDA receptor-operated ion channels, non-NMDA receptors and VGCCs,
respectively, on spinal MNs in culture and CGCs. (Marty & Atchison, 1997; Ramanathan &
Atchison, 2011). Xetospongin-C treatment to block the IP3-dependent Ca?" increase, demonstrates
that the SER contributes to elevations in [Ca**]i mediated through nAChRs-dependent pathways
in differentiated PC12 cells (Gueorguiev et al., 2000). Thus, these results support the idea that
MEC-sensitive, heteromeric nAChRs could provide a potential mechanism of entry for MeHg into

differentiated PC12 cells.

Time-to-onset of phase 2 was unaffected with treatment of MEC or MLA antagonist during MeHg
exposure. This could be because once phase 1 initiates, it activates Ca*". pathways that do not
depend on MEC- or MLA-sensitive pathways. One Ca?*. pathway could be Ca**-induced Ca?*
entry (CICE) mechanisms in order to replenish the mitochondria and the SER following activation
of phase 1 (Mendelowitz, Bacal, & Kunze, 1992). Another Ca*' mechanisms could be activation

of 2" messenger-operated Ca®* channels. The latter can be activated by IP3 mechanisms or Ca**
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itself (Felder, Singer-Lahat, & Mathes, 1994). Nonetheless, MeHg can increase [Ca*']i by

mechanisms independent of entry of MeHg into the cells (Limke, Bearss, et al., 2004).

Presence of MEC prior to and during 5 pM MeHg exposure significantly protected against MeHg-
induced cytotoxicity at 1 hr post-MeHg. Since MeHg-mediated increase in [Ca®*]; behaves in a
concentration-dependent manner, 5 uM MeHg concentration disrupts [Ca*]i more than lower
concentrations of MeHg (Marty & Atchison, 1997). As a result, the Ca?* buffering mechanisms
are overwhelmed at high MeHg concentrations. This was demonstrated by the significant
hastening in the time-to-onset of phase 2 in differentiated PC12 cells. MeHg-mediated elevations
in [Ca?*]; trigger cell death (Marty & Atchison, 1998). Hence, the MEC afforded protection against
cell death at 5 uM MeHg could be due to a direct relationship of enough accumulation of [Ca?*];.
Also, MEC-afforded protection could be due to the antagonist ability to prevent MeHg entry into
the cell to reach its target site rather than an effect of [Ca?']; increase. MEC treatment failed to
protect against MeHg toxicity at lower MeHg concentrations. Maybe because accumulation of
Ca*iis less at 1 and 2 uM MeHg compared to 5 uM MeHg. If this is true, then concentrations less
than 5 uM MeHg cause too slow of a Ca?" dysregulation response that do not result in cell death

at 1 hr post-MeHg.

MLA-sensitive, homomeric nAChRs failed to protect against MeHg-mediated [Ca?']; increase at
1 hr post-MeHg exposure. Perhaps, it was due to the well-known rapid desensitization of a7-
subunit expressing nAChRs in differentiated PC12 cells (Blumenthal et al., 1997). Another
possibility is that, MeHg has higher affinity to homomeric nAChRs than MLA or a lack of

contribution from homomeric nAChRs. Neither MEC or MLA protect against 24 hr post-MeHg-
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induced cytotoxicity. MeHg (1, 2, 5 uM) exposure compromises the neurofilaments in the cell
membrane during development in carcinoma-derived neurons (Graff et al., 1997). Also, MeHg (5-
7 uM) but not lower concentrations, caused undifferentiated PC12 cells, CGCs and Purkinje cells
to detach from their substrate (Edwards 2004 dissertation). Together, degeneration of filaments
may be a reason for the decrease measurements in cell viability at 24 hr post-MeHg exposure.
Combination of MEC+MLA with MeHg did not protect against MeHg-induced cell death at any
timepoint. The protection afforded by MEC and cancelled by MLA, is perhaps because nAChRs

have higher affinity to MeHg than the antagonists. However, this needs to be studied further.

Overall, these results suggest that nAChRs are not the only receptor contributing to the MeHg-
induced [Ca?"]i increase and cell death. We cannot ignore the possibility of other Ca’" entry
sources, besides cholinergic pathways, are contributing to MeHg-induced Ca?* dysregulation and
subsequent cytotoxicity. Differentiated PC12 cells express VGCCs (Shafer & Atchison, 1991a)
which have been demonstrated to be an important entry pathway for Ca?*. In conclusion, MEC
treatment delayed the MeHg-mediated [Ca?']i increase only at 1 uM MeHg exposure.
Pharmacologic agents failed to completely abolish Ca?" dysregulation. Blocking heteromeric
nAChRs completely prevents cell death at 1 hr post-MeHg exposure. Thus, MeHg-induced Ca®*;
dysregulation and subsequent cell death are facilitated by heteromeric, but not homomeric,

nAChRs in differentiated PC12 cells.
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Abstract

Methylmercury (MeHg) is an organic environmental neurotoxicant that accumulates in lumbar
spinal cord alpha motor neurons (aMNs). MeHg exposure causes a multiphasic elevation in
intracellular calcium ([Ca®']) and induces cytotoxicity ligand gated ion channels (LGICs)-
dependent mechanisms. Lumbar spinal excitatory aMNs and local inhibitory Renshaw cells (RCs)
interact in a negative feedback mechanism called ‘recurrent inhibition’. Interruption of recurrent
inhibition results in over excitation of aMNs or loss of inhibition from RCs. Either outcome results
in hyperexcitability and subsequent cell death in the Renshaw area. Here, we study the effects of
MeHg neurotoxicity in the Renshaw area. Additionally, we studied whether LGICs are responsible
for recurrent inhibition mediate MeHg-induced [Ca®"]; increase and subsequent cell death during
acute exposure to MeHg in situ. To determine changes in [Ca?']; and viability we used fluo-4-AM
microfluorimetry and calcein-AM, respectively. Recordings were made immediately at the
conclusion of exposure (15 min) or 1 or 3 hr after MeHg application ceased. Mecamylamine
(MEC), dihydro-B-erythroidine (DHBE), bicuculline (BCC) and strychnine, were selected to block
a2, o4 nicotinic acetylcholine, y-aminobutyric acid A (GABAa) and glycine receptors,
respectively. MeHg increased fluo-4 fluorescence from baseline at 15 min (51%) and 1 hr post-
MeHg (57%). Presence of all the antagonist, except strychnine, during MeHg exposure
significantly decreased calcium changes. Cell viability was significantly reduced at 3 hr post-
MeHg (-48%) exposure compared to control, which was ablated in the presence of BCC. Thus,
cholinergic and GABAergic pathways are involved during MeHg-mediated alterations in Ca®";

homeostasis in the Renshaw area.
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Introduction

Methylmercury (MeHg) is a persistent organic neurotoxicant produced from either natural or
anthropogenic sources. Exposure to low-level MeHg from artisanal and small-scale gold mining
is the current major pollution concern (Nakazawa et al., 2016; Veiga et al., 2004). Individuals
poisoned by MeHg present degeneration of motor neuron (Wootz et al.), motor dysfunction and
ataxia (Bakir et al., 1973; Eto, 1997). MeHg targets ubiquitous cysteine residues (Hughes, 1957;
Roberts et al., 1980; Tsetlin et al., 2011). Thus, ligand-gate ion channels (LGICs), such as nicotinic
acetylcholine (ACh) receptor (nAChRs), y-aminobutyric acid (GABA) type A receptors

(GABAARSs) and glycine receptors (GlyRs) could be targets of MeHg neurotoxicity.

The Renshaw area is located in lamina VII of the ventral horn region of the lumbar spinal cord
which is the location of lower MNs responsible for muscle contraction. These aMNs have an axon
collateral that synapses on and excites Renshaw interneurons, which in turn inhibit the same
aMNs, ultimately modulating their signaling. This negative-feedback mechanism is known as
recurrent inhibition (Alvarez & Fyffe, 2007; Bhumbra et al., 2014; Eccles et al., 1954; Renshaw,
1946). It is important to control MN discharge and regulate motor output. ACh, GABA and glycine
are the principal neurotransmitters that modulate recurrent inhibition (Dourado & Sargent, 2002;
Geiman et al., 2002; Jonas et al., 1998; Schneider & Fyffe, 1992). Thus, MeHg-mediated MN
excitation, resulting from either a decrease in inhibitory neurotransmission or activation of

excitatory pathways, can lead to dysfunction of recurrent inhibition in the Renshaw area.

Studies in vivo have shown that oral administration of 10 mg/kg/day MeHg to adult rats

accumulates in spinal cord aMNs and causes their degeneration (Moller-Madsen, 1990, 1991; M.
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Su et al., 1998). MeHg-induced increases in intracellular calcium concentration ([Ca?*]i) have been
reported in a variety of cell types, including spinal MNs (Ramanathan & Atchison, 2011), and
contributes to cytotoxicity (Edwards et al., 2005; Limke, Bearss, et al., 2004; Marty & Atchison,
1998). Mechanisms underlying MeHg-induced neurotoxicity of MNs are not well characterized.

This is the first report of MeHg neurotoxicity in the Renshaw area.

MeHg affects excitatory and inhibitory neurotransmission. The latter is affected earlier than the
former. In detail, MeHg decreases GABA-induced Cl" current, suggesting a direct interaction
between MeHg and the GABAergic receptor (Arakawa et al., 1991; Huang & Narahashi, 1996).
MeHg speedily suppress GABAaRs-dependent current, suggesting that GABAARs are very
sensitive to MeHg toxicity (Tsai et al., 2017; Yuan & Atchison, 2003). MeHg disrupts recurrent
inhibition through inhibitory mechanisms and triggers hyperexcitability in hippocampal neurons
(Yuan & Atchison, 1995, 1997). Also, MeHg induces a biphasic stimulation of synaptic
transmission that consists of an initial asynchronous release of glutamate or GABA followed by a
decrease in both amplitude and frequency to a complete current block (Atchison & Narahashi,
1982; Juang & Yonemura, 1975; Yuan & Atchison, 2003, 2005, 2007). Thus, MeHg suppression
of GABA-induced CI" current could trigger hyperexcitability and subsequent excitotoxicity in the

Renshaw area.

The purpose of this study is to determine for the first time the sensitivity of the Renshaw area to
acute MeHg neurotoxicity and whether MeHg-induced Ca** dysregulation and subsequent cell
death is prevented or ameliorated with antagonists of LGIC. We hypothesize that MeHg in situ

exposure causes disruption of Ca?" homeostasis in a time- and concentration-dependent manner
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that will contribute to increased incidence of cell death. Furthermore, presence of the specific
antagonists bicuculline (BCC) to block a (3, 5)-subunit containing GABAaRs (Alvarez & Fyfte,
2007; Geiman et al., 2002), strychnine to block a (Joint FAO/WHO Expert Committee on Food
Additives. Meeting (33rd : 1989 : Geneva Switzerland) & International Program on Chemical
Safety.)-subunit containing GlyRs (Geiman et al., 2002; Gonzalez-Forero & Alvarez, 2005), and
mecamylamine (MEC) and dihydro-B-erythroidine (DHBE) to block a (2, 4)-subunit containing
nAChRs (Dourado & Sargent, 2002; Lamotte d'Incamps & Ascher, 2013; Wada et al., 1989) will
reduce neurotoxicity by MeHg. Our novel findings indicate that cholinergic and GABAergic, but
not glycinergic, pathways contribute to MeHg-induced increase in Ca*"; and subsequent cell death

in the Renshaw area.

Materials and methods

Materials and experimental solutions

Tissue dissections were carried out in a slicing solution containing (in mM): 62.5, NaCl; 2.5, KClI;
5, MgCl,; 1.25, KH2POs; 26, NaHCO3; 0.5, CaCl; 20, D-glucose; and 107, sucrose (pH 7.4 when
saturated with 95% O, /5% CO, at 25°C). This solution contains low concentrations of Na™ and
Ca?*, but high concentrations of Mg?”, in order to reduce cellular damage during tissue slicing. N-
methyl-D-glucamine (NMDG) solution contained (in mM): 125, NMDG; 2.5, KCI; 1.25 KH2POy;
26, NaHCOs3; 5, MgCl,; 0.5, CaClz; and 20, D-glucose (pH 7.4 when saturated with 95% O, /5%
CO, at 25°C). Thus, it preserves the viability, morphology and the synaptic functions of spinal
cord by causing the membrane potential to hyperpolarize (Tanaka, Tanaka, Furuta, Yanagawa, &
Kaneko, 2008). Artificial cerebrospinal fluid (ACSF), in which all experiments were conducted,

consisted of (in mM): 125, NaCl; 2.5, KCI; 1, MgCly; 1.25, KH2PO4; 26, NaHCO3; 2, CaCl, and

87



20, D-glucose (pH 7.4 when saturated with 95% O, /5% CO, at 25°C). The 40 mM K solution
contained the same components as ACSF but with 40 mM K* and 115.4 mM NaCl. The K* solution
depolarizes the cellular membrane of viable cells. MeHg chloride was purchased from ICN
Biochemical Inc (Aurora, OH). A 10 mM MeHg stock solution was prepared in double-distilled
water and stored at 4°C. Experimental solutions were prepared on the day of the experiment by
diluting the MeHg stock solution at the desired working concentration in ACSF solution, in the
absence or presence of pharmacologic drugs. A concentration of 20 uM MeHg was chosen for all
experiments. It represents the concentration of Hg found in the blood of individuals contaminated
with MeHg dicyandiamide through grain consumption during the outbreak in Iraq (Bakir et al.,
1973). Additionally, 20 pM MeHg has been used in our laboratory for MeHg in situ exposure in
rat cerebellar slices (Bradford, Mancini, & Atchison, 2016; Yuan & Atchison, 2003, 2005, 2007,
2016), rat hippocampal slices (Yuan & Atchison, 1993), and mouse striatal slices (Fox 2013
dissertation). A high MeHg (100 uM) concentration was used to shorten the time course of effects
and examine effects on the concentration-respose curve that may have occurred at higher MeHg
concentrations (Yuan & Atchison, 2003, 2005, 2016). The heteromeric a2 or a4 specific subunit
nAChRs blockers, MEC (20 uM) (C. K. Su, Ho, Kuo, Wen, & Chai, 2009) and DHBE (20 uM)
(Chavez-Noriega et al., 1997; Dourado & Sargent, 2002), respectively, were purchased from
Sigma-Aldrich (St. Louis, MO). The GABAARs competitive antagonist, BCC (20 uM) (Tsai et al.,
2017; Yuan & Atchison, 1997) and the GlyRs antagonist, strychnine (20 pM) (Yuan & Atchison,
2005) were purchased from Sigma-Aldrich (St. Louis, MO). Antagonist stocks were prepared in
double distilled H>O or following manufacturers recommendations. Fluo-4 was purchased from
Thermo Fisher Scientific (Waltham, MA) and the Live/Dead™ viability/cytotoxicity kit for

mammalian cells was purchased from Molecular Probes (Invitrogen, Eugene, OR). Disposable or
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MeHg-contaminated materials used during the preparation and experiment were discarded
following the Michigan State University (MSU) Office of Radiation, Chemical, and Biological

Safety (ORCBS) guidelines.

