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ABSTRACT 

PERTURBATION OF ASTROCYTIC KEAP1-NRF2-ARE PATHWAY AND 

GLUTAMATE TRANSPORTER EXPRESSION IN SPINAL ASTROCYTIC 

DEGENERATION 
 

By 

Duanghathai   Wiwatratana 

Several cellular mechanisms are known to be involved in methylmercury (MeHg) induced 

central nervous system (CNS) toxicity, including the dysregulation of intracellular Ca2+, 

redox, and glutamate homeostasis. However, the factors that make particular neurons 

susceptible to MeHg toxicity, and the latency period of neurological signs and symptoms, 

have not yet been clearly delineated. For example, the spinal dorsal root ganglia (DRG) is 

the primary target of MeHg. Mercury (Hg) granules are first detected in spinal cord motor 

neurons (SMNs) in the non-symptomatic phase, whereas Hg granules are detected in glia 

later, following with neurological symptoms (Møller-Madsen, 1991). This finding 

suggested that the latent period (non-symptomatic phase) is associated with Hg 

accumulation in neurons, while the symptomatic phase occurs following Hg accumulation 

in glia, and the susceptibility is not associated with Hg granule accumulation in cells 

(Møller-Madsen, 1991). Astrocytes generally provide glutathione (GSH) for neurons to 

detoxify toxic insult. In the spinal cord, MeHg might perturb the antioxidant pathway, 

Keap1-Nrf2-ARE pathway in the spinal cord astrocytes (SCAs) consequently contribute 

to DRG or SMN susceptibility to MeHg toxicity. In this study, the comparative responses 

of different SCAs maturity to a non-toxic MeHg concentration (0.1 µM) suggested that the 

fully mature SCAs (Day in vitro 30; DIV30), were more susceptible to MeHg than  SCAs 

on DIV14. The perturbation of the Keap1-Nrf2-ARE pathway in SCAs (DIV 30) during 

exposure to sub-toxic MeHg concentration (0.50 µM) caused a biphasic increase in 



 
 

antioxidant genes such as Keap1, Nrf2, Gclc, Abcc1 mRNAs expression. The concomitant 

increase of glutamate transporter Slc7a11 encoded for the system Xc-, and Slc1a3 encoded 

for EAAT1, and Slc1a2 encoded for EAAT2 expression during MeHg exposure might 

suggest the cooperative expression or function of these glutamate transporters. This 

concomitant expression was further demonstrated in studies using Nrf2-knockout (Nrf2-

KO) derived SCAs. The increase of basal Slc7a11 mRNA, was concurrent to the increase 

of basal Slc1a3 and Slc1a2 mRNA expressions in Nrf2-KO derived SCA. The function of 

time of MeHg exposure indicated that Nrf2-KO derived SCAs were more susceptible to 

MeHg than the wild-type (WT)-derived SCAs. The pronounced susceptibility of Nrf2-KO 

derived SCAs was mainly due to the loss of GSH) metabolism and transport genes Gclc, 

GPx1, GPx4, and Abcc1 mRNAs in this genotype. MeHg significantly reduced these mRNA 

expressions in both genotypes. However, not all Nrf2-ARE regulated genes were affected 

by MeHg in similar ways in these genotypes. For example, MeHg induced the increase of 

Slc7a11 mRNA expression in WT-derived SCAs, but it appears to cause the reduction of 

this mRNA expression in Nrf2 KO-derived SCAs. Administration of antioxidant N-acetyl-

L-cystine (NAC) in pretreatment (NP), co-treatment (CO), and post-treatment of MeHg 

(MP) prevented the reduction of SCAs metabolic functions for over 160h. The mechanism 

of NAC action in preventing MeHg induced SCAs degeneration is primarily due to its thiol 

antioxidant property. 

In conclusion, this study suggests that age and genetic predisposition contribute to SCAs 

susceptibility to MeHg toxicity. The dysregulation of the antioxidant pathways and 

glutamate homeostasis in SCAs potentially contributes to SMNs or DRG susceptible to 

MeHg.  
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1.1 Background 

1.1.1 Oxidative stress: the role in physiology and pathophysiology 

Under normal physiology, reactive oxygen species (ROS) are produced in many cellular 

compartments throughout the activity of several enzymatic pathways  (Wallace, 2005; 

Frazzini et al., 2006). ROS include the superoxide anion (O2-), hydrogen peroxide (H2O2), 

and hydroxyl radicals (OH·) (Schieber and Navdeep, 2014). Besides, the NADPH oxidases, 

nitric oxide synthase (NOS), peroxisomes, and cyclooxygenases are all participating in the 

cellular oxidative burden. Mitochondria produce the majority of cellular ROS as a toxic 

by-product of oxidative phosphorylation (OXPHOS) during the ATP formation (Wallace, 

2005; Frazzini et al., 2006). Therefore, mitochondrial possess a critical role as an active 

organelle for both generating of ROS and the recycling of these free radicals. 

Approximately 2-4% of the oxygen consumed by mitochondrial is diverted to form O2-. 

The supper oxide is converted to H2O2 by superoxide dismutase (SOD). H2O2 is later 

transformed into water (H2O) by glutathione peroxidase (Gpx) or converted to O2 and 

H2O by catalase (Figure 1.1)  (Fukai and Ushio-Fukai, 2011; Lubos et al., 2011). In 

mammalian cells, SOD consists of three isoforms: the cytoplasmic Cu2+/Zn2+  homodimer 

SOD (Cu2+/Zn2+ SOD a.k.a. SOD1), the mitochondrial manganese SOD (MnSOD a.k.a. 

SOD2), and the extracellular Cu2+/Zn2+ tetrameric SOD (EC-SOD a.k.a. SOD3), all of 

which require catalytic metal (Cu2+ or Mn2+) for their activation (Fukai and Ushio-Fukai, 

2011; Yan and Spaulding, 2020).  

The OXPHOS in the brain is the potential process to generate a high quantity of ROS 

relative to other parts of the body since the brain cells utilize about 20% of the oxygen 

consumed by the body, while it accounts for only 2% of the bodyweight (Dringen and 

Hirrlinger, 2003). In addition, the brain is especially vulnerable to oxidative stress due to  
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Figure1 1.1 The regulation of cellular ROS and RNS. ROS and RNS are by-
products form normal physiological activities, particularly during OXPHOS for ATP 
generation. Extracellular superoxide dismutase (EcSOD or SOD3), cytosolic copper, zinc 
SOD (Cu2+/Zn2+ SOD or SOD1), and mitochondrially located manganese SOD (MnSOD 
or SOD2) play a major role in the diversion of superoxide (O2-) into hydrogen peroxide 
(H2O2).   H2O2 is subsequently enzymatically reduced by glutathione peroxidases (GPx), 
catalase, and peroxiredoxins (Prx) into non-reactive compounds; oxygen (O2) and water 
(H2O).  H2O2 could further react with free Fe2+ resulting in a highly reactive molecule, 
hydroxyl radical (OH-) in “Fenton reaction.”  Therefore, removal H2O2 is essentially 
protected against oxidative damage (Lubos et al., 2011). The ROS/RNS formation is 
tightly regulated with the stress response pathway Keap1-Nrf2-ARE pathway (the 
antioxidant pathway) to maintain the cellular redox.  

 

the relatively lower antioxidant enzymatic activities such as SOD, glutathione peroxidase 

(GPx), glutathione reductase (GR) and catalase, compared to those in other tissues. 

Besides, the brain contains an abundance of lipids with unsaturated fatty acids that are 

the targets for lipid peroxidation. In normal physiology, superoxide and nitric oxide (NO) 
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produced by NOS activation are not toxic unless they react non-enzymatically with each 

other to form peroxynitrite, a potent reactive nitrogen species (RNS) in the brain (Aoyama 

and Nakaki, 2013). ROS and RNS are essential molecules for maintenance of normal 

thiol-redox homeostasis, mitochondrial function, and signal transductions, including 

long term potentiation (LTP) and long term depression (LTD) in synaptic plasticity 

(Massaad and Klann, 2011). The generation of ROS and RNS is counter balanced by an 

appropriate antioxidative system to control redox homeostasis. The imbalance of the 

redox homeostasis is investigated by antioxidative defend systems i.e., Keap1-Nrf2-ARE 

pathway (see more detail in the next section). When the antioxidative defense fails to 

defend against the oxidative stress, the common pathophysiology will occur, including the 

mitochondrial dysfunction, oxidative nucleic acid and protein damage, and membrane 

lipid peroxidation (Lubos et al., 2011) as a common pathophysiology in 

neurodegenerative disease and brain aging.   

1.1.2 Stress response or antioxidant pathway: the Keap1-Nrf2-ARE pathway  

The Keap1-Nrf2-ARE pathway is the primary regulator of cytoprotective response to 

endogenous and exogenous stress caused by ROS/RNS and electrophiles (Kansanen et 

al., 2013). A master regulator in the induction of cytoprotective and antioxidant genes in 

this pathway is the nuclear factor-erythroid 2-related factor 2 (Nrf2, encoded by Nfe2l2 

gene (Tonelli et al., 2018)) (Hayes and Dinkova-Kostova, 2014). Nrf2 is a transcription 

factor that regulates several cellular detoxification and antioxidant genes (see genes listed 

in Table 1 review by Hayes and Dinkova-Kostova (2014). Nrf2 as well as Nrf1 belongs to 

the Cap “n” collar (CNC) family of transcription factors that possess the conserved basic-

region leucine zipper (bZip) motif (Tonelli et al., 2018). This motif is responsible for Nrf2 
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heterodimerization with the small musculoaponeurotic fibrosarcoma (sMaf) proteins 

(Motohashi and Yamamoto, 2004)under unbalance of redox homeostasis.  The Nrf2-sMaf 

heterodimerization subsequently binds to the antioxidant-response element (ARE) or 

electrophile response element (EpRE) in the promoter region of a vast array of 

cytoprotective/antioxidant genes (Zhu and Fahl, 2001).   

The high turn overexpression property of Nrf2 is regulated by its partner Kelch-like-ECH-

associated protein (Keap1). Under the homeostatic conditions, Nrf2 is negatively 

regulated by Keap1 to maintain Nrf2 basal level under the low level (Motohashi and 

Yamamoto, 2004) to prevent the constitutive activation of the oxidative stress response 

(Bryan et al., 2013). Keap1 functions as a ubiquitin adaptor for cullin bases E3 ubiquitin 

ligase (Cul3), and RING-box protein 1 (Rbx1) (Cul3/Rbx1) that results in a continuous 

degradation of Nrf2 through a ubiquitin-proteasome degradation (Niture et al., 2014; 

Tonelli et al., 2018).  The Keap1 facilitating proteasomal degradation of high turn over 

Nrf2 results in a half-life of approximately 10–20 min (Bryan et al., 2013).  Keap1 is a 

cysteine-rich protein containing 25 cysteines in mice and 27 cysteines in human 

(Kansanen et al., 2013). Most of these cysteines can be modified in vitro by different 

oxidants and electrophiles (Kansanen et al., 2013). Therefore Keap1 acts as a primary 

sensor for electrophiles and oxidants (Shah et al., 2018). Under the loss of redox 

homeostasis in which ROS/NOS is overproduction,  the thiol  (or “sulfhydryl”) group on 

Keap1 cysteines is oxidized, resulting in a disruption of the interaction with Nrf2,  and 

Nrf2 translocation into the nucleus where it dimerizes with the sMaf proteins (Tonelli et 

al., 2018). The Nrf2 and sMaf heterodimerization binds to the ARE region and initiates 

expressions of a multitude of antioxidant proteins, detoxification enzymes, and 
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xenobiotic transporters (Ma, 2013; Hayes and Dinkova-Kostova, 2014). Nrf2 activation 

through the Keap1-dependent pathway extends its half-life by approximately 7.5 to 15 min 

(Bryan et al., 2013). Nevertheless, the changes in Nrf2 half-life associated with oxidative 

stress and specific electrophiles vary immensely between cell lines due to the dramatic 

differences in the protein's detectable basal levels (Kwak et al., 2002; Bryan et al., 2013). 

Alternative pathways that regulate Nrf2 for the cytoprotective effects include 1. 

phosphorylation of Nrf2 by various protein kinases, PKC, PI3K/Akt, GSK-3b, JNK, 2. 

interaction with other protein partners such as p21, caveolin-1, and 3. epigenetic factors 

such as micro-RNAs -144, -28 and -200a, and promoter methylation  (Bryan et al., 2013). 

Besides primary negative regulation Keap1 complexing with Cul3/Rbx1, additional Nrf2 

negative regulators are presented in the nucleus,  including Src subfamily A members Fyn, 

Src, Yes, and Fgr. These transcription factors phosphorylate the nuclear Nrf2 at tyrosine 

568 (Nrf2 Tyr 568), leading to nuclear export and the degradation of Nrf2 Tyr 568 (Jain 

and Jaiswal, 2007). The glycogen synthase kinase-3β (GSK-3β) is an effector of Src family 

members. GSK- 3β  is activated by the H2O2, which phosphorylates the Tyr 216 of GSK- 

3β.  Activated GSK- 3β  later phosphorylates  Fyn kinase at the threonine residue(s) (Jain 

and Jaiswal, 2007). The regulation of Nrf2 by GSK- 3β-Fyn is considered a Keap1-

independent pathway and was suggested to be an alternative pathway in the 

therapeutic target (Culbreth and Aschner, 2018).  
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Figure 1.2 Keap1-Nrf2-ARE pathway. This major antioxidant pathway is activated 
when the oxidative stress or electrophiles occur intracellularly. In normal physiology, 
when the redox homeostasis is maintained, Keap1 constitutively regulates the expression 
of Nrf2 by which it binds Nrf2 to undergo proteosome degradation. When ROS or 
electrophiles occur, the redox sensor Keap1 dissociates from Nrf2 due to their bond 
breaking by electrophiles or ROS (1). Nrf2 later translocates into the nucleus, where it 
binds to the ARE region (2). Subsequently, several antioxidant genes, including the GSH 
synthesis enzymes (Gcl, GSS), GSH precursor transporter (systemXc-),  GSH transporter 
(Mrp1) are expressed (3). These antioxidant genes are later translated to function as  ROS 
detoxifiers (4). For example, the system Xc- imports cystine as a substrate precursor for 
cysteine (Cys), Gcl as a rate-limiting enzyme for GSH synthesis, and GSS as GSH 
synthetase for GSH synthesis. GSH has a significant role in the detoxification of ROS and 
electrophiles in cells (5) and exports xenobiotics and electrohples through the GSH 
transporter Mrp1 (6).  
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Another pathway to suppress Nrf2 activity is regulated by Bach1, a competitive Nrf2 

protein for binding to the ARE (Dhakshinamoorthy et al., 2005). The transcriptional 

repressor Bach1(Reichard et al., 2007) inhibits the expression of antioxidant genes by it 

dimerizes with sMaf at the ARE region, thereby the transcriptional silencing 

(Dhakshinamoorthy et al., 2005). When the cells are exposed to antioxidants within 0.5-

1h,  these Nrf2 negative regulators are phosphorylated by unknow tyrosine kinase in the 

nucleus. Subsequently, they are exported from the nucleus to the cytoplasm, where they 

are ubiquitinated and degraded (Niture et al., 2014). The nuclear export and later 

ubiquitin degradation of these Nrf2 negative regulators permits to nuclear import of Nrf2 

and increases efficiency for the induction of antioxidant genes (Niture et al., 2014). 

1.1.3 Antioxidant genes: a role in selective neuronal vulnerability  

The most interesting and intriguing in aged related and neurodegenerative diseases and 

MeHg toxicity is the selective vulnerability of certain neurons. Several lines of evidence 

suggested that different neurons have different levels of vulnerability to oxidative stress 

(Wang, 2010). For example, hippocampus CA1 neurons and cerebellar granule cells 

(CGCs) have been reported as the most susceptible to oxidative stress  (Wang and 

Michaelis, 2010), and consequently are purported to be the first to undergo functional 

decline (Wang, 2010; Salim, 2016). In MeHg exposure, CGCs are the most susceptible 

neurons in the cerebellum (Edwards et al., 2005; Kaur et al., 2007; Fujimura and Usuki, 

2014) and observed their massive degeneration in Minamata Disease brain autopsy (Eto, 

1997).   

Transcriptomic studies suggested that those neurons' selective vulnerability to oxidative 

stress is related to these neurons expressing the oxidative restress response gene higher 
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than those resistant neurons (Wang et al., 2009b; Wang, 2010).  In the CA1 region, the 

Nrf2 regulated antioxidant genes Nqo1 (NAD(P)H: quinone oxidoreductase 1), Mtla1 ( 

Metallothionein 1), and Nrf2 expressions were 1.5 -fold higher than that in CA3 region 

(Wang et al., 2005). Other Nrf2 regulated genes such as Gst (glutathione transferase), 

Txnrd1 (Thioredoxin reductase1), Ho-1 (Heme oxygenase), and all three SOD isoform 

genes expressed relative higher in CA1 region (Wang et al., 2005).  In the cerebellar 

granule cells, while the protein expression of SOD1 and Gpx1 levels were similar, the 

SOD2 level was higher in cerebellar granule cells than that in the cortical neuron (Wang 

et al., 2009b). These findings speculated the high intrinsic oxidative stress status in 

vulnerable neurons could be due to their high level of ROS/RNS formation (Wang et al., 

2005; Wang et al., 2007; Wang et al., 2009b; Wang, 2010) thus render them more 

susceptible to toxic insults including oxidative stress.  In contrast, the basal SOD2 level in 

CGCs is lower than that in the cerebellar Purkinje cells (PKCs) and cerebellar molecular 

layer neurons (interneurons) (MLNs). While no different SOD1 and catalase expressions 

in these three types of cerebellar neurons, the Gpx1 and Txnrd1 basal mRNA levels are 

significantly lower in CGCs than the PKCs and MLNs (Fujimura and Usuki, 2014).  Thus, 

the antioxidant expression particularly, SOD2, Gpx1, and Txnrd1, might contribute to the 

intrinsic vulnerability of CGCs to MeHg compared to their neighboring PKCs and MLNs, 

which are resistant to MeHg (Fujimura and Usuki, 2014).  The differential antioxidant 

gene expressions may possess a critical role in intrinsic neuronal selective vulnerability 

to oxidative stress and toxic insults.  
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1.1.4 Astrocytes 

Astrocytes, also known as astroglia, received their name from their characteristic star-like 

appearance (Pekny and Pekna, 2014). Astrocytes comprise the amplest and diverse type 

of glial cells found in both white matter and gray matter in the CNS. Not only as neuronal 

supporters, but astrocytes also possess functionally diverse and directly contribute to a 

myriad of cellular processes essential for normal CNS physiology, including 

synaptogenesis, neurotransmission, trophic regulation, and blood-brain barrier 

formation, to name a few  (Allaman et al., 2011; Chaboub and Deneen, 2012; Fernandez-

Fernandez et al., 2012; Bolaños, 2016).  

a. Astrocytic heterogeneity 

Astrocytes are heterogeneous in several aspects, not only their morphology, for example, 

development, morphology, location, protein expression, and function. Astrocytes have 

been classified into 2 general morphologies based on cellular morphology (Vaughn and 

Pease, 1967) and the intermediate filament immunoreactivity(Raff et al., 1983; Miller and 

Raff, 1984). Type 1 astrocytes (or protoplasmic astrocytes) possess highly 

branched bushy processes and are widely distributed in the gray matter. Type-2 

astrocytes (or fibrous astrocytes) possess straight lengthy processes and are mainly 

located in the white matter (Chaboub and Deneen, 2012; Tabata, 2015). The protoplasmic 

astrocytes are immunoreactive negatively to a cell surface ganglioside epitope A2B5 

antibody (Raff et al., 1983; Miller and Raff, 1984), and sporadic and relatively lower react 

to glial fibrillary acidic protein (GFAP) (Ludwin et al., 1976; Hewett, 2009), while the 

fibrous astrocytes react to both GFAP and A2B5 antibody (Raff et al., 1983; Miller and 

Raff, 1984). Functionally, protoplasmic astrocytes are associated with both synapses and 
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endothelial cells; their processes contact blood vessels forming perivascular endfeet. 

Therefore, they are directly participating in the neurovascular unit and blood-brain 

barrier (BBB). The function of fibrous astrocytes likely participate in myelination 

(Chaboub and Deneen, 2012) since they are predominantly located in the white matter, 

and their somas are often evenly spaced and ranked in rows between the axon bundles, 

and their processes terminate at nodes of Ranvier (Li et al., 2016). 

Regional populations of astrocytes appear to exhibit local heterogeneity as well as in the 

spinal cord. Due to the limitation of astrocyte-specific makers, and GFAP reacts to a 

different degree in the different developmental stage (Kerstetter and Miller, 2012), the 

classification of SCAs into fibrous and protoplasmic astrocytes significantly understates 

the complex nature of glial cells in the mammalian CNS (Miller and Raff, 1984).  For 

example, those antibodies using for classification into type-1 and type -2 astrocytes had a 

limitation in the classification of SCAs. Five types of SCAs were found according to 

morphology, immunoreactivity, and serum response classification (Fok-Seang and 

Miller, 1992; Miller et al., 1994). Many phenotypic traits of the astrocyte lineage are 

responsive to local environmental cues (i.e., are adaptable), suggesting that plasticity 

contributes to this diversity (Hewett, 2009). Additionally, astrocytes arise from multiple 

distinct progenitor pools in the developing CNS, therefore raising the possibility is that 

some astrocyte heterogeneity may result from intrinsic differences between these 

progenitors (Hewett, 2009). 

The environmental cues, including the serum types, possibly participate in astrocyte 

diversity and functions not only in vivo but also in vitro. The culture conditions, as well 

as cell culture media compositions, affect astrocyte cell culture’s characteristics and 
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functions. For example, both primary astrocyte cell culture and the explant astrocyte 

culture accumulated Glu and GABA. However,  the explant astrocyte culture did not take 

up noradrenaline and serotonin, while the primary astrocyte cell culture indicated the 

massive uptake of these neurotransmitters (Hösli and Hösli, 1995). The discrepancy in 

neurotransmitter uptaken by astrocytes is also affected by cell culture medium 

composition, including serum type. Despite the Glu uptake, the serotonin uptake was 

decreased when astrocytes were grown in horse serum (HS) compared to fetal bovine 

serum (FBS), and this uptake was abolished in chemical define medium (Kimelberg et al., 

1992).  

The variation of sera lot has indicated its effect on the expression of T-type voltage-

dependent (gated) calcium channels (VDCCs or VGCCs) (Barres et al., 1989). Besides, the 

expression of L-type VGCCs in primary cortical astrocyte cell culture has suggested being 

induced by the cAMP inducing compounds such as dibutyryl cyclic adenosine 

monophosphate (dBcAMP) (L., 1990), 8-bromo-cAMP (Paco et al., 2016), forskolin, 

isoproterenol and vasoactive intestinal peptide (Barres et al., 1989). Not only its effect to 

VGCC expressions, only 1h forskolin incubation, but the primary cortical astrocyte cell 

culture also transformed their morphology from flat polygonal type 1 astrocytes to the 

mature astrocytes characteristics with the round-up of a cell body, cytoplasmic retraction 

and multipolar processes formation (Barres et al., 1989).  The addition of the epidermal 

growth factor in the defined medium supplement for primary astrocyte cell culture 

compared to the medium supplement with 10% FBS increased astrocyte survival, and 

induced astrocytes differentiation resembled the morphology of fibrous astrocytes (type 

2) in vivo (J.E., 1985).  The addition of dBcAMP or prostaglandin on primary astrocyte 
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cell culture in the absence of FBS facilitated astrocyte maturation with process formation, 

an increase of aspartate aminotransferase (Tardy, 1981), antioxidant genes and 

transporters (Paco et al., 2016), and increase of Glu uptake and glutamine synthetase (GS) 

activity (Stanimirovic et al., 1999). These enzyme activities and gene expressions are 

highly expressed in mature astrocytes (Paco et al., 2016). The expression of glutamate 

transporter (GLT-1 or EAAT2) has been particularly concerned in primary astrocyte cell 

culture without neuronal coculture. Due to purify astrocyte cell culture with serum-

containing media exhibited the undifferentiated astrocytes, which expressed only 

glutamate/aspartate transporter (GLAST or EAAT1) (Swanson et al., 1997). The 

expression pattern of these glutamate transporter confers astrocyte maturity that GLAST 

expression is predominating at an early stage, while GLT-1 expression was undetectable 

at birth, but they were progressively observed with maturity (Sutherland et al., 1996; 

Ullensvang et al., 1997). The treatment of astrocyte cell culture with dBcAMP induced the 

GLT-1 expression and increased GLAST expression that resembled the neuronal astrocyte 

coculture (Swanson et al., 1997). Indeed, using astrocyte cell culture as a model to study 

their role in CNS has some limitations in their authentic functions to translation in their 

roles in the in vivo, unless the conditional treatments that facilitate the cell culture in 

vitro system to maintain or continue to develop as in vivo system.  

b.  Astrocytic roles in the central nervous system  

Astrocytes are heterogeneous, and they fill multiples roles in the CNS.  Here will discuss 

some of the astrocytic roles in the interaction with neurons. For example, their interaction 

in the regulation of glutamate homeostasis, glutamate-glutamine cycle, and antioxidant 

GSH supply.  
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i. Glutamate homeostasis and synaptic transmission 

In normal physiology, the intracellular glutamate ([Glu]in) concentration in neurons is 

approximately 10mM, while extracellular glutamate ([Glu]ex) concentration has been 

estimated to be 0.6mM. The substantial excitotoxic damage to neurons in intact tissue is 

expected to occur when the [Glu]ex reaches 2-5mM (Emerit et al., 2004). To avoid 

excitotoxicity during glutamatergic transmission, [Glu]ex and compartmentalization are 

exquisitely controlled, particularly by astrocytes. The astrocytic role in regulating 

glutamate homeostasis is tight with their role in the glutamate-glutamine (Glu-Gln) cycle 

(explanation in the next session). Upon neuronal activation and glutamate release, 

astrocytes control [Glu]ex by uptaking extracellular synaptic glutamate through glutamate 

transporters or excitatory amino acid transporters (EAATs). This process purposes of 

terminating postsynaptic neuronal activity to prevent glutamate-mediate excitotoxicity. 

The “high- affinity” glutamate transporter, EAATs are Na+-dependent transporters 

(Danbolt, 2001). Their transport of Glu is driven by the electrochemical gradient of both 

Na+ and K+ with the stoichiometry for each glutamate uptake is the co-transport of three 

Na+, one H+ and one K+ efflux (Figure 1.2) (Zerangue and Kavanaugh, 1996a; Levy et al., 

1998; Chen and Swanson, 2003; Danbolt et al., 2016). This mechanism allows the 

translocation of synaptic Glu, [Glu]ex crossing the cellular membrane against its [Glu]in 

concentration gradient which is several thousand-fold concentration (Murphy et al., 

1990)and keeps the  [Glu]ex in the synaptic cleft below the level of Glu receptor being 

activated (< 1µM) (Gegelashvili and Schousboe, 1997), thereby, protection from neuronal 

excitotoxicity to occur.  
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EAATs are classified into five subtypes according to their isoforms (EAAT1-5) (Danbolt, 

2001). The first two isoforms which are highly expressed in astrocytes, EAAT1 and EAAT2 

in human are known in murine animals as glutamate aspartate transporter (GLAST) and 

glutamate transporter-1 (GLT-1), respectively. The EAAT1/GLAST and EAAT2/GLT-1 

represent a majority of EAATs and play a prominent role in synaptic glutamate clearance 

due to their high affinity to Glu. Owning to their amino acid 65% homology, EAAT1 and 

EAAT2 posse the affinity to Glu with Km value ranging from 10 to 77 µM and 36-97 µM, 

respectively (Gegelashvili and Schousboe, 1997). The EAAT2 was accounted for over 90% 

of total adult CNS Glu uptake (Haugeto et al., 1996; Suchak et al., 2003). This is because 

of the differences in their expression profile.  During embryonic (E) and early developing 

CNS stages, EAAT1/GLAST is prominently expressed in radial glial cells and immature 

astrocytes in the forebrain, cerebellum, and spinal cord (Shibata et al., 1997), while the 

intense expression is decreased by age (Sutherland et al., 1996; Shibata et al., 1997). In 

the mouse spinal cord, GLAST immunoreactivity starts to be appeared on the ventral 

spinal cord on radial glia at E11 when a small ventral horn begins to be formed. It became 

intense by embryonic 13 (E13) when the ventral horn had become enlarged and contained 

several neuronal cell bodies. In the dorsal spinal cord, GLAST immunoreactivity appeared 

at E13 and became intense at E15, during which period cells in the dorsal horn increased 

in number (Shibata et al., 1997). Therefore, the GLAST appears on preexisting radial glial 

cells at stages when spinal cord neurons migrate from the ventricular zone to the mantle 

zone (Shibata et al., 1997).  Conversely, the expression of EAAT2/GLT-1 gradually 

prominent concomitant with the developmental stages of the CNS. EAAT2/GLT-1 is not 

detectable in rat brain early after birth (Sutherland et al., 1996), but their expression is 

detectable in the forebrain and cerebellum in the second and third weeks, respectively 
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(Ullensvang et al., 1997). Their expression reached the maximum by postnatal week 5 

(Sutherland et al., 1996; Ullensvang et al., 1997). After CNS maturation, EAAT2/GLT-1 

represents the major EAATs in mature astrocytes (Haugeto et al., 1996; Sutherland et al., 

1996; Ullensvang et al., 1997). In the brain, GLT-1 is widely distributed in the entire 

forebrain (Torp et al., 1994; Camacho and Massieu, 2006) where their predominant 

expression in the hippocampus, cerebral cortex, caudate-putamen, and lateral septum 

(Rothstein et al., 1994; Torp et al., 1994) while GLAST is greater enriched in cerebellum 

than other brain regions (Rothstein et al., 1994; Torp et al., 1994; Sutherland et al., 

1996).The intensity of GLAST expression in cerebellum is further different in a subcellular 

distribution which its expression is predominant in Bergman glia cells of the Purkinje cell 

layer (Sutherland et al., 1996) but is almost absent in cerebellar granule cell layer or deep 

white matter (Rothstein et al., 1994; Shibata et al., 1997). While the two transporters 

differe considerably in regard to their regional distribution, their cellular distribution are 

similar in which their appear to be expressed primarily in glia cells (Torp et al., 1994). The 

differential pattern of GLAST and GLT-1 expression from early developing to developed 

CNS suggests their roles that are not only involved in the regulation of synaptic 

transmission but also their critical role in neuronal migration and differentiation (Shibata 

et al., 1997). EAAT1 and EAAT2 take up about 80-90% of extracellular glutamate (Murphy 

et al., 1990; Danbolt, 2001; Aoyama et al., 2008; Mahmoud et al., 2019). The EAAT3 (or 

excitatory amino acid carrier (EAAC1 in murine animals) are restricted in neurons, 

particularly large pyramidal cortical neurons and Purkinje cells (Rothstein et al., 1994). 

EAAT3/EAAC1 expression is throughout the brain with higher expression in the cerebral 

cortex, hippocampus, cerebellum, and basal ganglia (Rothstein et al., 1994; Bjørn-

Yoshimoto and Underhill, 2016). EAAT3/EAAC1 expression is not restricted to 
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glutamatergic neurons. Their expressions were also exhibited in GABAergic neurons and 

dopaminergic neurons, which is highly sensitive to EAAT3 dysfunction (Nafia et al., 

2008). EAAC1 is highly expressed in soma and dendrites, particularly the neck of the 

dendritic spines, but not in the spine head or synaptic axon terminal (Rothstein et al., 

1994). The EAAC1 is highly enriched in newborns, and the distribution of Glu transporters 

in rat spinal cord also possesses differential patterns, which a strong immune reactivity 

to EAAC1 in the dorsal horn, specifically the Rexed layer 2. In contrast, the ventral horn 

where the spinal cord motor neurons (SMN) located exhibited moderated EAAC1 immune 

reactivity (Rothstein et al., 1994). This SMN reactivity is specifically only for EAAC1 but 

not GLAST, GLT-1, or EAAT4 immunoreactivity during development and adults (Furuta 

et al., 1997). The EAAT3/EAAC1 expression in the developed brain is relatively lower than 

in the developing stage. The developmental dependent expression reflects their major role 

in development possible in the regulation of biosynthesis and tropic role of GABA, which 

is excitatory in different brain regions during developing CNS (Nieoullon et al., 2006). 

This neuronal Glu transporter is also involved in the uptake of cysteine as for the de novo 

neuronal GSH synthesis. Since the application of the non-specific EAAT inhibitor threo-

β-hydroxyaspartate (TBH) into primary cortical neurons inhibited cysteine uptake and 

reduced intracellular neuronal GSH (Chen and Swanson, 2003). The antisense 

oligonucleotide specific to the knockdown of the EAAT3 expression significantly reduced 

the cysteine uptake, neuronal GSH, and neuronal viability against oxidative stress (Himi 

et al., 2003). Also, EAAT4 exhibits regional and cellular specificity. Despite the expression 

by age, EAAT4 is mainly found in Purkinje cells of the cerebellum and much lower in the 

forebrain (Furuta et al., 1997). EAAT5 is exclusively expressed in the retina. Glu transport 

is weak in EAAT4 and EAAT5 due to their slower kinetics of capture and transport. In 
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spite of glutamate influx, the EAAT4 and EAAT5 possess a unique co-transporter as they 

carry an anion influx such as Cl- down their electrochemical gradient (Wersinger et al., 

2006). The characteristic of anions carried through these transporters as if they are 

passing through a glutamate-gated chloride channel (Danbolt, 2001; Jiang and Amara, 

2011; Danbolt et al., 2016).  

 

 

Figure 1.3 The extracellular glutamate uptake is regulated by EAATs. Upon the 
increase of extracellular glutamate concentration during glutamatergic 
neurotransmission, the EAAT1 and EAAT2 in astrocytes play a prominent role in 
regulating extracellular glutamate homeostasis and termination of excitatory synaptic 
transmission by the clearance of synaptic glutamate (Otis and Dodson, 2009). The 
glutamate uptake depends on Na+ and K+ electrochemical gradient that is maintained 
through the activity of Na+/K+ ATPase (Camacho and Massieu, 2006). The stoichiometry 
for each glutamate uptake is the co-transport of three Na+, one H+ with the efflux of one 
K+ (Zerangue and Kavanaugh, 1996a; Levy et al., 1998; Chen and Swanson, 2003; Danbolt 
et al., 2016). This coupling allows the net inward movement of two positive charges with 
each glutamate translocated into the cytoplasm (Divito et al., 2017), resulting in a large 
amount of ATP requirement to re-establish the Na+-gradient after glutamate uptake 
(Camacho and Massieu, 2006). The non-oxidative glucose utilization in astrocytes, 
therefore, transports glucose from the circulation via glucose transporters expressing in 
both capillary endothelial cells and astrocytes to establish a large amount of ATP 
(Bélanger et al., 2011).  
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The expressions of EAATs are encoded by the solute-carrier (Slc) gene superfamily and 

belong to the Slc family one, which is characterized as high-affinity glutamate and neutral 

amino acid transporter family (He et al., 2009).   EAAT1/GLAST is encoded by the Slc1a3 

gene, while EAAT3/EAAC1 is encoded by Slc1a1. The EAAT2/GLT-1 is regulated by the 

Slc1a2 gene. The EAAT4 and EAAT5 are regulated by Slc1a6 and Slc1a7, respectively  

(O’Donovan et al., 2017). 

The majority of synaptic Glu clearance is primarily responsible for astrocytic EAAT1 and 

EAAT2 (Rothstein et al., 1996). The dysfunction in astrocytes in the maintenance of Na+ 

-gradience including ATP depletion as a resulting from mitochondrial damage, and or 

oxidative stress generation may cause the failure of these high-affinity Glu uptake systems 

in clearance [Glu]ex from the synapses (see Figure 1.3) (Emerit et al., 2004). The failure 

to the maintenance of Na2+ due to ATP depletion contributes to astrocytic swelling and 

the release of Glu. Ultimately, neurodegeneration occurs due to excitotoxicity. Astrocytes 

exquisitely regulate the fate of [Glu]ex to prevent excitotoxicity by the Glu-Gln cycle. 

ii. Glutamate-glutamine cycle 

Glutamate (Glu) and GABA do not cross the blood-brain barrier (BBB), and they are 

synthesized within the CNS. Neurons, however, cannot synthesize glutamate and GABA 

through the tricarboxylic acid (TCA) cycle because the neuronal activity of pyruvate 

carboxylase is unlikely to be of quantitative significance (Yu et al., 1983; Waagepetersen 

et al., 2001; Sonnewald and Rae, 2010). Therefore, they depend on astrocytes for the 

generation of glutamate.  Astrocytes generate glutamate via de novo synthesis or by 

“recycling” Gln from GABA and glutamate after reuptake. The de novo synthesis requires 

the catabolite α-ketoglutarate from the TCA cycle for glutamate synthesis and is accounts 
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for only 15% of astrocytic glutamate. Glutamate is later converted into Gln by GS, which 

predominately, if not exclusively, expressed in astrocytes (Norenberg and Martinez-

Hernandez, 1979; Hampe et al., 2018).  Glutamine exits astrocytes through the 

bidirectional amino acid flux system N transporters (sodium-coupled neutral amino 

acid transporter), SNAT3, and SNAT5 and enters neurons through the unidirectional 

system A transporters, SNAT1, SNAT2, and SNAT7 (Hampe et al., 2018). In neurons, 

glutamine is converted back to glutamate by phosphate-activated glutaminase, an enzyme 

that is highly activated in neurons than in astrocytes (Hogstad et al., 1988). The glutamic 

acid decarboxylase further decarboxylates glutamate to form GABA in GABAergic 

neurons.  After release from the neurons, glutamate re-enters the astrocytes to be 

“recycled” to glutamine. A small portion of glutamate is oxidatively metabolized; 

therefore, making a de novo synthesis of glutamate is necessary to maintain adequate 

glutamate levels. The continuous recycling of glutamate and glutamine between neurons 

and astrocytes is known as the glutamate-glutamine cycle (or glutamate-glutamine 

shuttle) (Hampe et al., 2018). The primary role of the glutamate-glutamine cycle is to 

maintain glutamate homeostasis, both intracellular and extracellular domains.  This cycle 

appears to tightly regulate with the GSH synthesis pathway between neurons and 

astrocytes (see Figure 1. 4).  

iii. Supply neuronal glutathione  

GSH is the most abundant small non-protein thiol in cells.  (Rice and Russo-Menna, 

1997). GSH is intracellularly synthesized from three amino acids glutamate (Glu), 

cysteine (Cys), and glycine (Gly) by two consecutive ATP-dependent reactions to form the 

tripeptide -glutamyl-cysteinyl glycine, called GSH(Dringen, 2000).  The first step is a 



21 
 

 

 

 

Figure 1.4 The glutamate-glutamine cycle and GSH metabolism. The 
interaction between neurons and astrocytes in regulating glutamate homeostasis via the 
glutamate-glutamine cycle (Glu-Gln cycle) (top panel) and GSH metabolism (lower 
panel). Upon synaptic glutamate release, astrocytes uptake glutamate through EAAT1/2, 
and the glutamine synthetase (GS) converts glutamate into glutamine to recycle back to 
neuron. This way, astrocytes can maintain synaptic glutamate concentration in a non-
toxic level. In neurons, glutamine is converted back into glutamate and could be 
transported through a vesicular glutamate transporter (VGluT) located on the synaptic 
vesicle. Glutamate is also decarboxylated to form GABA or is utilized as a substrate for 
GSH synthesis. Metabolic interaction between astrocytes and neurons in the GSH 
metabolism (lower panel). Astrocytes are essential sources for neuronal GSH synthesis, 
primarily during oxidative stress occurs. GSH releasing from astrocytes provide a 
substrate precursor for neuronal GSH. Once astrocytic GSH is released via Mrp1, the 

ectoenzyme -glutamyltranspeptidase (-GT), which is located on the extracellular 

membrane of astrocytes, catabolizes GSH into glutamate with X substrate (GluX) and 
cystine-glycine (CysGly). The CysGly is subsequently hydrolyzed by ectoenzyme the 
dipeptide by aminopeptidase (APN) located on the extracellular membrane of neurons 
into cysteine (Cys) and glycine (Gly). Cys and Gly are ready to uptake by EAAT3 and 
amino acid transporter, respectively. ‘X’ represents an acceptor of the γ-glutamyl moiety 
transferred by γ-GT from GSH, the most likely candidates being glutamine and H2O. 
(Dringen et al., 1999; Dringen and Hirrlinger, 2003). 
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rate-limiting step due to the involvement of the rate-limiting substrate cysteine and rate-

limiting enzymes glutamate-cysteine ligase (GCL), which is composed of catalytic and 

modifier subunits (GCLC and GCLM). This step conjugates cysteine with glutamate 

resulting in -glutamylcysteine. The second step is catalyzed by GSH synthase, which adds 

glycine to -glutamylcysteine to form - glutamylcysteineglycine (or GSH) (Figure1.4) 

(Dringen et al., 2000; Lu, 2013).This enzymatic reaction is non-allosterically feedback-

regulated by the final product GSH (Kranich et al., 1998). Glutathione (GSH) has diverse 

functions that include detoxification, antioxidant defense, maintenance of thiol status, 

and modulation of cell proliferation. The primary function of GSH is cellular 

detoxification with non-enzymatic and enzymatic reactions. The reduced GSH (GSSG) 

can react non-enzymatically to remove the free radicals, particularly O2-, HO.,  NO, and 

carbon radicals (Zeevalk et al., 2008). GSH removes hydro and organic peroxides such as 

H2O2 from cells utilizing an enzymatic reaction of GSH peroxidase (GPx)  and maintains 

GSH in a reduced state (Zeevalk et al., 2008).   It is involved in the enzymatic 

detoxification of electrophilic xenobiotics to which GSH can be conjugated by the action 

of glutathione-S-transferases (GST) (Kranich et al., 1998).  

The GSH concentration in the brain is approximately 1-3mM (Rice and Russo-Menna, 

1997) with non-uniform concentration distribution in CNS cells. The GSH concentration 

in neurons accounts to be 2.5mM, whereas its concentration in astrocytes is relatively 

higher, with about 3.8mM (Rice and Russo-Menna, 1997). GSH displays differential 

subcellular distributions with existing in both cytosol and the mitochondria.  GSH is 

concentrated at the nerve ending (Philbert et al., 1991) and exhibits Ca2+-dependent 

release upon K+-depolarization (Zängerle et al., 1992). The release of GSH was most 



23 
 

evident in the mesodiencephalon, cortex, hippocampus, and striatum and less observed 

in the pons, medulla, and cerebellum (Zängerle et al., 1992).  

In the CNS, neurons highly consume oxygen for ATP generation during activation. 

Therefore, neurons are supplied the energy source from astrocyte when glucose 

expenditure exceeds availability. Astrocytes supply lactate from glycogen stores via the 

astrocyte-neuron lactate shuttle (Bouzier-Sore et al., 2002; Zwingmann et al., 2000). 

Astrocytes also have higher concentrations of antioxidant molecules such as vitamin E 

and GSH than neurons and can protect neurons from oxidative damage (Dringen et al., 

2000; Shih et al., 2003). Astrocytes protect neurons from oxidative damage by supplying 

GSH precursors and GSH to neurons (Dringen et al., 1999; Dringen et al., 2000). In the 

CNS, astrocytes contain GSH and GPx activity higher than neurons (Dringen et al., 1999; 

Dringen et al., 2000). Besides, astrocytes are more efficiently synthesize de novo GSH 

than neurons because astrocytes are able and prefer to uptake and utilize cystine, an 

oxidized Cys for GSH synthesis (Dringen et al., 1999). Cystine, a disulfide forming 

between two cysteine molecules  (Danbolt, 2001), is relatively high in extracellular 

synapse due to 1. cysteine is not stable and ready to be oxidized into cystine in the 

circulation and in cell culture media (McBean, 2002) and 2. Cystine has a greater 

membrane permeability through BBB than cysteine and GSH (Aoyama et al., 2012). 

Cystine is transported through Na+- independent system called system Xc- (McBean, 

2002; Aoyama et al., 2008). System Xc- is mainly expressed on astrocytes, microglia, 

retinal Muller cells, and Bergmann glial cells in the cerebellum (McBean, 2002; Aoyama 

et al., 2008). The primary function of system Xc-  is to import cystine in exchange for 

glutamate in a 1:1 ratio (Danbolt, 2001). Evidence reports that EAATs might support 



24 
 

system Xc- activity and GSH synthesis (Lewerenz et al., 2009).  Studies in C6 glioma cells 

and primary astrocyte culture indicated that extracellular glutamate concentration is 

directly proportional to inhibit cystine uptake and leading to GSH depletion (Cho and 

Bannai, 1990). EAATs support system Xc- function by reducing extracellular glutamate 

to maintain glutamate driving force (Danbolt, 2001; McBean, 2002), thereby, system Xc- 

can exchange glutamate for cystine as for GSH substrate precursor cysteine. The majority 

of EAATs that modulate neuronal GSH synthesis and transport cysteine is EAAT3 

(Zerangue and Kavanaugh, 1996b; Aoyama et al., 2012; Watts et al., 2014). Neuronal 

EAAT3 preferential transports cysteine over glutamate (Aoyama and Nakaki, 2013) with 

an affinity 10-20 greater than astrocytic EAAT1(GLAST) and EAAT2(GLT-1) (Zerangue 

and Kavanaugh, 1996b; Aoyama et al., 2008; Aoyama and Nakaki, 2013) which are mainly 

responsible for synaptic glutamate uptake (Danbolt, 2001). This finding suggests that the 

primary function of neuronal EAAT3 is more related to cysteine transport for GSH 

synthesis than synaptic glutamate clearance (Aoyama et al., 2012; Aoyama and Nakaki, 

2013). 

The extracellular transport of GSH from astrocytes is regulated by the family of multidrug 

resistance proteins (Mrp), particularly Mrp1 (Hirrlinger and Dringen, 2005; Cole, 2006; 

Minich et al., 2006).  The regulation of GSH synthesis and GSH substrate and GSH 

transporters prominently regulated by the activity of Nrf2 (Hayashi et al., 2003; Hayes 

and Dinkova-Kostova, 2014). The activation of Nrf2 and its binding to ARE regulates a 

cluster of antioxidant genes, including those for GSH synthesis and those involved in GSH 

transport between astrocyte and neurons(Niture et al., 2014; Tonelli et al., 2018). The 

basal expression and activation of Nrf2-ARE are higher in astrocytes than neurons 



25 
 

(Ahlgren‐Beckendorf et al., 1999; Murphy et al., 2001; Lee et al., 2003c; Kraft, 

2004)(Kraft et al., 2004). Application of Nrf2 activators, including tert-

butylhydroquinone (tBHQ) (Ahlgren‐Beckendorf et al., 1999; Murphy et al., 2001)and 

sulforaphane to neuronal and astrocyte cultures induced the ARE-dependent genes in 

astrocytes, but not in neurons except those located close to astrocytes (Kraft, 2004). 

Presumably, neurons require an obligatory signal from astrocytes that allows the 

activation of the Nrf2-ARE pathway (Johnson et al., 2008; Blackburn et al., 2009). 

iv. Regulation of neuronal glutamate receptor subunit expression  

The spinal motor neuron (SMN) are more vulnerable to excitotoxicity than their 

neighboring neurons. The characteristic of motor neurons (MNs) that are susceptible to 

excitotoxicity has been hypothesized that AMPAR mediated excitotoxicity through the 

massive influx of Ca2+(Laslo et al., 2001), which determined by its subunit assembly (Van 

Damme et al., 2002).  AMPAR are tetrameric assemblies of a different combination of 

four GluR subunits; GluR1-4. Most AMPAR are Ca2+ impermeable, which depends on 

whether the GluR2 subunit is present within the tetramer (Wright and Vissel, 2012).  The 

ability of the GluR2 subunit to regulate Ca2+ influx, in turn, depends on the RNA editing 

at the position 586, a codon coding for glutamine (Q) to arginine (R ) (Sommer et al., 

1991; Van Damme et al., 2002; Wright and Vissel, 2012). The posttranscriptional 

modification from neutral glutamine to a positive charge arginine(Q/R) (Van Damme et 

al., 2002) attributes to AMPAR containing edited GluR2 impermeable to Ca2+(Sommer 

et al., 1991).   

The role of astrocytes in the regulation of glutamate receptor subunit (GluR) expression 

was comprehensively studied by Van Damme and colleagues (2007) in the chimeric 
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astrocyte cell culture with MNs derived from two rat strains, which are differential 

susceptibility to AMPAR-mediated excitotoxicity (Van Damme et al., 2002). The MNs 

derived from Wistar rats contained the percent of GluR2 mRNA and protein expression 

lower than that MNs derived from Holtzman rats (Van Damme et al., 2002). The Wistar 

MNs was also vulnerable to excitotoxicity treatment with 300µM kinic acid than the 

Holtzman MNs (Van Damme et al., 2002). The chimeric coculture MN with astrocytes 

from these strains revealed that the Holtzman MN  coculture with Wistar astrocytes 

became more susceptible to kinic acid treatment and similar susceptible levels to the 

Wistar MN coculture with its strain astrocytes (Van Damme et al., 2002). The 

characteristic of Holtzman MNs when were cocultured with Wistar astrocyte also 

indicated the high Ca2+ conductance (Van Damme et al., 2002). Furthermore, the 

astrocyte condition media (ACM) from Wistar rat treated in Holzman MN caused more 

cell death than ACM derived from Holztman strain (Van Damme et al., 2002). The ACM 

from Holtzman rat lost neuroprotective properties when treated with protease and high 

heat, suggesting that secreted factor(s) from astrocytes mediated the protective effect of 

AMPR mediates Ca2+ influx that contributed to excitotoxicity. 

Interestingly, not all astrocytes from Holtzman strain provided MN protection except the 

ventral spinal cord astrocyte. This finding also demonstrated the regional specific derived 

astrocytes in neuronal protection (Van Damme et al., 2007). Further evidence suggested 

that VEGF plays an essential role in the regulation of MNs susceptibility to excitotoxicity. 

Treatment with  VEGF protected  MN from excitotoxicity,  reduced Ca2+ conductance, and 

increase % of GluR2 mRNA expression (Bogaert et al., 2010). Collectively, these studies 

suggested that regional-specific astrocytes, i.e., ventral spinal cord astrocytes regulated 
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GluR2 expression in ventral MN may be through the secretion of VEGF that results in the 

protection of MN from excitotoxicity mediated by AMPR mediated Ca2+influx. 

1.1.5 Mercury species: sources, potential exposure, and toxicity 

Mercury (Hg) is among the most toxic and has caused a variety of significant and 

documented adverse effects on human health, animals, and the environment (Díez, 

2009).  Hg and its compounds are highly toxic, particularly to the developing nervous 

system (Clarkson, 1972). The toxicity of Hg imposes on humans and other organisms 

depend upon its chemical form, concentration, time, and pathway of exposure and the 

vulnerability (Díez, 2009). Hg exists in a variety of physical and chemical forms (Clarkson 

et al., 2007). Three valences (oxidation) states of Hg (0, I, and II) exist in Hg0, Hg+, and 

Hg2+, respectively (Carocci et al., 2014). Each exhibits a specific toxic profile (Clifton, 

2007).  In a zero oxidation state (or oxidation number), the elemental form, Hg0, 

is characterized as silver-colored metal that exists as a thick liquid at room temperature 

(US EPA). Hg0 is also called quicksilver, metallic mercury, and mercury vapor (Carocci 

et al., 2014). Hg0 is found in thermometers, barometer, disk batteries, fluorescents bulbs, 

gas regulators, dental amalgams, topical medications, cathartics, and substances used in 

magico-religious practice (Clarkson and Magos, 2006; Clifton, 2007; Carocci et al., 2014). 

The exposure of Hg0 may occur through inhalation, ingestion, and parenteral or 

subcutaneous administrations of these Hg0 sources (Clifton, 2007). The zero oxidation 

state Hg0 is stable in ambient air and can remain in the atmosphere for months or years 

(Clarkson and Magos, 2006), where it can transport and deposited globally (Carocci et 

al., 2014). It critically impacts global Hg cycling since it undergoes oxidation to form the 

two major oxidation states; oxidation state I result in Hg+ or referred to as 
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mercurous mercury, and oxidation state II derives Hg2+, also known as mercuric 

mercury (Clarkson and Magos, 2006). These oxidation states can chemically combine 

with other elements to form inorganic (non-carbon containing) or organic (carbon-

containing) compounds (Clifton, 2007) (US EPA). Inorganic mercury compounds exist in 

two oxidative states (mercurous, Hg+; mercuric, Hg++), which are generally in solid states 

as mercurous or mercuric salts and mercury compounds with chlorine, sulfur, or oxygen. 

The commonly found of mercurous mercury is in the form of mercurous chloride (HgCl), 

whereas the most commonly found of mercuric mercury or divalent mercury is found in 

the form of calomel or Hg2Cl2 (Clarkson and Magos, 2006). These inorganic mercury are 

found primarily in batteries, some disinfectants, and some health remedies and cream 

(Agocs et al., 1990). The industrial discharges of these inorganic mercury contaminated 

waste and the oxidization of Hg0 in the atmosphere which later deposit in the soil, water, 

and ocean, are biometylated by sulfur-reducing bacteria to organic mercury in a 

primary form of methylmercury (MeHg)(King et al., 2000).  MeHg is the most significant 

concern due to its toxicity and ability to bioaccumulate and biomagnify in the food chain 

(Lehnherr, 2014).   The predatory fish such as swordfish, shark, king mackerel, and sea 

mammals are high MeHg concentrations (Carocci et al., 2014). The top food chain 

creature, including humans, are likely exposed to high levels of MeHg, thus they may be 

affected by MeHg toxicity. Table 1 summarized the physicochemical properties and 

toxicity of Hg species.  
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Table 1 The physicochemical properties and toxicokinetics of Hg species: sources, potential exposure, toxicity, and 

reference value and regulation limits 

Hg Species Elemental Hg (Hg0) Mercuric Hg (Hg2+) Methylmercury (MeHg) 

Sources of 

Exposure 

Volcanic explosion, Fossil 

fuels, incineration, dental 

amalgams, occupational 

exposure,  

Oxidation of Hg0, 

demethylation of MeHg, 

deliberate or accidental 

poisoning with HgCl2 

Fish, marine mammals, 

crustaceans, animals and 

poultry fed fish meal 

Biological 

Monitoring 

Urine, blood Urine, blood Hair, blood, cord blood 

Toxicokinetics    

 

 

 

Absorption 

 

 

 

Inhalation: approximately 

80% of the inhaled dose of 

Hg0 readily absorbed 

Oral: Poor GI absorption, 

any released vapor in GI tract 

converted to mercuric sulfide 

and excreted 

Inhalation: aerosols of 

HgCls absorbed 

Oral: 7-15% of ingested dosed 

of HgCl2 absorbed from the GI 

tract;  

Absorption proportional to 

the water solubility of  

Inhalation: vapors of MeHg 

absorbed 

Oral: approximately 95% of 

MeHg in fish readily absorbed 

from the GI tract 
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Table 1 (cont’d) 

Hg Species Elemental Hg (Hg0) Mercuric Hg (Hg2+) Methylmercury (MeHg) 

Absorption 

(cont’d) 

 

Dermal: Average rate of 

absorption of Hg0 through 

human skin is 0.024 ng/cm2 

for every 1mg/m3 in air 

mercuric salts;  uptake by 

neonates greater than adults 

Dermal: In guinea pigs, 2-

3% of the applied dose of 

HgCl2 absorbed 

Dermal: In guinea pigs, 3-

5% of the applied dose of 

MeHg  absorbed in 5 h 

Distribution 

Rapidly distribution 

throughout the body due to its 

lipophilic 

 

 

 

 

Half-life is 45 days (slow 

phase) in the blood and dose-

dependent  

Highest accumulation in the 

kidney; a fraction of dose 

retain in the kidney is dose-

dependent; in neonate wildly 

distribute  and not 

concentrate in the kidney as in 

adults 

Half-life is 19.7-65.6 days in 

the blood with 24 days (1st  

Distribution throughout the 

body due to its lipophilic; 

approximately 1-10% of an 

absorbed oral dose of MeHg 

distributed to blood; 90% of 

blood MeHg in red blood cells 

MeHg-Cysteine complex 

involved in MeHg 

transportation into cells 
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Table 1 (cont’d) 

Hg Species Elemental Hg (Hg0) Mercuric Hg (Hg2+) Methylmercury (MeHg) 

Distribution 

(cont’d) 

Readily cross BBB and 

placenta barriers 

 

phase) and 15-30 days (2nd 

phase) 

Does not readily cross BBB or 

placenta barriers; In fetus and 

neonate whose BBB is 

incompletely formed, 

Hg2+concentration is higher 

in their brain than in adults 

Half-life is 50 days in the 

blood;  50% of dose found in 

liver and 10% in the brain 

Readily cross BBB and 

placenta barriers 

 

Biotransformation 

Hg0 in tissue or blood oxidized 

to Hg2+ by catalase and H2O2; 

H2O2 production is a rate-

limiting step 

Following oral administration 

of Hg2+in rodents, the 

existence of exhaled Hg0 

vapor occurred.  

Hg2+is not methylated in the 

body but the microorganisms 

in GI can form MeHg 

MeHg is slowly methylated to 

Hg2+ 

Tissue macrophages, 

intestinal flora, and fetal liver 

are sites of tissue 

demethylation 
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Table 1 (cont’d) 

Hg Species Elemental Hg (Hg0) Mercuric Hg (Hg2+) Methylmercury (MeHg) 

Biotransformation 

(cont’d) 
 

 

 

 

 

 

 

Bind or induce 

metallothionine 

Mechanisms of demethylation 

remain unclear in mammal 

cells; free radicals 

demethylate MeHg in vitro;  

bacterial demethylation 

enzymes involved 

Does not bind or induce 

metallothionine 

Excretion 

Excreted as Hg0 in exhaled 

air, sweat, and saliva; as Hg2+ 

in feces and urine 

Excreted in urine, feces, 

saliva, bile,  sweat, exhaled air, 

and breast milk  

Excreted in bile and feces 

(primary routes); 90% 

excreted in feces and 10% in 

urine as Hg2+; 1% daily 

excretion of body burden 
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Table 1 (cont’d) 

Hg Species Elemental Hg (Hg0) Mercuric Hg (Hg2+) Methylmercury (MeHg) 

Excretion  

(cont’d) 
  

Lactation increases clearance 

from blood;  16% of Hg in 

breast milk is MeHg 

Half-life 

Limitation 
58 days 1-2 months 

 

70-80 days (whole-body) 

depending on species, dose, 

sex, and animal strains 

Toxicodynamics    

Critical target 

organs 
Brain and kidney kidney Brain and kidney 

Causes of Toxicity Oxidation of Hg0 to Hg2+ 

Binding to thiols in critical 

enzymes and structural 

proteins 

Demethylation of MeHg to 

Hg2+  and intrinsic toxicity of 

MeHg 
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Table 1 (cont’d) 

Hg Species Elemental Hg (Hg0) Mercuric Hg (Hg2+) Methylmercury (MeHg) 

Latency period   

In Iraq, from weeks to month 

In Japan, more than a year 

Differences due to the Se in 

fish could reduce toxicity in 

Japan epidemics 

No toxic signs during latency 

Mobilization 
DMPS, DMSA (After oxidation 

to Hg2+) 
DMPS, DMSA DMPS, DMSA 

Possible 

Antagonists  
  Se, garlic, and zinc 

 

Reference values 

and regulatory 

limits  

 

RfC for chronic inhalation: 

3x10-4 mg/kg/day 

LOAEL: 0.009 mg/m3 

(no RfD for chronic oral 

exposure); EPA 

RfD for chronic oral exposure: 

3x10-4 mg/kg/day 

LOAEL: 0.317 mg/kg/day 

(no RfC for inhalation); EPA 

 

RfD for chronic oral exposure: 

1x10-4 mg/kg/day =  5.8gµ/L 

blood MeHg concentration 

(no RfC for inhalation); EPA 
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Table 1 (cont’d) 

Hg Species Elemental Hg (Hg0) Mercuric Hg (Hg2+) Methylmercury (MeHg) 

Reference values 

and regulatory 

limits  

(cont’d) 

 

 

 

 

 

 

 

 

 

 

 

MRLs+ 

Chronic: 0.0002mg/m3; 

ATSDR 

Maximum Contaminant Level 

Goal (MCLG) and Maximum 

Contaminant Level (MCL) in 

drinking water; EPA 

Both MCLG and MCL  

in drinking water 

=0.002mg/L (2ppb) 

in water bodies = no more 

than 144 ppt 

 

 

MRLs+ 

Acute: 0.007 mg/kg/day 

Intermediate: 0.002 

mg/kg/day; ATSDR 

Fish tissue-based water 

quality: no more than 0.3µg 

Hg /g of fish (an indicator that 

water bodies should not have 

higher levels in their fish); 

EPA 

Commercial seafood products 

no more than 1ppm  

(interstate shipment does not 

apply for in-state shipment 

and recreational caught fish); 

FDA  

MRLs+ 

Chronic: 0.0003mg/m3; 

ATSDR 
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Table 1 (cont’d) 

Note: DMPS= 2,3-dimercapto-1-propane sulfonate, DMSA= meso 2,3-dimercaptosuccinic acid, Se= selenium, + Minimal 

Risk Levels (MRLs+), a health-based screening level for chronic exposures to airborne mercury; an estimate of the daily 

human exposure to a hazardous substance that is likely to be without appreciable risk of adverse non-cancer health effects 

over a specified duration of exposure, RfC=reference Concentration and RfD=Reference Dose, an estimate of the daily 

exposure to humans that is likely to be without an appreciable risk of deleterious effects during entire lifetime defined by 

US EPA Sources: (ATSDR, 1999; NRC, 2000; EPA, 2001)
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 1.1.6 Mercury cycle and pathways of organisms exposure to mercury 

Pathways of Hg entering the environments are complex. The various forms of Hg can be 

converted from one to the others.  Hg0 is released to the environment from both natural 

and anthropogenic sources (Clarkson and Magos, 2006). The natural sources include 

volcanic and geothermal activities that release an estimated 1,500 tons of Hg to the 

environment (Carocci et al., 2014). The anthropogenic sources derive from the various 

industries, fossil fuel, cement production, and incineration of solid wastes that constitute 

2,320 tons of Hg emission annually (Carocci et al., 2014). The intensional extraction and 

utilization of Hg became primary sources of Hg emission that includes mercury mining, 

small scale gold and silver mining, artisanal gold mining, Chlor-alkali production,  

fluorescent lamps, auto headlamps, thermostats, and dental and amalgam application 

(Díez, 2009; Pacyna et al., 2010). Once Hg0 vapor enters the atmosphere, it maintains in 

the atmosphere for as long as one year (Clarkson and Magos, 2006; Díez, 2009).  This 

long atmospheric residence time of Hg0 vapor ensure distributes the long travel distance 

from its original emission sources (Clarkson and Magos, 2006). For example, the high 

emission rate in the one continent might lead to Hg0 transport to the remote region in the 

other continents (Clarkson and Magos, 2006; Díez, 2009). Based on modeling of the 

intercontinental Hg transport performed by the European Monitoring and Evaluation 

Program suggested that the annual Hg deposition to the Arctic was derived primarily from 

anthropogenic sources from Asia, accounting for 33% and Europe accounting for 22% 

(Travnikov, 2005). Most of Hg in the interior Arctic tundra is derived from Hg0 deposition 

(70%) and an only minor contribution from Hg2+ deposition (Obrist et al., 2017).  
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The atmospheric Hg0 vapor is slowly oxidized to Hg2+ in the form of mercuric compounds, 

including mercuric oxide (Clarkson and Magos, 2006). Some fraction of the atmospheric 

Hg2+is believed to be reduced back to the Hg0. The atmospheric mercuric compounds and 

Hg0 return to the earth's surface mainly through the rainwater into the water, ocean, soils, 

and vegetation(Clarkson and Magos, 2006; UNEP, 2013). Once Hg0 and Hg2+ are 

reaching in the aquatic ecosystems, they are transformed into MeHg via the methylation 

processes by the microbial communities in the sediments (Compeau and Bartha, 1985, 

1987; King et al., 2000; Díez, 2009). The primary microorganisms responsible for 

mercury methylation are anaerobic sulfate-reducing bacteria (Compeau and Bartha, 

1985, 1987; King et al., 2000). This biomethylation process is believed to be a protective 

mechanism since Hg2+ is more toxic to these microorganisms (Clarkson and Magos, 

2006; Díez, 2009).   Consequently, MeHg enters the aquatic food web and undergoes a 

biomagnification process. Accordingly,  humans are exposed to MeHg occurring through 

fish and marine food consumption (Clarkson and Magos, 2006; Díez, 2009) (See the 

global Hg cycle and the impact on  in Figure 1. 5).  

The degree of biomagnification depends on the hierarchy of fish species in the food chain 

(Clarkson and Magos, 2006), size and age of fish, pH, and redox potential of the water 

(King et al., 2000; Díez, 2009). The latitude and temperature are also positively related 

to Hg biomagnification (Lavoie et al., 2013). Possibly, the warmer temperatures stimulate 

growth rates in aquatic organisms, which in turn decreases the amount of Hg per unit of 

body mass as opposed to colder temperatures where growth rate is diminished (Lavoie et 

al., 2013). The colder temperature may also reduce the MeHg excretion rate in organisms 

(Lavoie et al., 2013).  A simpler food web at higher latitude characterized by a small  



39 
 

  

Figure 1.5 Global cycle of Hg. Mercury (Hg0) is released into the environment from 
natural and anthropogenic sources. The natural sources included the geogenic, 
i.e.volcano eruption, wildfire, or biomass burning. The anthropogenic sources are the 
exhausted and waste discharged from industries and artisanal gold mining. Once Hg0 
enters the environment, the atmospheric Hg0 could travel long-distance from its original 
sources and deposits to land and water bodies after the rain.  The atmospheric Hg0 could 
be oxidized to the inorganic Hg (Hg2+). When Hg2+deposits into the sediment, the sulfur-
reducing bacteria metabolize Hg2+ into organic Hg, i.e., MeHg (CH3Hg+), via the 
methylation processes. MeHg is transferred to living organisms through the aquatic food 
chain. The plankton, the aquatic food web producer, consumes those sulfur-reducing 
bacteria in the sediment, carries MeHg to its predators, primary consumers like 
zooplankton, small fish, and crustaceans. These primary consumers are, in turn, eaten by 
fish, small sharks, corals, and whales. The higher the food web's predators, the higher the 
MeHg concentration in the tissue, which is termed the bioaccumulation of MeHg. Human 
is the top predators in the food web, which consequently expose to MeHg through the 
consumption of seafood. The MeHg could be demethylated into Hg0, which later enters 
back to the atmosphere. The interchange between Hg species maintains the Hg in the 
environment and causes the Hg cycle (NRC, 2000; UNEP, 2013). (picture adapted from 
UNEP, 2013, NRC, 2000, and https://wi.water.usgs.gov/mercury/mercury-cycling.html) 

 

https://wi.water.usgs.gov/mercury/mercury-cycling.html
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number of diverse species may result in higher Hg biomagnification than that in a more 

complex food web characterized by a large number of species diversity in lower latitude 

(Lavoie et al., 2013). Generally, the MeHg concentrations existing in various fish species 

range between 0.01 and 4mg/kg (ppm) (Díez, 2009). The higher trophic level organisms 

likely contain higher MeHg concentration in the muscle tissue (Clarkson and Magos, 

2006; Díez, 2009). Large predatory fish such as king mackerel, pike, shark, swordfish, 

walleye, barracuda, large tuna, Scabbard, and marlin, as well as seals and tooth whales,  

contain the highest Hg concentration (Díez, 2009) that could reach as high as 4ppm 

(Clarkson and Magos, 2006). As such, the dietary pathway through the consumption of 

contaminated fish, shellfish, and sea mammals, is the primary source of human exposure 

to MeHg (Castoldi et al., 2008). 