Lumbar C57BL6J slice

All animal procedures adhered to National Institute of Health (Aberg et al.) guidelines and were
approved by the MSU Institutional Animal Care and Use Committee (IACUC). Adult C57BL6J
mice (40-60 days postnatal, either gender) were obtained from Jackson Laboratories (Bar Harbor,
ME). Mice were housed in pairs, fed standard diet (Harland, Teklab 18% Protein Global Rodent
Diet), and exposed to normal light-dark cycle. Following anesthesia with CO> in a dedicated
chamber, mice were quickly decapitated, the spinal cord was speedily removed, followed by
lumbar region dissection. Tissue was rapidly submerged in ice-cold slicing solution, which is a
low [Na*], low [Ca*"] and high [Mg?*] solution, that helps to reduce cellular damage during tissue
slicing. Working with very cold solutions protects against cellular swelling and death (Liang,
Bhatta, Gerzanich, & Simard, 2007; Won, Kim, & Gwag, 2002). Experiments utilized tissue
preparation and incubation methods previously described (Yuan & Atchison, 1999, 2007, 2016)
with modifications specifically designed for spinal cord and described below. The lumbar tissue
was sliced into thin (180 um) transverse sections using a Leica VT100S Vibratome (Leica
Microsystems Inc., Bannockburn, IL). Individual slices were transferred to a 15 min incubation
chamber containing NMDG solution. The slices were then transferred and maintained to a 1:1 mix
of oxygenated slicing solution and ACSF for approximately 30 min at room temperature. Then,
slices were transferred to 100% ACSF in order to allow quick and controlled treatment of tissues

with MeHg, without damaging much of the tissue morphology. Slices were incubated in ACSF
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with fluo-4 acetoxymethyl ester (AM), which labels divalent cations, or in a viability assay that

utilizes calcein AM, a green fluorescent dye that stains viable cells.

Confocal Ca** microscopy

Fluo-4 AM no wash (NW) (4 uM) in the presence of probenecid (2.5 uM) were obtained from
Invitrogen Molecular Probes (Eugene, OR). Fluo-4 AM NW is a fluorophore that has been
extensively used to monitor changes in Ca?";. Thus, it is used to indicate relative MeHg-mediated
increase in [Ca?']i (Bradford et al., 2016; Johnson et al., 2011; Yuan & Atchison, 2007, 2016).
Probenecid inhibits organic-anion transporters, which can extrude dye loading. Slices where
loaded for 40 min at room temperature in fluo-4 AM NW with probenecid in the presence of 0.02%
(w/v!) pluronic F-127. The latter facilitates dye solubilization (Yuan & Atchison, 2016). Slices
are then washed thoroughly with ACSF before Ca?" recordings. Confocal images of fluo-4 [Ca?"];
fluorescence were obtained using a Leica TCS SL laser scanning confocal microscope system
equipped with Nomarski optics (10x water immersion objective) (Leica Microsystem, Heidelberg
GmbH., Germany). Fluo-4 is excited at 485 nm from an argon laser and emits fluorescence at 520
nm. Images (512 x 512 pixels, xyz scan mode) were collected during perfusion with ACSF, 40
mM KCl, and during perfusion with ACSF-containing MeHg alone or MeHg with antagonists.
MeHg-induced Ca** dysregulation was assessed immediately at the conclusion of exposure (15
min) or 1 or 3 hr after MeHg application ceased, in the absence or presence of antagonists. All
experiments were oxygenated with 95% O, /5% CO, and performed at 25°C. An increase in fluo-
4 fluorescence intensity corresponds to an increase in Ca?*i. Fluo-4 fluorescence was utilized to
monitor spatial changes in Ca?'jin the lumbar ventral region of the spinal cord in response to MeHg

treatment. Recordings were made under visual guidance from fluo-4 fluorescent large cells,
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presumably MNs (20 um soma in diameter (McHanwell & Biscoe, 1981; Mitra & Brownstone,

2012)) located in the lumbar spinal lamina VII, known as the Renshaw area.

Measurement of tissue viability

MeHg-mediated loss of cell viability was measured using a commercial fluorimetric cell viability
assay as previously described (Bradford et al., 2016; Limke, Bearss, et al., 2004; Marty &
Atchison, 1998). Briefly, viability was indicated by calcein AM, a fluorescent dye that stains the
cytoplasm of live, healthy cells in green (Papadopoulos et al., 1994). Calcein is excited at 495 nm
and emits fluorescence at 515 nm. Lumbar spinal cord slices were monitored during perfusion with
ACSF loaded with calcein for 40 min in oxygenated solution with 95% 02/5% CO, and performed
at 25°C. Viability was assessed immediately at the conclusion of exposure (15 min) or 1 or 3 hr
after MeHg application ceased, in the absence or presence of antagonists. Visualization of the
cytotoxicity assay was determined with a 10x water immersion objective and images were obtained

using a Leica TCS SL laser scanning confocal microscope system equipped with Nomarski optics.

Statistics

Analysis of fluo-4 and calcein changes in fluorescence intensity were performed using the Leica
software. In fluo-4 or calcein experiments, before MeHg exposure began, three scattered regions
of interest (ROI) were selected within the Renshaw area. The same ROI were monitored from the
beginning to the end of the experiment. The ROI in fluo-4 experiments consisted of the average
from three different fluorescent cells easily observed with a 10x objective (Fig. 3.1A). Viability in
the Renshaw area as indicated by calcein fluorescence was measured by three randomly selected

ROI within the Renshaw area (Fig. 3.1B). Fluorescence intensity data in the same layer were
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averaged and the background fluorescence was subtracted from all ROI before calculating fluo-4
and calcein mean fluorescence intensity. Untreated (MeHg control) slices with fluo-4 or calcein,
were used to monitor photobleaching with the same duration as MeHg treated experimental slices.
For each experiment the average from three ROI was taken and was expressed as + standard error
of the mean (SEM). To avoid variability between slices MeHg experiments in presence of
pharmacologic drugs were conducted on the same experimental day. To analyze one or among
different groups a one-way or two-way analysis of variance (ANOVA), respectively, was used
with GraphPad Prism® software (GraphPad Software Inc., San Diego, CA). A post hoc comparison
with Tukey’s or Dunnett’s was used when significant differences between means were found (Steel

& Torrie, 1960). Values are considered statistically significant at p < 0.05.
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Figure 3.1. Representative pseudocolor epimicrograph of the Renshaw area isolated from a
C57BL6J mouse. The Renshaw area is located in lamina VII of the ventral horn region of the
lumbar spinal cord A) Fluo-4 (red) fluorescence indicates intracellular Ca?* concentration.
Depicted are three different MNs (defined as ROI) selected at random. B) Calcein (green)
fluorescence indicates viable ROI in the tissue. Three scattered ROI were selected at random.
Images were obtained using a Leica TCS SL laser scanning confocal microscope system equipped

with Nomarski optics (10x water immersion objective). Scale bar represents 1.2 mm.
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Results

Changes in fluo-4 fluorescence as a result of MeHg-mediated dysregulation of [Ca’]; in lower
MNs in the Renshaw area

To examine early and delayed effects of MeHg on Ca** dysregulation we compared different
MeHg concentrations (10, 20 and 100 pM) in lower MNs of the Renshaw area. The rationale for
these concentrations has been previously described (Yuan & Atchison, 1993, 2003). Briefly, 10
and 20 uM MeHg are environmentally significant concentrations because they represent MeHg
levels found within the blood of poisoned humans that caused symptoms of toxicity following an
acute exposure to MeHg (Bakir et al., 1973). Additionally, these concentrations are consistent with
the pattern and exposure reported in previous global outbreaks. The rationale for 100 uM MeHg
is to determine if exposure to MeHg causes a concentration-dependent neurotoxicity and to shorten
the time course of MeHg-induced effects (Yuan & Atchison, 1993, 2003). These concentrations
are higher than those used in isolated cells in culture because MeHg presents higher capacities of
nonspecific binding in situ (Bradford et al., 2016). The tissue diffusion barrier for MeHg and
support cells can protect against MeHg toxicity more than in monolayer cultures (Yuan &
Atchison, 2005). Presence of 10 uM MeHg caused the Ca?*-selective indicator, fluo-4 fluorescence
to significantly increase at 1 hr post-MeHg from baseline in lower MNs (Fig 3.2A). Treatment
with MeHg (20 uM) caused an increase in [Ca?*]i at both 15 min and 1 hr post-MeHg, but not at
3 hr post-MeHg exposure (Fig 3.2B). Presence of 100 uM MeHg at 1 hr post-MeHg caused fluo-
4 fluorescence to significantly increase from baseline (Fig 3.2C). Conversely, at 3 hr post-MeHg
exposure, there is a significant fluo-4 fluorescence reduction compared to 1 hr post-MeHg
treatment for both 10 and 100 uM MeHg (Fig 3.2A, 3.2C). Taken together, results suggest that

acute exposure to MeHg causes a direct effect upon cessation of treatment (15 min) which is

94



sustained at delay timepoints (1 hr post-MeHg), but subsided by 3 hr post-MeHg exposure. These

suggest that reduction of Ca?" signal after 3 hr exposure to MeHg is due to cytotoxicity.

Not shown, aplication of 40 mM KCI for 3 min before MeHg exposure caused a relative increase
which ranges around 130% of the normalized control value. The purpose of using KCl is to confirm
proper fluo-4 loading, cell viability and adequate Ca?* buffering capacities of the lower MNs in
the Renshaw area. After KCI was washed away and fluo-4 fluorescence returned to basal levels,
MeHg exposure began. In slices not exposed to MeHg, there was no significant change in fluo-4
fluorescence over the 3 hr time course (result not shown). This indicates that fluo-4 treatment itself
did not affect Ca" responses nor were the fluo-4 florescence changes due to fluo-4 photobleaching
during confocal imaging. Increases in [Ca*']; are readily detected following exposure to 10, 20 or
100 uM MeHg in the Renshaw area. Henceforth, we use the epidemiologic dose of 20 uM MeHg
in our remaining experiments since it is within the range of detectable changes in fluo-4

fluorescence.
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Figure 3.2. Immediate and delayed changes in [Ca?*]; following acute exposure to 10, 20 or
100 pM MeHg in situ in the Renshaw area. A) Exposure to 10 uM MeHg, demonstrated no

effect directly upon cessation of treatment (15 min) but a delayed increased ocured (1 hr post-
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Figure 3.2. (cont’d)

MeHg) compared to baseline, denoted by the asterisk (*). The fluo-4 fluorescence increase was
subsided by 3 hr post-MeHg from 1 hr post-MeHg, denoted by the pound (#). Data are presented
as mean = S.E.M. (n = 3). B) Exposure to 20 uM MeHg for 15 min significantly increases fluo-4
relative fluorescence at both 15 min MeHg and 1 hr post-MeHg compared to baseline, denoted by
the asterisk (*). Data are presented as mean = S.E.M. (n = 11). C) Exposure to 100 uM MeHg,
demonstrated no effect directly upon cessation of treatment (15 min) but a delayed increased
ocured (1 hr post-MeHg) compared to baseline, denoted by the asterisk (*). The fluo-4
fluorescence increase was subsided by 3 hr post-MeHg from 1 hr post-MeHg, denoted by the
pound (#). Data are presented as mean = S.E.M. (n =4). All n values are averages of 3 replicates
from the same slice. Statistics are performed using a one-way analysis of variance followed by

Tukey’s multiple comparison test. Statistical significance is considered at p < 0.05.
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MeHg-induced cell death in the Renshaw area occurs at delayed time points

Dysregulation in [Ca*']; and following hyperexcitability mechanism is associated with loss of
membrane integrity (Zipfel, Babcock, Lee, & Choi, 2000). Next, we aim to determine whether
conditions shown to produce MeHg-mediated increase in [Ca®']; in the Renshaw area are related
to MeHg-induced cell death. We used the same exposure paradigm used in Ca?* microfluorimetry
experiments, but Fluo-4 AM was replaced with calcein AM to stain viable cells. As illustrated in
Fig. 3.3, MeHg (20 uM) exposure for 15 min, significantly decreases calcein fluorescence.
Specifically, at 3 hr post-MeHg timepoint there is a significant fluorescence decline from all other
timepoints (Fig 3.3). The immediate, 15 min MeHg exposure, did not affect calcein fluorescence.
Over time, there was no significant decrease in calcein fluorescence in the absence of MeHg (result
not shown). This suggests that calcein exposure alone does not affect viability. Therefore, any
decrease in viability is the result of MeHg exposure. The cell viability in the Renshaw area is
reduced following acute exposure to MeHg in situ at 3 hr post-MeHg but not at earlier timepoints.

Thus, the Renshaw area is susceptible to the acute effects of MeHg neurotoxicity.
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Calcein Normalized Fluorescence

Figure 3.3. Calcein mean fluorescence in the Renshaw area is reduced at 3 hr post-MeHg but
not 1 hr post-MeHg or 15 min MeHg. Exposure to 20 uM MeHg during 15 min significantly
decreased calcein fluorescence at 3 hr post-MeHg exposure when compared to baseline, 15 min
MeHg, and 1 hr post-MeHg denoted by the asterisk (*), pound (#), plus/minus (%), respectively.
Data are presented as mean = S.E.M. (n = 8) for all groups. All n values are averages of 3 replicates
from the same slice. Statistics are performed using a one-way analysis of variance followed by

Tukey’s multiple comparison test. Statistical significance is considered at p < 0.05.
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Membrane receptor antagonists suppress MeHg-mediated decrease in fluo-4 fluorescence
intensity

To examine whether cholinergic, GABAergic or glycinergic pathways mediate MeHg-induced
[Ca®']; increase due to external Ca?* influx we used individual pharmacologic tools. Lumbar slices
were exposed to a continuous perfusion with MeHg (20 uM) in the presence of individual
antagonists. To block a2- and a4-subunit containing nAChRs, GABAaRs or GlyRs, the specific
antagonists MEC, DHBE, BCC or strychnine, respectively, were administered prior to, as well as,
during MeHg exposure. Pretreatment with antagonist alone did not cause any decrease in fluo-4
fluorescence (Fig 3.4A). Presence of MEC, DHBE and BCC, but not strychnine, attenuated the
MeHg-induced increase in fluo-4 fluorescence intensity (Fig 3.4B). These data support the
hypothesis that Ca** dysregulation through cholinergic and GABAergic pathways contributes to
MeHg-induced [Ca?*]; elevations. Strychnine treatment did not prevent the MeHg-induce increase
in fluo-4 fluorescence intensity. Thus, the nAChRs and GABAAaRs, but not GlyRs, participate of

MeHg-mediated increase in [Ca®*]; as determined by the intensity in fluo-4 fluorescence.
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Figure 3.4. MeHg (20 pM) increase fluo-4 fluorescence intensity of the Renshaw area is
reduced by antagonists of cholinergic and GABAergic, but not glycinergic receptors. A)
Exposure to each antagonist for 5 min does not decrease or increase fluo-4 fluorescence intensity
compared to baseline. Data are presented as mean + S.E.M. (n = 3). All n values are averages of 3
replicates from the same slice. Statistics are performed using a one-way analysis of variance

followed by Tukey’s multiple comparison test. B) Following a 15 min real-time perfusion with
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Figure 3.4. (cont’d)

MeHg treatment in the absence of inhibitors caused a significantly increased in fluo-4 fluorescence
from control, denoted by the asterisk (*). The concentration for MEC, DHBE, BCC and strychnine
was 20 uM. MeHg + MEC, MeHg + DHBE or MeHg + BCC, significantly decreased fluo-4
fluorescence from MeHg-induced fluo-4 increase compared to MeHg, denoted by pound (#). Data
are presented as mean = S.E.M. (n = 11) for all groups. All n values are averages of 3 replicates
from the same slice. Statistics are performed using a one-way analysis of variance followed by

Dunnett’s multiple comparison test. Statistical significance is considered at p < 0.05.
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BCC protects against MeHg-induced cytotoxicity in the Renshaw area

To verify whether cell death is related to MeHg interactions with nAChRs, GABAARs or GlyRs a
pharmacologic approach was used. Calcein fluorescence was determined at 15 min MeHg, 1 hr
post-MeHg and 3 hr post-MeHg. No significant effect was observed with any drug treatment at 15
min MeHg and 1 hr post-MeHg (results not shown). Figure 3.5 shows the composite results for all
the MeHg + drug treatments at 3 hr post-MeHg. Combination of MeHg with the GABAergic
receptor blocker, BCC, significantly increase the intensity of calcein fluorescence compared to
MeHg treatment at 3 hr post-MeHg exposure (Fig. 3.5). Presence of strychnine, MEC, and DHBE
treatments were ineffective at preventing or reducing cell death following MeHg exposure (Fig
3.5). Perhaps, these drugs had an early effect in terms of a reduction in [Ca?*]i but this was not
sufficiently long lasting. Also, desensitization of nAChRs has been reported in CGCs (Fohrman,
de Erausquin, Costa, & Wojcik, 1993; Giniatullin, Nistri, & Yakel, 2005). Thus, if nAChR
desensitized in the Renshaw Area, then they would not be able to provide protection against MeHg-
induced cell death. Furthermore, the stoichiometry in the nAChRs could underly the lack of
protection afforded by MEC and DHBE. The Renshaw area express a2- and a4-containing
nAChRs (Dourado & Sargent, 2002; Lamotte d'Incamps & Ascher, 2013; Wada et al., 1989).
Whole-cell electrophysiology studies indicate that the GABA current is blocked faster in the a6-
containig GABAARs expressed in CGCs than in al-containing GABAARs in Purkinje cells
(Herden et al., 2008). The lack of protection offered by strychnine against MeHg-induced cell
death is consistent with our earlier findings in fluo-4 fluorescence. Thus, the only receptor involved
in recurrent inhibition that delays MeHg-induced cytotoxicity in the Renshaw area is the

GABAAR.
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Figure 3.5. Comparison of effects of LGICs channels inhibitors on MeHg (20 nM) induced
reduction in calcein fluorescence in the Renshaw area after 3 hr post-MeHg exposure.
Exposure to 20 uM MeHg during 15 min significantly decreased calcein AM fluorescence at 3 hr
post-MeHg exposure, denoted by asterisk (*). MEC or DHBE did not increase calcein fluorescence
compared to MeHg treatment. MeHg + BCC significantly increased calcein fluorescence at 3 hr
post-MeHg exposure compared to MeHg treatment, denoted by the number (#). D) MeHg +
strychnine did not cause any significant increase in calcein fluorescence compared to MeHg
treatment. Data are presented as mean+= S.EM. (n=38, 8, 5, 4, 5, 4) for MeHg, MeHg + MEC and
BCC, MeHg + DHBE and strychnine, respectively. All n values are averages of 3 replicates from
the same slice. Statistics are performed using a two-way analysis of variance followed by Sidak’s

multiple comparison test. Statistical significance is considered at p < 0.05.
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Discussion

The present study was designed to determine the mechanism of MeHg susceptibility in the
Renshaw area. Additionally, we aim to identify the membrane receptors that contribute to MeHg-
induced [Ca*']; increase and subsequent cell death in the Renshaw area using fluo-4 and calcein
fluorescence, respectively. Results show that acute exposure to MeHg in situ increases [Ca*']; and
decreases cell viability in the Renshaw area. Specifically, 15 min perfusion with 20 uM MeHg
caused a significant increase in fluo-4 fluorescence, an effect that is sustained at 1 hr post-MeHg
exposure but not at 3 hr post-MeHg exposure. Presence of MEC, DHBE and BCC, but not
strychnine, significantly decreased but did not abolish the MeHg-mediated increase in fluo-4
fluorescence. Thus, dysregulation of Ca?'; homeostasis is partially regulated by nAChRs and
GABAARs, but not GlyRs. MeHg-induced Ca®'; dysregulation is associated with cell death
following 3 hr post-MeHg exposure (Marty & Atchison, 1998). Reduced cell viability was only
prevented with BCC, the GABAAR antagonist. This demonstrates that GABAergic pathways
participate of MeHg neurotoxicity in the Renshaw area. Since the antagonists did not completely
abolish MeHg-induced [Ca?]i increase and subsequent cell death, it is likely that other
mechanisms participate. These mechanisms could involve activation of glutamate receptors
(GluRs) because they are also expressed in the Renshaw area (Lamotte d'Incamps & Ascher,
2013). Furthermore, the contribution of GluRs to MeHg-mediated dysregulation in [Ca?*]i has
been reported in CGCs and primary MNs in vitro (Limke, Bearss, et al., 2004; Marty & Atchison,

1997, 1998; Ramanathan & Atchison, 2011).

Our findings demonstrate that LGICs participate in the MeHg-induced increase of [Ca®']; in the

Renshaw area. This is in agreement with previous studies from our laboratory in which MeHg
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drives an uncontrolled and sustained [Ca*"]; increase through LGICs in isolated CGCs and primary
MNs (Limke, Bearss, et al., 2004; Ramanathan & Atchison, 2011). Specifically, muscarinic
AChRs, N-methyl D-aspartic acid (NMDA) receptors and VGCCs (Limke, Bearss, et al., 2004;
Ramanathan & Atchison, 2011). Ca*" microfluorimetry studies have consistently demonstrated the
MeHg-mediated disruption of Ca** homeostasis in both primary and transformed cell lines, such
as rat brain synaptosomes (Denny et al., 1993; Kauppinen et al., 1989), NG108-15 (Hare et al.,
1993), CGCs (Limke, Bearss, et al., 2004; Marty & Atchison, 1997; T. A. Sarafian, 1993), Purkinje
cells (Edwards et al., 2005), MNs (Edwards et al., 2005; Ramanathan & Atchison, 2011) and mice
treated with 3 ppm MeHg administered through drinking water (Johnson et al., 2011). The MeHg-
induced increase in [Ca®']i behaves in a characteristic kinetically different, biphasic manner, and

in a time- and concentration-dependent fashion (Marty & Atchison, 1997).

To identify if nAChRs have a role in the observed increase in [Ca®"]; at the lower MNs located in
the Renshaw area we used a pharmacological approach. MEC- and DHE -sensitive pathways
significantly delayed the MeHg-induced increase in [Ca**]i. Thus, MeHg may directly interact with
nAChRs to cause an increase in [Ca?']i. Previous findings demonstrate that MeHg exposure
inhibits binding of ACh to the muscle-type nAChRs binding site on the electric ray (Shamoo et
al., 1976). Also, muscarinic AChRs are involved during MeHg-mediated [Ca*"]; dysregulation in
CGCs (Limke, Bearss, et al., 2004). Thus, these finding support that MeHg interacts with

ionotropic nAChRs to significantly dysregulate Ca?*; homeostasis in the Renshaw area.

GABA and glycine are the primary and most widely distributed inhibitory neurotransmitters in the

central nervous system. They are responsible for fast inhibitory synaptic transmission (Pycock &
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Kerwin, 1981; Seeburg et al., 1990). Renshaw interneurons co-release GABA and glycine
neurotransmitters to strengthen inhibitory inputs (Cullheim & Kellerth, 1981; Geiman et al., 2002;
Jonas et al., 1998; Schneider & Fyffe, 1992). Also, their co-release induces postsynaptic currents
that are larger in amplitude and longer in duration compared with synapses that are either
GABAergic or glycinergic only (Russier, Kopysova, Ankri, Ferrand, & Debanne, 2002). However,
our findings are in agreement with recurrent inhibition in the Renshaw area being BBC-, but not
strychnine-, sensitive (Ryall, Piercey, & Polosa, 1972). Additionally, partial modulation of
GABAARs during MeHg-induced [Ca?*]; increase is in agreement with previous findings in which
interactions between MeHg and GABARs have been reported. Specifically, MeHg modulates the
benzodiazepine binding site in GABAARs (Fonfria et al., 2001; Komulainen, Keranen, & Saano,
1995) and MeHg suppress the GABA-induced chloride current (Arakawa et al., 1991). Also,
MeHg blocks inhibitory postsynaptic current (IPSC) through GABAaRs resulting in the
disinhibition of excitatory synaptic transmission (Herden et al., 2008; Yuan & Atchison, 1997,
2003, 2007). Thus, inhibitory synaptic transmission is a potential target of MeHg. BCC treatment
during MeHg exposure reduced onset of fluo-4 fluorescence, suggesting that GABAARs play a
role during MeHg-induced [Ca?*]i increase (Bradford et al., 2016) and BCC blocked the MeHg-
mediated evoked inward GABA currents (Tsai et al., 2017). In cerebellar slices, time-to-block of
spontaneous IPSC is faster in CGCs than in Purkinje interneurons (Yuan & Atchison, 1997). These
suggest that GABAARs might be primarily responsible for the initial MeHg-induced increase in
excitability. In agreement, our findings demonstrate that presence of BCC prior to and during 20
uM MeHg exposure significantly reduces MeHg-induced fluo-4 fluorescence compared to MeHg
only. Thus, BCC is acting as a competitive antagonist against MeHg, impeding the heavy metal to

target GABAARs. As a consequence, the MeHg-induced heightened level of excitability decreases.
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MeHg-mediated dysregulation of Ca?'; through GABAergic pathways unmasks an excitatory

effect through disruption of Ca?" homeostasis.

Dysregulation in Ca?>" homeostasis initiates the activation of cell death pathways (Berridge, 1998).
MeHg-induced cell death is not an immediate effect (Marty & Atchison, 1998). We demonstrate
that MeHg exposure significantly increased fluo-4 fluorescence at 15 min and 1 hr post-MeHg
exposure, time points at which viability in the Renshaw area was not yet compromised. However,
at 3 hr post-MeHg exposure the fluo-4 fluorescence trend decreases from 1 hr post-MeHg
exposure. Perhaps this suggest that cellular membranes are compromised. The 3 hr post-MeHg
time correlates to the time that a significant reduction in calcein fluorescence is observed. In
agreement, MeHg-dependent cytotoxicity was reported following 24 hr post-MeHg treatment in
rat CGCs (Edwards et al., 2005). Also, exposure to 0.5 or 1 uM MeHg for 45 or 38 min,
respectively, caused no cell death following 30 min post-MeHg exposure but a significant calcein
fluorescence decrease was observed following 3.5 hr post-MeHg exposure (Marty & Atchison,
1998). The lack of an immediate cell death effect suggests that extracellular Ca®" entry is
associated to cell death more than Ca?* efflux from internal Ca?*stores (Edwards et al., 2005; Marty
& Atchison, 1998). Delaying the time-to-onset of MeHg-induced [Ca?"];i increase protects against
cell death (Edwards et al., 2005; Limke, Bearss, et al., 2004; Marty & Atchison, 1998). We
demonstrate that GABAARs mediate MeHg-induced cytotoxicity for the first time in the Renshaw
area. Similarly, BCC treatment during MeHg exposure similarly protects against excitatory-
induced death of CGCs (Babot, Cristofol, & Sunol, 2005). MeHg-induced excitotoxicity can
trigger apoptotic (Ceccatelli, Dare, & Moors, 2010; Nagashima et al., 1996) or necrotic (Castoldi

et al., 2000) mechanisms depending on the concentration of MeHg.
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Lack of protection by strychnine suggests that GlyRs do not have a role during MeHg-induced
Ca?* dysregulation or subsequent cell death in the Renshaw area. Likewise, a study in the cat spinal
cord confirms the recurrent inhibition of MNss is to some extent insensitive to strychnine (Larson,
1969). Furthermore, strychnine treatment did not prevent MeHg-induced early increase in
population spikes in recurrent inhibition of hippocampal CA1 neurons in situ (Yuan & Atchison,
2005). Thus, it is possible that MeHg and strychnine compete for the same binding site in the GlyR
and the interaction with MeHg overcomes the binding ability of strychnine. Also, the lack of

contribution from GlyRs cannot be ruled out.