1.1.7 Historical episodes of methylmercury poisoning: Chronic high dose 

exposure (Minamata Bay and Agano River, Japan) and Acute high dose 

exposure (Iraq) 

Two historical episodes of MeHg poisoning have occurred in Japan in the 1950s to 1960s 

and Iraq in the 1970s, classified by the high dose of MeHg exposure with the different 

temporal exposure. The chronic high dose exposure to humans is well illustrated in the 

Japanese epidemics. The first epidemic occurred in 1953 to 1956 near the Minamata Bay, 

Kumamoto Prefecture (Tokuomi et al., 1961), and the second epidemic occurred in 1964 

to 1965 along the Agano River, Niigata Prefecture, Japan (Clifton, 2007; Carocci et al., 

2014). The epidemic in Minamata occurred because the river was contaminated from the 

Hg containing wastes from over 36 years (1932 to 1968). The Chisso Cooperation Ltd. had 

been discharged MeHg associated wasted (Igata, 1993; Harada, 1995), derived from the 
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utilization of Hg as a catalyst for the acetaldehyde production processes into the 

Minamata Bay (Harada, 1995; Carocci et al., 2014). The residents living nearby these Bays 

ingested MeHg contaminated fish and shellfish and exhibited the neurological signs and 

symptoms termed Minamata disease (Eto, 1997). According to a reported studied by the 

Kumamoto University Research Group, the Hg level in fish in Minamata Bay was over 

10µg/g (10ppm) in 1961; later in 1969, the Hg level decreased to about 0.5µg/g (0.5ppm) 

(Eto, 1997), which remained higher than the provisional regulatory standard in fish. A 

total Hg in fish is  0.4 µg/g or less, and a MeHg in fish is not over 0.3 µg/g according to 

the provisional regulatory standard in fish (Eto, 1997). The residents of Minamata Bay 

began to exhibit the clinical manifestation in 1950s, such as visual field constriction, 

sensory disturbance, and ataxia (Harada, 1995; Eto, 1997), the trias of  Hunter-Russell 

syndrome (Eto, 1997), symptoms associated to workers who manifested from engaging in 

a production of MeHg compounds at a seed disinfectant plant in England (Hunter and 

Russell, 1954). The severity of the neurological sequelae from these MeHg exposures in 

Kumamoto Prefecture and Niigata Prefecture became very apparent, especially when the 

exposure occurred prenatally from the mothers ingesting the contaminated fish. The 

infants from either completely asymptomtic or mild toxic mothers exhibited or 

subsequent developed neurological dysfuctions including cerebral palsy, cerebellar 

ataxia, primitive reflexes, hyperkinesis, limb deformities, deafness, blindness, seizure, 

strabismus, dysarthria, and mental retardation (Clifton, 2007).   

A second massive MeHg poisoning in 1971 to 1972 in Iraq involved a more acute and 

higher dose of MeHg poisoning than that existed in Minamata due to the consumption of 

a MeHg based fungicide contaminated bread (Bakir, 1973). The wheat seeds treated with 
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MeHg and EtHg compounds as antifungal seed dressing agents were for baking bread due 

to mislabelling. These incidents occurred in Iraq, Pakistan, and Guatemala (Bakir, 1973).  

The fungicide ethylmercury-p-toluene sulfonanilide was responsible for the outbreak in 

Iraq in 1956 and 1960 (Bakir, 1973). Methylmercury dicyadiamide was used to treated 

seeds before distribution to farmers during the growing seasons of the early 1960s—three 

hundred seventy cases of MeHg poisoning in Guatemala and 45 cases in Pakistan. The 

massive MeHg poisoning occurred in Iraq from February 1972 to August 1972. A total of 

6530 cases of poisoning were admitted to hospitals throughout the country, and 459 

victims died. The distribution of the Hg treated grain to farmers began in September 1971 

from the southern seaport of Basra, Iraq, and delivered to all provinces in the country 

(Bakir, 1973). The rate of admissions to the hospitals increased in early January 1972 to 

several hundred per day (Bakir, 1973). There was a latent period of weeks or months 

between MeHg exposure and neurological symptoms. The primary signs and symptoms 

resembled MeHg poisoning in Japan. Due to the patients exposed to MeHg in a relatively 

short period, the first symptoms usually were the loss of sensation at the extremity of the 

hands and feet and around the mouth (paresthesia). Patients also exhibited loss of 

coordination in gait (ataxia), slur speech (dysarthria), diminution of vision (visual field 

constriction), and loss of hearing (auditory disturbance) (Bakir, 1973). The ataxia may 

subsequently decrease, but general recovery was poor. Severe poisoning led to blindness 

and death (Bakir, 1973). The clinical manifestations usually appeared after the 

consumption of the Hg contaminated bread has stopped. According to Hg in the blood, 

the mean ingestion periods ranged from 41 to 68 days and the mean latent periods ranged 

from 16 to 38 days ( See Table 4 in Bakir, 1973).  The blood Hg concentration appeared to 

correlate to the mean period of ingestion and the onset of the symptoms positively. The 
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mean half-time of blood Hg clearance was 65 days with ranging from 40 to 105 days. The 

first sample of blood collection were in the range of 1.1 to 3.1 µg/ml (ppm) (Bakir, 1973). 

The variation of Hg clarence among individuals affected the degree of MeHg toxicity. 

1.1.8 Recent and current investigations of methylmercury exposure: Chronic 

low dose exposure (the Faroe Islands and the Seychelles Islands ) 

The high dose of MeHg exposure, such as in Minamata or Iraq, rarely occurs, and the 

severely adverse neurological effects mainly occur in prenatal exposure through maternal 

fish consumption. As such, the current primary concern is the possible adverse effects of 

a chronic low dose of MeHg exposure (Clifton, 2007). According to the longitudinal 

studies in Kumamoto and Niigata Prefectures, the severity of neurological sequelae 

becomes apparent in the prenatal exposure from maternal ingesting the contaminated 

fish, regardless of the mother exhibiting mild or asymptomatic neurological disorders 

(Clifton, 2007).  In Iraq, following maternal ingestion of methylmercury treated grain 

suggested that maternal hair mercury concentrations above 10 ppm may be related to 

delayed developmental milestones and neurological abnormalities. High-frequency of 

fish consumption could achieve a high Hg level of exposure. Two large-scale longitudinal 

studies evaluated the association between maternal hair MeHg levels and prenatal 

exposure neurological outcomes in two island populations with high seafood and fish 

intake. The chronic low doses of maternal dietary MeHg associated with neurotoxicity 

were found in the longitudinal study for seven years in the Faroe Islands cohorts. The 

prenatal MeHg exposure children, seven years of age, exhibited attention,  language, and 

memory deficits.  At 14 years of following up,  a latency of the brain stem auditory evoked 

potential is associated with the maternal Hg levels with the maternal hair MeHg level 
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ranging 2.6 to 7.7 ppm,  averagely 4ppm (Myers and Davidson, 2000), confirming a 

lasting effect after intrauterine MeHg exposure (Clifton, 2007). However, the 9 years  

(Davidson et al., 2000; Davidson et al., 2008) and 17 years (Davidson et al., 2011) of 

following up in evaluating the chronic low dose of MeHg exposure in prenatal in 

Seychelles Islands study could not detect any statistically significant adverse neurological 

outcomes (Davidson et al., 2000; Davidson et al., 2008; Davidson et al., 2011). 

Conversely, these Seychelles cohort children performed even better in specific 

neurological tests (Myers et al., 2000).   The maternal hair MeHg levels of the Seychelles 

cohort ranged between 0.5 to 27 ppm, with 5.9ppm as the median (Myers and Davidson, 

2000).  Mayers and colleagues (2000) have compared the differences between the Faroe 

Islands and the Seychelles Islands in table 3 of their review that the composition of the 

neurological development tests and age at evaluation differences (Myers et al., 2000). 

However, when Davidson and colleagues (2008) applied the same testing and scoring 

procedure reported by the Faeroe studies to reanalyzing data at the same age of the Faroe 

cohort studied, the results were consistent with their previous tests that no association 

between the prenatal MeHg exposure and neurological development tests existed 

(Davidson et al., 2008). Besides the composition of the neurological test battery and age 

at evaluation, the differences between the Faroe Islands and the Seychelles Islands exist-

including the genetic or ethnic composition, source or type of fish consumption, other 

environmental toxins or toxicants (Myers et al., 2000) (see detail in table 3 of Myers et 

al., 2000). The ethnicity of the Faroe Islands is Scandinavian, whereas the ethnicity of 

Seychelles is mixed, including the African and Asian (Myers et al., 2000). The Faroe 

cohorts consume not only fish, but the large predatory fish like the pilot whale and 

possible other environmental contaminants such as polycarbonate biphenyl (PCB) 
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synergistically contribute to the adverse neurological outcomes compared to the 

Seychelles cohorts who consume smaller fish and no other environmental toxicants 

involved (Myers et al., 2000). Perhaps, the genetic background and environmental 

contaminants could contribute to the MeHg susceptibility among individuals.   

1.1.9 Pharmacokinetics and pharmacodynamics of methylmercury 

The primary route for MeHg exposure is through the dietary, which mainly is from marine 

food contaminated with MeHg. The biological half-time of MeHg in fish is on the order of 

months to years (Ballatori and Boyer, 1986).  MeHg is efficiently absorbed and distributed 

throughout the body, including the brain, where the achieved concentration is about five 

times higher than that in the blood (Castoldi et al., 2008). MeHg also distributes to hair 

and wildly used as a biomarker of present and past exposure (Castoldi et al., 2008). The 

hair to blood concentration ratio is about 250:1 (µgHg/g hair to µgHg/ml blood) (WHO, 

1990; Castoldi et al., 2008). The half-life of MeHg in the body is about 50 days, with a 

range between 20-70 days (Clarkson, 1993; Díez, 2009; Syversen and Kaur, 2012). The 

half-life of MeHg in the hair is approximately 65 days, while its average half-life in the 

blood is 40-50 days (Clifton, 2007).       

Highly distribution of MeHg in the body less likely occurs through the lipid-soluble 

diffusion; instead, it results from the formation of complex molecules containing thiol 

that can transport across the plasma membrane, including BBB (Kerper et al., 1992; 

Simmons-Willis et al., 2002). MeHg, along with other mercuric cations, favorably react 

to sulfhydryl (thiol) - containing molecules, especially GSH, the most abundant non-

protein thiol in cells (Clarkson, 1993). This MeHg-sulfide binding complexes, such as 

MeHg-GSH, highly influence toxicokinetics and toxicodynamics of MeHg. MeHg is 
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rapidly absorbed and eliminated by enterohepatic circulation and intestine through faces 

(Clarkson, 1993) and is highly accumulated in the CNS, especially the brain.  After 

ingested MeHg contaminated diet, approximately 95% of MeHg is rapidly absorbed from 

the gastrointestinal tract and enters blood circulation where MeHg primarily binds to 

thiol molecules in erythrocytes (Clarkson, 1993; Clarkson and Magos, 2006), partly 

forming methylmercury-glutathione (MeHg-GSH) and methylmercury-cysteine (MeHg-

Cys) complexes (Hughes, 1957; Aschner and Aschner, 1990; Kerper et al., 1992). About 

90% of blood MeHg is concentrated in red blood cells (RBC) compared to the plasma in 

a ratio of 10-20:1 (Clarkson, 1972; Clifton, 2007). These complexes distribute to other 

tissues, including the brain, which reaches a steady-state within 2-3 h (Clarkson, 1972; 

Clarkson and Magos, 2006; Clifton, 2007).  Due to its structural similarity to methionine, 

MeHg-Cys can cross capillary endothelial cells constitution of BBB via large neutral 

amino acid transporter (LAT) (Aschner and Aschner, 1990; Kerper et al., 1992; Clarkson, 

1993). MeHg concentration in the brain may reach three to six times the levels in the 

blood (Clarkson, 1972; Clarkson and Magos, 2006; Clifton, 2007).  

MeHg is eliminated from the body system partly through the MeHg-GSH transport 

mechanism, i.e. the ATP binding cassette transporters named multidrug resistance-

associated protein (Mrp)(Gundacker et al., 2010). Some MeHg-GSH is further 

demethylated by intestinal microflora into poorly reabsorbed inorganic mercury (Hg2+) 

(NRC, 2000), which is excreted via the feces and urine (Clarkson, 1993; Clarkson and 

Magos, 2006). The daily net of MeHg excretion is accounted for 1% of the body burden 

that gives the MeHg body half-life of about 50 days (Clarkson, 1993; Díez, 2009; Syversen 

and Kaur, 2012), indicating that MeHg is removed from the body slowly (Díez, 2009). 
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Approximately 90% of MeHg is eliminated from the body by demethylation and excretion 

of the inorganic form Hg2+ in excrement. The urinary excretion accounts for 10% of total 

elimination from the body (Díez, 2009).  

The uptake of MeHg into the brain is slower than other organs and accounted for 

approximately 10% of the MeHg body burden. Approximately 20% of brain MeHg is 

water-soluble and mainly found as MeHg- Cys and MeHg-GSH (Kerper et al., 1992; 

Clarkson, 1993). Once in the brain, MeHg could be slowly biotransformed to Hg2+, 

accounting for 3-6% of brain Hg(Syversen, 1974), perhaps through the demethylation 

process (Charleston et al., 1994; Vahter et al., 1995). Both MeHg and Hg2+ were relatively 

evenly distributed to various parts of the brain except the thalamus and pituitary that 

indicated the heightened increase of Hg2+ level (Vahter et al., 1995).  Brain Hg2+ appeared 

to accumulate in the myelin and mitochondria more than other intracellular organelles 

(Syversen, 1974). The fraction of total Hg present in tissues as Hg2+ depends on the 

duration of exposure to MeHg and the time after cessation of exposure (Friberg and 

Mottet, 1989). The review data from the MeHg outbreak in Iraq, where people had been 

exposed to high oral doses for two months, indicated that kidneys usually contained the 

highest fraction of Hg2+. The Hg2+ in the whole blood was about 7%, in plasma 22%, in 

breast milk 39%, in liver 16-40%, and in urine 73% (Friberg and Mottet, 1989). Human 

brain biopsies detected about 87 % Hg2+ (NRC, 2000). The experimental studies of 

Macacus fascicularis monkeys who had been on daily oral exposure to subtoxic levels of 

MeHg ( 50µg Hg/Kg body weight) for 2-3 years indicated the Hg2+ in the cortex 

accounting for 18% of total cortex Hg (Friberg and Mottet, 1989). Approximately 90% of 

Hg2+ was found two years later in the same MeHg exposure scenario (Friberg and Mottet, 
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1989). Similarly, macaque monkeys with the daily oral MeHg exposure for 6 to 18 months 

found Hg2+ in these monkeys’ brains (Vahter et al., 1994). Hg2+ constituted about 9% and 

18%  of total Hg in 6-12 months and 18 months of daily oral MeHg exposure, respectively 

(Vahter et al., 1994). After 6 months free of MeHg exposure, 74%  was accounted for Hg2+ 

of total brain Hg in monkeys exposed MeHg for 12 months (Vahter et al., 1994). The brain 

Hg2+ levels in monkeys intravenously exposure to HgCl2 were negatively related to Hg2+ 

blood levels (Vahter et al., 1994), and Hg2+ does not readily cross BBB  (NRC, 2000). The 

brain Hg2+ concentrations of MeHg exposure monkeys had several times higher than that 

in the brain of HgCl2 exposure (Vahter et al., 1995). These results suggested that Hg2+ was 

formed by demethylation in the brain (Vahter et al., 1994; Vahter et al., 1995).  Two 

biotransformation processes of MeHg into Hg2+ have been proposed that include the 

intestinal microflora and the organism tissues such as macrophages and fetal liver (Suda 

et al., 1991). Despite the slow rate of demethylation in rats and most other species (NRC, 

2000),  the enzymes responsible for the biotransformation have not been well identified 

in the tissue themselves. Greater emphasis has been placed on the possible role of a free 

radical mechanism in the biotransformation of alkyl Hg both MeHg and ethylmercury 

(EtHg)(Suda et al., 1991; Suda and Hirayama, 1992). The degradations of these alkyl Hg 

into Hg2+ were achieved by using three OH radical generating systems that include Cu2+ 

-ascorbate, xanthine oxidase (XOD)-hypoxanthine (HPX)-Fe(III)EDTA, and H2O2-

ultraviolet light B (Suda et al., 1991). Incubation of MeHg with HO. and NADPH enhances 

the Hg2+ formation in the liver microsome (Suda and Hirayama, 1992). In addition, the 

-globulin and serum albumin have shown similar degradation activity in rat liver 

homogenate that their activities were much stimulated further by glutathione and 

dithiothreitol (DTT)  (Gage, 1975; NRC, 2000). The critical organ for Hg2+ toxicity and 
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somehow the biotransformation is the kideney.  The biological mechasnims for removing 

Hg2+ from the CNS are limited due to its poor membrane permability. The half-life of 

brain MeHg is about 37 days, whereas the half-life of brain Hg2+ takes longer to 230-540 

days (Vahter et al., 1995). (Counsil, 2000; Rooney, 2007).Whether MeHg or its 

biotransformation to Hg2+ cause the CNS damage  remains controversial (NRC, 2000).  

The intraperitoneal injection (i.p.) of a relatively high dose of MeHg or HgCl2 (ranging 

from 0.2 to 10 mg)  in Wistar rats for 2 to 50 days results in the homogenous distribution 

of MeHg but not HgCl2 (Møller-Madsen, 1990). The MeHg treatment indicated the 

massive Hg deposits in neurons, glia, and ependymal cells, whereas HgCL2 treatment 

mainly accumulated Hg deposits in neurons (Møller-Madsen, 1990). The motor nuclei of 

the rhombencephalon presented the massive Hg deposits from both compounds. While 

MeHg i.p. rats presented the massive Hg deposits in neurons, and lesser extent but 

significant in glia and ependymal cells, HgCl2 i.p. rats exhibited massive Hg deposits in 

neurons, a lesser degree in ependymal cells, and devoided glia (Møller-Madsen, 1990). In 

the cerebellum,  the Purkinje cells (PKC), Golgi cells, and Golgi epithelial cells but not the 

granule cells, heavily deposited Hg in MeHg i.p rats,  whereas the HgCl2 i.p. rats devoided 

the Hg deposits in PKC (Møller-Madsen, 1990). The pyramidal neurons in the cerebral 

cortex prominently constituted Hg deposits, as well as, glia, albeit to a lesser extent than 

the nerve cells (Møller-Madsen, 1990).  The Hg was deposited in the gray matter of the 

spinal cord, particularly the anterior horn motor neurons (Møller-Madsen, 1990). 

Similarly, oral administrations of MeHg (20mg/L) in Wistar rats also displayed Hg 

depositions in neurons and later glia. There was a latent period of Hg accumulation in 

tissues follow MeHg administration (Møller-Madsen, 1991).  The first appearance of Hg 

deposits was restricted to the nerve cell bodies of specific areas in the brainstem following 
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ten days of MeHg administration. After 16 days of the administration, the Hg depositions 

appeared in the spinal cord. Later following 28 days of oral administration, the even Hg 

distribution in the brain and spinal cord were detected, which largely deposited in the 

cerebellar PCK, Golgi epithelial cells, and Golgi cells and spinal motor neurons in the 

anterior horn (Møller-Madsen, 1991).  Comparative Hg deposition at cellular levels in 

these rats as a function of time of oral MeHg administration suggested that the Hg 

deposition were first observed in neurons ( day 10) later in glia (day 28) (Møller-Madsen, 

1991).  The clinical signs of the neurological impairments displayed on day 24 of 

administration with the progressive increase of locomotor and postural deficits. The 

ataxia and crossing the hind limbs were appeared on day 28 (Møller-Madsen, 1991).  

The relative lower and more chronic MeHg administration studies in M. fascicularis, the 

extensive depositions of Hg2+ were exhibited in astrocytes and microglia, while little 

deposit was seen in neurons (Charleston et al., 1995a). The presence of Hg2+ deposition 

in neurons depends upon the concentration and duration of MeHg exposure (Charleston 

et al., 1995a; Syversen and Kaur, 2012). The neurons in the calcarine sulcus of adult M. 

fascicularis exposure to subclinical MeHg concentration (50g/Kg/day) for 18 months 

appeared the increase of Hg2+ accumulation in neurons than that in MeHg exposure for 

6 and 12 months (Charleston et al., 1995a). While the number of neurons, astrocytes, 

oligodendrocytes, endothelial, and pericytes numbers were not altered, the reactive glia 

increased in all these treatments (Charleston et al., 1994). This increase of reactive glia 

appears to correlate to the increase of microglia (Charleston et al., 1995b). Moreover, the 

deposition of Hg2+ was observed in glia during the latent phase (non-symptomatic phase), 

whereas Hg2+ deposition was found in neurons during the symptomatic phase (Syversen 

and Kaur, 2012).  
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The cellular toxicities of Hg species are complex and intertwined. Whether the MeHg 

itself or its metabolites Hg2+ exerts proximal neurotoxic effects in MeHg exposure, the 

clinical signs and symptoms are different among these Hg compounds (NRC, 2000; 

Syversen and Kaur, 2012). It is most likely that MeHg initially and primary causes the 

neurological toxicities. The biotransformation between different Hg species in MeHg 

toxicity also raises the complication for risk assessment.      

1.1.10 Proposed cellular mechanisms by which methylmercury-induced 

toxicity 

a. Disruption of intracellular calcium homeostasis  

The intracellular calcium ([Ca2+]in) is essential for several physiological processes, 

including synaptic transmission, synaptic plasticity (Berridge, 1998; Augustine et al., 

2003; Hidalgo and Arias-Cavieres, 2016), neuronal migration, and differentiation 

(Komuro and Rakic, 1996). Under resting physiological conditions,   the concentration of 

[Ca2+]in is maintained at a small concentration in the nM range, whereas the extracellular 

Ca2+ concentration is in the mM range (Limke et al., 2004a).  The sustained elevation of 

[Ca2+]in could contribute to the overstimulation of regular neuronal activity and later is 

detrimental to CNS cells (Mattson, 2007; Roos et al., 2012).  The cellular mechanisms by 

which the increase in [Ca2+]in -mediated cell death is one of the critical cellular 

mechanisms involved in MeHg-induced toxicity. The sustained [Ca2+]in elevation has been 

shown in various cell types after MeHg exposure. MeHg induces the biphasic elevation of 

[Ca2+]in in cerebellar granule cells (CGCs) (Marty and Atchison, 1997a; Edwards et al., 

2005), cerebellar Purkinje neurons (PKCs) (Edwards et al., 2005), and spinal cord motor 

neurons (SMNs) (Ramanathan and Atchison, 2011).  
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Generally, primary sources of [Ca2+]in elevation are from 1. the influx of extracellular Ca2+ 

([Ca2+]ex ) through plasma membrane receptors such as N-methyl-D-aspartate receptors 

(NMDARs) and voltage-dependent Ca2+ channels (VDCCs) and 2. the intracellular stored 

organelles such as mitochondria, endo/sarcoplasmic reticulum (Mattson, 2007). Several 

lines of evidence suggest that the first phase of Me-induced [Ca2+]in elevation has involved 

the release of intracellular stored calcium from the endoplasmic reticulum and 

mitochondria (Hare and Atchison, 1992; Hare et al., 1993; Limke and Atchison, 2002; 

Limke et al., 2003; Limke et al., 2004b), whereas, the second phase of [Ca2+]in elevation 

derived from extracellular calcium influx (Marty and Atchison, 1997a; Limke and 

Atchison, 2002; Edwards et al., 2005).  The second phase's characteristic exhibited a 

gradual, sustained intracellular calcium elevation that later reaches the plateau (Marty 

and Atchison, 1997a; Limke and Atchison, 2002; Edwards et al., 2005). The onset of 

[Ca2+]in elevation is inversely related to MeHg concentration(Hare et al., 1993; Marty and 

Atchison, 1997a; Limke and Atchison, 2002; Edwards et al., 2005).  

The intracellular stored Ca2+ organelles' contribution was explained by the inhibition of 

the mitochondrial function or sarco/endoplasmic reticulum.  Application of cyclosporin 

A (CsA), a mitochondrial permeability transition pore (mPTP) inhibitor (Limke and 

Atchison, 2002), carbonyl cyanide m-chlorophenylhydrazone (CCCP) an uncoupler of 

oxidative phosphorylation that depolarizes the inner mitochondrial membrane (Limke et 

al., 2003) delayed the onset of the first phase of the [Ca2+]in elevation.  The application of 

thapsigargin,  a non-competitive inhibitor of the sarco/endoplasmic reticulum 

Ca2+ ATPase (SERCA) and ryanodine, a ryanodine receptor activator, reduced the 

contribution of the sarco/endoplasmic reticulum in the first phase of the [Ca2+]in elevation 
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(Limke et al., 2004b). In addition, the increase of the first phase of the [Ca2+]in elevation 

occurred before the change of mitochondrial membrane potential (m) (Hare et al., 1993) 

and CsA delayed the loss of m  (Limke and Atchison, 2002).   

The route of Ca2+ influx through plasma membrane receptors was examined using various 

receptor antagonists and extracellular Ca2+chelating agents.  In CGGs, both VGCCs 

blockers -conotoxin MVIIC or nifedipine (Marty and Atchison, 1998a) and muscarinic 

acetylcholine receptors (mAChRs) inhibitor, atropine  (Limke et al., 2004b) delayed the 

onset of the second phase of [Ca2+]in elevation.   Not only  VGCC blockers but also an 

AMPAR antagonist, CNQX, and NMDA receptor antagonists, MK-801 or AP-5  delayed 

the onset of the second phase of the [Ca2+]in elevation in SMN cell culture (Ramanathan 

and Atchison, 2011). These results suggested that excitatory membrane receptors are 

involved in Ca2+ -influx.  

Besides excitatory glutamate receptors involved in [Ca2+]in elevation, the GABAA 

receptors have indicated their complex roles in the CGCs’ susceptibility to MeHg toxicity. 

The selective GABAA receptor agonist muscimol and its antagonist bicuculline delayed the 

onset and reduced the magnitude of MeHg effects on Fluo-4 fluorescence, an indicator of 

relative changes in [Ca2+]in,  in the external granule layer (EGL) and molecular layer (ML) 

of the rat cerebellar slice (derived from postnatal day 9) (Bradford et al., 2015). In the 

internal granule layer (IGL), both muscimol and bicuculline delayed the onset of MeHg-

induced increases in Fluo-4 fluorescence but did not affect fluorescence magnitude 

(Bradford et al., 2015).  The differential effects of MeHg to Fluo4 fluorescence changes 

among the different layers of the cerebellar slices may suggest that the more mature CGCs 

in the ML and IGL reacted less to MeHg than did those migrating CGCs located in EGL, 
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as indicated by a more considerable sustained increase in [Ca2+]in as an early exposure 

event than more mature cells (Bradford et al., 2015). 

The cascade events of the [Ca2+]in elevation may contribute to cell vulnerability to a 

persistent of MeHg insult in MeHg exposure. Several lines of evidence in CGCs indicating 

the elevation of [Ca2+]in appeared to be associated with mitochondrial dysfunction and 

later caused cell death (Marty and Atchison, 1998a; Limke et al., 2004b; Edwards et al., 

2005). The high capacity of mitochondria to sequester [Ca2+]in could eventually cause a 

membrane- potential collapse resulting in cessation of ATP production and ROS 

generation during MeHg insult (Beal, 1992). Another pathway suggested the association 

between [Ca2+]in elevation and cell death through the mitochondrial damage is the 

translocation of apoptosis-inducing factor (AIF) a key event leading to chromatin 

condensation and DNA degradation,  characteristics of apoptosis,  from the mitochondria 

to the nucleus in CGC exposure to MeHg (1 mM) (Fonfría et al., 2002). Mitochondrial 

damage can directly activate apoptosis or amplify receptor-mediated apoptotic pathways. 

Alterations of the outer mitochondrial membrane's permeability result in the release of 

mitochondrial intermembrane space proteins such as caspase or ATF (Fonfría et al., 

2002).  A study in mouse mitochondria indicated the release of ATF, which was initiated 

by the mPTP opening induced by [Ca2+]in elevation (Susin et al., 1999).    

b.Dyregulation of intracellular Zinc 

Despite the [Ca2+]in elevation, using 19Fluorine -nuclear magnetic resonance (19F-NMR) 

revealed that MeHg induced the intracellular zinc ([Zn2+]in)elevation in the rat cortical 

synaptosome and NG108-15 cells. The elevation of [Zn2+]in was not observed when 

applied the plasma membrane-permeable ion chelator N,N,N′,N′‐tetrakis (2‐
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pyridylmethyl)ethylenediamine (TPEN) (Denny and Atchison, 1994a). The real-time 

microfluorometry studies in several neuronal types using Fura-2AM also suggested the 

involvement of the [Zn2+]in elevation in MeHg toxicity. Application of 20µM TPEN 

following 3h of 10uM MeHg or mercury chloride in human neuroblastoma cell line SH-

SY5Y greatly reduce the Fura-2AM (340/380 ratio) (Ohkubo et al., 2016).  Application of 

TPEN reduced the amplitude of Fura-2AM and delayed the onset of the first phase in 

SMN during MeHg exposure (Ramanathan and Atchison, 2011).   These studies suggested 

that MeHg disrupted not only [Ca2+]in homeostasis but also [Zn2+]in.  Zinc is the second 

most abundant trace element in the body, after iron (Fe2+) (Pace and Weerapana, 2014). 

The neuroprotective and neurotoxic action of Zn2+ depends not only on its concentration 

both intra-and extracellular concentration, but also cell type-specific (Takeda, 2011). Zn2+ 

is stored in presynaptic vesicles accounting for about 10% of total Zn2+, and can be 

released upon activation. Co-synaptic release with glutamate, Zn2+ enters postsynaptic 

neurons through Ca2+-permeable-α-amino-3-hydroxy-5-methyl-4-isoxazole propionic-

acid/ kainate receptors (Ca2+-AMPARs), VGCCs, and NMDARs (Sensi et al., 1999) and 

Zn2+ transporters (Frazzini et al., 2006). Among these channels, Ca2+-AMPARs has the 

most remarkable change in intracellular Zn2+ (Sensi et al., 1999). The influx of Zn2+ can 

be buffered by the intracellular Zn2+ proteins, such as metallothionine and mitochondrial 

(Ji and Weiss, 2018).  Serie studies by Sensi and colleagues (1999 and 2000) indicated 

the preferential Zn2+ influx through Ca2+-AMPAR, and the increase of [Zn2+]in was 

concomitant with the depolarization of mitochondrial membrane potential (ΔΨm) and 

mitochondrial swelling (Sensi et al., 1999; Sensi et al., 2000).  

Zn2+ also plays a role in oxidative stress. Zn2+ can trigger ROS production through 

mitochondrial and non-mitochondrial pathways (Sensi et al., 2000).  Zn2+ inhibits 
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complex I and III, where ROS are generated (Sensi et al., 1999). The elevation of [Zn2+]in 

in neurons through Ca2+-AMPAR strongly promotes the mitochondrial ROS generation. 

This Zn2+-triggered mitochondrial ROS generation persists more extended than that 

induced by Ca2+ (Sensi et al., 1999; Sensi et al., 2000; Frazzini et al., 2006).  MeHg has 

a direct inhibitory effect on respiration, which affects complex III in the culture of rat 

cortical neurons, cerebellar neurons, astrocytes and ologodendrocytes (Yee and Choi, 

1996). Consequently, it causes ROS generation (Yee and Choi, 1996) that can further 

damage mitochondrial membranes by lipid peroxidation and impair mitochondrial 

function by the elevation of divalent cations, including Zn2+ and Ca2+. MeHg induced the 

increase of divalent cation fluorescence Fluo-4 in the brainstem of wild type mice and 

amyotrophic lateral sclerosis (ALS)-mice model (transgenic human SOD1 G93A) 

exposure to low dose (3ppm) of MeHg through Ca2+-AMPAR. This increase in Fluo-4 

fluorescence was diminished by TPEN (Johnson et al., 2011). In accordance, both wild 

type and transgenic humanSOD1 G93A mice exposed to 3ppm MeHg induced the 

increase of Zn2+ fluorescence, FluoZin fluorescence (Johnson et al., 2011). Zn2+ appears 

to contribute to the dysregulation of cation homeostasis in MeHg-toxicity through Ca2+-

permeable AMPAR (Johnson et al., 2011).    

c. Dysregulation of synaptic transmission and induced excitotoxicity 

MeHg has reported its effects on neurotransmitter metabolism,  transmission, and 

receptor functions in dopaminergic, cholinergic, and glutamatergic systems.  