In conclusion, cholinergic, GABAergic and glycinergic neurotransmission control the negative
feedback mechanism in the Renshaw area. The high lipophilic properties of MeHg allows it to
easily cross the blood brain barrier and accumulate in the spinal cord (Arvidson, 1992; M. Su et
al., 1998). A dysfunction with upper MNs impairs communication with lower MNs and vice versa.
Pathologies in the Renshaw area could decrease generation, firing, modulation of strength and
pattern of limb muscles (Mazzocchio & Rossi, 2010). A damaged signal integration causes poor
muscle coordination and movement. If sustained for a prolonged period of time it culminates in
muscle degeneration. Inhibitory synaptic transmission have received distinctive attention as a
mechanism that contributes to MN dysfunction during neurological diseases, such as amyotrophic
lateral sclerosis (Guallar et al.) (Mazzocchio & Rossi, 2010; Wootz et al., 2013). ALS seems to be
a cell-autonomous disease affecting aMNs. However, loss of inhibitory RCs and deficiencies in
recurrent inhibition have been reported in presymptomatic ALS animals (Q. Chang & Martin,
2009, 2011; Wootz et al., 2013) and humans (Hayashi et al., 1981; Niebroj-Dobosz & Janik, 1999).

This is important because it may suggest that MeHg neurotoxicity and ALS syndrome may share
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a toxic pathway that when activated could trigger the expression of ALS phenotype in susceptible
individuals with genetic polymorphisms (Trojsi, Monsurro, & Tedeschi, 2013). Furthermore,
primary, as well as, human derived pluripotent stem cell MNs show a hightened susceptibility to
MeHg neurotoxicity (Ramanathan & Atchison, 2011) (Coléon-Rodriguez 2018 dissertation). Also,
evidence of gene and environment interactions between MeHg and susceptible organisms has been

demonstrated (Johnson et al., 2011).
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Abstract

Methylmercury (MeHg) crosses the blood brain barrier resulting in neurotoxicity, presenting a
significant risk to public health. Previous studies demonstrate that MeHg causes a multiphasic
increase in intracellular calcium concentration ([Ca?*]i), dependent on Ca®* efflux from internal
Ca?* stores, producing subsequent cytotoxicity. We present for the first time evidence of the
contribution of intracellular Ca?" stores to MeHg neurotoxicity in MNs. Our purpose is to
understand how dysregulation of [Ca®*]; affects synaptic function in neuronal circuits responsible
for the regulation of motor function. One such critical circuit is recurrent inhibition in the spinal
cord. This synaptic circuit is comprised of alpha motor neurons (aMNs) and interneurons know as
Renshaw cells. The latter are inhibitory interneurons which regulate motor function. Previous work
has demonstrated that MeHg causes death of aMNs and disrupts inhibitory synaptic function.
Accordingly, we used Fluo4-AM to measure Ca’* changes in the Renshaw area and calcein-AM
to assess viability in lumbar spinal cord slices. MeHg (20 uM) was applied by perfusion for 15
min. Subsequently, recordings were made immediately at the conclusion of exposure (15 min) or
at 1 or 3 hr after MeHg application ceased. Antagonists for the smooth endoplasmic reticulum
Ca’*-ATPase (SERCA) (thapsigargin (THP), 2 uM) or the mitochondrial oxidative
phosphorylation uncoupler (carbonyl cyanide m-chlorophenyl hydrazine (CCCP), 10 uM) were
applied in conjunction with MeHg following a 5 min pre-exposure in MeHg-free solution. MeHg
increased fluo-4 fluorescence intensity from baseline at 15 min (51%) and 1 hr post-MeHg (57%).
MeHg decreased calcein fluorescence at 3 hr post-MeHg (-48%). MeHg in presence of
CCCP+THP significantly decreased fluo-4 fluorescence at 1 hr post-MeHg (64%) but did not
preserve cell viability. Taken together, our results indicate that depletion of intracellular stores

with CCCP+THP reduces MeHg-mediated [Ca*"]; increase but does not protect against MeHg-
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induced cytotoxicity, suggesting the participation of other mechanisms in MeHg-induced cell

death.

Key Words: Fluo-4, Calcein, Neurotoxicity, Intracellular Calcium, Calcium-Induced

Cytotoxicity, Recurrent Inhibition.
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Introduction

The Renshaw area is located in the ventral lumbar lamina VII of the spinal cord, specifically medial
to the lateral motor neurons (MNs). MNs stimulate muscles, and simultaneously through an axon
collateral, they synapse inhibitory Renshaw interneurons (Geiman et al., 2000; Geiman et al.,
2002; Wootz et al., 2013). In turn, Renshaw cells (RCs) inhibit MNs and participate in the negative
feedback circuit known as recurrent inhibition (Eccles et al., 1954; Renshaw, 1946).
Methylmercury (MeHg) is a persistent neurotoxicant that consistently alters internal calcium
(Ca?*j) homeostasis in many cell types, including spinal MNs (Ramanathan & Atchison, 2011).
MeHg accumulates in MNs located in the ventral horn of the spinal cord. As a result, MeHg
exposure causes hind leg weakness and discoordination in rats (Moller-Madsen, 1990; M. Su et
al., 1998). MeHg neurotoxicity is associated with “myasthenia gravis-like” syndromes (Rustam et
al., 1975), ataxia and motor degeneration (Bakir et al., 1973; Eto, 2006; M. Harada, 1995).
Additionally, protective effects of nimodipine on Ca?" pathways suggest that MeHg-mediated
disruption of Ca?"; homeostasis is associated to MeHg-induced motor dysfunction (Bailey et al.,

2013).

MeHg-mediated disruption of nerve-evoked neurotransmitter release occurs through presynaptic
mechanisms (Atchison & Narahashi, 1982; Juang, 1976b). Presynaptic Ca®*; determines the rate
of spontaneous neurotransmitter release (Atchison & Narahashi, 1982; Bardo, Robertson, &
Stephens, 2002; Kavalali, 2015; Levesque & Atchison, 1987; Savic & Sciancalepore, 1998). Thus,
time-to-onset of elevations in MeHg-mediated Ca®*i concentrations ([Ca®']) correlate to MeHg-
induced increase in both frequency and amplitude of excitatory and inhibitory postsynaptic

currents (Yuan & Atchison, 1993). MeHg exposure disrupts mitochondrial Ca?* regulation (Hare

114



et al., 1993; Levesque & Atchison, 1991; Levesque, Hare, & Atchison, 1992; Limke & Atchison,
2002; Limke et al., 2003). In a separate study, inhibition of mitochondrial Ca?* regulation reduced
acetylcholine (ACh) release (Levesque & Atchison, 1987; Levesque et al., 1992). Reduction of
free Ca®'i with 1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N'-tetra acetic acid tetrakis (BAPTA)
suppressed the MeHg-induced initial stimulation of spontaneous inhibitory postsynaptic current
frequency (Yuan & Atchison, 2007). These findings suggest that presynaptic MeHg-mediated

[Ca®']iincrease is an important contributor to neurotransmitter release and postsynaptic responses.

The mitochondrion is a low-affinity, high-capacity Ca?* pool (Budd & Nicholls, 1996; Nicholls &
Akerman, 1982) and the smooth endoplasmic reticulum (SER) is a high-affinity, low capacity Ca?*
pool (Fohrman et al., 1993; Masgrau et al., 2000). MeHg induces a characteristic elevation of
[Ca®"]i consisting of two kinetically and temporally distinct phases. “Phase 17 represents Ca?"
efflux from both mitochondria and, principally, inositol-1,4,5-triphosphate (IP3)-mediated SER.
“Phase 2” represents extracellular Ca?" influx (Denny et al., 1993; Edwards et al., 2005; Hare &
Atchison, 1995; Hare et al., 1993; Limke, Bearss, et al., 2004; Marty & Atchison, 1997;
Ramanathan & Atchison, 2011). In CGCs, MeHg depolarizes the mitochondria and causes a
biphasic [Ca?"]; elevation. This increase was ablated during phase 1 with cyclosporin-A (CsA), the
specific antagonist for the mitochondrial permeability transition pore (mPTP) (Limke & Atchison,
2002). Thus, time-to-onset of phase 1 but not phase 2 was significantly delayed. This suggests that
the mitochondrial Ca?* stores contribute to phase 1. Also it is known that the SER also contributes
to phase 1 in cerebellar granule cells (CGCs) because, SER-Ca?" depletion with thapsigargin
(THP) reduced the Ca?* amplitude in phase 1 (Hare & Atchison, 1995; Limke, Bearss, et al., 2004).

Hence, both the mitochondria and the SER contribute to Ca** dysregulation during MeHg toxicity.
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In detail, the initial Ca?" wave in phase 1 originates from the IP3-sensitive store. Next, Ca** is
buffered by the mitochondria matrix through the Ca®* uniporter, only for Ca?* to be released again
through the mPTP into the cytosol (Limke & Atchison, 2002; Limke et al., 2003). The contribution
from these Ca*" stores to [Ca?"]; is cell-type dependent because in neuroblastoma cells the initial
effect of MeHg is Ca®* release from the SER (Hare & Atchison, 1995). However, in CGCs, MeHg-
mediated phase 1 occurs primarily due to mechanisms that involve the mitochondria (Limke &
Atchison, 2002; Limke et al., 2003). Furthermore, Ca®" release from the mitochondria has been
reported to contribute to MeHg-induced ACh release in rat brain synaptosomes (Levesque &

Atchison, 1991; Levesque et al., 1992).

Studies demonstrate that MeHg accumulates in the mitochondria (Sone, Larsstuvold, & Kagawa,
1977; Yoshino, Mozai, & Nakao, 1966), disrupts the mitochondrial membrane potential
(Kauppinen et al., 1989), inhibits the mitochondrial respiration (Tiernan 2013 dissertation) and
production of adenosine triphosphate (ATP) (Levesque & Atchison, 1991; Sone et al., 1977),
generates reactive oxygen species (ROS) (LeBel, Ali, McKee, & Bondy, 1990), and increases
intramitochondrial Ca®* levels (Dreiem & Seegal, 2007; Limke et al., 2003). Likewise, at the whole
organism level, MeHg-mediated disruption of Ca?'; homeostasis has been reported to cause
mitochondrial dysregulation, reduce mitochondrial membrane potential through opening of the
mPTP and increase cytosolic cytochrome-c levels in CGCs (Bellum et al., 2007; Ceccatelli et al.,
2010). In the SER, THP treatment depletes SER-Ca?" during MeHg exposure and significantly
reduced the contribution from intracellular Ca" stores to the elevations in [Ca®*]; caused by MeHg

(Limke, Bearss, et al., 2004).
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Evidence suggest a relationship between MeHg-induced disruption of Ca®'i regulation and
incidence of cytotoxicity (Limke, Bearss, et al., 2004; Marty & Atchison, 1998). Application of
specific membrane receptor inhibitors improves survival (Choi, 1988) of MeHg-treated cells
(Limke, Bearss, et al., 2004; Marty & Atchison, 1998; Sakamoto et al., 1996). The mitochondria
(Hare et al., 1993; Levesque et al., 1992; Limke & Atchison, 2002; Limke et al., 2003) and the
SER (Hare & Atchison, 1995; Limke et al., 2003) contribute to MeHg-induced neurotoxicity.
MeHg-mediated dysregulation of [Ca?*]; causes cell death in a time- and concentration-dependent
manner (Limke & Atchison, 2002; Limke, Bearss, et al., 2004; Marty & Atchison, 1997, 1998).
Increase in Ca?*; due to dysregulation of the mPTP or reversal of the uniporter contributes to cell
death (Bernardi et al., 1999). However, inhibition of the mPTP with bcl-2 reduces MeHg-mediated
neuronal mortality (T. A. Sarafian et al., 1994). CsA treatment to inhibit mPTP and atropine to
cause downregulation and desensitization of muscarinic and IP3 receptors, respectively, caused
partial protection against MeHg-induced cytotoxicity in CGCs (Limke & Atchison, 2002; Limke,
Bearss, et al., 2004). Also, activation of IP3 receptors opens the mPTP and correlates with cell

death mediated by cytochrome-c mechanisms (Szalai, Krishnamurthy, & Hajnoczky, 1999).

The consequences of MeHg-mediated increase in [Ca®']i due to contributions from the
mitochondria and SER which could lead to cytotoxicity in the Renshaw area have not yet been
elucidated. This study is the first to determine whether intracellular Ca®" stores contribute to
MeHg-induced [Ca?']i dysregulation and subsequent cytotoxicity in the Renshaw area. We
hypothesize that Ca?" depletion from intracellular Ca** stores with the combination of carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) and THP, superimposed upon MeHg-mediated Ca**

dysregulation, will decrease MeHg-induced [Ca?*]; increase and diminish subsequent cytotoxicity
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in situ. In detail, CCCP depolarizes the inner mitochondrial membrane by increasing the membrane
permeability to H*. It uncouples oxidative phosphorylation and depletes mitochondrial Ca?*
causing an [Ca*"]; increase while inhibiting mitochondrial Ca** accumulation (Budd & Nicholls,
1996). THP blocks the SER Ca?*-ATPase (SERCA) pump and prevents the uptake of cytosolic
Ca®" (Denmeade & Isaacs, 2005; Thastrup et al., 1990). To test MeHg-induced neurotoxicity on
the Renshaw area, [Ca®']; dysregulation and cell death was measured in the absence or presence of
the pharmacology during an acute exposure to MeHg. We provide direct evidence that intracellular
Ca?* stores contribute to MeHg-mediated increase in [Ca?*]i but they do not contribute to MeHg-

induced cytotoxicity.

Materials and methods

Materials and experimental solutions

Tissue dissections were carried out in a slicing solution containing (in mM): 62.5, NaCl; 2.5, KClI;
5, MgCl,; 1.25, KH2POs; 26, NaHCO;3; 0.5, CaCly; 20, D-glucose; and 107, sucrose (pH 7.4 when
saturated with 95% O, /5% CO, at 25°C). The slicing solution contains low concentrations of Na*
and Ca?" but high concentrations of Mg?" in order to reduce cellular damage during tissue slicing.
N-methyl-D-glucamine (NMDG) solution contained (in mM): 125, NMDG; 2.5, KCI; 1.25
KH,PO4; 26, NaHCOs; 5, MgCl,; 0.5, CaCla; and 20, D-glucose (pH 7.4 when saturated with 95%
O, /5% CO, at 25°C). This solution preserves the spinal cord morphology and its synaptic
functions by causing the membrane potential to hyperpolarize. Artificial cerebrospinal fluid
(ACSF), in which all experiments were conducted, consisted of (in mM): 125, NaCl; 2.5, KCI; 1,
MgCl,; 1.25, KH2PO4; 26, NaHCO3; 2, CaCl; and 20, D-glucose (pH 7.4 when saturated with 95%

0, /5% CO, at 25°C). The 40 mM K* solution contained the same components as ACSF but with
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40 mM K" and 115.4 mM NaCl. The K* solution depolarizes the cellular membrane of viable cells.
MeHg chloride was purchased from ICN Biochemical Inc. (Aurora, OH). A 10 mM MeHg stock
solution was prepared in double-distilled H>O stored at 4°C. Experimental solutions were prepared
on the day of the experiment by diluting the MeHg stock solution at the desired working
concentration in ACSF solution in the absence or presence of pharmacologic drugs. The MeHg
concentration of 20 uM was chosen for all experiments because it represents the concentration of
mercury found in the blood of persons that was contaminated with MeHg dicyandiamide through
grain consumption during the Iraq MeHg outbreak (Bakir et al., 1973). Additionally, this MeHg
concentration has been used in numerous studies from our laboratory using tissue slices (Yuan &
Atchison, 2005, 2007, 2016). CCCP and THP, the mitochondria uncoupler and SERCA pump
specific inhibitors, respectively, were purchased from Tocris-Bioscience (Minneapolis, MN).
Antagonist stocks were prepared in double distilled H>O or following manufacturers
recommendations. Fluo-4 was purchased from Thermo Fisher Scientific (Waltham, MA) and the
Live/Dead™ viability/cytotoxicity kit, for mammalian cells, was purchased from Molecular
Probes (Invitrogen, Eugene, OR). Disposable or MeHg-contaminated materials used during the
preparation and experiment were discarded following the Michigan State University (MSU) Office

of Radiation, Chemical, and Biological Safety (ORCBS) guidelines.

Lumbar C57BL6J slice

All animal procedures adhered to National Institute of Health (Aberg et al.) guidelines and were
approved by the MSU Institutional Animal Care and Use Committee (IACUC). Adult C57BL6J
mice (40-60 days postnatal, either gender) were obtained from Jackson Laboratories (Bar Harbor,

ME). Mice were housed in pairs, fed standard diet (Harland, Teklab 18% Protein Global Rodent
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Diet), and exposed to normal light-dark cycle. Following anesthesia with CO> in a dedicated
chamber, mice were quickly decapitated, the spinal cord was speedily removed, the lumbar region
dissected and rapidly submerged in ice-cold slicing solution. This solution is a low [Na'], low
[Ca®?] and high [Mg?*] solution, that helps to reduce cellular damage during tissue slicing.
Working with very cold solutions protects against cellular swelling and death (Liang et al., 2007,
Won et al., 2002). Experiments utilized tissue preparation and incubation methods previously
described (Yuan & Atchison, 1999, 2007, 2016) with modifications specifically designed for
spinal cord and described below. The lumbar tissue was sliced into 180 pum transverse sections
using a Leica VT100S Vibratome (Leica Microsystems Inc., Bannockburn, IL). Individual slices
were transferred to an incubation chamber containing NMDG solution for 15 min to preserve the
function of chemical synapses for experiment conditions. Slices were then transferred and
maintained to a 1:1 mix of oxygenated slicing solution and ACSF for approximately 30 min at
room temperature. Then, lumbar slices were transferred to 100% ACSF in order to allow quick
and controlled treatment of tissues with MeHg, without damaging much of the tissue morphology.
Finally, slices were incubated for 40 min in ACSF with fluo-4 acetoxymethyl ester (AM), which
labels divalent cations, or in a viability assay that utilizes calcein AM, a fluorescent dye that stains

viable cells green.

Confocal Ca** microscopy

Fluo-4 AM no wash (NW) (4 uM) in the presence of probenecid (2.5 uM) were obtained from
Invitrogen Molecular Probes (Eugene, OR). Fluo-4 AM NW is a fluorophore that has been
extensively used to monitor MeHg-induced Ca?*; changes. Thus, it is used to indicate relative

changes in [Ca*"]; (Bradford et al., 2016; Johnson et al., 2011; Yuan & Atchison, 2007, 2016).
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Probenecid inhibits organic-anion transporters, which can extrude dye loading. Slices were loaded
for 40 min at room temperature in fluo-4 AM NW with probenecid in the presence of 0.02% (w/v-
1 pluronic F-127, to facilitate dye solubilization (Yuan & Atchison, 2016). Slices are then washed
thoroughly with ACSF before Ca** imaging recordings. Confocal images of [Ca?']; represented by
fluo-4 fluorescence were obtained using a Leica TCS SL laser scanning confocal microscope
system equipped with Nomarski optics (10x water immersion objective) (Leica Microsystem,
Heidelberg GmbH., Germany). Fluo-4 is excited at 485 nm from an argon laser and emits
fluorescence at 520 nm. Images (512 x 512 pixels, xyz scan mode) were collected during perfusion
with ACSF, 40 mM KCl, during ACSF-containing MeHg and post MeHg exposure in the absence
or presence of CCCP (10 uM) + THP (2 uM). A mitochondrial study on neurons in situ from
C57BL6J mice used 10 uM CCCP (Stanford & Taylor-Clark, 2018) because this concentration
depolarizes the mitochondria without inducing toxicity (Li et al., 2014). Also, due to non-specific
binding capacities and tissue density, the concentration of CCCP (10 uM) in situ should be higher
than in in vitro experiments that used 5 pM CCCP in CGCs (Limke et al., 2003). THP
concentrations ranging from 2-4 uM are effective in reducing neurotransmitter release by reduction
of Ca*"; (Behnisch & Reymann, 1995; Cong, Takeuchi, Tokuno, & Kuba, 2004; Haddock & Hill,
2002) and in previous studies from our laboratory we have used 1 uM THP in rat cerebellar slices
(Yuan & Atchison, 2016). Dysregulation of Ca®*; homeostasis mediated by MeHg exposure was
assessed at 15 min MeHg exposure, 1 and 3 hr post-MeHg exposure. All experiments were
oxygenated with 95% O, /5% CO, and performed at 25°C. An increase in fluo-4 fluorescence
intensity corresponds to an increase in cytosolic Ca**. Fluo-4 fluorescence was utilized to monitor
spatial changes in Ca?';in the lumbar ventral region spinal cord of C57BL6J mice in response to

acute exposure of MeHg treatment in situ.
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Measurement of tissue viability

MeHg-mediated loss of cell viability was measured using a commercial fluorimetric cell viability
assay as previously described (Bradford et al., 2016; Limke, Bearss, et al., 2004; Marty &
Atchison, 1998). Briefly, viability was indicated by calcein-AM, a fluorescent dye that stains the
cytoplasm of live, healthy cells in green (Papadopoulos et al., 1994). Calcein is excited at 495 nm
and emits fluorescence at 515 nm. Lumbar spinal cord slices were monitored during perfusion with
ACSF loaded with calcein for 40 min in oxygenated solution with 95% 02/5% CO, and performed
at 25°C. Viability was assessed immediately at the conclusion of exposure (15 min) or 1 or 3 hr
after MeHg application ceased, in the absence or presence of antagonists. Cytotoxicity assay
visualization was determined with a 10x water immersion objective and images were obtained

using a Leica TCS SL laser scanning confocal microscope system equipped with Nomarski optics.

Statistics

Analysis of fluo-4 and calcein changes in fluorescence intensity were performed using the Leica
software. In fluo-4 or calcein experiments, before MeHg exposure began, three scattered regions
of interest (ROI) were selected within the Renshaw area. The same ROI were monitored from the
beginning to the end of the experiment. The ROI in fluo-4 experiments consisted of the average
from three different fluorescent cells easily observed with a 10x objective (Fig 4.1A). Viability in
the Renshaw area as indicated by calcein fluorescence was measured by three randomly selected
ROI (Fig 4.1B). Fluorescence intensity data in the same layer were averaged and the background
fluorescence was subtracted from all ROI before calculating fluo-4 and calcein mean fluorescence
intensity. Untreated (MeHg control) slices with fluo-4 or calcein, were used to monitor

photobleaching with the same duration as MeHg treated experimental slices. For each experiment
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the average from three ROI was taken and was expressed as + standard error of the mean (SEM).
To avoid variability between slices MeHg experiments in presence of pharmacologic drugs were
conducted on the same experimental day. To analyze one or among different groups a one-way or
two-way analysis of variance (ANOVA), respectively, was used with GraphPad Prism® software
(GraphPad Software Inc., San Diego, CA). A post hoc comparison with Tukey’s, Dunnette’s or
Sidak’s was used when significant differences between means were found (Steel & Torrie, 1960).

Values are considered statistically significant at p < 0.05.
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Figure 4.1. Representative pseudocolor epimicrograph of the Renshaw area from a C57BL6J
mouse. The Renshaw area is located in the ventral lumbar lamina VII of the spinal cord. A) Fluo-
4 (red) fluorescence indicates intracellular Ca?* concentration. Depicted are three different MNs
(defined as ROI) selected at random. B) Calcein (green) fluorescence indicates viable cells in the
tissue. Three scattered ROI were selected at random. Images were obtained using a Leica TCS SL
laser scanning confocal microscope system equipped with Nomarski optics (10x water immersion

objective). Scale bar represents 1.2 mm.
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Results

MeHg-mediated dysregulation of Ca’* in the Renshaw area

MeHg-mediated increase in [Ca?']i previously has been demonstrated in isolated mouse spinal
cord MNs in vitro (Ramanathan & Atchison, 2011). To determine if MeHg causes alterations in
Ca®*i homeostasis in the Renshaw area, recordings were performed in situ. Fura-4 fluorescence
was measured after 15 min MeHg exposure, or 1 and 3 hr post 15 min MeHg exposure in order to
account for both MeHg immediate and delayed effects. Treatment with 40 mM KCI for 3 min
before MeHg exposure caused a slight increase in fluo-4 fluorescence associated with Renshaw
area depolarization. This demonstrates that neurons in situ have healthy membranes before
exposure to MeHg. MeHg exposure caused a significant increase in fluo-4 fluorescence intensity
from baseline in a time-dependent manner at both 15 min and 1 hr post-MeHg by 51% and 57%
mean increase, respectively (Fig 4.2). However, by 3 hr post-MeHg, fluo-4 fluorescence intensity
had diminished back towards control levels (Fig 4.2). Perhaps, this suggests that the cell membrane
is compromised due to the high Ca*; levels (Berridge, 1998). For this reason, the following fluo-
4 fluorescence measurements will be limited to 15 min and 1 hr post-MeHg exposure. Over a
period of 3 hr there was no significant change in fluo-4 fluorescence intensity in the absence of
MeHg (result not shown). Thus, increases in fluo-4 florescence are not due to fluo-4
photobleaching during imaging. Together, results suggest that acute exposure to MeHg causes a
direct effect directly upon cessation of treatment (15 min) which is sustained at delay timepoints
(1 hr post-MeHg), but subsided by 3 hr post-MeHg exposure. Hence, the Renshaw area is

susceptile to altreations in Ca?'; homeostasis by MeHg.
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Figure 4.2. Immediate and delayed increase in [Ca?*]; following acute exposure to 20 pM
MeHg in situ in the Renshaw area. Perfusion with 40 mM KCl-induced depolarization of the
plasma membrane slightly increases fluo-4 fluorescence intensity. Exposure to 20 pM MeHg for
15 min significantly increases fluo-4 fluorescence at both 15 min MeHg and 1 hr post-MeHg
compared to baseline, denoted by asterisk (*). By 3 hr post-MeHg, fluo-4 fluorescence intensity
had diminished back towards control levels. Data are presented as mean = S.EIM. (n=11). All n
values are averages of 3 replicates. Statistics are performed using a one-way analysis of variance

followed by Tukey’s multiple comparison test. Statistical significance is considered p < 0.05.
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MeHg-induced cell death in the Renshaw area

Next, we aim to determine whether MeHg-mediated [Ca®']; increase in the Renshaw area
contributes to cytotoxicity. Exposure to MeHg for 15 min significantly decreased calcein
fluorescence at 3 hr post-MeHg from baseline, 15 min MeHg and 1 hr post-MeHg by 48%, 46%,
31%, respectively (Fig 4.3). The immediate, 15 min, MeHg exposure did not affect calcein
fluorescence. This suggests that MeHg does not cause a cytotoxicity effect directly upon cessation
of MeHg treatment. Over time, there was no significant decrease in calcein fluorescence in the
absence of MeHg (result not shown). Thus, MeHg exposure causes a delayed cytotoxicity in the

Renshaw area.
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Figure 4.3. Calcein mean fluorescence in the Renshaw area is reduced at 3 hr post-MeHg but
not 1 hr post-MeHg or 15 min MeHg. Exposure to 20 uM MeHg during 15 min significantly
decreased calcein AM fluorescence at 3 hr post-MeHg exposure when compared to baseline, 15
min MeHg, and 1 hr post-MeHg denoted by the asterisk (*), pound (#), plus/minus (%),
respectively. Data are presented as mean + S.E.M. (n = 8) for all groups. All n values are averages
of 3 replicates from the same slice. Statistics are performed using a one-way analysis of variance

followed by Tukey’s multiple comparison test. Statistical significance is considered at p < 0.05.