The dopaminergic system is associated with motor functions, attention, and reward-

related behavior. Manifestations of the dopaminergic system or MeHg toxicity exhibited 

Parkinsonian behaviors, attention, and cognition deficits. The study in rat offspring 
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following in utero exposure to 1 mg MeHg/kg body weight exhibited the alternation of 

brain dopaminergic systems. The turnover rate and levels of dopamine (DA) were altered 

in these offspring at about the time of weaning (Bartolome et al., 1984), indicating the 

latency period of neurological disturbance of MeHg. The uptake of DA was initially 

inhibited and followed by the elevation of DA uptake in these offspring synaptosomes 

(Bartolome et al., 1984). The fluctuations of synaptic DA uptake in synaptosomes were 

preceded by the elevation of DA turnover rate (Bartolome et al., 1984). The perinatal 

MeHg exposure from gestation day (GD) 7 to PND 7, which administered orally to rat 

dams 1 mg MeHg/kg body weight/day, indicated the changes of monoamine oxidase B 

(MAO-B) activity in the cerebellum, not other brain regions, of male offspring but not 

female offsprings (Castoldi et al., 2006).  In all offspring, MeHg enhanced the 5-hydroxy-

indole-3-acetic acid (5-HIAA) levels. The combination of PCBs treatment with MeHg or 

PCBs treatment alone in perinatal rats did not affect the cerebellar 5-HIAA level changes. 

This study suggested that the perinatal exposure to MeHg result in regionally and/or 

gender-specific alterations in the central dopaminergic systems at weaning. The PCBs did 

not enhance the neurotoxicity by MeHg, and apparently, these compounds possess 

different neurotoxic mechanisms and regional specificity (Castoldi et al., 2006).   MeHg 

also induced the spontaneous efflux of DA in mouse striatal slices in a concentration-

dependent manner (Kalisch and Racz, 1996). The K+-stimulated DA efflux markedly 

enhanced by 50 and 100 μM MeHg occurred either presence or absence of extracellular 

Ca2+ (Kalisch and Racz, 1996).  The notable releases of vesicular DA were also observed 

as the time- and concentration-dependent exposure to MeHg in PC 12 cells (Tiernan et 

al., 2013). MeHg-induced DA release was attenuated but not abolished in the absence of 

extracellular Ca2+ in PC12 cells exposed to 2µM MeHg for 60 min (Tiernan et al., 2013). 
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Similarly, the concentration-dependent increase of striatal DA release observed in the 

free-moving rats exposed to 40μM to 4 mM MeHg using microdialysis coupled to liquid 

chromatography suggested the DA released from these rat striatal tissues were 

extracellular Ca2+independent (Faro et al., 2002). The increase of DA in striatal slice did 

not involve the DA transporter function since the inhibition of DA uptake using either 

nomifensine or amphetamine, DAT inhibitors, did not cause any DA level changes in 

MeHg coadministration (Faro et al., 2002).  

The MeHg also induced the increases of the intracellular DA, and the rate of stored DA 

utilization accompanied by the increase of tyrosine hydroxylase activity (Tiernan et al., 

2013). Besides, MeHg induced the alteration of DA metabolic mechanism by inhibiting 

DA metabolic enzyme aldehyde dehydrogenase (ALDH) and decreasing the intracellular 

3,4-dihydroxyphenylacetic acid (DOPAC) concentration (Tiernan et al., 2015). 

Consequently, The intermediate metabolite 3,4-dihydroxyphenylaldehyde  significantly 

accumulated in PC12 cells exposed to 2µM MeHg for 60min (Tiernan et al., 2015). The 

increase of rat striatal DA release in  400µM MeHg intrastriatal infusion was 

accompanied by the decrease of the extracellular levels of DOPAC and homovallinic acid 

(HVA) (Faro et al., 2002).  

MeHg modified the dopaminergic pathway resulting in behavioral changes.  The male but 

not female offsprings (PND 21) exposed to a low dose of MeHg (0.5 mg MeHg/kg body 

weight/day) in the perinatal period exhibited a reduction of dopamine-mediated 

locomotor activity induced by D2 receptor agonist U91356A without any changes in 

spontaneous locomotor activity (Giménez-Llort et al., 2001). When the offsprings were 

treated with apomorphine, a D1, D2, and D3 receptor agonist, the motility and locomotion 
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increased considerably compared to non-MeHg perinatal exposure offsprings (Daré et al., 

2003). The changes of these locomotor activities were not accompanied by any changes 

in striatal D1 and D2 mRNA expressions, despite the reduction of D2 receptor-ligand 

binding in the caudate-putamen (Daré et al., 2003). Subtoxic concentrations of MeHg 

that induced the dopaminergic system dysfunction potentially contributed to some 

neurological symptoms, particularly motor functions. The toxicity of MeHg is age and 

gender specificity, which the subtoxic of in utero MeHg exposure altered the DA system 

in male offsprings. The latency period of neurotoxic of MeHg may underly alter the 

dopaminergic system, which is exhibited as some motor dysfunctions, as seen in MeHg 

toxicity.  

Due to the critical roles in motor and cognitive functions that exhibited dysfunctions in 

MeHg-intoxication, the effects of MeHg on the cholinergic system were evaluated in 

sympathetic nerve and neuromuscular junctions (NMJ) using an electrophysiological 

recording for the synaptic transmission. In addition, patients suffering from a chronic 

high dose of MeHg intoxication in Niigata Prefecture, Japan, exhibited a reduction of the 

velocity of the rapid conducted motor nerve impulses (Juang and Yonemura, 1975b). 

Conversely, the patients suffering from an acute high dose of MeHg exposure in Iraq did 

not exhibit any changes in these motor nerve impulses (Juang and Yonemura, 1975b). 

The superior cervical ganglia from guinea pigs that were intraperitoneal injection of 1 

mg/animal methylmercuric chloride exhibited the significant increase of miniature 

excitatory postsynaptic potentials (MEPSPs) without any changes of their amplitude 

following  30 min, 1 day, and 5 days of MeHg exposure (Juang and Yonemura, 1975b). 

The increase of MEPSP frequency gradually returned to a similar frequency of the control 
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MEPSP after 30 days (Juang and Yonemura, 1975b). In patients suffering from effects of 

Niigata methylmercury pollution in Japan, Kanbayashi et al. have found a significantly 

reduced value for the velocity of the most rapidly conducted impulse in the motor nerves 

(Juang and Yonemura, 1975b).  The NMJ study in the phrenic nerve, which innervates 

the diaphragm, reported that relatively low MeHg concentration (4µM) did not increase 

miniature end-plate potential (MEPP) frequency. In contrast, the higher MeHg 

concentration (20 and 100 µM) increases the MEPP frequency without changing the 

amplitude (Atchison and Narahashi, 1982). Among these 20 and 100 µM MeHg 

concentrations, 100 µM MeHg did not further increase MEPP frequency, but it shortened 

the latency of MEPP occurring (Atchison and Narahashi, 1982). The increase of MEPPs 

frequency suggested that MeHg induced the release of the spontaneous synaptic vesicles. 

Under diminishing the quantal content using the low Ca2+ and high Mg2+ in Ringer’s 

solution, MeHg initially evoked the decrease of the end-plate potentials (EPPs)' amplitude 

and finally ceased EPPs occurrence after exposure to 30-40 min of 20 µM MeHg and 4-5

 min of 100 µM MeHg (Atchison and Narahashi, 1982). The iontophoretic 

application of acetylcholine (ACh) to the NMJ, the EPPs’ amplitude remained constant 

during 100 µM MeHg exposure (Atchison and Narahashi, 1982). Furthermore, 100 µM 

MeHg caused the marked reduction of the ACh quantal content, probability of release, 

and immediate available stored neurotransmitters, whereas 20 µM MeHg markedly 

increased the probability of release of neurotransmitters (Atchison and Narahashi, 1982). 

This study suggested that the effect of MeHg exposure appeared to alter the function of 

the nerve (presynapse) rather than the muscle fiber due to the minor alteration of the 

EPPs, membrane potential of the muscle fibers (Atchison and Narahashi, 1982).  The in 

vitro studies of mouse brain homogenate indicated that MeHg inhibited spontaneous 
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choline acetyltransferase (ChA), high-affinity choline uptake, and spontaneous motor 

activity (Kobayashi et al., 1981). The in vivo studies in these mice also supported these 

findings that these cholinergic enzymatic activities significantly reduced in MeHg 

exposure mice (Kobayashi et al., 1981).  

Besides the dysregulation of cholinergic synaptic transmission, MeHg affected the 

cholinergic receptors. MeHg and HgCl2 blocked the mAChRs binding site since they 

competitively bonded to the quinuclidinyl benzilate (QNB) binding sites of rat brain 

homogenate (Von Burg et al., 1980). Meanwhile, exposure of a low dose of MeHg (0.5 or 

2 mg/kg/day in drinking water) to the adult female Sprague-Dawley rats increased the 

hippocampal and cerebellar, but not cerebral, AChRs densities (Coccini et al., 1999). The 

effect of MeHg in mAChRs elevation did not occur immediately; instead, this effect 

appeared after two weeks of MeHg termination (Coccini et al., 1999). These selective 

increases of mAChRs expressions in the adult rat hippocampus and cerebellum were 

preceded by a marked increase of mAChR expressions in lymphocytes (Coccini et al., 

1999). This research suggested that the peripheral lymphocytes may represent a sensitive 

target for the interaction of MeHg with mAChRs and may be a predictive indicator of CNS 

mAChR responses (Coccini et al., 1999), consequently, the neurological signs and 

symptoms related to cholinergic system dysfunction.  On the other hand, the perinatal 

exposure offsprings ( gestation day 7 to PND 21) from dams exposed to o.5 mg/kg/day in 

drinking water on 7 days of pregnancy exhibited the reduction of mAChR expressions in 

the cerebral and cerebellar cortex (Coccini et al., 2007). The reduction of mAChR 

expressions in the cerebellum preceded the reduction in the cerebral cortex in both males 

and females despite the lasting effect in males (Coccini et al., 2007).   These offsprings ( 
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PND 36) exhibited the marked reduction of cortical neurons exhibiting mAChR subtype 

1 (M1) and subtype 3 (M3), whereas they exhibited the increase of Burgman glia 

expressing mAChR subtype 2 (M2) (Coccini et al., 2007).   These data suggested that 

MeHg acts as a potent competitive inhibitor to AChR binding sites in rat brains. MeHg 

also affected the mAChR, mainly M3 functions in cerebellar granule cells (CGCs). The 

increase of [Ca2+]in in biphasic fashion occurred in CGCs involves the M3 that evokes the 

intracellular stored Ca2+ being release and ultimately CGCs dead (Limke et al., 2004b). 

Since the down-regulation and desensitization of both M3 receptors and the IP3 receptor 

function with bethanechol protected against MeHg-induced GCG dead (Limke et al., 

2004b).  This protective effect was abolished by specific M3 antagonist (Limke et al., 

2004b). The cellular and behavioral changes in MeHg exposure in vitro and in vivo are 

mimic the central cholinergic system interruption. 

Both excitatory and inhibitory synaptic transmissions have reported their dysregulation 

in MeHg exposure. The effects of MeHg on the CA1 region in the hippocampal slice 

indicated the similar effects of MeHg to the inhibitory postsynaptic potentials (IPSPs) and 

inhibitory postsynaptic currents (IPSCs) (Yuan and Atchison, 1997b).  The blockade of 

the IPSPs and IPSCs by MeHg occurred sooner than that occurred in the excitatory 

postsynaptic potentials (EPSPs) and excitatory postsynaptic currents (EPSCs).  The field 

potential amplitude (Yuan and Atchison, 1993b), EPSPs amplitude (Yuan and Atchison, 

1993b; Yuan and Atchison, 1997b), and population spikes (Yuan and Atchison, 1997b) 

initially increased, subsequently decreasing during the MeHg application (Yuan and 

Atchison, 1993b; Yuan and Atchison, 1997b) due primarily to the activation of GABAA 

receptors (GABAARs)(Yuan and Atchison, 1997b). Pre-application of bicuculline, a 
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GABAA antagonist, prevented MeHg induced the early increase of population spike 

amplitude, whereas application of strychnine, a glycine receptor antagonist, failed to do 

so (Yuan and Atchison, 1997b). The voltage clamp of rat dorsal root ganglion neurons 

reported 1µM MeHg augmented the GABA-activated chloride channels by inducing a slow 

inward current (Narahashi et al., 1991). This event was accompanied by an increase in 

leakage current, resting membrane conductance, and membrane depolarization 

(Narahashi et al., 1991).   

The correlation between the [Ca2+]in and spontaneous synaptic current frequency 

occurred in the molecular layer, including the CGCs of the cerebellar slice perfused with 

MeHg. The onset of [Ca2+]in elevation in the molecular layer induced by MeHg was 

concomitant to the increase of sEPSCs and sIPSCs in the PKCs (Yuan and Atchison, 

2007b). The elevation of [Ca2+]in partially involved in the spontaneous synaptic responses 

since the elevation of [Ca2+]in remained noticeable regardless of MeHg already ceased the 

synaptic response (Yuan and Atchison, 2007b). The postsynaptic receptors and a release 

of neurotransmitters could be partially responsible for elevating [Ca2+] in the cerebellar 

molecular layer (Yuan and Atchison, 2007b). The inhibition of GABAA current (I-GABAA) 

in CGCs depends upon the MeHg concentration and duration of MeHg exposure (Herden 

et al., 2008). Due to the differential subunits combination of GABAA receptors among 

CGCs and PKCs, the CGCs expressing α6 -subunit might confer the susceptibility to MeHg 

more than the PKC expressing α1 -subunit. However, the time to completely inhibit I-

GABAA by MeHg did not differ among differential GABAA subunits composition (Herden 

et al., 2008). MeHg completely blocked or partially blocked (40% blocked) the I-GABAA 

in GABAA receptors expression α1- subunit similar to GABAA receptors expression α6- 
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subunit (Herden et al., 2008). This study suggested that the susceptibility of CGCs to 

MeHg less likely depends upon the differential α1 and α6 subunits composition in GABAA 

receptors (Herden et al., 2008). The auxiliary subunits of GABAA receptors might 

contribute to the differential susceptibility to MeHg in CGCs (Herden et al., 2008).  Taken 

together, the rapid block of IPSPs or IPSCs exhibits sooner than the block of the EPSPs or 

EPSCs in  MeHg exposure involves its action at GABAA receptors to decrease tonic  GABAA 

receptor-mediate inhibitory synaptic transmission,  resulting in the exaggerating the 

excitatory synaptic transmission (Atchison, 2005).  

The effect of MeHg on the neuronal excitatory was characterized as; first, alteration of 

neuronal excitability threshold (Matyja and Albrecht, 1993), subsequently depolarization 

of the neuronal membrane and, consequently, evoke the release of neurotransmitters 

(Yuan and Atchison, 1995) by increase the probability of quantal content (Atchison and 

Narahashi, 1982). The increase of the extracellular glutamate concentration was observed 

in the moving rats perfused with either 10 or 100 µM MeHg examining with microdialysis 

(Juárez et al., 2002) and cortical synaptosomes of rats subcutaneously injected with 

2mg/kg MeHg (Farina, 2003). MeHg induced a concentration-dependent increase the 

spontaneous release of Glu, aspartate as well as -aminobutyric acid (GABA), and taurine 

from mouse cerebellar slices (Reynolds and Racz, 1987). The increases of these 

neurotransmitters were independent on the extracellular Ca2+. The increase of these 

neurotransmitters releases, followed by the decrease of these neurotransmitters in 

cerebellar tissue, suggested the depletion of immediate available stored 

neurotransmitters and quantal contents, as seen in NMJ studied by Atchison and 

Narahashi, 1982. The early stimulation before the inhibiting synaptic transmission as 



65 
 

characteristics of MeHg cellular toxicity studies in the dorsal root ganglia neurons, CGC 

and PKCs, NMJ, and hippocampus suggested the effect of MeHg on synaptic transmission 

are complex and involve multiple synaptic activities.   The synaptic activity includes an 

irreversible block Ca2+ -, K+ - and Na+-channels in a time - and MeHg concentration-

dependent manner (Leonhardt et al., 1996; Yuan et al., 2005), and depression of Ca2+ or 

voltage-dependent K+ -current(Fuentes-Antrás et al., 2013). MeHg certainly affected 

excitatory and inhibitatory synaptic transmission which involves multilayers of toxic 

cellular mechansims, including the synaptic receptors and intracellular Ca2+ pathway. 

The imbalance between excitatory and inhibitory induced by MeHg toxicity would 

ultimately generate the excitotoxicity and neuronal dead. 

The increase of extracellular Glu not only involved the activity of membrane receptors but 

also involved the Glu transporters in terminating the synaptic transmission by clearance 

of extracellular Glu. MeHg caused a concentration-dependent inhibition of Glu and GABA 

uptake in mouse cortical astrocytes cell cultures (Brookes and Kristt, 1989). IC50 of MeHg 

for inhibiting Glu uptake is 4.6µM, whereas IC50 of MeHg for inhibiting GABA is 3.6 µM 

(Brookes and Kristt, 1989). Besides, Hg2+ markedly inhibited the clearance of 

extracellular Glu by both cortical astrocytes and spinal cord cultures (Brookes, 1992a). 

This effect of Hg2+ on inhibition of Glu uptake is more potent than that of MeHg since the 

IC50 of Hg2+ for inhibiting Glu is lesser than 1µM (Brookes, 1992a). The inhibition of Glu 

uptake by MeHg is closely linked to the VGCCs as evidence by the lack of inhibition of Glu 

uptake in the presence of verapamil (Kim and Choi, 1995), L-type and T-type Ca2+ -

channels blocker (Bergson et al., 2011) or the Ca2+ -free medium (Kim and Choi, 1995). 

The Glu uptake inhibition in cortical astrocytes cell culture appeared to be affected 
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explicitly by mercury compounds, both MeHg and Hg2+, not other divalent metallic ions, 

such as Cu2+, Fe2+, and Zn2+(Kim and Choi, 1995). Nevertheless, it has been reported that 

MeHg affected to Glu uptake among astrocytic Glu transporters differently. The Chinese 

hamster ovary cells (CHO) transfected with GLAST or GLT-1 exhibited differential 

responses to MeHg.  Following 6h of 5 µM or 10 µM MeHg exposure, GLAST mRNA 

expressions did not alter, whereas the GLT-1 mRNA expressions increased in both MeHg 

treatments (Mutkus et al., 2005). Conversely, GLAST protein expressions increased in 

both  5 µM or 10 µM MeHg exposure for 6h, whereas GLT-1 protein expression was 

reduced only with 10 µM MeHg exposure (Mutkus et al., 2005). Functional examinations 

of these Glu transporters in aspartate uptaking reported that 5 or 10 µM MeHg inhibited 

GLAST uptake of this amino acid following 5 min of MeHg exposure, despite no effects 

on longer time MeHg exposure. On the contrary, 10 µM MeHg induced the increase of 

aspartate uptake via GLT-1 following 5, 15, and 30 min of exposure, and only at 30 min of 

5 µM MeHg exposure induced the increase of aspartate uptake through this transporter 

(Mutkus et al., 2005). The differential actions of MeHg between GLAST and GLT-1 

expressions and their functions may involve several mechanisms despite their differential 

thiol-containing residues, specifically cysteine, which is highly reactive to oxidants  (Trotti 

et al., 1997). The amino acid sequences of rat EAAC1, GLAST, and GLT-1 contain six, 

three, and nine cysteine residues in their sequence, respectively, and two of them are 

conserved among these Glu transporters (Trotti et al., 1997). Conversely, Hg2+ inhibited 

all these three transporters, in reconstituted liposomes, uptaking Glu in a concentration-

dependent inhibition (Trotti et al., 1997).  One proposed mechanism by which Hg2+ 

inhibits Glu uptake via these Glu transporters is its highly reactive to the thiol group in 

Glu transporters (Trotti et al., 1997).  Since this Glu uptake inhibition by Hg2+ was 
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reversed by application of thiol reducing agent, dithiothreitol (DTT) (Trotti et al., 1997). 

Similarly, in cortical astrocyte cell culture, DTT reversed the H2O2-induced inhibition of 

Glu uptake (Trotti et al., 1997). Hg2+ may modify the SH-based redox modulatory in the 

Glu transporter cysteine conserved region; thereby, inhibiting Glu uptake (Trotti et al., 

1997). This mechanism might not be the only case for MeHg.  In the purified Glu 

transporters in liposomes or astrocytes cell culture expressing GLAST, thiol oxidation is 

applied with 5,5'-dithiol-bis(2-nitrobenzoic) acid (DTNB) possesses the opposite effect 

from thiol reduction DTT.  DTNB diminished the Glu uptake capacity by decreasing the 

inward (downward) current in these astrocytes cell cultures and liposomes, while DTT 

enhanced the inward Glu uptake current  (Trotti et al., 1997). As such, the mechanism by 

which MeHg induces Glu uptake via GLT-1 in CHO cells might involve a reduction of SH-

residues, whereas its mechanism on GLAST  could involve the oxidation of its SH-

residues. Meanwhile, neither DTNB nor DTT affect changing aspartate uptake in rat 

cortical astrocyte cell culture expressing GLAST (Allen et al., 2001c). When acutely 

exposed 10µM MeHg to these rat cortical astrocyte cell cultures for 5 min, it did not affect 

the aspartate uptake, but Glu and Glu transporter inhibitor,  threo-β-hydroxyaspartate 

(THA) did diminish aspartate uptake by about 70% and 99%, respectively (Allen et al., 

2001c). This result suggested that MeHg did not directly inhibit Glu transport; rather, its 

downstream cellular toxicity was primarily involved.  The 1h of 10uM MeHg exposure to 

this astrocyte cell culture significantly diminished aspartate uptake by about 70% of 

control. This inhibitory effect was reversed by coincubation with high concentration 

(1000U/ml) of catalase but not non-thiol containing antioxidants, α-phenyl-tert-buty 

nitrone (PBN) and Trolox (Allen et al., 2001c). The reversal effect of MeHg by catalase, a 

H2O2 metabolizing enzyme, suggested that ROS particularly H2O2 inhibited the Glu 
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transporters, specifically GLAST function in asprate uptake (Allen et al., 2001c). Prolong 

10µM MeHg exposure in this cortical astrocytes for 6h, the expression of GLAST mRNA 

significantly reduced as well as in the THA treatment (Allen et al., 2001c) suggesting the 

expression of Glu transporter also affected by MeHg.  However, the expressions of GLAST  

and GLT-1 proteins were not correlated their mRNA level in CHO cells exposing to 10µM 

MeHg for 6h. MeHg also did not affect the GLAST mRNA expression in CHO cells 

(Mutkus et al., 2005).  The mechanism by which MeHg altered the expression of 

astrocytic Glu transporters remain unclear, and possibly may involve transcriptional, 

translational, and post-transcriptional processes.  Certainly, the dysregulation of Glu 

transpoters expression and function by MeHg and Hg2+ ultimately resulting in loss of Glu 

homeostaisis and excitotoxicity.  

d. Perturbation of redox homeostasis: oxidative damage and antioxidant 

pathway 

Overproduction of ROS and reduction of antioxidants during MeHg exposure have been 

reported in neurons and glia (Kaur et al., 2006, 2007). Due to the characteristic of MeHg 

with high affinity to the thiol-containing molecules (Hughes, 1957), the major antioxidant 

in mammalian cells, GSH accounting for 90% of the intracellular non-protein thiol were 

reduced in a concentration-dependence of MeHg exposure in primary human neuronal 

cell culture, neuroblastoma cell line, and astrocytes (Sanfeliu et al., 2001).  The primary 

cerebral cortical astrocytes cell culture exposed to MeHg exhibited the increase of cellular 

ROS and mitochondrial ROS formation (Shanker et al., 2004a). C57BL/6J mice exposing 

to multiple doses of MeHg  depicted the reduction of brain and liver GSH levels, which 

associated with neurological disorders and progressing of death (Choi et al., 1996).  
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MeHg for 60 min induces a concentration-dependent increase in ROS formation in rat 

neonatal primary cerebral astrocytes (Shanker and Aschner, 2003b). While 5uM MeHg 

exposure in rat neonatal cortical astrocyte cell culture for 60 min did not elicit ROS 

production (Shanker and Aschner, 2003b), primary neonatal mice cerebellar neuronal or 

astrocyte cell cultures (Kaur et al., 2006) and rat striatal synaptosomes exposed (Dreiem 

and Seegal, 2007) to 5uM MeHg for 30min exhibited the marked reduction of 

intracellular GSH levels (Kaur et al., 2006) and increases of ROS production (Kaur et al., 

2006; Dreiem and Seegal, 2007). The reduction of GSH also occurred at earliest at 1 min 

with 1 µM MeHg exposure in primary microglial cell culture. The reduction of GSH could 

also be observed within 10 min following 0.1 µM MeHg exposure in this microglial cell 

culture (Ni et al., 2010a).   The increase of ROS formation and reduction of intracellular 

GSH  in lower MeHg concentration suggested that the loss of redox homeostasis was 

attributed to the early cellular toxicity of MeHg. The reduction of GSH and the increase 

of ROS levels were associated with reducing cell viability (Kaur et al., 2006). The Studies 

in the primary human fetal neuronal cell culture, neuroblastoma cell line SH-SY5Y, and 

human fetal astrocytes cell culture suggested the LC50 values following 24h of MeHg 

exposure in these primary cell cultures were 6.5, 6.9, and 8.1 µM MeHg, respectively 

(Sanfeliu et al., 2001).  Adding antioxidants 20 min and 24h later exposure 10 µM MeHg, 

1mM GSH protected all these cell cultures from MeHg- induced toxicity (Sanfeliu et al., 

2001). Not in human fetal neuronal cell culture,  8µM cysteine protected MeHg toxicity 

in human fatal astrocyte cell culture and SH-SY5Y cells (Sanfeliu et al., 2001). However, 

these protective effects were absent in pretreatments with other antioxidants, selenite, 

vitamin E, and catalase (Sanfeliu et al., 2001). Similarly, pretreatment of 200µM N-

acetyl-L-cysteine (NAC), a GSH precursor 12h prior to MeHg exposure, protected the 
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reduction of GSH and attenuated the production of ROS in the primary cortical and 

cerebellar neuronal or astrocyte cell cultures (Kaur et al., 2006, 2007). NAC's protective 

effects were concomitant with the increase of cell viability in MeHg exposure in both 

primary neuronal or astrocyte cell cultures (Kaur et al., 2006). NAC pretreatment in 

cortical and cerebellar neuronal or astrocyte cell cultures confirmed protective effects 

against MeHg induced toxicity in these cell cultures (Kaur et al., 2007).  Pre-

administration of GSH-glycoside, which increases intracellular GSH, deminsihed the 

MeHg- toxicity and maintained the brain and liver GSH levels in mice (Choi et al., 1996).  

Over ROS production and significant reduction of GSH were exhibited in both the 

primary cortical and cerebellar neuronal and astrocytes cell cultures in 5 µM MeHg 

exposure (Kaur et al., 2007). Pretreatment with diethylmaleate (DEM), GSH depleting 

agent, exaggerated the effects of MeHg toxicity in the induction of the intracellular ROS 

production and attenuation of the intracellular GSH level in cortical and cerebellar 

neuronal or astrocyte cell cultures (Kaur et al., 2007). These finding suggested the cellular 

mechansimsims by which MeHg induced toxicity invlove the intracellular ROS over 

production and antioxidant reduction.    

The accumulation of MeHg in the primary neuronal or astrocytic cell cultures was 

associated with GSH levels. When depletion of cerebellar neuronal or astrocytic GSH with 

DEM for 12h prior to 5 µM MeHg exposure, significant increases of MeHg accumulations 

were observed in both primary cell cultures (Kaur et al., 2006). NAC pretreatment for 12 

h did not enhance cellular MeHg accumulation in these cell cultures (Kaur et al., 2006). 

This data suggested that the reduction of intracellular GSH levels corresponded to the 

increase of MeHg accumulation (Kaur et al., 2006). The study in rat pheochromocytoma 
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cells (PC12 cells) strongly resistant to MeHg-induced toxicity suggested the positive 

correlation between high intracellular GSH levels and reduction of MeHg accumulation 

(Miura and Clarkson, 1993). PC12/TM sublines were more remarkably resistant to MeHg 

( 8-fold higher) and accumulated MeHg lesser than the original PC12 lines (Miura et al., 

1994). In chronic MeHg exposure for 10 days, PC12/TM exhibited a 10-fold more 

significant resistance to MeHg than the PC12 cells (Miura and Clarkson, 1993). The 

concentration-dependent accumulation of MeHg was positively correlated to cell growth 

and colony formation in both PC12 cells and PC12/TM (Miura and Clarkson, 1993).  

Compared to PC12 cells, the PC12/TM subline exhibited lesser retention and 

accumulation of cellular Hg after incubated with 5µM MeHg and washed with the MeHg-

free medium for another hour (Miura and Clarkson, 1993). The lesser degree of 

intracellular Hg accumulation in PC12/TM was due to Hg efflux's more remarkable ability 

(Miura and Clarkson, 1993). About 80% of intracellular Hg was exported from PC12/TM, 

whereas lesser than 20% of intracellular Hg was detected in PC12 cells (Miura and 

Clarkson, 1993). Of note, the Hg export was mainly MeHg since the lesser than 0.3% of 

total Hg was inorganic Hg2+ (Miura and Clarkson, 1993). The higher MeHg resistant 

capacity of PC12/TM was associated with the higher GSH level, with about 4.2-fold higher 

than the PC12 cells (Miura and Clarkson, 1993). In summary, cellular toxicity of MeHg 

involves the overproduction of ROS and reduction of intracellular GSH since some 

antioxidants such as GSH and GSH precursors could ameliorate the cellular toxicity of 

MeHg.  

Not only perturbation of the intracellular GSH, but MeHg has also indicated its effect on 

the major antioxidant pathway, Keap1-Nrf2-ARE pathway, which regulates several genes 
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involving GSH synthesis and transport . MeHg induced Nrf2 translocation into nucleus 

where Nrf2 activates ARE region, a promoter region of several cytoprotective genes, to 

synthesizing those cytoprotective mRNAs in primary astrocyte (Wang et al., 2008) and 

microglial (Ni et al., 2010a) cell culture. The primary rat cortical astrocytes exposed to 

different MeHg concentrations ranging from 0.01 to 10 µM MeHg exhibited higher MeHg 

concentration, which induced the ARE activity sooner than the lower MeHg 

concentration(Wang et al., 2008).  MeHg concentrations, 1, 5, and 10 µM induced the 

increase of ARE activity by about 3-fold of control in 90 min exposure, while MeHg 

concentrations, 0.1 µM took about 4 h to induce ARE activity to be increase to 1.5- fold of 

control (Wang et al., 2008). At 4h Mehg exposure with 1 and 5 µM MeHg, the ARE activity 

started to decline, yet remained significantly higher than the control levels (Wang et al., 

2008), whereas the induction of ARE activity with10 µM MeHg was absent (Wang et al., 

2008).  The increase of ARE activity was accompanied by the increase of nuclear Nrf2 

protein expression followed by increases of Slc7a11 and Ho-1 mRNA expressions in 

astrocyte and microglial cell cultures exposing to MeHg (Wang et al., 2008; Ni et al., 

2010a). This data suggested that heavy metal MeHg acting as an electrophile induces Nrf2 

to translocate to the nucleus and activate the ARE region resulting in activation of some 

cytoprotective gene expressions.  

The mechanism by which MeHg directly activates the Keap1-Nrf2-ARE pathway revealed 

by the co-immunoprecipitation between MeHg and Keap1 protein in the study of the SH-

SY5Y cells. Incubation of 50µg MeHg with 2 µg recombinant Keap1 resulted in about a 

25:1 ratio of their binding interaction (Toyama et al., 2007).  Using the ultra-performance 

liquid chromatography-tandem mass spectrometer indicated that MeHg and MeHg-GSH 
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modified the cysteine residues (Cys) of Keap1 at the Cys151 and Cys319, respectively 

(Yoshida et al., 2014). Using luciferase activity assay, both MeHg and intracellular MeHg-

GSH adduct induce the increase of the ARE activity depending upon their concentrations 

and exposure time (Toyama et al., 2007; Yoshida et al., 2014).  Determinations of some 

cytoprotective gene expression levels such as Gclc,  Gclm, Ho-1, and Slc7a11, as well as 

their protein expression levels, indicated that the levels of these genes and protein 

synthesis depended upon the concentrations of MeHg and MeHg-GSH adduct (Toyama 

et al., 2007; Yoshida et al., 2014). The expression of GCLC protein increased following 

nuclear Nrf2 protein increase in 12 h of 0.5 µM MeHg, while the expression of GCLC 

protein started to decline with 24h of this MeHg concentration, which corresponded to 

the reduction of nuclear Nrf2 2xpression (Toyama et al., 2007). Consistently, GCLM and 

HO-1 protein expression increased depending upon MeHg and MeHg-GSH 

concentrations (1, 2, and 4 µM). Of note, the extracellular MeHg-GSH concentrations with 

1 and 2 µM did not cause SH-SY5Y  cells dead, whereas these MeHg and intracellular 

MeHg-GSH concentrations markedly induced SH-SY5Y  cells dead (Yoshida et al., 2014). 

The extracellular GSH might reduce the availability of cellular toxicity of MeHg, and the 

MeHg-GSH could not permeate the SH-SY5Y  cell membrane.  

The vital role of Keap1 and Nrf2 in cellular defense ROS generation and MeHg toxicity 

has been demonstrated in the manipulation of Nrf2 expression levels. Overexpression of 

Nrf2 in SH-SY5Y cells protected 0.5 µM and 2 µM MeHg induced cell death (Toyama et 

al., 2007), meanwhile diminishing Nrf2 expression with siRNA exacerbated the effect of 

MeHg induced cell death (Toyama et al., 2007; Ni et al., 2010a). The knockdown of Nrf2 

expression in primary microglial cell culture with siRNA also exacerbated the reduction 
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of Ho-1, Nqo-1, and Slc7a11 mRNA expressions in 5µM MeHg exposure (Ni et al., 2010a) 

and appeared to contribute to the reduction of mitochondrial activity and increase cell 

death (Ni et al., 2010a).   Besides, the primary hepatocytes derived from Nrf2 knockout 

mice exhibited more susceptibility to MeHg than those derived from the wild type 

(Toyama et al., 2007), partly due to the higher MeHg accumulation in these Nrf2 

knockout hepatocyte cells (Toyama et al., 2007). The higher MeHg accumulation in Nrf2 

knockout hepatocytes is associated with reducing Mrp1 and Mrp2 expressions (Toyama 

et al., 2007). The MRP1 and Mrp2 possess a critical role in export xenobiotics, including 

heavy metals, and GSH and its conjugated (Cole, 2006). Nrf2 regulates these 

transporters' expressions (Hayashi et al., 2003; Vollrath et al., 2006). Thereby, lacking 

Nrf2 in this hepatocyte cell culture would reduce the Mrp1 and Mrp2 expression, 

consequently increases the cellular MeHg accumulation and exacerbates MeHg cellular 

toxicity. Meanwhile, the conditional Keap1 deficient hepatocytes were more tolerant of 

MeHg toxicity than the wild-type hepatocyte cell culture (Toyama et al., 2007). The 

conditional Keap1 deficient hepatocytes also expressed Mrp1 and Mrp2 greater and 

accumulated Hg lesser than wild-type control (Toyama et al., 2007). These findings 

indicated that not only ROS overproduction but also the Keap1-Nrf2-ARE pathway are 

directly affected by MeHg.  

The loss of redox homeostasis is also tightly associated with the dysregulations of the Ca2+ 

signaling and mitochondrial function.  The Nrf2 regulated several cytoprotective gene 

expressions, including the cytosolic enzymes SOD1 (Cu2+/Zn2+ SOD), cytosolic 

thioredoxin reductase 1 (Txnrd1) and mitochondrial enzymes SOD2 (Mn-SOD) and the 

mitochondrial thioredoxin reductase 2 (Txnrd2).   Both Trx1 and Trx2 activities were 
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reduced significantly when human hepatoma cells (HepG2) were exposed to MeHg 

(Branco et al., 2014). The inhibition of Txnrd2 activity appeared to be more pronounced 

than the Txnrd1 activity, and it is the primary target of Hg2+ cellular toxicity in HepG2 

(Branco et al., 2014). The selective inhibition of SOD2 by MeHg was also exhibited in the 

mouse brains (Shinyashiki et al., 1996). Mice subcutaneous exposure to 10mg/kg MeHg 

resulted in a time-dependent decrease in the SOD2 activity with about 60% of the control 

level but without any effect of SOD1 activity (Shinyashiki et al., 1996). When direct 

incubation 10U each SOD isozyme with 0.2mM MeHg (1:600 ratio) for 24h, only SOD2 

but not SOD1 activities reduced considerably relative to control level (Shinyashiki et al., 

1996).  The isoelectric focusing-agarose gel electrophoresis and synchrotron radiation X-

ray fluorescence analysis revealed the mechanism by which MeHg affects the reduction 

of SOD2 activity is due mainly to the modification of thiol group in SOD2 by MeHg 

(Shinyashiki et al., 1996).    This study also indicated that mRNA and protein expression 

levels for SODs were unaffected by MeHg administration (Shinyashiki et al., 

1996). Meanwhile, the overexpression of SOD2 in Hela cells reduced the susceptibility to 

MeHg (Naganuma et al., 1998). This protective effect was absent in the overexpression of 

either GPx or SOD1 (Naganuma et al., 1998). Moreover, the susceptibility of CGC to MeHg 

appeared to be associated with the instinctive SOD2 expression in these cerebellar 

neurons compared to PKCs and molecular layer neurons (Fujimura and Usuki, 2014). Not 

only is its basal SOD2 mRNA expression lower, but also the Txnrd1 and GPx1 mRNAs are 

significantly expressed lower in the CGCs relative to their neighboring cells that are 

resistant to MeHg (Fujimura and Usuki, 2014). Meanwhile, the basal levels of SOD1 and 

catalase mRNAs were similar among these three types of cerebellar neurons (Fujimura 

and Usuki, 2014). As such, not only the direct and indirect advese effects of MeHg to the 
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mitochondria function and mitochondrial ROS generation, but also the intrinsic 

vulnerability of CGCs with lower expressing antitoxidant genes contribute to neuronal 

degeneration.  

ROS overproduction and mitochondrial dysfunction may be causally linked. ROS could 

potentially impair mitochondrial function and vice versa. Whether MeHg induced ROS 

generation resulting in disruption mitochondrial activity is required more pieces of 

evidence. Rat striatal synaptosomes exhibited an increase of 2’,7’-dichlorofluorescein 

(DCF), a fluorescent ROS indicator, depending upon MeHg concentrations. MeHg 

concentration, ranging from 5 to 15 µM but not 1 and 2.5 µM, for 30 mins induced the 

elevation of DCF in these rat striatal synaptosomes (Dreiem and Seegal, 2007). These 

MeHg concentrations also reduced formazan production, a catalytic byproduct of methyl 

thiazole tetrazolium (MTT) by mitochondrial succinate dehydrogenase (Dreiem and 

Seegal, 2007). While the vitamin E analog Trolox reduced MeHg induced the increase of 

DCF, Trolox did not protect striatal synaptosomes from MeHg-induced a reduction of 

formazan (Dreiem and Seegal, 2007). This study suggested that ROS did not cause 

mitochondrial damage in striatal synaptosome exposure to MeHg. Instead, ROS 

generation as a consequence of mitochondrial damage from MeHg toxicity (Dreiem and 

Seegal, 2007). The elevation of [Ca2+]in in these striatal synaptosomes also linked to the 

mitochondrial disruption by MeHg since the elevations of Fura-2AM, a cytosolic divalent 

cation fluorescent indicator, and Rhod-2AM, a mitochondrial Ca2+ fluorescent indicator, 

were appeared to be positively correlated (Dreiem and Seegal, 2007). ROS and [Ca2+]in 

also appeared to be involved in neuronal susceptibility to MeHg. The Comparative 

susceptibility to MeHg between cortical neurons and CGCs showed increased ROS 
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generations in both these neuronal types in a concentration and time of MeHg exposure 

with the significantly higher ROS generation in immature neurons than the mature 

neurons (Mundy and Freudenrich, 2000). Both immature and mature cortical neurons 

and CGCs also exhibited the increase of [Ca2+]in in a concentration and time of MeHg 

exposure similarly (Mundy and Freudenrich, 2000). With only relatively high MeHg 

concentration (10uM), it caused a significant increase of [Ca2+]in in immature cortical 

neurons compared to the mature cortical neurons (Mundy and Freudenrich, 2000). 

Meanwhile, the increases of  [Ca2+]in in immature and mature CGCs were equally affected 

by MeHg (Mundy and Freudenrich, 2000). The age-independent effect to MeHg in 

[Ca2+]in elevation in CGCs suggested that the intrinsic characteristic might contribute to 

this neuronal type's susceptibility (Mundy and Freudenrich, 2000). Interestingly, the 

age-dependence of basal ROS and mitochondrial function exhibit in rat striatal 

synaptosomes, which greater basal ROS levels and lower mitochondrial function present 

in the younger rat striatal synaptosomes (Dreiem et al., 2005). MeHg induced ROS 

generations and reduced mitochondrial activities in all ages of striatal synaptosomes, with 

the most remarkable changes in younger striatal synaptosomes (Dreiem et al., 2005).  

Indeed, ROS overproduction and dysregulation of the antioxidant Keap1-Nrf2-ARE 

pathway are involved in cellular toxicity by MeHg. MeHg-induced ROS overproduction 

appeared to be generated primarily from mitochondria, contributing to loss of [Ca2+]in 

homeostasis and results in neuronal degeneration. Besides, the intrinsic antioxidant 

system contributes to neuronal susceptibility to MeHg. The basal SOD2, Txnrd1, and 

Gpx1 mRNA and protein expressions in CGCs are lower than that in the PKCs and 

molecular neurons (Fujimura and Usuki, 2014).  
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1.2 Research rationale, hypothesis, aims, and techniques:  

1.2.1 Rationale, hypothesis, and aims 

The neurological signs and symptoms of Minamata and Iraq patients caused by MeHg 

exposure have a primary characteristic of sensory disturbances such paresthesias and 

motor disorders such as tremor, upper or lower limbs incoordinate (Tokuomi et al., 1961; 

Joselow et al., 1972; Bakir, 1973; Okajima et al., 1976; Skerfving and Copplestone, 1976) 

that resemble signs and symptoms of motor neuron disease (MNDs) including ALS. 

Despite the postcentral gyrus and spinal dorsal root ganglia (DRG) (Chang, 1972; 

Schiønning et al., 1991; Schiønning et al., 1993), the degeneration of the precentral gyrus 

where corticomotor neurons are reside was reported as one of the most susceptible brain 

regions of the post mortem of Minamata and Niigata patients (Sakai et al., 1975; Igata, 

1993; Harada, 1995; Eto, 1997; Eto et al., 2010). Although The susceptibility of SMNs to 

MeHg remains in conflict. The high susceptibility of SMNs to MeHg demonstrated by the 

low concentrations of MeHg (0.1uM to 2uM) caused CGCs death, but not PKCs, also 

caused SMNs (Ramanathan and Atchison, 2011)and hiPSC- derived MNs degenerations 

(Colón-Rodríguez et al., 2017) and dysregulated [Ca2+]in homeostasis (Ramanathan and 

Atchison, 2011). Moreover, the non-toxic MeHg exposure in human tgSOD1 G93A mouse 

through the drinking water hastens the onset of neurologic motor dysfunctions exhibited 

the concomitant with the dysregulation of [Ca2+]in homeostasis in these mice brainstem 

MNs (Johnson et al., 2011). The elevation of [Ca2+]in, a hallmark of excitotoxicity, involves 

the over glutamate receptor stimulation that the elevations of  [Ca2+]in inducing by MeHg 

in brainstem MNs (Johnson et al., 2011) and SMN (Ramanathan and Atchison, 2011) were 

diminished when applying  NMDARs and AMPARs antagonists (Johnson et al., 2011; 

Ramanathan and Atchison, 2011). The elevation of [Ca2+]in in the lumbar spinal cord's 
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ventral horn, where this region also displayed a significant overall increase in network 

excitability, indicating through increases in a spontaneous action potential firing, and 

increases the sensitivity to current injection during MeHg exposure (Sceniak et al., 2020).  

The increase of EPSCs frequency in lumbar SMNs was blocked by the GluA2 lacking Ca2+-

permeable AMPAR antagonist,  1-naphthyl spermine (NAS) (Sceniak et al., 2020). 

Similarly, the elevation of [Ca2+]in in the brainstem MNs was blocked by NAS (Johnson et 

al., 2011). MeHg perturbed the synaptic transmission in lumbar SMNs by which MeHg 

induced the increase of sEPSCs and IPSCs frequency and sEPSCs amplitude of lumbar 

SMNs (Sceniak et al., 2020). Likewise, MeHg induced the increase of both excitation and 

inhibition in the cerebellar slice (Yuan and Atchison, 2003; Yuan and Atchison, 2007b) 

and hippocampal slices (Yuan and Atchison, 1993b; Yuan and Atchison, 1997b).  

Besides presynaptic neurons, astrocytes also control synaptic transmission by reuptake 

synaptic Glu via the astrocytic EAAT1/2 to control synaptic Glu concentration and 

termination the synaptic processes.  ROS (Trotti et al., 1997) and MeHg (Brookes, 1992b; 

Allen et al., 2001b; Shanker et al., 2001a) also inhibited the EAAT1/2 functions by 

blocking the reuptake of aspartate and Glu (Brookes, 1992b; Trotti et al., 1997; Allen et 

al., 2001b; Shanker et al., 2001a). Prolonged 10μM MeHg exposure for 6 h in the 

astrocytic culture system that facilitates only EAAT1 expression indicated reduced EAAT1 

mRNA expression (Allen et al., 2001c).  The consequence of inhibiting EAAT1/2 function, 

or reducing EAAT expression, is the elevation of [Glu]ex, which subsequently reduces 

glutamate/cystine antiporter (system Xc-) function(Danbolt, 2001; McBean, 2002). 

Ultimately, neuronal degeneration occurs due to ROS overproduction and excitotoxicity.  
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During MeHg exposure, not only the cerebral and cerebellar neurons but astrocytes also 

lose their redox homeostasis characterized as the overproduction of ROS and reduction 

of the GSH, and antioxidant proteins and gene expressions.  MeHg perturbed the Keap1-

Nrf2-ARE pathway in the cortical astrocytes(Wang et al., 2008),  microglia(Ni et al., 

2010b), SH-SY5Y cells (Toyama et al., 2007), hepatocytes (Branco et al., 2014), and 

kidneys (Bridges et al., 2011, 2012a).  The effects of MeHg to Keap1-Nrf2-ARE pathway 

include the direct interaction with Keap1 (Toyama et al., 2007), alteration of enzymes 

involving GSH synthesis (GCLC, GCLM, GST, MRPs) (Toyama et al., 2007; Vanduyn and 

Nass, 2014), alteration of cytoplasmic and nuclear Nrf2 protein level (Toyama et al., 2007; 

Wang et al., 2008; Ni et al., 2010b), and ARE activity (Toyama et al., 2007; Wang et al., 

2008), including Nqo1, Ho-1, Gpx, Txnrd1, Mpr,  and system Xc- expressions (Wang et 

al., 2008; Ni et al., 2010b; Bridges et al., 2011, 2012a; Branco et al., 2014; Vanduyn and 

Nass, 2014). The increase or decrease of these antioxidant enzymes and proteins in this 

pathway depend upon MeHg concentrations (Wang et al., 2008; Ni et al., 2010b; Branco 

et al., 2014), and duration of exposure (Wang et al., 2008). The differential response to 

MeHg exposure is also dependent on cell types. In primary cortical astrocytes cell culture,  

the increase of system Xc- expression began at  1M MeHg and  Nqo1 and HO-1 

expression began to induce at 5M MeHg (Wang et al., 2009a), in microglia, system Xc- 

expression was induced at 5M MeHg, and  Nqo1 and HO-1 expression began to induced 

at 1M MeHg(Ni et al., 2010b).  Ultimately, the reduction of Nrf2 and antioxidant gene 

and protein expressions have positively corresponded to cell viability reduction (Toyama 

et al., 2007; Vanduyn and Nass, 2014) and negatively corresponded to the intracellular 

Hg accumulation (Toyama et al., 2007; Bridges et al., 2011, 2012a; Vanduyn and Nass, 

2014).   
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Nevertheless, the contribution of CNS damage mediated by MeHg to the neurological 

symptoms onset and progression in specific cell types of the spinal cord has not yet been 

cleared. MeHg mediated the degeneration of the DRG (Chang, 1972; Schiønning et al., 

1991; Schiønning et al., 1993) in the dorsal horn of the spinal cord where was one of the 

MeHg primary target regions (Eto, 1997; Korogi et al., 1998; Eto et al., 2010). Meanwhile, 

MN in the ventral horn of the spinal cord was observed as a primary target site and   Hg 

accumulation when exposed to a high dose of MeHg (10mg CH3HgCl/kg bodyweight for 

10 days) in rats (Su et al., 1998) and a chronic low dose of inorganic Hg i.p. injection(0.6µg 

HgCl2/g bodyweight for 12 months) in mouse (Pamphlett and Waley, 1996). Several lines 

of evidence in rodents (Chang, 1972; Leyshon-Sørland et al., 1994), non-human primates 

(Friberg and Mottet, 1989; Charleston et al., 1994; Charleston et al., 1995a; Vahter et al., 

1995), and human (Sakai et al., 1975; Leyshon-Sørland et al., 1994; Eto, 1997) also 

suggested that microglia, astrocytes, and Bergmann glia are the primary Hg accumulation 

site in the brain (Sakai et al., 1975; Eto, 1997). However, the level of Hg accumulation was 

inversely related to the severity of cell damage since neurons, especially CGCs, the most 

susceptible to MeHg toxicity, show small or absent Hg accumulation compared to their 

neighboring neurons, PKCs which Hg primarily accumulated and exhibit little signs of 

neuronal damage (Sakai et al., 1975; Møller-Madsen, 1990, 1991; Eto, 1997).  The time 

function of Hg granules appearance studied in the Wistar rats with 20mg CH3HgCl/L 

oral administration reported that the Hg granules were exclusively accumulated in the 

nerve cells' cell bodies in the brainstem as early as 10 days of MeHg administration 

(Møller-Madsen, 1991). Hg granules first appeared in the cortex and cerebellum on 14 

days of MeHg administration. In the cerebellum, Hg granules were detected in the deep 

nuclei on day 14, and after 20 days or more of MeHg administration, Hg granules 
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appeared in PKCs and inhibitory interneurons of the cerebellar granular layer (Møller-

Madsen, 1991). The Hg granules were undetected in the CGCs even after up to 84 days of 

MeHg administration, despite the fact that the PCKs, Bergman glia, and protoplasmic 

astrocytes were heavily loaded with Hg (Møller-Madsen, 1991). In the gray matter of 

the spinal cord, Hg granules appeared on day 16 with the prevalent deposits 

in MNs in Rexed’s lamina IX (Møller-Madsen, 1991). The spinal cord laminae IV, 

V, and X, located on the anterior horn, were also detected the Hg granules on 16 days of 

MeHg administration (Møller-Madsen, 1991). The Hg granules were first appeared 

in glia on day 20 of MeHg administration (see data summary in Table 1 of Møller-

Madsen, 1991). The clinical signs of locomotor and postural deficits were 

exhibited after 24 days, and ataxia started on day 28 of MeHg administration 

in these Wistar rats (Møller-Madsen, 1991). The time function of Hg granule 

accumulation in this study in accordance to the neurological sign and symptom 

exhibitions suggested that the latent period (non-symptomatic phase) is 

associated with Hg accumulation in neurons, while the symptomatic phase 

starts following Hg accumulation in glia.  The mechanism(s) involving the latent 

period of MeHg toxicity has not yet been fully explained. MeHg may overwhelm astrocytic 

functions in neuronal protection since astrocytes provide GSH to neurons for combating 

against oxidative stress occurring during normal physiological conditions and oxidative 

insults. Loss of GSH content render neurons vulnerable to MeHg toxicity, and the 

increase of GSH appears to protect MeHg toxicity. PC12 cells containing four times of 

basal GSH level are resistant to MeHg-toxicity and increase of MeHg efflux rate (Miura 

and Clarkson, 1993; Miura et al., 1994; Goyer et al., 2000). In addition, intrinsic 

antioxidative enzymes also play a role in determining the selective vulnerability to MeHg 
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toxicity. The CGCs are more vulnerable to MeHg than PKCs and MLNs due to an intrinsic 

lower expression of SOD2 (Mn-SOD), Gpx1, and Txnrd1 (Fujimura and Usuki, 2014). 

Furthermore, MeHg reduces the uptake of GSH precursors, including CySS (Allen et al., 

2001b), Cys (Shanker et al., 2001a), and Glu (Albrecht et al., 1993; Allen et al., 2001c) 

through blocking the system Xc- (Allen et al., 2001a; Shanker and Aschner, 2001) and 

EAATs  (Allen et al., 2001a; Shanker et al., 2001b; Shanker and Aschner, 2001) 

transporting of these amino acids. These cytoprotective and antioxidant proteins are 

regulated by the Keap1-Nrf2-ARE pathway, which is more confer in astrocytes (Murphy 

et al., 2001; Liddell, 2017), besides their GSH and Gpx activity higher than in neurons 

(Dringen et al., 1999; Dringen et al., 2000).  Astrocytes are predominantly expressed the 

systemXc- (McBean, 2002) and EAAT1/2 (Danbolt, 2001). The loss of redox and 

glutamate homeostasis during MeHg exposure potentially affects astrocytic functions in 

neuronal protection.  Under oxidative stress causing neuronal degeneration induced by 

H2O2 could be attenuated by co-culture with astrocytes (Drukarch et al., 1997). 

Converesely, the GSH depleted astrocytes could not protect neurons from H2O2 induced 

oxidative damage (Drukarch et al., 1997).  Similarly, GSH depleted astrocytes failed to 

increase the neuronal intracellular GSH level (Gegg et al., 2005). Incubation of both SOD 

and catalase ameliorated NO--induced neuronal degeneration in GSH depleted astrocyte 

coculture (Drukarch et al., 1998).  Thus, the dysfunction of this antioxidant 

pathway which tightly coregulated with the EAATs in SCAs would render 

SMNs and DRGs susceptible to MeHg toxicity, which later exhibited 

neuropathology. Consequently, neurological signs and symptoms such as 

paresthesia and ataxia occur. See Figure 1.6 overarching hypothesis and the 

proposed cellular mechanisms by which MeHg indued toxicity in the CNS.  
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My working hypothesis was that MeHg dysregulated SCAs function by altering 

the Keap1-Nrf2-ARE pathway, which also cooperates with the EAATs 

function. As such, MeHg also altered astrocytic EAAT1 or EAAT2 expression 

that later resulted in dysregulation of their function (Figure 1.7). Three sub-

working hypotheses were 1. MeHg affected SCAs depending upon the maturity 

(age) of SCAs as well as MeHg concentration and time of exposure. 2. MeHg 

affected the Keap1-Nrf2 -ARE by reduced the expression of GSH synthesis 

pathway and transporter as well as EAAT1 and EAAT2. 3. The antioxidant 

would ameliorate MeHg-induced cytotoxicity in SCAs.  
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Figure1.6 Proposed cellular mechanisms by which MeHg induced toxicity in 
the CNS: the interaction between astrocytes and neurons (overarching 
hypothesis). The pathogenic mechanism by which MeHg induced neuronal generation 
is imitated by astrocytic antioxidative defense failure, subsequently render neurons 
vulnerable to oxidative stress and excitotoxicity. Multistep induced this pathogenesis are 
as follows; 1) MeHg enters the brain through LAT due to it forming a complex with 
cysteine (MeHg-Cys), which has a similar structure to methionine. LAT is expressed in 
endothelial cells and astrocytes. Therefore, astrocytes are the first brain cells exposed to 
MeHg. 2) Once in astrocytes, MeHg-Cys is detoxified by GSH and export from cells 
through the Mrp, a xenobiotic and GSH transporter. 3) During detoxification, astrocytes 
require NADPH and ATP for recycling GSH generated by mitochondrial oxidative 
phosphorylation, which in turn generated  ROSs as a byproduct. 4) ROSs, as well as 
MeHg, alters sulfhydryl bonding in EAATs that causes the reduction of glutamate uptake. 
Thereby, extracellular glutamate concentration [Glu]ex is heightened. 5) 
Glutamate/Cytine (Glu/CySS) antiporter later decrease CySS uptake due to the 
transporter function depends upon [Glu]ex. High [Glu]ex reduces the driving force for 
exchanging Glu for import CySS into the cells. 6) Reduction of CySS uptake resulting in 
de novo GSH synthesis reduction since CySS is a precursor for cysteine (Cys) a rate -
limiting substrate for GSH synthesis.   
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Figure 1.6 (cont’d) Consequently, GSH content in astrocytes is insufficient to detoxify 
MeHg and also insufficient to supply for neurons. 7) During MeHg detoxification in 
astrocytes, lactate an essential substrate for neuronal TCA, and oxidative phosphorylation 
is insufficiently produced in astrocytes. Therefore, neurons are unable to generate ATP 
from TCA and unable to control redox homeostasis. ROSs later occurs. 8) The excessive 
[Glu]ex as a consequent of  EAAT inhibited, overly stimulate  postsynaptic excitatory 
amino acid receptors, particularly Ca2+ -permeable AMPAR which lacking GluR2 or 
lacking RNA editing GluR2. Subsequently, the excessive influx of Ca2+ impairs 
mitochondrial function, ROSs later occurs. Oxidative stress and excitotoxicity, therefore, 
induced neuronal degeneration. 

 

 

Figure1.7 Working hypothesis. MeHg impaired the redox homeostasis in SCAs by 
exacerbating the ROS production and dysregulation of the Keap1-Nrf2-ARE pathway. 
Thereby, SMN and DRG are susceptible to ROS overproduction during MeHg exposure 
resulting from the loss of antioxidant GSH supplied by SCAs. MeHg dysregulated Nrf2 by 
reducing the Mrp1 expression. Due to the ROS overproduction and MeHg insult, cystine 
is imperative for de novo GSH synthesis, therefore, the upregulation of system Xc- would 
increase the transport of GSH substrate precursor. Meanwhile, MeHg and ROS also 
inhibited EAAT1/2 expressions. The intertwined between redox and excitotoxicity 
occurring through the dysregulation of system Xc- and EAAT1/2 in SCAs. Ultimately, 
SMN and DRG were susceptible to MeHg due partly to oxidative stress and excitotoxicity 
occur.  MeHg might also reduce Vegfa expression in SCAs, which later contributed to 
increased Ca2+-permeable through the AMPAR, consequently induced neuronal 
excitotoxicity.  
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Aim1: Determination of SCAs' sensitivity during MeHg exposure and the 

cellular mechanisms involving the redox and glutamate homeostasis.  

The functions of time and concentrations of MeHg exposure were comparatively 

determined the susceptibility to MeHg between the developmental stage (DIV14) and 

fully developmental stage (DIV30). Whether the Keap1-Nrf2-ARE pathway was 

dysregulated in the aged related susceptibility was determined in the SCAs DIV30. 

Furthermore, whether the intertwined between redox and glutamate homeostasis 

occurring in MeHg exposure SCAs, the dysregulation of Slc7a11 expression and astrocytic 

glutamate transporters Slc1a3 and Slc1a2 were determined their correlation of 

expressions.     

Aim2: Characterization of the role of Nrf2 in the regulation of MeHg-induced 

toxicity in SCAs.  

Nrf2 regulates several cytoprotective enzymes and proteins (Muramatsu et al., 2013; 

Hayes and Dinkova-Kostova, 2014; Tonelli et al., 2018). To identify which biomolecules 

underlying Nrf2 regulation are involved in MeHg-induced the dysregulation of the Keap1-

Nrf2-ARE pathway in SCAs, the Nrf2-knockout derived SCAs were compared with the 

wildtype-derived SCAs for their susceptibility and the expression of genes involving the 

GSH synthesis and transport, the glutamate transporters including the system Xc- and 

EAAT1/2.  

Aim3: Assessment of the role of antioxidant compound N-acetyl-L-cysteine 

(NAC) during MeHg exposure in SCAs.  

Since MeHg induced the dysregulation of genes involving GSH synthesis and transport as 

well as glutamate transporters in SCAs. These genes are primarily regulated by the Nrf2 

pathway.  Therefore, when applying antioxidant compounds such as NAC in SCAs during 
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MeHg exposure, these compounds would have benefit in protecting SCAs against MeHg 

induced toxicity. Besides its thiol-containing antioxidant property, NAC acts as a cysteine 

precursor for GSH synthesis (Dringen and Hamprecht, 1999). However, the role of NAC 

in the protection of SCAs during MeHg has not been assessed and elucidated its 

mechanism(s).  Several antioxidant molecules regulate nrf2; therefore, NAC might exert 

its protective effect through the activation of Nrf2, resulting in induction of genes 

underlying Nr2 activation, such as GSH synthesis and transport genes.    

1.2.2 Research model system: Primary spinal cord astrocyte cell culture  

a. Primary astrocyte cell culture as an experimental model system for 

understanding astrocytes in health and diseases 

During the past few decades, astrocytes has become increasing their significant roles in 

central nervous system both in health and diseases. The increasing of astrocytic roles has 

raisen together with the development of astrocytic models that includes the development 

of primary astrocytes cell culture techniques for characterizations of their functions and 

interaction to other cell types such as neurons. Since these significant roles of astrocytes 

involved in interaction to different cell types, some limitations in employing primary cell 

culture system raise awareness if the in vitro systems truly mimic the astrocytic 

characteristics and functions in vivo systems and to which degree results obtained in cell 

culture could be translated into astrocytic functions in vivo system (Lange et al., 2012).  

Despite different primary cell culture methods, several astrocytic characteristics 

contribute to the discrepancy results between studies in vitro and in vivo. To define and 

characterize astrocytes is complicated and not straightforward since astrocytes posse 

morphological and functional diversities.   The heterogeneity of astrocytes is involved 
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several aspects that include intrinsic factors (gene and protein expressions), extrinsic 

factors (extracellular milieu), and locations of their origin and distribution (Lange et al., 

2012; Li et al., 2016). These factors greatly contribute to gliogenesis to a different degree 

in spatiotemporal manners. Furthermore, the astrocyte cell culture protocols, including 

cell isolation stage, culture medium composition, a substrate for cell adhesion, 

subculture, and day in vitro (DIV), which varies among different research labs, influence 

the heterogeneity of astrocyte cell culture.  

b. The astrocyte cell culture protocol factors 

In the mammalian brain cortex, a cell with typical astrocytic morphology accounts for 

about 30% of the volume with regional and species variability. In mice and rats, astrocytes 

can undergo mitosis (division) at the time of birth while, most neurons are already in the 

postmitotic stage (Hertz et al., 1998). The majority of primary astrocyte cell culture 

protocols obtain astrocytes from newborn mice or rats, ranging from postnatal day 0-7. 

Few protocols for primary astrocytes from adult rodents (Norton and Farooq, 1989; Sun 

et al., 2017) and bovine (Norton et al., 1988) have developed. Since the heterogeneity of 

astrocyte is partly involved in giologensis. Besides, species of animal contribute to 

astrocytic heterogeneity; the developmental stage of animal for cell culture is involved. 

Culturing astrocytes from neonates which progenitor cells are plastic and labile to stimuli 

could achieve in fully developed or mature astrocytes. Whereas culturing astrocytes from 

older animals when astrocytic development is complete, the cell culture results mainly in 

immature astrocyte stem cells, not mature astrocytes since they were immunoreactive to 

GFAP and immature neuroectodermal cell markers  (Norton and Farooq, 1989). 
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However, maturation of astrocyte in culture could be achieved by the addition of trophic 

factors and/or compounds that induce astrocyte maturation in cell culture media.  

Despite some of the discrepancy results from in vivo, employing primary astrocyte cell 

culture in research studies provide a significant contribution to a better understanding of 

astrocytic roles in physiological and pathological conditions that include maintaining 

CNS homeostasis, neurovascular coupling, synaptic formation/removal, and synaptic 

transmission/modulation as discussed previously. 

1.2.3 Research Techniques: 

a. The principle of real-time cell viability assay  

The real-time cell viability assay (RealTime-GloTM MT Cell Viability Assay, Promega, 

Madison, WI.) consists of two compounds, a luciferase enzyme (NanoLuc® luciferase) 

and prosubstrate (Figure 2.2), which are added to cell culture media. The prosubstrate is 

cell-permeant compound, while the luciferase enzyme remains in the cell culture media. 

The prosubstrate is reduced intracellular by active metabolic cells into active luciferase 

substrate, NanoLuc® substrate. The active luciferase substrate diffuses from intracellular 

to cell culture media where it rapidly catabolized by NanoLuc® luciferase enzyme. The 

reaction between active luciferase substrate and luciferase enzyme exhibits illumination, 

which corresponds to a number of the metabolic active cells (viable cells).  Due to the 

properties of active luciferase substrate that it does not accumulate in cell culture media 

and is rapidly catabolized, a real-time detection of cell viability is attainable. In addition, 

both prosubstrate and the luciferase enzyme are stable in cell culture media for > 96h, 

and they are non-toxic to cells since the luminescent intensity remains higher than basal 

intensity over than 96h (Duellman et al., 2015).  
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Figure 1.8 The principle of the Real-Time Cell Viability Assay (RealTime-GloTM 
MT Cell Viability Assay, Promega, Madison, WI.)  A cell-permeable prosubstrate is 
intracellularly reduced into NanoLuc® substrate by active metabolic cells. Subsequently, 
NanoLuc® substrate diffuses through the cell membrane into the cell culture media 
where it is rapidly catabolized by NanoLuc® luciferase. The reaction between NanoLuc® 
luciferase and NanoLuc® substrate exhibits illumination, which can be determined using 
a spectrophotometer and microplate reader for luminescent intensity. The luminescent 
intensity corresponds to a number of viable cells. The higher luminescent intensity, the 
higher number of viable cells (high metabolic activity) (Technical Manual and (Duellman 
et al., 2015)). 
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A kinetic assay, as well as concentration-response curve, is achievable in monitoring the 

luminescent signal over time in each treatment compared to control. The fold change of 

cell metabolic activity (change in cell viability) is presented in concentration-response 

curve, and each value of time point is achieved using equation is as follows: 

 

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 𝑡𝑜 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) = (
((𝐿𝐼 𝑇𝑡𝐴) − (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝐼 𝐶𝑡𝐴))

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝐼𝐶 𝑡𝐴
) 

LI T tA = Luminescent intensity of treatment at time point A 

Average LI C tA = Average luminescent intensity of control at time point A 

To measure the potency of substances such as MeHg in inhibiting a specific biological or 

chemical function termed a half-maximal inhibitory concentration (IC50) is obtained 

from the kinetic relationship between the substance concentration and cell biological 

activity. In real-time cell viability assay, IC 50 is to determine a concentration of substance 

where the response (cell metabolic activity in converting prosubstrate into active 

luciferase substrate) is reduced (inhibited) by half of the maximum response.  This 

quantitative measurement IC50 is determined from a concentration-response curve 

which examines the effect of different concentrations of substances on biological or 

chemical function. The half-maximal response IC50 is derived from the maximum fold 

change (top), and minimal fold change (bottom) from the concentration-response curve 

where the values of response relative to control are calculated from the equation 

mentioned previously.  
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b. Real-time quantitative polymerase-chain-reaction (qPCR) 

Real-time quantitative polymerase-chain-reaction (qPCR) becomes a gold standard for 

gene expression analysis since it provides a plethora of applications in fundamental 

research and biomedical diagnostics. The advancement of qPCR compared to 

conventional PCR is that it allows amplification and simultaneous quantification of 

targeted DNA as the reaction progress in real-time. This advancement allows quantifying 

the initial amounts of targeted template molecules by comparing the cycle threshold (Ct). 