128



Internal Ca’* stores contribute to MeHg-mediated Ca** dysregulation in the Renshaw area

To examine the contribution of internal Ca®" stores to MeHg-induced [Ca*']i increase in the
Renshaw area, CCCP + THP were used prior to, as well as during, MeHg (20 uM). CCCP depletes
Ca?" from the mitochondria and THP inhibits Ca? uptake mediated by the SERCA. In detail, THP
with prolonged exposure will disrupt the normal Ca?" cycling in the SER, involving tonic Ca**
efflux and subsequently leading to depletion of Ca?* (Berridge, 2016). CCCP + THP treatment in
the absence of MeHg significantly increased fluo-4 fluorescence at 1 hr post-CCCP+THP
compared to baseline (Fig 4.4). Thus, cytosolic Ca?" stores released sufficient Ca?* suggesting Ca**
depletion. MeHg + CCCP + THP treatment did not increase fluo-4 fluorescence intensity at 15
min MeHg or 1 hr post-MeHg compared to baseline (Fig 4.5). Perhaps the mitochondria and the
SER contribute to MeHg-mediated increase in [Ca®']; but because they have been depleted from
Ca?" there is no increase in fluo-4 fluorescence. Exposure to MeHg + CCCP + THP compared to
MeHg alone significantly reduced fluo-4 fluorescence intensity at 1 hr post-MeHg exposure by
64% fluo-4 fluorescence (Fig 4.6). During MeHg alone or during CCCP + THP alone no reduction
in fluo-4 fluorescence was observed at 1 hr post-MeHg. Thus, this reduction is due to an interaction
between MeHg with the pharmacologic tools. These results suggest that internal Ca?* stores

contribute to disruption of Ca?'; levels in MN during and following MeHg neurotoxicity.
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Figure 4.4. CCCP + THP treatment in the absence of MeHg deplete intracellular CaZ" stores
in the Renshaw area. Exposure to both antagonists for 20 min does not increase fluo-4
fluorescence intensity. However, at 1 hr after cessation of the antagonist treatment there is a
significant increase in fluo-4 fluorescence, denoted by asterisk (*). Data are presented as mean =+
S.EM. (n = 3). All n values are averages of 3 replicates from the same slice. Statistics are
performed using a one-way analysis of variance followed by Dunnett’s multiple comparison test.

Statistical significance is considered at p < 0.05.
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Figure 4.5. Immediate and delayed changes in [Ca%']; following acute exposure to MeHg +
CCCP + THP in situ in the Renshaw area. Exposure to CCCP + THP prior to and during a
continuous exposure of 20 uM MeHg for 15 min does not change fluo-4 fluorescence intensity at
15 min MeHg from baseline. CCCP + THP treatment prevents MeHg-induced fluo-4 fluorescence
increase at 1 hr post-MeHg exposure. Data are presented as mean + S.E.M. (n = 5) for baseline,
pretreatment and 15 min MeHg, (n = 4) for 1 hr post-MeHg group. All n values are averages of 3
replicates. Statistics are performed using a one-way analysis of variance followed by Tukey’s

multiple comparison test. Statistical significance is considered p < 0.05.
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Figure 4.6. Fluo-4 fluorescence comparison between MeHg alone and MeHg + CCCP + THP
in the Renshaw area. Mitochondria and SER depletion with CCCP and THP, respectively, did
not affect MeHg-induced [Ca?*]; at 15 min MeHg. However, at 1 hr post-MeHg, presence of CCCP
+ THP significantly reduced fluo-4 fluorescence intensity compared to 1 hr MeHg in the absence
of CCCP + THP, denoted by asterisk (*). Data are presented as mean = S.E.M. (n = 11) for all
MeHg groups in the absence of CCCP + THP. MeHg in the presence of CCCP + THP, data are
presented as mean + S.E.M. (n = 5) for baseline, pretreatment and 15 min MeHg and (n = 4) for 1
hr post-MeHg group. Statistics are performed using a two-way analysis of variance followed by

Sidak’s multiple comparison test. Statistical significance is set at p < 0.05.
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MeHg-induced cell death does not depend on internal Ca’* stores in the Renshaw area

Next, we examined whether emptying Ca?" from the mitochondria and the SER was protective
against MeHg-induced reduction of viability at 15 min, 1 and 3 hr post-MeHg exposure. The
Renshaw area was exposed to CCCP + THP for 5 min prior to, as well as, during MeHg treatment.
MeHg exposure for 15 min significantly decreased calcein mean fluorescence intensity in a time-
dependent fashion. MeHg + CCCP + THP treatment at 3 hr post-MeHg timepoint was significantly
reduced from baseline, pretreatment, 15 min MeHg, and 1 hr post-MeHg by 48%, 51%, 46%, 31%,
respectively (Fig 4.7). A similar pattern in calcein fluorescence is observed when comparing
MeHg-induced cytotoxicity in the absence or presence of the pharmacologic drugs (Fig 4.8). Thus,
depletion of internal Ca?" stores with CCCP + THP treatment did not protect against MeHg-

induced cell death in the Renshaw area.

133



1.5-

1.0-

> B o3 %

0.5

Calcein Normalized Fluorescence

Figure 4.7. Incidence of cytotoxicity at immediate and delayed time points following MeHg
perfusion with CCCP + THP in the Renshaw area. Acute 20 uM MeHg exposure in the
presence of CCCP + THP did not cause a decrease in calcein fluorescence prior to 3 hr post-MeHg.
A significant time-dependent decrease in calcein fluorescence is observed at 3 hr post-MeHg
exposure when compared to all other groups, denoted by asterisk (*), pound (#), plus/minus (%),
up ("), respectively. Data are presented as mean +£ S.E.M. (n = 4). All n values are averages of 3
replicates. Statistics are performed using a one-way analysis of variance followed by Tukey’s

multiple comparison test. Statistical significance is considered p < 0.05.
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Figure 4.8. Comparison of calcein fluorescence intensity following continuous treatment with
MeHg with or without CCCP + THP in the Renshaw area. Values were obtained at the
conclusion of the 15 min MeHg incubation or 1 or 3 hr post incubation. Exposure to CCCP + THP
prior to and during MeHg exposure did not increase calcein fluorescence intensity compared to
MeHg alone treatment at any timepoint. A significant time-dependent decrease in calcein
fluorescence is observed at 3 hr post-MeHg in the absence and presence of CCCP + THP.
Significant is denoted by asterisk (*), pound (#), plus/minus (+) when compared to baseline, 15
min MeHg and 1 hr post-MeHg, respectively. Data are presented as mean + S.E.M. (n = 8) for all
MeHg groups in the absence of CCCP + THP. Data are presented as mean + S.E.M. (n = 4) for all
MeHg groups in the presence of CCCP + THP. Statistics are performed using a two-way analysis

of variance followed by Sidak’s multiple comparison test.
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Discussion

This research highlights the contribution of internal Ca®* stores during MeHg-induced increase in
[Ca®']; of MN and subsequent cell death in the Renshaw area. Previous studies demonstrate
supporting evidence for the contribution of intracellular Ca?* stores to MeHg-induced increase in
[Ca®']; (Denny et al., 1993; Dreiem & Seegal, 2007; Limke et al., 2003). In isolated rat forebrain
mitochondria, MeHg stimulates mitochondrial ¥*Ca?" release and reduces both Ca?* reuptake and
buffering capacities through the Ca?" uniporter (Levesque & Atchison, 1991). MeHg-induced
elevations in [Ca®']; reduced when synaptosomes were pretreated with rotenone, a mitochondrial
electron transport chain complex 1 inhibitor, or oligomycin A, the ATP synthase inhibitor
(Komulainen and Bondy, 1987). Exposed to CCCP and oligomycin A, reduced but did not
eradicate MeHg-induced increase in [Ca®']; in rat CGCs (Limke et al., 2003). These findings
suggest that besides the mitochondrial Ca*" efflux contributing to phase 1 another Ca*' store
participates of MeHg-induced elevations in [Ca?*];. Specifically, treatment with bradykinin or
caffeine to empty the SER (Hare & Atchison, 1995) and treatment with bethanechol to
downregulate IP3 receptors caused a delay in the time-to-onset of phase 1. (Limke, Bearss, et al.,
2004) Furthermore, MeHg exposure upregulates IP3 receptors in CGCs (T. A. Sarafian, 1993).
Thus, MeHg interacts with the SER. Both intracellular Ca?" stores influence the MeHg-induced

biphasic disruption of Ca?*; homeostasis.

MeHg-induced cell death mechanisms are not yet completely understood. However, Ca**
dysregulation is reported to play a crucial role. Excessive high levels of [Ca®']; lead to
mitochondria Ca*' uptake causing mitochondrial membrane depolarization and it increases

production of superoxide anion radicals that contribute to cell death (T. A. Sarafian et al., 1994).
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Regardless of the presence of CCCP + THP treatment during exposure to MeHg a decrease in cell
viability is absent during 15 min MeHg and 1 hr post-MeHg exposure. Viability in the Renshaw
area was significantly decreased at 3 hr post-MeHg compared to all previous timepoints examined.
Thus, the anterior lumbar tissue is susceptible to MeHg neurotoxic effects at delayed timepoints,
but the mitochondria and the SER do not participate during MeHg-induced cytotoxicity. Results
are in agreement with MeHg-induced cell death occurring at a long-term timepoints. In CGCs,
which are very susceptible to MeHg-mediated cytotoxicity, MeHg did not produce immediate
generalized cell damage or cell death regardless of whether the MeHg exposure occurred in vitro
(T. A. Sarafian, 1993) or in vivo (M. Harada, 1995). Specifically, MeHg exposure elicits severe
cytotoxicity after 3.5 hr but not at 30 min in CGCs (Marty & Atchison, 1998). This suggests that
MeHg-induced elevations in [Ca**]; do not participate during the beginning stages of cell death
because otherwise the elevations in fluo-4 fluorescence would correspond to a decrease in calcein

fluorescence.

A possibility for the inability of Ca®*; to increase during MeHg + CCCP + THP at 15 min or 1 hr
post-MeHg may be that following treatment with the antagonists there was not enough Ca?*; to be
released by MeHg from the mitochondria and SER. Thus, CCCP + THP successfully depleted
internal Ca?* stores prior to and during MeHg exposure. Our results are in disagreement with
CCCP treatment not causing a significant Ca?* efflux from the mitochondrial and not delaying the
time-to-onset of MeHg induced increase in [Ca®*]i in CGCs (Budd & Nicholls, 1996; Limke et al.,
2003). Perhaps these discrepancies could be due to different experimental parameters such as the
MeHg concentration, duration of MeHg exposure, differences in protein concentrations and the

experimental model.
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CCCP treatment has been reported to deplete ATP levels (Budd & Nicholls, 1996). Similarly,
MeHg reduces generation of ATP (Sone et al., 1977). Loss of ATP inhibits plasma membrane
transporters and triggers onset of phase 2 in CGCs (Limke et al., 2003). Furthermore, multiple
systems have demonstrated that besides Ca** release from intracellular Ca?" stores, MeHg triggers
extracellular Ca?* entry that also contributes to increases in fluo-4 fluorescence (Atchison, 1986;
Bradford et al., 2016; Hare & Atchison, 1995; Hare et al., 1993; Johnson & Atchison, 2009; Limke
et al., 2003; Marty & Atchison, 1997; Ramanathan & Atchison, 2011). Therefore, the ability of
MeHg + CCCP + THP to reduce fluo-4 fluorescence at 1 hr post-MeHg exposure may be due to
high [Ca®']; levels that compromises the plasma membrane (Marty & Atchison, 1998). Although
this possibility is not likely because incidence of viability in the Renshaw area did not decrease at

1 hr post-MeHg.

Another possibility for the absence of an increase in fluo-4 fluorescence during MeHg + CCCP +
THP may involve the well-known expression of calbindin, the cytosolic Ca?*-binding
neuroprotective protein. RCs have a significant Ca?* buffering machinery. They express calbindin
and parvalbumin proteins (Alvarez et al., 2005; Geiman et al., 2000; Geiman et al., 2002). Levels
of [Ca®"]i regulate calbindin activity (Corradino, 1993). MeHg administration in vivo to rats caused
an overexpression of calbindin proteins (de Oliveira Souza, de Marco, Laure, Rosa, & Barbosa,
2016). However, exposure to MeHg in vivo caused no change in the calbindin topographic
distribution of cerebral motor cortex in rat offsprings (Kakita, Inenaga, Sakamoto, & Takahashi,
2002). Although these are conflicting results, perhaps depletion of Ca** by CCCP + THP

treatments triggers Ca?’-buffering proteins to quickly and efficiently buffer increases in [Ca®'];
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during and post-MeHg exposure in the Renshaw area. However, this possibility needs to be

investigated furthered.

Failure of CCCP + THP to protect against MeHg-induced cell death suggests that other
mechanisms are involved besides efflux of Ca?* from the mitochondria and SER. Thus, MeHg-
mediated Ca?"i-independent pathways may contribute to cell death in the Renshaw area. This likely
reflects the substantial role of Ca?* entry in inducing cell death. Furthermore, several studies have
demonstrated the ability of MeHg to liberate and increase intracellular levels of zinc, which is
itself cytotoxic (Denny & Atchison, 1994; Edwards et al., 2005; Hare et al., 1993; Johnson et al.,

2011).