The Ct value is defined as the number of amplification cycles that are required for the 

fluorescent signal to cross the threshold. Ct values are inversely proportional to the 

amount of targeted nucleic acid in the sample.  The more copies of a nucleic acid template 

are presented at the beginning, the fewer PCR cycles (relatively lower Ct value) is 

observed, and this condition is referred to as the up-regulation of targeted gene 

expression. In contrast, the term downregulation represents a condition that fewer copies 

of DNA templates are subjected to the reaction, which indicates more PCR cycle 

(relatively higher Ct value).  

Several strategies were developed to quantify targeted DNA molecules, which are mainly 

based on measuring the emission of the fluorescent reporter dye.  DNA binding dye, i.e., 

SYBR green dye: it binds the double-stranded DNA (dsDNA). SYBR green exhibits little 

fluorescent signal in free solution, while it increases 100-fold fluorescent intensity when 

it binds to dsDNA.  As a new copy of dsDNA is created, the fluorescent intensity increases, 

corresponding to the SYBR dye binding.  Therefore, the fluorescent signal proportional to 

the amount of dsDNA generation and will increase as the target is amplified. The SYBR 

green dye is widely used due to no probe requirement, ease of use, cost-efficiency, and 



94 
 

generic detection (Pabinger et al., 2014). The primary disadvantage of SYBR dye is that it 

may generate false-positive signals. Since SYBR dye binds to any dsDNA, including non-

specific reaction products, this might overestimate the targeted gene expression. Another 

SYBR dye issue is that multiple dye molecules bind to a single amplicon and the 

fluorescent signal depends upon the mass of amplicons produced in the reaction. The 

longer amplicons will generate more fluorescent signal than the shorter one. In contrast 

to the probe-based methods such as TaqMan, which relies on the sequence-specific 

detection of a targeted DNA. Using a fluorogenic probe, the fluorescent signal is generated 

from a single fluorophore that is released from the probe when a specific full amplicon is 

generated regardless of its length. Therefore, the single amplicon is determined from one 

fluorophore emission after a full specific target sequence is generated. In addition to a 

better specificity and sensitivity for quantitative targeted DNA analysis, the probe-based 

method also allowed to detect multiple targeted sequences in a single reaction using the 

different fluorogenic probes to distinguish the different targeted amplicons. This 

technique is referred to as multiplex PCR. The advantage of TaqMan multiplex PCR is the 

cost and time efficiencies over the single tube/well TaqMan PCR because reagents and 

cDNA or RNA templates are reduced for the assay application.  In addition, the internal 

control is in the same reaction tube that reduces variability as opposed to determining 

targeted sequences and endogenous control in separated reaction tubes. The multiplex 

PCR, however, might reduce sensitivity as a consequence of different targeted primers 

competing for the limited cDNA or RNA template (Pabinger et al., 2014).  

Two commonly used methods to analyze data from qPCR are absolute quantification and 

relative quantification. Absolute quantification determines the input copy number of 
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the targeted transcript (amplicon) by comparison with a standard curve (Livak and 

Schmittgen, 2001). The standard curve is presented in a relationship between a logarithm 

of a serial dilution of known nucleic acid concentrations and its Ct value.  The result of 

the analysis is represented in the quantity of nucleic acid (copy number; µg) per amount 

of given sample (per µg of total RNA). The reliability of the absolute quantification 

analysis depends on the amplification efficiencies for the target and standard curve 

(Pabinger et al., 2014). Relative quantification describes the change in target gene 

expression relative to some reference group such as untreated control or a sample at time 

zero in a time-course study (Livak and Schmittgen, 2001). This analysis does not require 

a standard curve because the target gene is normalized to a single or multiple internal 

reference genes (a.k.a endogenous control gene) such as glyceraldehyde-3-phosphate 

dehydrogenase (gapdh), -actin (actb) or 18srRNA which represents in a fold- difference 

change. The relative quantification 2-Ct method by Livak and Schmittgen (2001) is 

widely used and easy to perform. This method assumes that both target and reference 

genes are amplified with efficiencies close to 100% and variable within 5% of each other. 

To determine the relative target gene expression, a few steps are as follows: 

First, normalize the Ct value of the target gene (Ct target) to that of the reference gene(Ct 

ref) for both the test sample (treatment sample) and the control sample (ctrl). This 

normalized step is to compensate for any difference in the amount of tissue sample. The 

result is delta Ct (Ct) 

𝐶𝑡 (𝑡𝑒𝑠𝑡) = 𝐶𝑡 (𝑡𝑎𝑟𝑔𝑒𝑡, 𝑡𝑒𝑠𝑡) − 𝐶𝑡 (𝑟𝑒𝑓, 𝑡𝑒𝑠𝑡) 

𝐶𝑡(𝑐𝑡𝑟𝑙) = 𝐶𝑡 (𝑡𝑎𝑟𝑔𝑒𝑡, 𝑐𝑡𝑟𝑙) − 𝐶𝑡 (𝑟𝑒𝑓, 𝑐𝑡𝑟𝑙) 
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Second, normalize the Ct (test) to the Ct (ctrl). The result is deltadeltaCt (Ct) 

𝐶𝑡 = 𝐶𝑡 (𝑡𝑒𝑠𝑡) − 𝐶𝑡(𝑐𝑡𝑟𝑙) 

Finally, calculate the expression ratio 

2−𝐶𝑡 = Normalized expression ratio 

The obtained result is the fold increase (or decrease) of the target gene in the test 

(treatment) sample relative to the control (vehicle) sample. The relative gene expression 

level can be compared across multiple qPCR experiments (Livak and Schmittgen, 2001; 

Pabinger et al., 2014).  
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CHAPTER TWO 

THE MECHANISM BY WHICH METHYLMERCURY INDUCES SPINAL 

CORD ASTROCYTE CELL CULTURE DEGENERATION THROUGH THE 

DYSREGULATION OF THE KEAP1-NRF2-ARE PATHWAY AND 

GLUTAMATE TRANSPORTER EXPRESSIONS 
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2.1 Abstract 

The mechanism by which SMN degeneration occurs following MeHg exposure remains 

unknown. Previous studies in brainstem slices and SMN primary cell culture suggested 

that the dysregulation of intracellular Ca2+ homeostasis was involved in the activation of 

AMPARs to permit Ca2+ entry. Astrocytes participate in regulating Ca2+-impermeability 

of AMPARs by induced GluR2 subunit expression in motor neurons through secretion of 

vascular endothelial growth factor (VEGF).  Astrocytes also play significant roles in 

regulating neuronal redox, and glutamate homeostasis against oxidative stress and 

subsequent excitotoxicity. As such, dysregulation of SCA function could be detrimental to 

SMNs. In this study, a major antioxidant pathway, Keap1-Nrf2-ARE, was examined as a  

potential mechanism by which MeHg affected SCA function. Expression of astrocytic 

glutamate transporters (EAAT1/GLAST and EAAT2/GLT-1) and Vegfa mRNAs were 

determined whether the dysregulation of these molecules occurred in SCAs during MeHg 

exposure.  The results indicated the concentration and time course of MeHg exposure that 

affected SCAs’ metabolic activities as determined by a RealTime-GloTM MT cytotoxicity 

assay. The differential susceptibility of SCAs between mature DIV 14 and fully mature 

SCAs DIV30 was examined. Metabolic activity of SCAs DIV 30, but not SCAs DIV 14, 

significantly decreased following 0.1µM MeHg for longer than 12h exposure. 

Degeneration of SCAs DIV 14 was a consistent observation after 24h of treatment with 

0.5, 1.0, 2.0, and 5.0, but not with 0.1µM MeHg. Subsequent experiments all utilized a 

0.5µM MeHg to examine the mechanisms involved in SCAs DIV 14 and DIV 30 

susceptibility to MeHg. Expressions of Keap1, Nrf2, Gclc, Abcc1 mRNAs increased 

significantly starting at 6h of 0.5µM MeHg exposure in SCAs DIV3 and later declined to 

basal control levels. Expressions of antioxidant genes Gclc and Abcc1 and AMPAR-
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permeable regulator Vegfa mRNAs appeared to increase in a bi-phasic fashion during 

24h of MeHg exposure. The cystine/glutamate transporter (system Xc-) Slc7a11 mRNA 

increased in a tri-phasic manner with the first, second and third peaks occurring at 

30min, 6h, and 21 h of MeHg exposure, respectively. The expression of astrocytic Glu 

transporters EAAT1/GLAST Sla1a3 and EAAT2/GLT-1 Slc1a2 mRNAs was increased 

following 3h of MeHg exposure, but later returned to basal control levels.  

Immunocytochemistry indicated reduction of Mrp1, system Xc- as well as GLT-1 

following 18h of MeHg exposure in SCAs. In conclusion, the mechanism by which MeHg 

induced toxicity in SCAs involved dysregulation of the Keap1-Nrf2-ARE pathway, 

particularly GSH rate-limiting enzyme (Gclc) and the the GSH and GSH precursor 

transporter (Abcc1 and Slc7a11). Mechanisms involved in MeHg-induced toxicity in SCAs 

appear to be intertwined between oxidative stress and excitotoxicity, as demonstrated by 

its effect on glial Glu transporters system Xc- and EAATs. Induction of Vegfa mRNA 

expression following MeHg exposure remined unclear whether it involved in the 

regulation of blood-brain barrier permeability or its protective role in the regulation of 

Ca2+ impermeability through AMPAR in SMN during MeHg exposure.  
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2.2 Introduction 

The temporary exposure to the low level of MeHg through marine food consumption 

remains a public health concern, especially for susceptible populations such as pregnant 

or nursing women (Mahaffey, 1999).  Additionally, exposure to heavy metals, including 

MeHg, has been postulated to be a risk factor for neurodegenerative diseases such as 

amyotrophic lateral sclerosis (ALS) and Parkinson’s disease (PD) (Portaro et al., 2019). 

The incidence of these neurodegenerative diseases increases with age (Costa, 2017). 

Typical clinical signs and symptoms of MeHg intoxication such as peripheral neuropathy 

(paresthesia), visual impairment (visual filed constriction), auditory disturbance, 

cerebellar-based ataxia (dysmetria, adiadochokinesis, dysarthria, and gait disturbances), 

hyperreflexia, and mental deterioration (intellectual and emotional disabilities) (Igata, 

1993; Harada, 1995) are often preceded by lengthy asymptomatic periods (Igata, 1993; 

Harada, 1995; Weiss et al., 2002a, b).  For example, chronic low dose MeHg exposure 

through a fish consumption in Minamata patients did not exhibit the adverse observable 

symptoms for several years (Igata, 1993; Harada, 1995; Weiss et al., 2002a) This “silent 

latency” characteristic associated with MeHg exposure (Weiss et al., 2002a; Bailey et al., 

2017) may only be severely exhibited in “susceptible individuals” in later life.    

Some epidemiology studies (Mangelsdorf et al., 2017; Parkin Kullmann and Pamphlett, 

2018; Portaro et al., 2019) suggested that mercury intoxication is associated with some 

common clinical symptoms exhibited in ALS, upper MN signs: hyperreflexia and 

spasticity and lower MN signs: muscle weakness and atrophy (Sienko, 1990). The study 

by Sienko et. al. (1990) suggested a correlation between the frequency of fish 

consumption and ALS patients in a small Wisconsin community. Sienko suggested that 
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consumption of contaminated fish may be a risk factor for ALS onset (Sienko, 1990).  

Investigation of the correlation between mercury exposure and ALS has reported a 

positive correlationship between mercury content in the toenail, and ALS patients. The 

increase of toenail mercury level in these patients was associated with fish consumption 

(Andrew et al., 2018). Some studies, however, reported the no correlation between 

mercury exposure and ALS (Parkin Kullmann and Pamphlett, 2018). More longitudinal 

with case-control studies are required to investigate further the potentially positive 

correlation between the cause (MeHg or mercury) and the effect (ALS). Nevertheless, 

exposure to mercury or MeHg indicated the pathophysiology and cellular mechanisms 

similar to ALS patients (Barber, 1978; Callaghan, 2011; Mangelsdorf et al., 2017)and ALS 

mouse models(Johnson et al., 2011). Common cellular mechanisms that are well 

characterized in both MeHg-toxicity and ALS have included the disruption of intracellular 

Ca2+ homeostasis (Marty and Atchison, 1997b, 1998b; Vanselow and Keller, 2000; Limke 

and Atchison, 2002; Edwards et al., 2005; Johnson et al., 2011; Ramanathan and 

Atchison, 2011; Meszlényi et al., 2020), redox homeostasis (Amonpatumrat et al., 2008; 

Barber and Shaw, 2010; Xu et al., 2012b), as well as a dysregulation of Glu transmission 

and excitotoxicity (Yuan and Atchison, 1993a, 1995, 1997a; Xu et al., 2012b). The loss of 

upper and lower MNs are distinct pathologies in ALS (Rezania and Roos, 2013), and these 

are one of the primary targets of MeHg-toxicity (Korogi et al., 1998). The loss of the upper 

MNs in the primary motor cortex have been documented in a postmortem examination 

of Minamata Disease patients (Korogi et al., 1998), while the loss of the lower MNs located 

in the ventral spinal cord (anterior horn of the spinal cord) remains a controversy. The 

summary of a report from moderate cases of Minamata Disease patients indicated an 

absence of primary lesions in the spinal cord, but the secondary degeneration was found 
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in the spinal tract. This is likely due to degeneration of the nerve fibers of the upper MNs 

from the premotor cortex (the primary lesion area) (Eto, 1997; Korogi et al., 1998).   

Conversely, MeHg exposure in rodent models indicated the primary and severe loss of 

neurons in the anterior horn of the spinal cord (Su et al., 1998; Johnson et al., 2011) where 

the lower MNs are located. Degeneration of lower MNs remains unclear as to whether or 

not they are a primary target of MeHg in addition to the sensory neurons in the spinal 

DRG. The differential susceptibility of particular neurons in the certain brain or spinal 

cord regions might be due partly to its intrinsic susceptibility or the attribution of their 

neighboring cells, particularly astrocytes. Not only do the astrocytes play an important 

role in providing energy and nutrients to neurons, but their role in the regulation of Glu 

transmission is also critical for glutamate hemostasis for the CNS(Rothstein et al., 1996; 

Mahmoud et al., 2019; Pajarillo et al., 2019). The “non-cell-autonomous mechanism of 

MN death” in ALS was initiated from Clemen et al. (2003) studies using chimeric mice 

expressing mutant SOD1 (G37R or G85R or G93A) (Clement et al., 2003) and further 

confirmed in chimeric cell culture studies using motor neurons coculture with astrocytes 

(Clement et al., 2003; Di Giorgio et al., 2007; Nagai et al., 2007).  Primary cultures of 

spinal cord MNs or embryonic MN stem cells carrying either the nonpathological human 

SOD1 (hSOD1) transgene or the hSOD1 G93A mutant showed neurodegenerative 

characteristics (neuronal loss and SOD1 aggregates) when cocultured with hSOD1 G93A 

astrocytes (Di Giorgio et al., 2007; Nagai et al., 2007). However, cocultures of hSOD1 

G93A astrocytes with spinal GABAergic or DRG neurons or embryonic interneuron stem 

cell did not cause the neuronal death (Nagai et al., 2007).  The astrocyte generated from 

fibroblast induce pluripotent stem cells (iPSCs) from patients with sporadic ALS (sALS) 

were also toxic to Mns as were in astrocyte-derived iPSC from familial ALS (fALS) (Meyer 
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et al., 2014). These findings suggested that astrocytes may play a role in the specific 

degeneration of spinal MNs in ALS (Nagai et al., 2007). However, the mechanism by 

which astrocytes specifically induced motor neuron death has not been fully understood. 

The growing evidence also suggests that astrocytes did not initiate neuronal 

toxicity, but they were involved in progression of pathologies. Deletion of   some 

neuroinflammatory cytokines which activates quiescent astrocytes to become reactive 

astrocytes extends survival in SOD1 G93A mice (Guttenplan et al., 2020).  Tripple 

knockout of IL-1α, TNFα, and C1q in this ALS mouse model delayed but not completely 

inibited MNs death of these mice compare to SOD1 G93A mice (Guttenplan et al., 2020). 

Astrocytes from these SOD1 G94A mice reach high levels of reactivity at much lower dose 

of these cytokine exposures than in the WT (Guttenplan et al., 2020). Mutant SOD1 G93A 

perhaps attribute astrocytes primed to subtle toxic insults, including these cytokines that 

would not sufficiently respond to aberent MN viability or function (Guttenplan et al., 

2020).  

MeHg-induced toxicity is associated with the specific susceptibility of certain neuronal 

types in specific brain areas. The intrinsic properties of those susceptible neurons may 

contribute to the differential effects of pathogenic mechanisms. For example, in the highly 

susceptible area in the brain, the cerebellum, CGCs are more vulnerable to MeHg than are 

their neighboring Purkinje cells and molecular layer neurons (Yuan and Atchison, 1999; 

Edwards et al., 2005; Yuan and Atchison, 2007a).  A comparative study of the expression 

of the basal antioxidant genes using laser microdissection to isolate these neurons from 

wild type rat cerebellar slices indicated that the basal level of gene encoding the 

mitochondria superoxide dismutase (MnSOD, also know as SOD2), glutathione 
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peroxidase (GPx1), and thioredoxin reductase (Txnrd1) were all significantly lower in 

CGC than that in Purkinje cells and molecular layer neurons (Fujimura and Usuki, 2014).   

Oxidative stress (Lebel et al., 1990; Pamphlett et al., 1998; Shanker et al., 2004a) and 

excitotoxicity (Reynolds and Racz, 1987; Matyja and Albrecht, 1993; Yuan and Atchison, 

1997a, 2007b; Xu et al., 2012b; Liu et al., 2014)have long been associated with the 

pathogenesis of MeHg toxicity  (Xu et al., 2012a). MeHg inhibits the ability of astrocytic 

EAATs to take up the amino acids cystine (Cyss) (Allen et al., 2001b), cysteine (Cys) 

(Shanker et al., 2001a), and Glu (Allen et al., 2001c), which are all precursors to GSH. 

Inhibiting EAATs uptake of these amino acids in astrocytes has several deleterious 

consequences. First, elevation of extracellular Glu ([Glu]ex) levels, resulting in excessive 

activation of Glu receptors, including the AMPARs increasing the influx of Ca2+, and 

induction of excitotoxicity in neurons, and second, de novo GSH synthesis in the 

astrocytes is reduced. Since neurons rely on astrocytes for GSH, astrocytic depletion of 

GSH renders neurons more vulnerable to MeHg-induced oxidative stress (Desagher et al., 

1996). The master antioxidative pathway through Keap1-Nrf2 -ARE regulates the 

production of enzymes required for GSH synthesis and transport (Mrp1), Cyss 

transporter (system Xc-), EAAT3 (Escartin et al., 2011b), and other antioxidative enzymes 

(Lee et al., 2003b). This Keap1-Nrf2 -ARE pathway is more prominant in astrocytes than 

neurons partly due to Nrf2 which is more abundant in astrocytes than in neurons 

(Ahlgren‐Beckendorf et al., 1999; Murphy et al., 2001), and neurons contain higher Cul3-

dependent Nrf2 degradation capacity (Baxter and Hardingham, 2016).  
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In addition, astrocytes increase Ca2+-impermeable AMPARs expression by secreting 

VEGF (Van Den Bosch et al., 2004) to increase GluA2 (also named GluR2) subunit 

expression (Bogaert et al., 2010). The ability of GluA2 to regulate Ca2+-permeable AMPA 

depends upon the posttranscriptional modification by the RNA editing process (Sommer 

et al., 1991). Brain Gria2 mRNA, encoding GluA2 subunit, practically undergoes RNA 

editing at glutamine (Q) codon to arginine (R) codon (Sommer et al., 1991) and only 1% 

are unedited (Wright and Vissel, 2012).  RNA editing enzyme called adenosine deaminase 

that act on RNAs (ADAR2) responsible to changing the neutral amino acid Q to positive 

amino acid R contributes to a selective Ca2+ impermeability entering  GluA2 containing 

AMPARs (Kallman, 2003; Pachernegg et al., 2015).  

In this study, the proposed hypothesis was that the loss of redox homeostasis, 

together with the reduction of Glu transporter expression in SCAs during 

MeHg intoxication, would contribute to spinal cord motor neurons (SMNs) 

degeneration from dysregulation of redox and Glu homeostasis. Loss of redox 

and glutamate homeostasis in SCAs would be detrimental to neighboring cells, including 

SMNs in MeHg toxicity by means of development of oxidative stress and excitotoxicity. 

Specifically, MeHg might perturb the Keap1-Nrf2-ARE pathway in SCAs and result in 

insufficient levels of antioxidants such as GSH to supply for SMNs. SMN, which already 

suffer from oxidative stress and Glu over activation, causing subsequent degeneration. 

The role of the Keap1-Nrf2-ARE pathway induced astrocyte toxicity was examined 

through the expression level of antioxidant genes.  For example, glutamylcysteine ligase 

(Gclc, a rate-limiting enzyme for GSH synthesis), GSH peroxidase (Gpx1 and Gpx4), 

xenobiotic and GSH transporter (Multidrug-resistant associated protein1, Mrp1, Abcc1), 
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cystine/glutamate transporter (systemXc-), which are underlying of Nrf2 activation were 

examined. The effect of exposure time and MeHg concentration at submicromolar levels 

were tested. In addition, the interplay between the oxidative stress and EAAT1(GLAST) 

or EAAT2 (GLT-1) was determined as a function of expression of time of MeHg exposure. 

Furthermore, whether Vegfa expression was dysregulated in SCAs during MeHg exposure 

was investigated. To examine these hypotheses, the function of MeHg concentrations and 

time of exposure were first determined and were used to compare the susceptibility of 

SCAs in different days of in vitro culture as for age-related susceptible comparison. The 

dysregulation of antioxidant genes and transporters expression were later investigated in 

SCAs as a function of time of MeHg exposure.  
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Figure2. 1 Research aims 1: Determination of SCAs' sensitivity during MeHg 

exposure and the cellular mechanisms involving the redox and glutamate 

homeostasis. Sub aim1. Characterizing the relative contributions of MeHg-exposed 

duration and concentration as a function of SCAs development (DIV14 and DIV30).  Sub 

amim2. To determine if MeHg dysregulated the antioxidant Keap1-Nrf2-ARE pathway 

in SCAs. Sub aim3. To determine if MeHg affected the expression of astrocytic glutamate 

transporters, EAAT1/GLAST1, and EAAT2/GLT-1 and Vegf in SCAs.  
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2.3 Material and methods 

2.3.1 Chemical and solutions 

Methylmercuric chloride was obtained from Aldrich Chemical (Milwaukee, WI) and was 

dissolved in sterilized distilled water at 10mM concentration as for stock MeHg solution. 

The stock MeHg was kept in a secondary container in the refrigerator and protected from 

light.  

2.3.2 Primary spinal cord astrocyte cell culture 

Spinal cord astrocyte cell culture was prepared from C57BL/6J mice pups with postnatal 

day (PND) 1-7 following the protocol for Neural Tissue Dissociation Kit (using Trypsin for 

dissociation (T)) from Miltenyi Biotec Inc., San Diego CA. Trypsin was used for 

dissociation because the antibody for the astrocyte isolation kit is sensitive to other 

digestion enzymes such as papain. Spinal cords from cervical C3 to lumbar section L5 

were dissected and minced in Hanks’ Balanced Salt Solution (HBSS) without Ca2+ and 

Mg2+. Minced tissues were further digested with 37 °C prewarmed trypsin buffer (Enzyme 

mix 1; Miltenyi Biotec Inc., San Diego CA) in a 37 °C shaker for 15 min. After 

trypsinization, the DNase buffer (Enzyme mix 2; Miltenyi Biotec Inc.) was added to 

reduce cell clumping and to digest nucleic acids from damaged cells. Clumping cells were 

gently dissociated with fire-polished Pasteur pipette and later incubated at 37 °C in a 

shaker water bath for 15 min.  To complete tissue digestion, cells were dissociated using 

a fire-polished Pasteur pipette until tissue-pieces were not observed. Upon complete 

digestion, tissue was filtered ofcell debris using 70µm nylon mesh filter (Miltenyi Biotec 

Inc.) and HBSS with Ca2+ and Mg2+ applied to inactivate trypsin activity. Digesting buffer 

and HBSS buffer were removed by centrifugation 300X g for 10 min. Dissociated cells 

were resuspended in culture media consisting of DMEM (Gibco®) supplement with v/v 
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10% Fetal Bovine Serum (FBS) (Atlanta Biologicals Inc., GA), 1% MEM Non-Essential 

Amino Acid (Gibco®, Thermo Fisher Scientific, MA), 2mM L-Glutamine, and 100 

units/mL penicillin and 100 µg/mL streptomycin (Gibco®). The cell was determined 

density of suspension in order to establish the concentration of antibody for 

immunopanning in the astrocyte purification step.  

2.3.3 Astrocyte purification using an immunopanning technique 

Following dissection and digestion, resuspended spinal cord cells were further purified 

using Anti-GLAST (ACSA-1) MicroBead Kit (Miltenyi Biotec Inc., San Diego CA) 

according to the company protocol. Briefly, the cell suspension was rinsed with an ice-

cold phosphate buffer saline (PBS) containing: 137 mM NaCl, 2.7 mM KCl, 1.4 mM 

NaH2PO4, and 4.3 mM Na2HPO4, at pH 7.4 and 0.5% (w/v) bovine serum albumin (BSA). 

Later, cell pellets were resuspended gently in PBS with 0.5% BSA and an Anti-GLAST 

primary antibody with a concentration appropriate to the cell density.  Cells were 

incubated with the antibody in the refrigerator (2-8 °C) for 10 min. They were 

subsequently washed with PBS buffer and centrifuged at 300xg for 10 min. After complete 

aspiration of the supernatant, cell pellets were resuspended gently in PBS buffer. Anti-

Biotin Microbeads were added and incubated in the refrigerator for 15 min. Next, the PBS 

buffer was added to wash cells and later centrifuge at 300xg for 10min. Cell pellets were 

resuspended in PBS containing 0.5% BSA. The cell suspension was filtered through a 

70µm nylon mesh filter (Miltenyi Biotec Inc., San Diego CA), which was adapted to 

connect the top of the magnetic column (MACS Column, Miltenyi Biotec Inc.). Cells 

labeled with Anti-Biotin Microbead against Anti-GLAST were trapped in the magnetic 

column and were eluted using astrocyte cell culture media and a plunger to push them 
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through the magnetic column. The cell density and viability of the suspension was 

counted for subsequent seeding and cell culture.  

2.3.4 Cell culture plating 

Following astrocyte purification, SCAs were stained using 0.4% (w/v) Trypan blue 

solution (Gibco®) to determine cell viability. The percent of cell viability was obtained 

from automated cell counting (TC20TM model, Bio-Rad, Hercules, CA, USA), and SCA 

suspension was diluted to 1x105 viable cells/ml. One ml, 0.5ml, and 0.1ml of 1x105 viable 

cells/ml were seeded per well in 12-, 24- and 96- well plates, respectively. Plates were pre-

coated with 100µg/ml (w/v) poly-D-lysine (PDL). Cell cultures were maintained at 37 °C 

in a 95% O2 and 5% CO2 incubator. After 24h of cell seeding, seeding media were removed 

and replaced with new astrocyte cell culture media. SCAs were replenished with astrocyte 

cell culture medium every 2 days until used for experiments (DIV 14 or DIV30).  

2.3.5 Cell culture treatments 

 The primary SCAs culture derived from C57BL/6J mice pups  (PND 1-7) were cultured 

and maintained in replenishing astrocyte media every 2 days for 28-30 days in vitro 

(DIV). Some research groups have suggested that primary astrocyte cell culture when 

cultured without neuron, will not express GLT-1. Despite traditional astrocyte media, the 

astrocyte media for SCAs were developed containing non-essential amino acids, one of 

the ingredients for the SMN cell line NSC34. This medium provided healthier SCAs which 

developed into typical star-shaped astrocytes when grown for an extended period of time. 

SCAs DIV 28-30 indicated high cell confluence and maturation of astrocytes by a high 

level of GLT-1 expression. Thus, between DIV 28-30, SCAs were exposed to 0.5, 1, 2, or 5 

µM MeHg concentrations in astrocyte media without FBS. Omitting FSB in the treatment 
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medium aims to reduce cysteine-containing proteins to bind nonspecifically to MeHg and 

thereby potentially reduce MeHg toxicity. The function of the time of MeHg exposure was 

monitored to determine the effect of time of exposure to a toxic effect of MeHg on SCAs. 

To determine if MeHg induced SCAs degeneration was involved in the disturbance of 

redox and glutamate homeostasis, SCAs were exposed to 5 µM MeHg for 18h. This 

concentration and time point indicated significant cell degeneration, and some SCAs 

remained in cell culture dishes resulting from the determination of MeHg toxicity in the 

function of time and different MeHg concentrations. A concentration and time 

relationship has been extensively demonstrated for MeHg. 

2.3.6 Real-time cell viability assay 

To determine the effect of MeHg in cell viability, the Real-Time GloTM MT Cell Viability 

Assay from Promega (Madison, WI, USA) was used. This assay allows determining the 

toxicity of MeHg over time >96h (Duellman et al., 2015). The assay could be used with 

cell culture media; therefore, it minimizes any cell culture response to new environmental 

conditions (buffer) rather than to the test compound. Two assay compounds, a cell 

viability probe, termed prosubstrate, and luciferase enzyme were added into the cell 

culture with the test compounds, including MeHg, according to the assay protocol. The 

concentrations of MeHg for test in this assay were 0, 0.1, 0.5, 1, 2 and 5 µM which are 0, 

0.0216, 0.108, 0.216, 0.438 and 1.08ppm, respectively. These concentrations are 

considered relatively low concentrations that have little or no adverse effects when 

humans consume seafood, such as canned tuna (Tollefson and Cordle, 1986; Grandjean 

et al., 2010).   SACs were cultured in an opaque clear bottom 96-well plate with 100µl of 

cell density 1x105 cell/ml in each well. This cell density was tested if two requirement assay 
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compounds were sufficient to monitor cell viability overtime prior to pursuing any 

experimental assays. The luminescence intensity, which indicates a viable cell response, 

was determined after 30min of adding MeHg and assay compounds and continued to 

monitor every 3h over 24h with a luminescent plate reader, BoTek, Synergy Neo2, 

(Winooski, VT, USA).   

2.3.7 Cell morphology and structure determination with coomassie brilliant 

blue staining  

The method using coomassie brilliant blue to determine cellular structure and 

morphology applied from Mochizuki and Furukawa (1987) (Mochizuki and Furukawa, 

1987) with minor modifications as follows. Following MeHg treatment, SCAs were fixed 

with 4% (v/v) paraformaldehyde for 20 min and rinsed with PBS. The cell later stained 

using coomassie brilliant blue solution; 0.02% (w/v) coomassie brilliant blue R-250 in 

methanol: acetic acid: water, 46.5: 7: 46.5 (v/v/v), respectively, for 20 min. The cells were 

rinsed with PBS at least three times or until blue background staining disappeared. The 

staining cells were examined under a light microscope, Leica Microsystems (Welzlar, 

Germany).  

2.3.8 Immunocytochemistry and confocal imaging analysis  

SCAs cultured on coverslips were fixed in Zamboni’s fixative reagent (PBS containing 

4.0% (v/v) paraformaldehyde and 0.2%v/v picric acid; American MasterTech Scientific 

Laboratory Supplies, Inc., Lodi, CA, USA) for 15 min. SCAs were rinsed in ice-cold PBS 

three times or until the yellow color disappeared. Later, SCAs were incubated for 30 min 

in blocking buffer; PBS containing 0.3% (v/v) Triton-X and 5% (v/v) normal goat serum 

(NGS, Vector Laboratories, Inc., Burlingame, CA, USA). After removing the blocking 

buffer, SCAs were rinsed with ice-cold PBS three times. They were next incubated in PBS 
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buffer containing 0.1% (v/v) Triton-X, 5% (v/v) NGS, and primary antibodies for 18-20h 

in a humidified chamber at 2-8 °C. SCAs were rinsed three times with ice-cold PBS after 

aspiration of primary antibody buffer. The secondary antibodies were diluted in ice-cold 

PBS buffer. SCAs were incubated in a secondary antibody buffer for 2h in a humidified 

chamber at the ambient room temperature. After 2h, the secondary antibody buffers were 

removed and rinsed off with ice-cold PBS buffer. The detailed information and dilution 

for primary and secondary antibodies employed in this study were indicated in the 

appendix. The SCAs on coverslips were mounted with ProLongTM Diamond Antifade 

Mountant (InvitrogenTM). The images were acquired from Nikon C2 Confocal Microscope 

(Nikon, USA) using the same setting for each channel. Fluorescence intensity was 

analyzed using NIS Element Advanced Research software (Nikon, USA). 

2.3.9 Real-Time Quantitative Reverse Transcription-PCR 

Total RNA was isolated from the SCAs using the Direct-Zol RNA Microprep (Zymo 

Research, Irvine, CA, USA) and converted to cDNA using the High Capacity cDNA 

Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR 

was analyzed using TaqMan® premade gene-specific probes designed against target genes 

with FAM/MGB reporter dye (Applied Biosystems, Foster City, CA), as indicated in Table 

A1, of the appendix. The mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh) 

endogenous control VIC TM/MGB probe with primer limited (catalog number: 4352339E; 

Applied Biosystems, Foster City, CA) was used as an endogenous control for the multiplex 

PCR. Gene expression data were obtained from the QuantStudioTM 7 Flex-Real Time PCR 

system (Applied Biosystems, Foster City, CA, USA) using the TaqMan Fast Advance cycle. 

The relative gene expression was determined using the 2-ΔΔCT method (Livak and 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glyceraldehyde-3-phosphate-dehydrogenase
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Schmittgen, 2001), and the data were presented as a fold change of target gene expression 

levels in SCAs. 

2.4 Results 

2.4.1 Aged-related SCA degeneration by MeHg induced toxicity 

The silent latency characteristic associated with MeHg toxicity (Weiss et al., 2002b) 

exhibited in both chronic MeHg exposure through the fish consumption in Minamata and 

Niigata Prefecture patients (Rice, 1996), and acute MeHg exposure through the accidental 

ingestion of wheat flour from seed treated with methyl-and ethyl mercury compound in 

Iraq patients (Bakir, 1973). The mechanisms involved in this silent latency remain 

unknown, and it severely exhibits in some susceptible individuals in later life.  In the 

present study, the SCAs were used to determine if their developmental stages would 

contribute to MeHg susceptibility and, if so, what concentration and time would 

significantly affect SCAs degeneration. Two different developmental stages of SCAs were 

used 1. early developmental stage (DIV14) and 2. fully developmental stage (DIV30) 

indicated with the highly expressed EAAT 2 (Roybon et al., 2013), were exposed to 

different MeHg concentration (0, 0.1, 0.5, 1, 2 and 5 µM MeHg) and different durations 

of exposure. The metabolic activity of SCAs, which is related to the viability of cells, was 

determined using a RealTime-GloTM MT cell viability assay (Promega, Madison, WI). The 

assay requires adding sufficient cell-permeant prosubstrate and luciferase enzymes in 

order to monitor cell viability over a 96h experimental period. (The condition was 

optimized to a specific cell type by the experimenter.) To determine the temporal 

relationship between cell viability and duration of MeHg exposure, different 

concentrations of MeHg ranging from 0, 0.1, 0.5, 1.0, 2.0, and 5.0 µM MeHg were 

determined in a function of time to generate a concentration-response curve. Figure 2.2 
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A (DIV 14) and 2.3 A (DIV 30) displayed the kinetics of different MeHg concentrations 

in the induction of SCAs degeneration.  With the Real-Time Glo Viability assay compared 

to control, SCAs DIV14 (Figure 2.2 A) exposed to 1, 2, and 5 µM MeHg exhibited a 

significant reduction of cell metabolic activity starting at 30 min and at every through 

time point assayed. Exposure to 0.5 µM MeHg caused a significant reduction in metabolic 

activity starting from 2h, whereas 0.1 µM MeHg did not affect the SCAs at DIV 14. The 

concentration-dependence of  SCAs degeneration was also exhibited in DIV 30 (Figure 

2.3 A) by which 5µM MeHg caused a significant reduction of cell metabolic activity 

starting at 2h exposure. Lower concentrations 0.5, 1, and 2 µM MeHg produced 

significant effects at 6h exposure. While 0.1 µM MeHg did not affect SCAs DIV 14 

degeneration, it did for SCAs DIV30 when exposed for longer than 12 h. These results 

suggested even though SCAs DIV 14 and DIV 30 were both affected by MeHg as a function 

of MeHg concentration and time of exposure, the susceptibility was different between the 

maturity of SCAs (Figure 2.4 table). The IC50 of SCAs DIV 14 (Figure 2.2 B) and DIV 

30 (Figure 2.3B) indicated the lower the MeHg concentration, the higher was the effect 

on SCAs degeneration when increasing the exposure time (Figure 2.4). The onset of cell 

metabolic reduction occurred sooner in DIV 14 (30min with 1, 2, and 5 µM MeHg) than 

in DIV 30 (6h with 0.5, 1, and 2 µM MeHg). Interestingly, The IC 50 of SCAs DIV 30 

degeneration was about half of IC50 of SCAs DIV 14 when exposed longer than 12h. These 

differential effects of MeHg toxicity to different SCAs maturity might suggest the 

differential cellular mechanisms of MeHg-toxicity in the onset and progression.   
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2.4.2 The concentration and time-dependent MeHg-toxicity to the pathologic 

morphology of SCAs.  

The morphological changes of SCAs were observed in a function of time and MeHg 

concentrations in SCAs DIV 14. The simple staining with coomassie brilliant blue 

enhanced the differences between cell morphology and the background. The 3h and 24 h 

of different MeHg concentrations and exposure regimen were observed the effect of early 

stage and prolonged MeHg exposure, respectively. The 0.1 µM MeHg did not affect the 

SCAs DIV 14 in morphological changes in either short-term (3h) or relatively longer-term 

(24h) exposure (Figure 2.5). The non-toxic effect of 0.1 µM MeHg was relevant to the 

cell viability assay data as this concentration did not affect SCAs DIV14 viability (Figure 

2.2) while it caused SCAs DIV 30 degeneration at exposures longer than 12 h (Figure 

2.3).  The IC50 for SCAs DIV 14 degeneration curve (Figure 2.2 B) following 3 h 

suggested the o.6µM MeHg would reduce cell viability by 50%. Morphologically following 

3h of 0.5µM MeHg, SCAs exhibited punctate processes, and this characteristic was a more 

prominent appearance with higher MeHg concentration (1, 2, and 5µM). The 5µM MeHg 

exposure for 3h already exhibited the loss of synaptic contact in some SCAs. When these 

SCAs were exposed to different MeHg concentrations longer (for 24h), the morphology of 

SCAs was more greatly affected with the loss of processes, synaptic contact, and cell 

degeneration compared to the same concentration for 3h exposure. The higher MeHg 

concentration caused a pronounced significant reduction of cell viability as observed a 

few SCAs remained in the cell culture dish. These morphological change data supported 

the cell viability, and IC 50 curve is that the function of time and MeHg concentration-

dependent affected to SCAs.   



117 
 

2.4.3 Sub-micromolar MeHg (0.5µM) dysregulated the expression of Keap1 

and Nrf2 mRNA in SCAs 

The potential role of  Keap1 and Nrf2 mRNA expression in greater susceptibility of mature 

SCAs (DIV 30) was next examined. The 0.5µM MeHg was used because this was the 

lowest concentration that exhibited toxicity in both DIV 14 and DIV30 SCAs (Figure 2.4 

table). The function of time of MeHg exposure was used to investigate the expression 

profile of these mRNA. At 6h of  0.5µM MeHg exposure, the Keap1 mRNA expression was 

increased about 1.9-fold and later decreased in about 0.74-fold following 18h exposure 

(Figure 2.6). Nrf2 mRNA expression was increased about 1.3-fold and 1.2-fold increase 

at 6h and 9 h, respectively. It was then followed with a decrease of its expression level 

relatively similar to baseline (vehicle exposure) (Figure 2.7).          

2.4.4 Sub-micromolar MeHg (0.5µM) affected the expression of Gclc mRNA 

encoding to a rate-limiting enzyme for GSH synthesis in a bi-phasic 

induction. 

MeHg has been reported to reduce intracellular GSH and activate Nrf2 (Feng et al., 2017) 

in both neurons and astrocytes (Shanker et al., 2005a; Robitaille et al., 2016).   MeHg 

might affect only the intracellular GSH content, or MeHg might affect de novo GSH 

synthesis. Determination of the Gclc mRNA expression could explain if MeHg affected 

the Nrf2-ARE pathway by determining its downstream mRNA, driven by the ARE 

promotor region of Gclc mRNA. It could also explain if MeHg affected the pathway of de 

novo GSH synthesis. During 24h 0.5µM MeHg exposure, the Gclc mRNA was increased 

starting from 6h exposure (1.51-fold) and reached its peak at 9h exposure (2.1-fold). Later, 

after 12h exposure, Gclc mRNA gradually declined, but still significantly increased to 
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about 1.52-fold of vehicle control (Figure 2.8).  At 15h of MeHg exposure, Gclc mRNA 

expression level returned to the baseline (vehicle treatment level) and was later increase 

with 1.38 and 1.47-fold following 18h and 21h 0.5µM MeHg exposure, respectively 

(Figure 2.8). Following 24h of MeHg, the Gclc mRNA expression returned to its 

baseline level.  

2.4.5 MeHg induced a time-dependent increase of the detoxification 

transporter Mrp1 and antioxidant precursor transporter system Xc- mRNA 

expressions. 

If MeHg perturbed the Keap1-Nrf2-ARE pathway, the expression of its downstream 

mRNA, such as Mrp1 and system Xc- could reveal the specific antioxidant genes involved. 

Both Abcc1 mRNA encoding for Mrp1 and Slc7a11 encoding for system Xc- are regulated 

by the Nrf2 activity by initiation of these mRNA syntheses through the Nrf2 binding site 

at the ARE promotor region of these mRNAs (Maher et al., 2007; Habib et al., 2015). Mrp1 

is involved in the export of the GSH and xenobiotics as part of the detoxification process, 

while system Xc- is involved in the transport of cystine as a cysteine prosubstrate for de 

novo GSH synthesis. MeHg induced a significant increase of Abcc1 mRNA expression 

following 6 h with 1.54-fold of increase and 9h with 1.59-fold of increase. The relative 

reduction of Abcc1 to its peak occurred at 12 h of MeHg exposure. Although the level of 

Abcc1 mRNA at 12h appeared to be higher than baseline (vehicle treatment), this was not 

significant from either the baseline or peak levels (at 9h). The Abcc1 level was increased 

significantly later at 15h MeHg exposure (about 1.51-fold of increase, p> 0.5) after that 

declined to the baseline at 21h of exposure (Figure 2.9). 
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While the Abcc1 mRNA expression profile was increased following MeHg exposure 

starting from 6h and was later decline after 21h, the Slc7a11 mRNA expression profile 

fluctuated following MeHg exposure. MeHg increased Slc7a11 at the earliest time point 

(1h) of MeHg exposure and peaked with an 8.65-fold increase (Figure 2.10). While the 

Slc7a11 expression level returned to its baseline later at 3h, it subsequently increased 

following 6h of MeHg exposure. Slc7a11 started to decline and returned to its baseline 

during 9 to 15h of MeHg exposure, but started to increase following 18h exposure. The 

increase of Slc7a11 expression levels was 4.94-fold and 5.30-fold of increase following 21 

and 24h exposure, respectively. 

2.4.6. MeHg induced the increase of EAAT1/GLAST and EAAT2/GLT-1 mRNA 

expression during early exposure.  

MeHg has been reported to dysregulate excitatory synaptic transmission by it increasing 

the synaptic Glu concentration (Reynolds and Racz, 1987; Farina, 2003) and inhibiting 

EAAT1/GLAST and EAAT2/GLT-1 function (Brookes and Kristt, 1989; Kim and Choi, 

1995; Mutkus et al., 2005; Yin et al., 2007a). A reduction of EAAT expression in astrocytes 

could also attribute to dysregulation of Glu homeostasis. System Xc- and EAATs work in 

concert to regulate both redox and Glu homeostasis, and dysregulation of either of these 

transporters will likely affect the function of the others. The mRNA expression of Slc1a3 

(encoding for EAAT1/GLAST) and Slc1a2 (encoding for EAAT2/GLT-1) in SCAs could 

also be used to determine the relationship between these transporter expressions. The 

expression profile of Slc1a3 (Figure 2.11) and Slc1a2 (Figure 2.12) in SCAs were 

similar during MeHg exposure. MeHg induced a significant increase in both Slc1a3 and 
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Slc1a2 with 3.3-fold and 2.2-fold at 3h of exposure, respectively (Figure 2.13). These 

increases later returned to baseline level at 6h to 12h of exposure.  

2.4.7 MeHg induced Vegfa mRNA expression in SCAs in a bi-phasic fashion 

The vulnerability of MN degeneration to excitotoxicity is partly due to the regional specific 

astrocytes regulating GluR2 subunit expression.  VEGF has been indicated its role in the 

protection of MNs (Lunn et al., 2009) against excitotoxicity by regulating GluR2 subunit 

expression in AMPAR (Bogaert et al., 2010). To examine if MeHg dysregulated VEGF in 

SCAs at its transcriptional level, the Vegfa mRNA expression was determined as a 

function of time of MeHg exposure. MeHg increased Vegfa in a biphasic manner. Vegfa 

significantly increased (1.9-fold) following 6h of MeHg exposure, which reached its peak 

(2.5-fold) at 9h (Figure 2.14). The expression of Vegfa decreased following 12h of MeHg 

exposure and returned to baseline (vehicle treatment) at 15 h. After 18h exposure, Vegfa 

expression was significantly induced to 1.8-fold of increase. The induction of Vegfa was 

appeared to increase following 21 to 24 h of exposure, but these expression levels were 

not significantly different from baseline (vehicle treatment).     

2.4.8 Immunocytochemistry indicated a reduction of Mrp1, system Xc- and 

EAAT2/GLT-1 expression following 5µM MeHg exposure in SCAs 

Besides the mRNA expression, MeHg could affect the Mrp1, system Xc- and EAAT2/GLT-

1 transporter protein expression in SCAs. Immunocytochemistry against the Mrp1, 

systemXc- and GLT-1 was used to examine these transporters’ abundance in SCAs when 

exposed to 5µM MeHg for 18 h compared to the vehicle (H2O) treatments. Following 

MeHg exposure, SCAs showed cell atrophy (white arrowhead       ), process disintegration 

(white arrow    ), and degeneration. Some SCAs started to retract their process as they 
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showed punctuated on the processes (yellow arrow       ) (Figure 2.15). The relative mean 

immunofluorescent intensities of each specific transporter antibodies were determined 

using NIS-Element Advanced Research software from Nikon. Individual single SCAs were 

traced as regions of interest (ROI) for fluorescence intensity determination. Two-Way 

ANOVA with Sidak multiple comparison post hoc indicated differential expression 

between vehicle and MeHg treatments with the diminution of about 28% Mrp1, 25% 

system Xc- and 48% GLT-1 relative to the vehicle treatments (Figure 2.16).                    
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Figure 2.2 SCA Cell Culture (DIV14) exposed to 0, 0.1, 0.5, 1, 2, and 5 µM MeHg from 30 min to 27 h. The 

function of time of MeHg exposure presented in A. The concentration and duration of MeHg exposure contributed to SCAs 

metabolic activity (viability). With the Real-Time GloTM MT Viability assay compared to control, SCAs at DIV14 exposed to 

1, 2, and 5 µM MeHg indicated a significant reduction of cell metabolic activity (cell viability) starting from 30 min across 

all-time points of the assay. Exposure to 0.5 µM MeHg caused a significant reduction starting from 2h, while 0.1 µM MeHg 

did not affect these SCAs. B. The Concentration Response Curves of MeHg to SCAs in the early phase of MeHg exposure 

(30min to 9h). The concentration-response curve shifted to the left as a result of longer cell exposure to MeHg. In addition, 

the half-maximal inhibitory concentration (IC50) decreased for longer times of exposure. The asterisk (*)  indicated p<0.05 

compared to vehicle control treatments., N= 9 biological replications. Two-Way ANOVA with repeated measurements, and 

Tukey’s Multiple Comparisons post hoc test were performed using GraphPad Prism 8.02 for data analysis.  

A B 
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Figure 2.3 SCA cell culture (DIV30) exposed to 0, 0.1, 0.5, 1, 2, and 5 µM MeHg from 30 min to 27 h. The 
function of time of MeHg exposure presented in A.) The concentration and duration of MeHg exposure contributed to SCAs 
metabolic activity (viability). SCAs DIV30 exposed to 5 µM MeHg indicated a significant reduction of cell viability (*) 
starting from 2h, while 0.5, 1, and 2 µM MeHg indicated a significant reduction following 6h exposure. Following exposure 
to 0.1 µM MeHg, SCA cell viability reduced significantly following 12 h exposure. B.) The Concentration-response curves of 
MeHg to SCAs from 0h to 24h. The curve shifted to the left due to longer exposure to MeHg, which resulted in a decrease 
of half-maximal inhibitory concentration (IC50). N= 7 biological replications. Two-Way ANOVA with repeated 
measurements and Tukey’s Multiple Comparisons post hoc test were performed using GraphPad Prism 8.1. for data analysis.

A B 
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Time Onset of Cell 

Metabolic Reduction 

0.1µM 

MeHg 

0.5µM 

MeHg 

1.0µM 

MeHg 

2.0µM 

MeHg 

5.0µM 

MeHg 

DIV14 NO 2h 30min 30min 30min 

DIV30 12h 6h 6h 6h 2h 

Figure 2.4 Comparison of the susceptibility to MeHg between SCAs DIV14 

(early developmental stage) and DIV 30 (fully developed stage). SCAs were 

exposed to 0, 0.1, 0.5, 1, 2, and 5 µM MeHg, and cell metabolic activities were determined 

over 24h of exposure. Concentration-response curves of MeHg to SCAs DIV 14 (A) and 

DIV 30 (B). During the early phase of MeHg exposure 30min to 6h, SCAs DIV14 were 

more susceptible to MeHg based on the IC50 at 6h which was higher than that in DIV30. 

The time onset of metabolic reduction occurred sooner than that in SCAs DIV30. 

Nevertheless, the longer MeHg exposure affected SCAs DIV 30 more than in SCAs DIV14 

as the IC50 of SCAs DIV30 during more prolonged MeHg exposure was lower than that 

in SCAs DIV14. The lowest MeHg concentration (0.1 µM) did not affect SCAs DIV 14 but 

did affect SCAs DIV 30 following 12h of exposure.  IC50 values were obtained from a 

concentration-response curve and determined from the halfway between the maximal 

response (Top) and the maximally inhibited response (bottom) using GraphPad Prism 

version 8.1. (ND= Not Determined; NO= No Effect Observed) 

IC50 (µM) 30min 6h 9h 12h 15h 18h 24h 

DIV14 2.3 0.4 0.4 0.3 0.3 0.3 ≈0.4* 

DIV30 ND 0.7 0.3 0.2 0.2 0.1 0.1 

A. SCAs DIV 14  B. SCAs DIV 30 
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Figure 2.5 Pathological and morphological features of SCAs at DIV 14 exposed to different MeHg 

concentrations for 3h and 24h. The giant flat cell astrocytes appeared to be more resistant to MeHg compared to small 

process bearing astrocytes. The control SCAs processes remained in contact with each other and were about twice the cell 

body dimension in length. The processes in 0.5, 1, 2, and 5 µM MeHg-treated SCAs presented fragmentation of processes as 

well as an apparent loss of synaptic contact and degeneration. At higher concentrations of MeHg, a greater severity of 

fragmentation of processes was observed. Despite following 3h exposure, exposure to 0.1 µM MeHg for 24h resulted in a 

loss of synaptic contact in small process-bearing astrocytes and damage to the cytoarchitecture in some large flat cells with 

smaller cell diameter. Small process bearing astrocytes exposed to 5 µM MeHg for 24h severely degenerated while at 3h 

exposure, several small process-bearing cells remained intact. The morphologies were observed under brightfield with a 

light microscope (Leica, Microsystem) with the same magnification (20X). Note at 3h, the scale bar is 200µm, and at 24h 

the scale bar is 50µm.         
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Figure 2.6 The expression profile of Keap1 mRNA during 0.5µM MeHg 

exposure to SCAs for 18 h. The Keap1 mRNA expression indicated the significant 

increase (1.9-fold induction) at 6h which is the peak of expression. Its expression level 

later declined to control level and further decrease its expression lower than control level. 

At 18h, Keap1 mRNA was significantly reduced relative to control level (0.7-fold 

reduction).  The statistical analysis using Two-Way ANOVA with Sidak’s Multiple 

Comparison post hoc indicated *; p<0.05. N=3 biological replications with two 

replications/N. 
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Figure 2.7 The expression profile of Nrf2 mRNA during 0.5µM MeHg 

exposure to SCAs for 18 h. Following MeHg exposure, Nrf2 mRNA expression 

indicated a significant increase from 6h to 9h (1.3-fold and 1.2-fold induction, 

respectively). Later, its expression gradually decreased and returned to the control level. 

The statistical analysis using Two-Way ANOVA with Sidak’s Multiple Comparison post 

hoc indicated *; p<0.05. N=3 biological replications with two replications/N. 
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Figure 2.8 The biphasic expression profile of Gclc mRNA during 0.5µM 

MeHg exposure to SCAs for 24 h. The first phase of Gclc mRNA expression indicated 

a significant increase starting from 6h to 12h, with 9h as the peak of its expression (2.1-

fold induction). Later, its expression returned to the control level at 15h of exposure and 

then increased its expression significantly relative to control at 18 and 21h (1.3-1.4-fold 

induction). The decline of Gclc expression returning to the control level was later 

observed. The statistical analysis using Two-Way ANOVA with Sidak’s Multiple 

Comparisons indicated *; p<0.05. N=5 for control and N= 6 for MeHg treatments. Each 

N was performed in two replications. 
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Figure 2.9 The expression profile of Abcc1 (Mrp1) mRNA during 0.5µM MeHg 

exposure to SCAs for 18 h. The Abcc1 mRNA expression appeared to increase during 

MeHg exposure, and significant increased starting from 6h to 9h (1.5 to 1.6-fold 

induction). At 12 h exposure, the Abcc1 mRNA declined but remained higher than the 

control level (1.3-fold induction) and later increase (1.5-fold induction) at 15h.  Later, its 

expression returned to the control level at 18h of exposure. The decline of Gclc expression 

to the control level was later observed. The statistical analysis using Two-Way ANOVA 

with Sidak’s Multiple Comparison post hoc indicated *; p<0.05. N=3 biological 

replications with two replications/N. 
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Figure 2.10  The expression profile of Slc7a11 (systemXc-) mRNA during 

0.5µM MeHg exposure to SCAs for 24 h. The early phase of Slc7a11 mRNA 

expression indicated a significant increase following 30min of MeHg exposure with 8.6-

fold induction. This induction was returned to the control level following 3h of MeHg 

exposure, and later Slc7a11 was significantly induced to 5-fold increase at 6h. The 

expression of Slc7a11 subsequently declined to the control level from 9h to 15 h exposure 

and started to increase following 18h exposure. During 21h to 24h exposure, Slc7a11 

indicated a significant increase (4.9 to 5.2-fold indication, respectively) relative to the 

control level. The statistical analysis using Two-Way ANOVA with Sidak’s multiple 

comparison post hoc indicated *; p<0.05. N=5 for control and N=6 for MeHg treatments. 

Each N was performed in two replications. 
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Figure 2.11  The expression profile of Slc1a3 (GLAST in murine or EAAT1 in 

human) mRNA during 0.5µM MeHg exposure to SCAs for 12 h. Following MeHg 

exposure for 3h, the expression of Slc1a3 mRNA was induced to increase significantly 

relative to the control level (3.3-fold induction). The expression of Slc1a3 subsequently 

declined to the control level following 9h to 12 h exposure. The statistical analysis using 

Two-Way ANOVA with Sidak’s multiple comparison post hoc indicated *; p<0.05. N=5 

biological replications. Each N were performed in two replications. 
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Figure 2.12 The expression profile of Slc1a2 (GLT-1 in murine or EAAT2 in 

human) mRNA during 0.5µM MeHg exposure to SCAs for 12 h. Following MeHg 

exposure for 3h, the expression of Slc1a2 mRNA was induced to increase significantly 

relative to the control level (2.2-fold induction). The expression of Slc1a2 mRNA 

subsequently declined to the control level following 9h to 12 h exposure. The statistical 

analysis using Two-Way ANOVA with Sidak’s multiple comparison post hoc indicated *; 

p<0.05. N=5 biological replications. Each N was performed in two replications. 
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Figure 2.13 Comparision of the expression profiles of Slc1a3 and Slc1a2 

during 0.5µM MeHg exposure to SCAs for 12 h and their control. The 

expression profiles of Slc1a3 and Slc1a2 mRNA during MeHg exposure were similar, 

which indicated the significant induction of these mRNA expressions following 3h of 

MeHg exposure, which later declined to (basal) control levels. The basal control levels of 

these mRNA expressions were also similar. The statistical analysis using Two-Way 

ANOVA with Sidak’s multiple comparison post hoc indicated *; p<0.05. N=5 biological 

replications. Each N was performed in two replications. 
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Figure 2.14 The biphasic expression profile of Vegf mRNA during 0.5µM 

MeHg exposure for 24 h. The first phase of Vegf mRNA expression indicated a 

significant increase starting from 6h to 9h, with 9h is the peak of its expression (2.5-fold 

induction). Its expression subsequently returned to the control level following 12h to 15 h 

exposure. The Vegf mRNA later was induced to increase its expression significantly 

relative to control (1.8-fold induction) following 18h and gradually declined to the control 

level. The statistical analysis using Two-Way ANOVA with Sidak’s multiple comparison 

post hoc indicated *; p<0.05. N=5 for control and N=6 for MeHg treatments. Each N was 

performed in two replications. 
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Figure 2.15 Comparision of morphological features and transporter protein expressions of SCAs following 

5µM MeHg exposure for 18h.  Following MeHg exposure, SCAs showed cell atrophy (white arrowhead       ) and processes 

disintegration (white arrow    ) and degeneration. Some SCAs started to retract their process as they showed punctuated on 

the processes (yellow arrow    ). The multidrug-resistant associated proteins were labeled with mouse-monoclonal Mrp1 

antibody, which was detected by anti-mouse Alexa Fluor 647. The system Xc- (cystine/glutamate antiporters) were detected 

using a rabbit-polyclonal SLC7A11 antibody, which was observed with anti-rabbit Alexa Flour 488. The glutamate 

transporter (GLT-1 in murine or EAAT2 in human) were detected using anti-guinea pig glutamate transporter (GLT-1) 

antibody, which was determined using anti-guinea pig Alexa Flour 594. The images were acquired from Nikon C2 confocal 

microscope using 60X oil objective lenses with the same exposure setting for each laser channel across all different 

treatments.   
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Figure 2.16 The reduction of Mrp1, system Xc- and GLT-1 proteins in SCAs 

following 5µM MeHg for 18h. The expression of these transporters following MeHg 

exposure was diminished by 28.2% (Mrp1), 25.2% (Xc-), and 47.7% (GLT-1) from vehicle 

treatment. The relative mean fluorescence intensity of these transporters was determined 

using NIS-Element Advanced Research software from Nikon. Individual single SCAs cells 

were traced as regions of interest for fluorescence intensity determination. Two-Way 

ANOVA with Sidak Multiple Comparison post hoc indicated differential expression 

between vehicle and MeHg treatments with *; p<0.05. Values are presented as mean 

average +/- SEM from N=12-24 biological replications with 3 independent experiments. 
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2.5 Discussion 

Several lines of evidence characterize the neurotoxicity of MeHg with a delayed onset, a 

long interval (latency period) between the time of exposure and the onset of neurological 

symptoms (Nierenberg et al., 1998). In children, MeHg exposure during pregnancy (in 

utero) has been associated with delays in reaching developmental milestones (e.g., age at 

first walking) and decreases in intelligence. These developmental milestones increase in 

severity with increasing exposure (Gilbert and Grant-Webster, 1995; Pletz et al., 2016). In 

adults, toxic effects of environmental levels of MeHg caused neurotoxic signs and 

symptoms that included weight loss, blurred vision, and paresthesia, following by visual 

field constriction and ataxia after several weeks to years of cessation (Rice, 1996; Ke et al., 

2019). The latency period preceding neurotoxicity induced by MeHg is correlated to the 

concentration-response relationship (Pletz et al., 2016), species involved (Wobeser et al., 

1976) and developmental stages (Sakamoto et al., 2018). Therefore, minimal doses of 

MeHg exposure to susceptible individuals may cause extensive adverse effects later in life. 

This study, therefore, initially determined the lowest toxic effect of MeHg in SCAs and 

compared the susceptibility between the early developmental stage (DIV14) and full 

developmental stage (DIV30). The susceptibility to MeHg toxicity in SCAs displayed the 

concentration and time relationship (C x T relationship) at both cell maturity stages. Real-

time viability assays were used to determine the level of susceptibility with MeHg 

concentration ranging from 0.1 µM (0.02ppm) to 5 µM (1ppm) MeHg; the range that is 

lower than the maximum of MeHg content in commercial fish and seafood (1ppm) 

according to the World Health Organization (WHO) (WHO, 1990). The US National 

Research Council (USNRC) recommended that maternal blood Hg concentration is not 

over 5.8 μg/L or 1mg/kg (1.0 ppm) as the US Environmental Protection Agency (USEPA) 
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reference dose in hair (Hsi et al., 2016). Susceptibility of CxT response in these cells 

suggested that SCAs are also affected by MeHg in a concentration that has previously been 

studied in primary spinal cord motor neurons cell culture (Ramanathan and Atchison, 

2011), spinal cord motor neuron cell line (NSC34 cells) (Rivera-Caraballo et al., 2017), 

CGCs (Marty and Atchison, 1998b; Sirois and Atchison, 2000; Limke and Atchison, 

2002), PKCs (Edwards et al., 2005), cortical astrocytes(Allen et al., 2001b; Shanker et al., 

2005a; Yin et al., 2007b; Yin et al., 2011), cerebellar astrocytes (Kaur et al., 2006) and 

microglia (Ni et al., 2011).  

It is well documented that the prenatal and neonatal stages are the most susceptible for 

MeHg toxicity. The relative susceptibility of mature DIV 14 and fully mature SCAs DIV30 

could explain the differential susceptibility of neurons in the spinal cord. Interestingly, 

0.1 µM MeHg exposure did not affect DIV14 cell metabolic activity of SCAs; however, this 

concentration caused the DIV 30 SCAs to degenerate when exposure was longer than 9h 

(Figure 2.2). The onset of metabolic reduction (cell viability) of the SCAs DIV114 

occurred sooner than that in SCAs DIV30 (see Figure 2.3 for the comparative summary), 

yet the IC50 in SCAs DIV14 was higher than that in SCAs DIV 30 with a more extended 

interval of MeHg exposure starting from 9h to 24h. The earlier appearance of the 

reduction of cell viability, but higher IC50 in DIV14 could be explained with their ability 

to recover from MeHg insult being better than the DIV30 (aged cells). The resilience of 

SCAs DIV14 could be because their antioxidant pathways are more active and well-

regulated than the aged DIV30 SCAs.  Oxidative stress and chronic inflammation are 

hallmarks of aging. The oxidative damage of macromolecules, including proteins and 

nucleic acids, increases with age, leading to a decline in cell and tissue functions (Frazzini 



139 
 

et al., 2006).  Loss of balance between oxidants and antioxidants in aged cells like SCAs 

DIV30 could render DIV30 more vulnerable to MeHg than relatively immature cells 

DIV14SCAs. It has been reported that a chronic low dose of MeHg exposure (40µg/kg/day 

by oral gavage for 60 days caused rat (90- days old) to display oxidative stress, a neuronal 

marker (NeuN)  and astrocytic marker (GFAP) positive cells degeneration in the motor 

cortex and impairment of some motor skills (Santana et al., 2019). This level of hair Hg 

2µg/g is commonly found in Amazonian (Malm, 1998).  The differential susceptibility 

between the mature SCAs DIV 14 and fully mature SCAs DIV30 to MeHg toxicity could 

be partly due to increased oxidative stress with aging.  

Several studies suggested that the efficiency of mitochondrial functions, particularly 

oxidative phosphorylation (OXPHOS) declines with age as a result from the accumulative 

mutation of mitochondrial DNA (mtDNA) damaged from ROS (Frazzini et al., 2006). 

Wallace (2005) proposed that the delayed-onset and progressive course of age-related 

diseases result from the accumulation of somatic mutations in the mtDNAs of post-

mitotic tissues. The tissue-specific manifestations of these diseases may result from the 

varying energetic roles and needs of the different tissues (Wallace, 2005). Therefore, the 

susceptibility of DIV 30 SCAs to MeHg may be explained by a decline in OXPHOS, and 

mitochondrial function with age and result in a MeHg manifestation at a concentration 

that has no adverse effect (0.1µM) on the DIV14 SCAs.  

Mitochondria and the OXPHOS are not only responsible for ATP production but are also 

involved in a variety of cellular processes, including Ca2+ homeostasis, cAMP/protein 

kinase A (PKA) signaling, inflammation, and apoptosis (Bergman and Ben-Shachar, 

2016). The changes of Ca2+ homeostasis during MeHg exposure are associated with 
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mitochondrial dysfunction (Hare et al., 1993; Marty and Atchison, 1997a; Limke and 

Atchison, 2002). As such, the latency period preceding neurotoxicity induced by MeHg 

and age-related susceptibility may involve mitochondrial dysfunction and loss of Ca2+ and 

redox homeostasis.  