Lumbar slices were exposed to MeHg in a continuous perfusion to allow saturation of nonspecific
binding sites. Monitoring temporal and spatial increases in [Ca®']; allows to understand the time
course that follows MeHg-induced events that precede cell death. Acute exposure to MeHg in situ
alters cytosolic Ca** homeostasis and cause cell death in the Renshaw area. Confocal Ca?" imaging
demonstrated that following a 15 min exposure to 20 uM MeHg caused a significant increase in
fluo-4 fluorescence intensity. This effect was sustained at 1 hr post-MeHg but not at 3 hr post-
MeHg exposure. Depletion of internal Ca** stores with CCCP + THP prevented the MeHg-induced
elevation in fluo-4 fluorescence at 15 min MeHg and 1 hr post-MeHg exposure. When comparing
between MeHg in the absence or presence of the antagonists there is a significant reduction in
fluo-4 fluorescence intensity elicited by Ca?* depletion from the mitochondria and SER at 1 hr
post-MeHg. Calcein fluorescence indicates that viability of the Renshaw area decreased at 3 hr

post-MeHg exposure irrespective of the presence of CCCP + THP treatment. Thus, MeHg-induced
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[Ca®']; increase is dependent on Ca®* release from intracellular Ca?" stores whereas incidence of

cell death is independent in the Renshaw area.

In summary, experiments were designed to determine whether there is a correlation between
MeHg-mediated [Ca*']; increase and cell death in the Renshaw area. Depletion of the mitochondria
and the SER prior to and during an acute exposure to MeHg (20 uM) in situ prevented MeHg-
induced increase in [Ca**]; but did not protect against cell death. This study provides evidence for
the first time the temporal events that take place during and after MeHg exposure regarding Ca®*;
dysregulation and its relationship to cytotoxicity in the Renshaw area. Due to the complexity of
the biphasic Ca?'; interactions we did not identify exactly how much each Ca?" store contributes
to the total [Ca®']; increase in the Renshaw area. Additionally, we did not determine whether
MeHg-induced cell death in our model occurs through apoptotic or necrotic pathways (Castoldi et

al., 2000; Fujimura et al., 2009; Nagashima et al., 1996).
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CHAPTER FIVE:

SUMMARY AND CONCLUSIONS
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Summary of experiments and conclusions

This dissertation was designed to understand whether known targets of MeHg neurotoxicity
contribute to dysfunction in cells that degenerate in ALS disease. Prior work has demonstrated that
exposure to MeHg causes an increase in [Ca*']; which behaves in a time- and concentration-
dependent manner both primary and transformed cell lines (Edwards et al., 2005; Hare et al., 1993;
Marty & Atchison, 1997; Ramanathan & Atchison, 2011). In detail, MeHg releases Ca®* from the
mitochondria and the SER into the cytosol, known as phase 1 (Hare & Atchison, 1995; Levesque
& Atchison, 1991; Limke & Atchison, 2002). Then, MeHg causes extracellular Ca®* to enter the
cytoplasm via VGCCs and LGICs, known as phase 2 (Hare et al., 1993; Marty & Atchison, 1997;
Ramanathan & Atchison, 2011). Additionally, MeHg induces cell death which is in part mediated
by VGCCs (Edwards et al., 2005; Marty & Atchison, 1998). Furthermore, exposure to MeHg in
vivo accumulates and degenerates aMNs in the spinal cord (Moller-Madsen, 1990, 1991; M. Su et
al., 1998). Together, these findings highlight the participation of membrane receptors and Ca**

stores during MeHg-mediated alterations in Ca** homeostasis and cell death.

My experimental design elucidates the involvement cholinergic receptors and extracellular Ca**
in differentiated PC12 cells. Additionally, it reveals the participation of LGICs and intracellular
Ca?" stores during MeHg-mediated Ca?" dysregulation and cell death in the Renshaw area. The
central hypothesis guiding these studies was that LGICs and internal Ca®* stores participate of
MeHg-mediated increase in [Ca?']; leading to degeneration of the Renshaw area. I expand the
neuroscience, as well as, the pharmacology and toxicology fields by presenting novel knowledge

in the susceptibility of the Renshaw area to MeHg-induced neurotoxicity.
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The original findings within this dissertation are the following:

1) MeHg neurotoxicity is modulated by, but not exclusive to, heteromeric nAChRs in
differentiated PC12 cells.

2) Contribution of extracellular Ca?" influx is crucial during MeHg-mediated increase in
[Ca®']iand subsequent cytotoxicity in differentiated PC12 cells.

3) The neurotoxic effects of MeHg in vitro extend to an in situ model. The Renshaw area is
susceptible to MeHg-mediated increase in [Ca?']i and subsequent cytotoxicity, via
cholinergic and GABAergic, but not glycinergic, mechanisms.

4) Internal Ca?" pools contribute to MeHg-mediated increase in [Ca?']; in the Renshaw area.

Experiments in Chapter 2 support the hypothesis that MeHg mediates increases in [Ca*"]; through
mechanisms that involve nAChRs in differentiated PC12 cells. Presence of the heteromeric
nAChR antagonist, MEC, delayed MeHg-mediated [Ca®"]; increase and subsequent cell death.
Effects of MeHg in the cholinergic neurotransmission have been well established at the presynaptic
and postsynaptic membranes. Presynaptic effects include the reduction of nerve-evoked ACh
release and promotes spontaneous release of ACh, in a Ca?*-dependent manner (Atchison &
Narahashi, 1982; Juang, 1976a). The postsynaptic effects of MeHg include the inhibition of the
fast depolarizing response in nAChRs (Quandt et al., 1982). MeHg inhibits binding of ACh to the
mAChR and nAChR, suggesting that MeHg binds to the receptor itself (Eldefrawi et al., 1977,
Shamoo et al., 1976). Furthermore, MeHg blocks the binding of carbachol, the mAChR agonist

(Castoldi et al., 1996). Thus, the cholinergic system is a target of MeHg toxicity.
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Differentiated PC12 cells express heteromeric and homomeric nAChRs (Blumenthal et al., 1997;
Virginio et al., 2002). Furthermore, upon differentiation PC12 cells express the same nAChR
stoichiometry as in the Renshaw area (Chavez-Noriega et al., 1997; Vincler & Eisenach, 2004;
Virginio et al., 2002). The nAChR activates IP3 mechanisms to increase cytosolic Ca?* through
SER-dependent pathways (Dajas-Bailador & Wonnacott, 2004; Eberhard & Holz, 1987; Sharma
& Vijayaraghavan, 2001). Binding of nicotine to the nAChR initiates a Ca**-induced Ca*'-release
cascade that triggers Ca®" efflux via ryanodine and IP3 receptors in hippocampal cells (Brain,
Trout, Jackson, Dass, & Cunnane, 2001; Sharma & Vijayaraghavan, 2001). Exposure to MeHg
disrupts Ca**i homeostasis (Marty & Atchison, 1997) and this is one of the main mechanisms in
which MeHg causes cell death. MeHg accumulates in the cerebellum and degenerates the granule
cell layer in humans and animals (L. W. Chang, Reuhl, & Spyker, 1977; Hunter & Russell, 1954).
Agents that block entry or buffer extracellular Ca?" protect against MeHg-induced cell death

(Limke, Bearss, et al., 2004; Marty & Atchison, 1998).

My findings agree with previous studies which demonstrate that MeHg increases [Ca?*]i and cell
death in primary and immortalized cell lines. (Edwards et al., 2005; Hare et al., 1993; Marty &
Atchison, 1997, 1998). MeHg caused a biphasic increase in fura-2 fluorescence and induced cell
death in differentiated PC12 cells. Treatment with MEC significantly delayed Ca?* dysregulation
produced by MeHg during phase 1 without affecting phase 2. Similarly, MeHg increases [Ca*'];
during phase 1 by interacting with mAChRs in CGCs (Limke, Bearss, et al., 2004). MeHg
exposure disrupts divalent cation regulation (Denny & Atchison, 1996; Limke, Heidemann, et al.,
2004; Marty & Atchison, 1997). Failure of MEC and MLA treatment to delay the time-to-onset of

phase 2 suggests that there is a non-Ca?" divalent cation that is responsible for the phase 2 in
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differentiated PC12 cells. Specifically, MeHg releases intracellular Zn** and this alters the
estimation of [Ca®']; using fura-2 microfluorimetry (Denny & Atchison, 1994, 1996). Homomeric
nAChRs do not contribute to the MeHg-mediated dysregulation of [Ca?"]i. This could be due to a
low receptor expression or that MeHg has higher affinity to the receptor than MLA. Furthermore,
the lack of contribution from homomeric nAChRs during MeHg neurotoxicity cannot be ruled out.

MeHg effects on the homomeric a7-containing nAChRs have not been studied before.

Extracellular Ca®* influx is critical during MeHg-mediated Ca?* dysregulation and subsequent cell
death. Chelation of external Ca?>* with EGTA delayed fura-2 fluorescence at phase 1 and phase 2.
Our results are the second to indicate a contribution of Ca**¢ in phase 1 Ca?"; dysregulation during
EGTA conditions. Perhaps alterations in phase 1 are due to Ca**-induced Ca?*-release mechanisms
(Hannon 2016 dissertation). The delay in fura-2 fluorescence during phase 2 occurs via non-
cholinergic pathways because treatment of MEC and MLA did not delay this phase. The
mechanism(s) underlying this effect remain unclear, but data suggest that other divalent cations,
such as Zn**, could be contributing to changes in fura-2 fluorescence intensity. Thus, external Ca?*
is involved in MeHg-mediated increase in [Ca®*]; and this is linked to mechanisms of cell death in

differentiated PC12 cells.

Experiments in Chapter 3 support the hypothesis that exposure to MeHg causes disruption of Ca**
homeostasis and cell death in the Renshaw area. Furthermore, MeHg in sifu neurotoxicity will be
reduced with the presence of BCC to block GABAARs, strychnine to bock GlyRs and both MEC
and DHBE to block nAChRs. Recurrent inhibition in the Renshaw area is controlled by the

negative feedback mechanism between excitatory and inhibitory neurotransmissions.
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Communication between nAChRs, GABAARs and GlyRs regulates synaptic input and the
generation of the locomotor rhythm (Bhumbra et al., 2014). A disruption in this circuit by MeHg
impedes the firing feedback between aMNs and RCs. Ultimately this leads to cell death via
mechanisms of hyperexcitability (van Zundert, [zaurieta, Fritz, & Alvarez, 2012; Wootz et al.,

2013).

Electrophysiology studies demonstrate that GABAaRSs are susceptible to MeHg neurotoxicity. In
detail, MeHg suppresses the GABA-induced Cl current (Arakawa et al., 1991). MeHg decreases
the IPSP amplitude to a complete block (Yuan & Atchison, 1995), which occurs earlier than EPSPs
(Yuan & Atchison, 1995, 1997). Hence, synaptic inhibitory neurotransmission is more sensitive
to MeHg than excitatory neurotransmission. Furthermore, the sensitivity of GABAARs to MeHg
is greater in a6-containing CGCs than in al-containing Purkinje cells because MeHg suppressed
faster the IPSC in CGCs (Herden et al., 2008; Yuan & Atchison, 2003). Thus, the receptor
stoichiometry influences the toxicity of MeHg. Also, MeHg potentiates binding of BZs in the
GABAARs (Fonfria et al., 2001). Together, these findings suggest that MeHg targets GABAaRs
and disruption of inhibitory neurotransmission plays an important role in MeHg-induced MN

excitotoxicity.

My findings demonstrate that GABAARSs participate of MeHg-mediated dysregulation of [Ca®"];
and subsequent cell death in the Renshaw area. MeHg-mediated increase in [Ca®']i through
GABAARSs precedes cell death mechanism(s). Treatment with BCC, MEC and DHBE reduced
MeHg-mediated Ca?'i dysregulation. Therefore, MeHg-mediated increase in [Ca?']; occurs

through GABAergic and cholinergic pathways. MeHg does not affect al-containing nAChRs at
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the NMJ (Atchison & Narahashi, 1982). The Renshaw area expresses a3, a5-containing nAChRs
(Alvarez et al., 2005; Geiman et al., 2002). MeHg does not affect nAChRs at the NMJ but it does
affect nAChRs at the Renshaw area. This discrepancy could be due to the expression of the o
subunit in the nAChRs. Besides these regions expressing different a subtypes, the nAChR structure
could be slightly different perhaps making it easier for MeHg to reach sulfhydryl groups in the
Renshaw area. Contrary to my hypothesis, glycine receptors do not participate in MeHg
neurotoxicity. Blocking this receptor with strychnine did not protect against MeHg-mediated
increase in [Ca*']i and subsequent cell death. A previous study demonstrated that strychnine
treatment did not prevented the increase in population spikes caused by MeHg exposure in
hippocampal CA1 neurons (Yuan & Atchison, 2005). Thus, MeHg and strychnine could compete
for the same binding site in the GlyR, or MeHg has higher affinity to glycine receptors than
strychnine. Moreover, strychnine could cross-react with GABAARs because they both belong to
the same family of LGICs, hence they share a similar receptor structure (Grenningloh et al., 1987;
Langosch, Thomas, & Betz, 1988). Also, strychnine may not have an effect in the Renshaw area
(Ryall et al., 1972). However, the lack of contribution from GlyRs during MeHg neurotoxicity

cannot be ruled out.

MeHg cytotoxicity in the Renshaw area occurred at delayed, but not immediate, time points. My
findings support that GABAergic mechanisms participate during MeHg-induced cell death.
Similarly, MeHg exposure causes delayed cell death in CGCs (Edwards et al., 2005; Marty &
Atchison, 1998). Blocking GABAaRs with BCC delayed MeHg-induced cytotoxicity in the
Renshaw area. This area expresses aS-containing GABAaRs, which are involved in tonic-

mediated inhibition (Castro, Aguilar, Andres, Felix, & Delgado-Lezama, 2011; Glykys, Mann, &
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Mody, 2008; Lee & Maguire, 2014). If MeHg blocks this receptor and consequently decreases
tonic inhibition it can lead to cell death via MN-mediated hyperexcitability. Furthermore,
cerebellar ataxia and motor dysfunction occurs when GABA-mediated tonic inhibition is reduced
in C57BL6J mice (Egawa et al., 2012). Furthermore, delayed cell death extends to reports of
human poisoning. Specifically, Iraqi victims poisoned with MeHg presented symptoms weeks to
months post-MeHg exposure (Bakir et al., 1973; B. Weiss et al., 2002). Similarly, Japanese victims
did not show poisoning symptoms until years post-MeHg exposure (M. Harada, 1995; B. Weiss et
al., 2002). Together, I conclude that the alterations in Ca?"; homeostasis and cell death in the
Renshaw area occur due to hyperexcitability via too much cholinergic excitation and not enough
GABAergic inhibition. This chapter expands the current scientific knowledge by revealing the
participation of nAChRs and GABAARs in MeHg-mediated Ca?" dysregulation and cell death in

the Renshaw area.

Experiments in Chapter 4 support the hypothesis that depletion of Ca?* from intracellular Ca**
stores with the combination of CCCP and THP decreases MeHg-induced increase in [Ca®']; and
subsequent cell death in the Renshaw area. The SER contains ryanodine and IP3-sensitive Ca®*
pools and the SERCA pump. These all regulate cytosolic Ca?>" homeostasis (Irving et al., 1992).
Previous studies demonstrate that MeHg upregulates IP3 receptors (T. A. Sarafian, 1993),
enhances the binding of IP3 to its receptor (Chetty et al., 1996) and releases Ca** through IP3
receptors (Hare & Atchison, 1995; Tan et al., 1993). Emptying of the IP3-sensitive pool in the
SER delayed but not abolish phase 1 (Hare & Atchison, 1995), suggesting that the SER contributes
to the overall cytosolic increase in [Ca?'];. Additionally, MeHg-mediated increase in [Ca?*]; during

phase 1 contributes 30-40% of fura-2 fluorescence in CGCs (Limke, Bearss, et al., 2004) and 68%
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in NG108-15 cells (Hare & Atchison, 1995). Perhaps the SER has a THP-insensitive Ca*" pool in
CGCs (Masgrau et al., 2000). Thus, the contribution of internal Ca?* stores to disruption of Ca?*;
homeostasis by MeHg depends on the cell type. Data suggests that the SER is not the only target
that contributes to increases of Ca?"; during MeHg neurotoxicity. MeHg disrupts mitochondria
function. In detail, MeHg depolarizes the mitochondrial membrane potential (Hare & Atchison,
1992; Kauppinen et al., 1989), opens the mPTP (Limke & Atchison, 2002), reduces production of
ATP (Sone et al., 1977), and decreases Ca®* reuptake by the Ca?" uniporter (Levesque & Atchison,
1991). Thus, MeHg disrupts Ca?*; homeostasis via a plethora of mechanisms. Furthermore,
inhibition of ATP synthase with oligomycin-A, and inhibition of complex I of the mitochondrial
electron transport chain with rotenone, reduce MeHg-mediated increase in [Ca®*]; (Komulainen &

Bondy, 1987). Thus, the mitochondria contribute to increases of Ca®"; during MeHg neurotoxicity.

In agreement, my findings demonstrate that Ca®" efflux from internal Ca?* stores contribute to the
cytosolic increase in [Ca?*]i during MeHg neurotoxicity in the Renshaw area. However, contrary
to my hypothesis, internal Ca** stores do not contribute to MeHg-induced cell death in the
Renshaw area. In CGCs, MeHg caused cell death through activation of [P3-sensitive pathways via
M3 mAChRs (Limke, Bearss, et al., 2004). Hence, the SER participates of MeHg-induced cell
death in CGCs but not in the Renshaw area. This discrepancy could be due to different factors such
as the MeHg concentration, exposure time, time of cell death measurement and the model system,
in vitro vs in situ. Perhaps, in the Renshaw area, cell death is dependent on Ca?" influx rather than

Ca?" efflux from internal Ca®" stores.
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Experiments in this dissertation considered MeHg concentrations relevant to human poisoning.
The selected concentrations correlate to blood Hg (19.5 uM) levels of acutely poisoned individuals
with motor impairment and ataxic phenotype (Bakir et al., 1973; Hunter & Russell, 1954). For the
differentiated PC12 cells in vitro experiments 1, 2, and 5 uM MeHg are environmentally relevant
concentrations because they are lower than whole-blood Hg concentrations in poisoned
individuals. Experiments in the Renshaw area used 20 uM MeHg, which it is consistent with the
MeHg concentration detected in poisoned individuals. Furthermore, symptoms of chronic MeHg
poisoning in humans have been observed with blood and brain Hg levels of 4-80 uM (Skerfving,
1988). The concentrations of MeHg used in vitro and in situ did not produce outright cell death.
Instead, the designated MeHg concentrations induce non-lethal effects. Otherwise, experiments
lose relevance to actual human MeHg exposures. MeHg neurotoxicity was measured throughout a
continuously monitored exposure that took into consideration MeHg toxicity during and post-
MeHg exposure. Thus, experiments account for the MeHg effects during immediate and delayed

toxicity.

In conclusion, experiments in this dissertation highlight new insights regarding the underlying
mechanisms involved during MeHg neurotoxicity in the spinal cord. Simultaneously, this
dissertation showcases that the Renshaw area is a target of MeHg neurotoxicity. Specifically, I
demonstrate that nAChRs, GABAARSs, as well as, extracellular Ca** and internal Ca*" stores
participate of the characteristic Ca?* dysregulation and subsequent cell death caused by MeHg
exposure. These are all well-known targets of MeHg neurotoxicity. Furthermore, I demonstrate
for the first time the susceptibility of these targets in the Renshaw area, which degenerates in ALS

disease. GxE interactions have been speculated as a risk factor for the development of
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neurodegenerative diseases. Due to the current concern of Hg emissions and environmental
contamination the scientific field must continue the research. This dissertation inspires future work

to have a better understanding of ALS disease.

I recognize that this dissertation has several limitations. First, internal Ca?" pools contribute
differently to MeHg-mediated disruption of Ca?*; homeostasis in NG108-15 cells and CGCs (Hare
et al., 1993; Limke, Heidemann, et al., 2004). Thus, the contribution of the internal Ca?" stores
following MeHg exposure depends on the cell type. The specific contribution the mitochondria
and the SER during MeHg neurotoxicity has not been studied in aMNs. In Chapter 4, the
participation of these pools was determined with a pharmacological approach. Simultaneously, the
mitochondria were depleted and the SERCA pump blocked. Therefore, experiments cannot
discriminate the individual contribution from each Ca?" store in the Renshaw area. Consequently,
I cannot confirm whether the protection afforded by the CCCP + THP treatment during MeHg
exposure was because of an additive, synergistic effect or if a particular Ca** pool is responsible
for MeHg neurotoxicity. Second, MeHg neurotoxicity in sifu in the Renshaw area has not been
previously studied. Thus, I must acknowledge and consider the presence of different cell
populations within the lumbar tissue that are not necessarily equally susceptible to MeHg.

Nonetheless they contribute to my results.
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Figure 5.1. Schematic drawing of the targets of MeHg at the neuron and glia cell.

These mechanisms are present at the presynaptic membrane, axon terminal and throughout a
neuron. Through various mechanisms MeHg increases [Ca?*]i. Uncontrolled and sustain increases
n [Ca?']; lead to neurotransmitter release and hyperexcitability. It is hypothesized that MeHg
utilizes the VGCCs, unedited AMPAR, nAChR and mAChR to reach the intracellular space. Also,
MeHg can cross the phospholipid bilayer to reach the intracellular space. MeHg increases 1P3
production, which triggers Ca** release from the SER into the cytoplasm from IP3 receptors.
Furthermore, elevated cytosolic Ca®* levels trigger Ca®" release from the SER into the cytoplasm
from ryanodine receptors, through a mechanism known as CICR. The excess of Ca?’; is normally
taken up by the SER through the SERCA pump. MeHg targets the SERCA pump. The
mitochondria buffers Ca?* released from the SER through the Ca®* uniporter. The Ca?" uniporter
is a target of MeHg. MeHg impairs mitochondrial respiration and causes Ca?" release from the

mitochondria into the cytosol through the opening of the mPTP. At the glia cell, MeHg causes
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Figure 5.1. (cont’d)
dysfunction of EAAT and triggers the release of glutamate from astrocytes, which contributes to
hyperexcitability. Together, MeHg-mediated alterations in Ca**i homeostasis lead to cell death

through mechanisms that involve cytochrome-c, lipase and calpain enzymes.
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Figure A.1. Representative tracing of changes in fura-2 fluorescence intensity in a PC12 cell
during exposure to low and high concentrations of nicotine. PC12 cells responded to a brief
(2-4 min) 40 mM KCl-mediated transient depolarization followed by a return to baseline. This
demonstrates the Ca?*-buffering capacity upon K" cessation. The maximum fluorescence ratio
induced by the different concentrations of nicotine (100-400 uM), intercalated with HBS, are the
following:

Time Marks:

123.44 > 40 mM K*

243.53 - HBS

409.98 = 100 uM Nicotine

610.82 - HBS

798.33 = 200 uM Nicotine

1064.3 - HBS
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Figure A.1. (cont’d)

1310.47 - HBS

1523.56 = 250 uM Nicotine
1755.78 - HBS

1931.41 = 300 uM Nicotine
2160.33 - HBS

2418.71 = 400 uM Nicotine

156



e
W

0.45

e
S
—

0.35

e
w

0.25

Fluorescence ratio (340 nm / 380 nm)

o
)

0 500 1000 1500 2000
Time (sec)

Figure A.2. Representative tracing of changes in fura-2 fluorescence intensity in a PC12 cell
during exposure to MEC alone or in presence of nicotine (400 pM). PC12 cells responded to a
brief (2-4 min) 40 mM KCl-mediated transient depolarization followed by a return to baseline,
demonstrating Ca**-buffering capacity upon K* cessation. Pretreatment with MEC abolished the
nicotine-induced increase in [Ca**]i.

Time Marks:

119.53 sec 2 40 mM K*

347.95 sec > HBS

789.1 sec 2 5 uM MEC

1181.49 sec = 400 uM Nicotine + 5 uM MEC
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Figure A.3. Representative tracing of changes in fura-2 fluorescence intensity in a PC12 cell
during exposure to MLA alone or in presence of nicotine (400 pM). PC12 cells responded to a
brief (2-4 min) 40 mM KCl-mediated transient depolarization followed by a return to baseline,
demonstrating Ca**-buffering capacity upon K" cessation. Pretreatment with MLA abolished the
nicotine-induced increase in [Ca®*]i.

Time Marks:

126.11 sec 2 40 mM K*

298.71 sec > HBS

673.9 sec 2 5 uM MEC

1066.58 sec = 400 uM Nicotine + 5 uM MEC
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Figure A.4. Time series comparison of elevations in [Ca?']; between MeHg-treated and
MeHg-untreated MNs in the Renshaw area. The trend indicates an increase in fluo-4
fluorescence during exposure to 20 uM MeHg compared to 0 pM MeHg. The graph suggests that
following a 15 min exposure to 20 uM MeHg, dysregulation of Ca?*; homeostasis is observed but
not enough to reach fluo-4 plateau. For the MeHg group data are presented as (n = 3). For the 0

uM MeHg or ACSF group data are presented as (n = 1).
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Figure A.S. The Renshaw area responds to KCl-mediated depolarizations only during early
timepoints. KCI1 (40 mM) treatment was not continuous. It was only applied during the specific
timepoints examined (15 min, 1 hr, 2 hr and 3 hr). Duration of the KCI treatment was 3 min at
times. During the non-examined timepoints, the slice was exposed to ACSF. Thus, after the KCI
exposure the tissue was perfused with oxygenated ACSF. Therefore, the KCI effects were washed
away and the ability to buffer Ca** ion by MNs was determined. Data suggest that at 15 min post-
baseline a significant increase in fluo-4 fluorescence is observed, denoted by asterisk (*). The other
timepoints (1, 2 and 3 hr) examined did not respond to KCI depolarizations. Data are presented as
mean + S.E.M. (n = 3). All n values are averages of 3 replicates from the same slice. Statistics are
performed using a one-way analysis of variance followed by Tukey’s multiple comparison test.

Statistical significance is considered at p < 0.05.
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Figure A.6. Early and delayed onset changes in [Ca*']; following acute exposure to MeHg in
situ in the Renshaw area. Exposure to 20 pM MeHg for 15 min significantly increases fluo-4
relative fluorescence at both 15 min MeHg and 1 hr post-MeHg compared to baseline, denoted by
asterisk (*). Data are presented as mean + S.E.M. (n=11). All n values are averages of 3 replicates
from the same slice. Statistics are performed using a one-way analysis of variance followed

Tukey’s multiple comparison test. Statistical significance is considered at p < 0.05.
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Figure A.7. Fluo-4 fluorescence intensity did not change as a function of time in the Renshaw
area. Data are presented as = S.E.M. (n = 3). A reduction of fluo-4 during a continuous perfusion
with ACSF for 3 hr was not detected in the Renshaw area. Statistics are performed using a one-
way analysis of variance followed by Tukey’s multiple comparison test. Statistical significance is

considered at p < 0.05.
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Figure A.8. Calcein fluorescence intensity did not change as a function of time in the
Renshaw area. Data are presented as = S.E.M. (n = 3). A reduction of calcein during a continuous
perfusion with ACSF for 3 hr was not detected in the Renshaw area. Statistics are performed using
a one-way analysis of variance followed by Tukey’s multiple comparison test. Statistical

significance is considered at p < 0.05.
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Figure A.9. Comparison of effects of ligand-gated ion channels inhibitors on MeHg (20 nM)
induced reduction in calcein fluorescence in the Renshaw area after 3 hr post-MeHg
exposure. A) MeHg + MEC did not cause a significant change in calcein fluorescence. B) MeHg
+ DHPE significantly reduced calcein fluorescence at 1 hr post-MeHg compared to MeHg
treatment, denoted by asterisk (*). C) MeHg + BCC significantly increased calcein fluorescence
at 3 hr post-MeHg exposure compared to MeHg treatment, denoted by asterisk (*). D) MeHg +
strychnine did not change calcein fluorescence intensity. Data are presented as mean + S.E.M. (n
= 8, 5) for MeHg or MeHg + inhibitor, respectively. All n values are averages of 3 replicates.
Statistics are performed using a two-way analysis of variance followed by a multiple comparison

test. Statistical significance is considered at p < 0.05.
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Figure A.10. CCCP with THP treatment did not change the intensity of calcein fluorescence
in the Renshaw area. A reduction or increase in calcein fluorescence during a continuous
perfusion with ACSF was not detected during any timepoint in the Renshaw area. Data are

presented as £ S.E.M. (n=1).
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