One of the hallmarks of aging is reduction of a cellular redox capacity characteristic with 

a more oxidized status (Cheng et al., 2011), thereby increasing the susceptibility to any 

ROS generation and toxicological and pathological insults (Suh et al., 2004).  The 

reductions of antioxidant SOD1, catalase, and GPx activity in blood samples were 

correlated with aging subjects, 65–90+ years of age, compared to subjects at the 

beginning of aging, 55–59 years of age (Kozakiewicz et al., 2019). SOD1 activity was the 

most explicit decrease related to age regardless of healthy or hypertensive subjects (Rybka 

et al., 2011). The GSH level, as well as GCLC and GCLM activities, declined significantly 

in the aging rat’s liver (Suh et al., 2004). This was a result of the reduction of Nrf2 activity 

in the aged rats (Suh et al., 2004). The experimental mimetic aging model induced with 

chronic administration with D-galactose (D-Gal) in rats exhibited pathologies with 

increased oxidative stress, dysfunction of mitochondria, and damage of neurons (Ho et 

al., 2003; Li et al., 2018). The reductions of the Keap1-Nrf2-ARE signaling pathway were 

characteristics of associated aged reductions of nuclear Nrf2 expression and Nqo1, Ho-1, 

and Sod2 (MnSOD1) mRNA expressions in the auditory cortex of this aging rat model (Li 

et al., 2018). Interestingly, control rats treated with normal saline in that experiment also 

exhibited aged associated increase of Keap1 and reduction of Nrf2 and those Nrf2 

regulated genes (Li et al., 2018). Besides this, Nrf2 has its role in the neurogenesis of 

neuronal stem progenitor cells (NSPCs) in the subventricular zone of the dentate gyrus of 
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the rat hippocampus. The NSPCs exhibited regenerative and neuronal density 

compromises with age as well as the decline of Nrf2 and Gclm (Ray et al., 2018). 

Overexpression of Nrf2 in middle-aged rats, a critical period that showed a marked 

reduction of NSPC neurogenesis and cognitive behavior decline, the neurogenesis in these 

Nrf2 treated rats was enhanced, compared to untreated middle-aged rats (Ray et al., 

2018). As such, the increase of SCAs DIV 30 susceptibility to MeHg may involve 

dysregulation of the Keap1-Nrf2 -ARE pathway in more mature cells. Further study of a 

comparative expression of the Keap1-Nrf2 -ARE pathway and antioxidant activity 

between SCAs DIV 14 and DIV30 may explain the mechanism underlying the differential 

susceptibility.  

Whether the Keap1-Nrf2 -ARE pathway was involved in MeHg-induced toxicity in DIV 

30 SCAs, the expression of Keap1, Nrf2, and downstream genes under Nrf2 activity were 

determined using gene expression assays as a function of time of exposure with 0.5µM 

MeHg, the lowest concentration exhibiting toxicity to both SCAs DIV 14 and DIV 30 in 

this study. Expressions of Keap1, Nrf2, Gclc, Abcc1 mRNAs obviously increased at 6h of 

MeHg exposure and declined at 15h of MeHg exposure. While the expression of Keap1 

continued to decline and became significantly lower than the control treatment, the 

expression of Nrf2 appeared to return to the control level at 18h exposure. The level of 

Nrf2 mRNA expression was not significant at a time at which Keap1 mRNA was 

significantly reduced (18h). Perhaps the cellular bioavailability of Nrf2 protein was 

sufficient to combat oxidative stress and MeHg insults. Cellular Nrf2 protein might also 

regulate the increase of Gclc and Abcc1 expression at this time point. At 18h of MeHg 

exposure, both Gclc and Abcc1 were increased (Figure 2.8 and 2.9) with a significantly 
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reduction of Keap1 (Figure 2.6). The biphasic induction of Gclc and Abcc1 mRNA 

expressions during MeHg exposure in SCAs could be explained by the nature of Nrf2 

activity and MeHg. MeHg is highly reactive with the sulfhydryl group (Simpson, 1961), 

and Keap1 is a cysteine-rich protein (Dinkova-Kostova et al., 2002). MeHg has been 

shown to bind to recombinant Keap1 protein with an SDS-PAGE assay (Toyama et al., 

2007).  Therefore, MeHg would potentially interrupt the bonding between Keap1 and 

Nrf2, which leads to the regulation of genes underlying ARE expression. The gradual 

induction of Gclc and Abcc1 mRNA expressions (Figure 2.8 and 2.9) in the first phase 

could be due to activation of Nrf2 by MeHg, which later declined due to the loss of Nrf2 

activity and availability of cellular Nrf2 protein. The Nrf2 half-life is about 20 min under 

basal conditions (Ma, 2013). It is rapidly degraded under ubiquitin-proteasome 

degradation (Ma, 2013). Nrf2 is also activated by other metals such as Zn2+(Silbajoris et 

al., 2014; Wages et al., 2014). The second phase of Nrf2 activity, as seen in the induction 

of Gclc, Abcc1, and slightly Nrf2, could be partially due to Zn2+ activation of this pathway, 

in addition to the decline of Keap1. Elevation of Zn2+ is involved in the cellular mechanism 

by which MeHg induced toxicity in the synaptosome (Denny and Atchison, 1994b), 

neuronal cell line (Denny and Atchison, 1994b), cerebellar neurons(Limke, 2004; 

Edwards et al., 2005), and  brainstem (Johnson et al., 2011).  That peak of the second 

phase was lower than the first phase could be related to multiple factors, such as the cell 

survival stage or lower affinity to thiols for Zn2+ than MeHg  (Kensler et al., 2007). 

Besides Keap1, additional negative Nrf2 regulators are presented in the nucleus that 

indicate the Keap1-independent regulation of Nrf2 pathway. These regulators include Src 

subfamily members Fyn, Src, Yes, and Fgr, which phosphorylate Nrf2 at tyrosine 568 that 
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results in nuclear export and later degradation of Nrf2 in the cytoplasm (Niture et al., 

2014). The nuclear activity of Fyn is regulated by a glycogen synthase kinase 3 beta (GSK-

3β) and its negative effector protein kinase B (Akt) (Hayes, 2016). The regulation of Nrf2 

activity is also controlled by a Keap1-independent pathway by which the IGF-1-PI3K-Akt 

pathway regulates the ARE underlying gene expression. The increase of Akt dramatically 

increased in Nrf2 KO mice in the presence of insulin, which activates the IGF-1 receptor 

(Meakin et al., 2014). The active Akt antagonizes the inhibition of Nrf2 expression by 

GSK-3β activity in the phosphorylation of Fyn (Jain and Jaiswal, 2007). Low 

concentration (0.5-1.0 µM) of MeHg or HgCl2c induced the activation of 

phosphoinositide 3-kinases (PI3K)/Akt signaling pathway in mouse pancreatic β-cell 

which corresponded to mouse pancreatic β-cell dysfunction and ROS generation after 1h 

exposure (Chen et al., 2006). Exposure of human neuroblastoma SH-SY5Y-cells with 

0.5uM MeHg for 6h increased the cytoplasmic and nuclear Akt, CREB, and anti-apoptotic 

Bcl-1, which were regulated by PI3K (Unoki et al., 2016). Under this MeHg treatment also 

phosphorylated GSK-3β and activated Nrf2 (Unoki et al., 2016).  These data might suggest 

that exposure to low MeHg concentration induced the cellular protective molecules such 

as Bcl2 and Nrf2 in the Keap1-independent pathway. With higher MeHg concentration, 

the cortical astrocyte cell culture exposure to 5µM MeHg for 6h exhibited the nuclear 

translocation of Nrf2 which was associated to the reduction of nuclear Fyn (Culbreth et 

al., 2017). This research group concluded that MeHg sustained the Nrf2 expression in 

cortical astrocytes by down regulation of Src kinases pathway which activated Fyn 

through inactivation of GSK-3β and phosphorylated Akt (Culbreth et al., 2017). Perhaps, 

MeHg induced toxicity in SCAs in the same way as it did in cortical astrocyte cell culture 

(CAC) and SH-SY5Y-cells by which at 6h of Nrf2 mRNA increase may correspond to the 
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inactivation of GSK-3β and phosphorylated Akt.  However, MeHg concentration in this 

study was 1/10 of that CAC study. In addition, the differential susceptibility to MeHg 

between CAC and SCAs existed. The comparison of the susceptibility between the CAC 

and SCAs to 5µM MeHg for 18h revealed that the SCAs were more susceptible than CAC 

according to morphological pathologies. SCAs exhibited the loss of processes and 

degeneration, while CAC were intact (data do not show). Perhaps, MeHg regulated the 

GSK-3β and Fyn pathway in regulation of Nrf2 in SCAs different from that in the CAC. 

MeHg might induce the increase of inactive GSK-3β in CAC resulting in the sustained 

Nrf2 activity leading to CAC are more resistant to MeHg. Conversely, MeHg might induce 

the active GSK-3β up-regulation which later enhances Nrf2 degradation. The regional 

astrocytes could play a role in MeHg susceptibility as well as differential cytotoxicity 

pathway attributed to the susceptibility.  

Not only was a loss of redox homeostasis involved in MeHg-induced CNS toxicity, but 

excitotoxicity was also indicated. The fluctuation of cystine/glutamate (systemXc-) 

Slc7a11 mRNA expression exhibited in SCAs exposure to 0.5uM MeHg with three cycles 

of increase (Figure 2.9).  The earliest peak was following 30min exposure and the 

second peak at 6h. The third phase was gradually increased, starting from 18h, and a 

significant increase was observed at 21h and 24h of MeHg exposure. The earliest 

induction of Slc7a11 mRNA expression might suggest the response of SCAs to MeHg 

exposure, which activated Nrf2 activity to combat MeHg- insults by inducing the 

expression of Slc7a11. The increase of Slc7a11 could also suggest the imbalance of 

intracellular GSH to combat against MeHg-toxicity. Interestingly, the increases of the 1st 

peak at 30 min of Slc7a11 mRNA expression was followed by the increase of Slc1a3 and 
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Slc1a2 mRNA expression at 3h of MeHg exposure (Figure 2.10 and 2.11). This result 

might support the co-operative function between system Xc- and EAAT1/2 activity. Since 

the systemXc- exchanges extracellular cystine with intracellular Glu (with 1:1 ratio) (Warr 

et al., 1999)for de novo GSH synthesis (Murphy et al., 1989). This exchange, however, 

would cause the increase of extracellular Glu, which is required to be maintained at a non-

toxic level as well. As such, SCAs responded to the imbalance of redox and glutamate 

homeostasis by inducing the increase of EAAT1 and EAAT2 expression. The 

immunocytochemistry also demonstrated the correlation of expression between 

systemXc- and EAAT2, which were reduced when extended MeHg exposure with higher 

MeHg concentration (5µM) (Figure 2.16 and 2.17). This increase of Slc7a11 mRNA 

expression, but the reduction of system Xc- protein expression suggested that MeHg also 

affected the post-transcriptional processes, thereby reduction of protein expression. 

Protein synthesis was inhibited early during MeHg-intoxication in vivo (Yoshino et al., 

1966). As such, low MeHg concentration exposure in SCAs exerted the toxic effect through 

the dysregulation of redox and glutamate homeostasis by interfering with the expression 

of system Xc- and EAAT1/2 expression at both transcriptional and translational 

processes.   

The effect of MeHg to Vegf expression was determined in SCAs because the astrocytic 

VEGF role plays a role in the regulation of AMPAR-GluR2 subunit expression in MNs 

(Bogaert et al., 2010). The neuroprotective functions of VEGF are an increase of axonal 

outgrowth anneurogenesis and inhibition of neuronal apoptosis (Rosenstein, 2004; 

Rosenstein et al., 2010). For example, the motor neuron-like cell NSC 34 cells incubated 

with cerebrospinal fluid (CSF) from ALS patients exhibited a reduction of aerobic 
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respiration and neurofilament, and VEGF co-incubation with ALS-CSF reduced these 

adverse effects (Kulshreshtha et al., 2011). Mice with deletion of promotor region of Vegf, 

resulting in a reduction of Vegfa expression, exhibited adult-onset progressive 

motoneuron degeneration, with many neuropathological and clinical signs reminiscent of 

human ALS (Lambrechts et al., 2003). In this study, however, the results showed that 

MeHg induced the expression of Vegfa mRNA in SCAs in a biphasic increase fashion. The 

increase of Vegfa mRNA expression was similar to the results in the human brain 

microvascular endothelial cells and pericytes cell cultures exposed to MeHg (1, 2, 3 µM) 

for 12h and 18h (Hirooka et al., 2013). The expression of VEGF receptor 1 and 2 (VEGFR-

1 and VEGFR-2, respectively) also increased in endothelial cells but not in the pericytes 

(Hirooka et al., 2013). The primary pathway to regulate VEGF expression is hypoxia 

inducing factor (HIF) since the hypoxia response element (HRE) is located within the 

promoter of the VEGF gene to restore the oxygen acquisition by enhancing angiogenesis 

and tissue perfusion (Lambrechts et al., 2004). MeHg neither induced the increase of 

HIF-1a nor HIF-2a, transcriptional factors that regulate HIF pathway, in either human 

endothelial cells or pericytes (Hirooka et al., 2013). This research group suggested that 

MeHg activated the VEGF system in brain microvessels in a paracrine fashion (Hirooka 

et al., 2013). The elevation of VEGF is not only associated with vascular plasticity related 

to angiogenesis in developing CNS but is also associated with BBB permeability in mature 

CNS (Argaw et al., 2009).   The increase of VEGF following MeHg exposure could increase 

the microvascular tissue permeability and cause an edematous change around this tissue 

(Hirooka et al., 2013). The edematous changes in white matter have been suggested as the 

cause of the localization lesion (Hirooka et al., 2013). Chronic MeHg exposure in adult 

Minamata cases indicated the local damage of the CNS, while the global CNS damages 
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were observed in fetus and infant cases (Korogi et al., 1998; Eto et al., 2010). The 

neuropathological damages were predominantly in selective areas, including the 

calcarine region, the postcentral and precentral gyri, and the temporal transverse gyrus 

(Hunter and Russell, 1954; Eto, 1997). (Hunter and Russell, 1954; Eto, 1997). These 

changes were most advanced in the depths of the sulci (Eto, 1997). Perhaps, selective CNS 

damage in adult MeHg exposure may involve the brain edemas resulting from abnormal 

accumulation of the perivascular tissue caused by the increase of BBB permeability. The 

elevation of astrocytic VEGF might take part in BBB permeability in MeHg toxicity since 

the permeability barrier formed by cerebral endothelial cells is supported by trophic 

factors secreted by other cells in the BBB, including pericytes, and astrocytes (Demeuse 

et al., 2002).  Astrocytes cover approximately 90% of endothelial cells, and 

communication between endothelial cells and astrocytes is essential to maintain the BBB 

properties (Minagar and Alexander, 2003). For example, astrocytes coculture with 

endothelial cells  induced the increase of MnSOD (SOD2) expression and activity in 

endothelial cells (Schroeter, 2001). 

In conclusion, the dysregulation of SCAs functions significantly contributes to MeHg-

induced cellular pathologies. These cellular mechanisms included the perturbation of the 

Keap1-Nrf2-ARE pathway and astrocytic Na2+-dependent glutamate transporters such as 

GLT-1/EAAT2 expression. Perturbation of the antioxidant pathway and glutamate 

expression could contribute to oxidative stress and excitotoxicity generation. The increase 

of Vegfa expression in SCAs may involve in the mechanism by which specificity of MeHg 

susceptibility in the CNS, including the gracile fasciculus (a tract of Goll) in the spinal 
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cord as well as calcarine sulcus and gyrus in the cerebrum and cerebellum (Eto, 1997) as 

a resulting from blood-spinal cord barrier (BSCB) and BBB disruption.   
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CHAPTER THREE 

CHARACTERIZATION OF AN NRF2 ROLE IN THE REGULATION OF 

METHYLMERCURY- INDUCED TOXICITY IN PRIMARY SPINAL CORD 

ASTROCYTES DERIVED FROM C57BL/6J MICE AND NRF2 KNOCKOUT 

MICE 
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3.1 Abstract 

The cellular and molecular mechanisms of MeHg induced SCAs degeneration has 

involved the dysregulation of the Keap1-Nrf2-ARE pathway, as observed in chapter 2.  

Since Nrf2 regulated a variety of cellular detoxification/antioxidant genes and some 

antioxidant transporters' functions are associated with the function of glutamate 

transporters such as EAAT1 or EAAT2. The dysregulation of system Xc- and EAAT1/2 

transcripts exhibited in SCAs during MeHg exposure. To determine whether MeHg 

induced SCAs degeneration through the Keap1-Nrf2-ARE pathway is solely due to Nrf2 

activity, SCAs derived from wild type C57BL6J (WT), and Nrf2 knockout (Nrf2 KO) mice 

were compared. Furthermore, whether the regulation of system Xc- and EAAT1/2 

expressions were associated, and this association was involved in the Nrf2 activity, the 

expression of these gene transcripts was compared among these genotypes.  

The Nrf2-ARE pathway regulates redox homeostasis. Oxidants and MeHg activate the 

Nrf2-ARE pathway to increase the expression of antioxidant genes such as the rate-

limiting enzyme in GSH synthesis (Gclc), GSH peroxidase (Gpx), cystine/ glutamate 

antiporter (system Xc-), and multidrug-resistant associated protein (Mrp). In the central 

nervous system, the Nrf2-ARE pathway in astrocytes is relatively active compared to 

neurons. Consequently, neurons require the antioxidants supplied by astrocytes, mainly 

when oxidative stress occurs. Thus, dysregulation of the Keap1-Nrf2-ARE pathway in 

astrocytes might be detrimental to neurons. The perturbation of this pathway has been 

reported in MeHg-induced toxicity in cortical and cerebellar astrocytes, as well as 

neurons. The effects of MeHg on viability and expression levels of redox homeostasis 

genes were first examined. The real-time viability results showed that the Nrf2 KO-
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derived SCAs were more susceptible to MeHg compared to WT-derived SCAs.  A one-hour 

exposure of 5 µM MeHg significantly reduced cell viability of Nrf2 KO derived SCAs by 

60% compared to WT derived SCAs. With vehicle treatment, Gclc, Gpx1, and GPx4 

mRNAs were reduced in Nrf2 KO SCAs significantly compared to WT SCAs, whereas 

expressions of Keap1, Abcc1 (Mrp1) and Slc7a11 (system Xc-) mRNA were significantly 

higher than in WT SCAs. MeHg treatment for 18 h reduced the expression of most of these 

antioxidant genes except Slc7a11 in both WT and Nrf2 KO derived SCAs when compared 

to their genotype treated with vehicle. Following 18h MeHg treatment, the Slc7a11 mRNA 

was significantly increased in WT SCAs (5-fold induction); however, it was slightly 

affected in the Nrf2 KO SCAs compared to their genotype treated vehicle. MeHg slightly 

affected the expression of Keap1 in WT SCAs, but it significantly induced the reduction of 

Keap1 mRNA expression in Nrf2 KO SCAs. The differential effects of MeHg on the 

expressions of Keap1 and Slc7a11 in WT and Nrf2 KO could demonstrate the genetic 

background played a role in response to MeHg.  

Glutamate homeostasis is one of the critical mechanisms in MeHg- induced toxicity. In 

this study, the expression of excitatory amino acid transporter 1 (Slc1a3) and 2 (Slc1a2) 

were measured. In both WT and Nrf2 KO derived SCAs, Slc1a2 was significantly reduced 

following MeHg exposure for 18h compared to their same genotype treated with the 

vehicle. Slc1a3 was significantly reduced only in Nrf2 KO derived SCAs, but only slightly 

affected in the WT SCAs. There was a differential expression of Slc1a3 and Slca1a2 in Nrf2 

KO SCAs in which the Slc1a3 expression was significantly higher than WT SCAs (4-fold 

higher), and Slc1a2 expression was about 2-fold higher than WT SCAs. The increase of 

Slc1a3 and Slc1a2 expression in the Nrf2 KO derived SCAs could be due to their role in 
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cooperative modulation of glutamate homeostasis with system Xc-, which was highly 

expressed in Nrf2 KO derived SCAs.  However, the immunocytochemistry revealed that 

expression of Mrp1, system Xc- and GLT-1 protein in Nrf2 KO derived SCAs was 

significantly lower than that in WT derived SCAs. MeHg further reduced the expression 

of these proteins in both WT and Nrf2 KO SCAs when compared to their genotype treated 

with the vehicle. When compared to different genotypes, Nrf2 KO derived SCAs had a 

severe reduction of these transporters following 18h 5µMMeHg exposure, suggesting that 

MeHg affects transcriptional levels but also the translational processing of these proteins.  

It is well documented that MeHg effects the regulation of [Ca2+] in homeostasis. One of 

these effects involves the activation of Ca2+ permeable AMPAR. VEGF has reported a role 

regulating Ca2+ impermeability of AMPAR via induction of GluR2 subunit expression, 

which results in the channel Ca2+ impermeable. Previously, a low concentration of MeHg 

exposure (0.5µM) in SCAs exhibited a bi-phasic induction of Vegf mRNA expression over 

24h. To understand the mechanism by which MeHg causes the dysregulation of Vegf 

mRNA expression, this study aimed to characterize if Nrf2 was involved in the 

dysregulation of Vegf mRNA expression. There was an increase in Vegf mRNA expression 

in Nrf2 KO (12-fold increase) compared to WT derived SCAs. Interestingly, MeHg 

induced the increase of Vegf mRNA expression in WT derived SCAs (2.7- fold increase), 

while it induced the reduction of this mRNA (7.7-fold decrease) in Nrf2 KO derived SCAs.  

In this study, the results suggested that the Nrf2 gene plays an essential role in MeHg-

induced toxicity in cells such as SCAs through alteration of redox homeostasis, glutamate 

signaling, and intracellular calcium homeostasis. The genetic predisposition also plays a 

vital role in MeHg susceptibility.  
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3.2 Introduction 

MeHg-induced neuronal degeneration may be caused by complex interactions between 

three important signals: [Ca2+] in, redox signaling molecules, and glutamate  These three 

signaling pathways are intertwined. For example, MeHg-induced spontaneous 

neurotransmitter release is dependent on [Ca2+] in (Hare et al., 1993). The disruption of 

[Ca2+] in during MeHg toxicity exhibited a biphasic increase of [Ca2+] in. The first phase 

involved the [Ca2+] in stored in organelles such as the endoplasmic reticulum and 

dysregulation of mitochondrial function. The dysregulation of mitochondrial function 

could also contribute to reactive oxygen species (ROS) overproduction leading to loss of 

redox homeostasis when the antioxidant system is saturated. Finally, ROS (Trotti et al., 

1997; Trotti et al., 1998) and mercury (Hg and MeHg)  also inhibit glutamate transporter 

function, blocking the uptake of aspartate and glutamate into the cells and astrocytes 

(Brookes, 1988; Brookes and Kristt, 1989; Trotti et al., 1997).   

The electrophilic/ antioxidant pathway Keap1-Nrf2-ARE pathway is involved in MeHg 

induced toxicity. MeHg activates the antioxidant Nrf2-ARE pathway due to its 

electrophilic property. MeHg induces the Nrf2 activation in cortical astrocytes (Wang et 

al., 2008) and microglia (Ni et al., 2010b) as well as neurons (Toyama et al., 2007; 

Vanduyn et al., 2010; Yoshida et al., 2014) that results in downstream antioxidant gene 

expression (Wang et al., 2008; Kumagai et al., 2013). Dysregulation of antioxidant genes 

in the Nrf2-ARE pathway occurs during MeHg exposure in SCAs (chapter 2) and NSC34 

motor neuron-like cells (refs). The Nrf2-ARE in astrocytes plays a prominent role in 

neuronal protection, particularly during oxidative stress occurring in the CNS (Vargas et 

al., 2008) mainly because the Nrf2-ARE pathway is more activated in astrocyte than that 
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in neurons (Murphy et al., 2001).  Therefore, a loss of redox homeostasis in astrocytes 

could be detrimental to neurons, including SMNs.  

MeHg exposure induces dysregulation of [Ca2+]in in primary SMNs cell culture 

(Ramanathan and Atchison, 2011) and MNs in the brainstem derived from WT and hTg 

SOD G93A ALS mice (Johnson et al., 2011). Specific overexpression of Nrf2 in astrocytes 

prevented motor neuron degeneration in astrocytic-neuronal cocultures derived from 

hTg SOD G93A mice, and delayed neuromuscular junction denervation and extended hTg 

SOD G93A mice survival (Vargas et al., 2008). When overexpression of Nrf2 was 

restricted to neurons or type II muscle fibers, the ALS onset was delayed but not the 

survival rate (Vargas et al., 2013). These results support the hypothetical model that the 

onset of motor neuron disease is due to the dysfunction of motor neurons, and the 

progression of the disease is due to the dysfunction of astrocytes. However, the pathogenic 

mechanisms of MNDs, as well as MeHg induced MNs degeneration, remains unclear. The 

dysregulation of the Nrf2-ARE pathway in SCAs may instigate the progression of SMNs 

degeneration due to insufficient antioxidant supplied from SCAs to SMNs during MeHg 

exposure. To determine if Nrf2-ARE pathway has a role in MeHg-induced toxicity in 

SCAs, I investigated the expression of antioxidant genes underlying Nrf2-ARE pathway 

in the WT and Nrf2 KO derived SCAs during exposure to MeHg.  

The Nrf2-ARE regulates the expression of enzymes involved in GSH synthesis, including 

the GSH synthetase, Gclc, and GSH peroxidase (Gpx; isoforms GpX1, Gpx2, and Gpx4). 

Gpx1 (Gardaneh et al., 2011) and Gpx4 (Bellinger et al., 2011) have a role in neuronal 

protection. The Gpx1 knockout mice are highly susceptible to the oxidant paraquat, and 

hydrogen peroxide (De Haan et al., 1998). Overproduction of human Gpx1 in the SK-N-
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MC neuroblastoma cell line provides resistance to 6-hydroxydopamine (6-OHDA) 

toxicity (Gardaneh et al., 2011). Furthermore, human Gpx1 overexpressing SK-N-MC cells 

cultured with conditioned media from human Gpx1 overexpressing astrocytes are even 

more resistant to 6-OHDA induced cell death (Bellinger et al., 2011). Glutathione 

peroxidase4 (GPx4) is the most widely expressed isoform in the brain (Cardoso et al., 

2017). An observed reduction in GPx4 expression in the substantia nigra in Parkinson’s 

Disease patients compared to the control subjects supports its role in neuroprotection in 

dopaminergic neurons (Bellinger et al., 2011). Moreover, the tamoxifen-inducible 

conditional Gpx4 ablation mice exhibited pathological paralysis with dramatic MN 

degeneration in the spinal cord but not in adult mice's cerebral cortex (Chen et al., 2015). 

Overall, GPx1 and Gpx4 expression, particularly in astrocytes, has an essential role in 

neuronal protection.  

Regulation of GSH import and export is via the multidrug resistance-associated protein 

(Mrp1) member of the ATP-binding cassette (ABC) transporter superfamily (Cole, 2006) 

encoded by the Abcc1 mRNA (Cole, 2014b). The expression of Abcc1 mRNA is regulated 

by Nrf2 activation (Maher et al., 2007). Mrp1 can also transport the oxidized disulfide 

form of GSH, GSSG (or reduced GSH). GSSG increases when the cells are under oxidative 

stress, and the efficient reduction of this molecule with antioxidant is essential for cellular 

redox homeostasis. Unlike GSH, GSSG does not facilitate the transport of the other Mrp1 

substrates (Cole, 2014a) but instead inhibits their transportation (Leier et al., 1996; Cole, 

2014a). Mrp1 also excretes xenobiotics and electrophilic compounds that can conjugate 

to GSH by the GSH-S-transferase (Leier et al., 1996) enabling exportation of the GSH-

electrophile compound (Cole, 2006, 2014a). A study in the Mrp2 knockout rat suggested 
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that inorganic mercury (Hg2+) and MeHg were excreted through the Mrp2 from the 

kidney and liver since there was higher mercury accumulation in the kidney and liver in 

the Mrp2 knockout rats and lower mercury accumulation in the urine and feces of these 

rats compared to the wildtype rat (Bridges et al., 2011). In addition, over expression of 

Mrp2 in the Sf9 cells indicated the larger transport of mercury than that in the Sf9 cell 

control (Bridges et al., 2011). It appeared that Mrp plays important role in excrete 

mercury and its compounds from cells. 

The cystine glutamate antiporter (system Xc-) has a significant role in importing 

extracellular cystine into astrocytes and neurons in exchange for Glu, which leads to de 

novo intracellular GSH synthesis. Structurally, system Xc- is composed of a light-chain 

subunit xCT, encoded by the Slc7a11 gene that is regulated by Nrf2-ARE pathway (Habib 

et al., 2015) that confers substrate specificity, and a glycosylated heavy-chain subunit 

(4F2hc or rBAT) that targets the transporter to the plasma membrane (Jackman et al., 

2010). The system Xc- is expressed in both neurons and astrocytes (Lewerenz et al., 2012). 

However, mature neurons exhibit little or no system Xc- function due to their lack/small 

ability of cystine uptake (Shih et al., 2006). Thus, to synthesize intracellular GSH, mature 

neurons use the EAAT3/EAAC1 (Aoyama et al., 2006; Watts et al., 2014) to import 

cysteine. The extracellular cysteine is usually in the form of two cystine molecules 

(Cyss=Cyss) bonded with a disulfide bond; however, this cysteine form is relatively 

unstable and is easily oxidized into cystine (Aoyama and Nakaki, 2015). Astrocytes import 

extracellular cystine as a cysteine pro-substrate for GSH synthesis, and cystine is 

transported through system Xc-(Aoyama and Nakaki, 2015).  Therefore, system Xc- has 

its role in the regulation of redox as well as glutamate homeostasis. 
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MeHg inhibited GSH precursors cystine and cysteine uptake in cortical astrocyte cell 

culture but not in the neurons. Comparative the transport of cystine and cysteine in 

cortical neurons and astrocytes during MeHg exposure reported that MeHg inhibited the 

uptake of these GSH precursors in cortical astrocyte cell culture but not in the neurons 

(Allen et al., 2001a; Shanker et al., 2001b) via the Na+-dependent transport system, i.e., 

the EAATs (Allen et al., 2001a; Shanker and Aschner, 2001). However, the prominant role 

of EAATs in astrocytes is the uptake of extracellular synaptic Glu, whereas the system Xc- 

plays a significant role in transport cystine in astrocytes (Bridges et al., 2012b). 

Furthermore, the system Xc- and EAAT function in concert to regulate Glu and GSH 

homeostasis (Lewerenz et al., 2006). The cooperative function of these transporters is 

driven by the electrochemical gradients of Glu and cystine (Lewerenz et al., 2006; Bridges 

et al., 2012b). Overexpression of either system Xc- or EAAT3 in mouse hippocampal 

neuron cell line (HT22) enhanced the intracellular GSH content and increased the cell 

survival threshold to glutamate-induced excitotoxicity and H2O2-induced oxidative 

stress (Lewerenz et al., 2006). When overexpressed both system Xc- and EAAT3, these 

HT22 cells exhibited the highest intracellular GSH content and highest threshold of Glu 

induced excitotoxicity as well as were more resistant to H2O2-induced oxidative stress and 

increase survival rate (Lewerenz et al., 2006). It is possible that the expression of system 

Xc- and EAATs levels are correlated due to their cooperative function. In addition, 

EAAT3/EAAC1 expression is regulated by the Nrf2-ARE pathway in rat C6 glioma cells as 

well as mice brain (Escartin et al., 2011a). The cellular mechanisms of MeHg-induced 

neuronal degeneration involve the increase of synaptic transmission (Juang and 

Yonemura, 1975a; Atchison and Narahashi, 1982; Yuan and Atchison, 2003, 2005; Yuan 

and Atchison, 2007b) and extracellular Glu elevation (Juárez et al., 2002; Farina, 2003) 
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as well as GSH depletion. MeHg could perturb the glutamate and GSH homeostasis in the 

CNS by reducing the expression of these genes, subsequently contributing to the 

excitotoxicity-induced neuronal degeneration.  

The increase of synaptic transmission and elevation of extracellular Glu following MeHg 

exposure also increases [Ca2+]in via the ionotropic Glu receptors such NMDARs 

(Ramanathan and Atchison, 2011) and AMPARs (Johnson et al., 2011). The AMPARs 

mediated [Ca2+]in elevation in hTgSOD1G93A derived motor neurons following MeHg 

exposure was diminished by the Ca2+-permeable AMPAR antagonist, 1-naphthyl acetyl 

spermine (NASPM) (Johnson et al., 2011). This result suggests that MeHg increases the 

susceptibility of MNs by enhancing Ca2+ permeability through AMPARs (Johnson et al., 

2011).  Among the four GluR1-4 subunits of AMPAR, GluR2 possesses a role in Ca2+ -

impermeability as a result of RNA editing from a glutamine (Q) to arginine (R) in this 

subunit (Sommer et al., 1991). Therefore, the presence of GluR2 subunit combination as 

well as the RNA editing process in this subunit determines the Ca2+-impermeability of 

AMPAR (Sommer et al., 1991; Vandenberghe et al., 2000; Wright and Vissel, 2012). 

Motor neurons are susceptible to toxicity because they have a high number of GluR2-

lacking AMPA receptors leading to intracellular calcium increases (Laslo et al., 2001; 

Mennini et al., 2002; Van Damme et al., 2002; Corona and Tapia, 2007). The regulation 

of GluR2 subunit expression in motor neurons is attributed by regional-specific astrocytes 

(Van Damme et al., 2007). The presence of SOD1 mutation in astrocytes suppressed the 

regulation of GluR2 expression in motor neurons (Van Damme et al., 2007). It has also 

been suggested that VEGF regulates GluR2 expression and reduction of Ca2+influx in 

motor neurons (Bogaert et al., 2010). These lines of evidence led me to hypothesize that 



159 
 

MeHg could perturb the expression of Vegf in SCAs, which later contributes 

to the reduction of GluR2 subunit expression in SMN. Consequently, Glu-

mediated AMPAR activation and increased Ca2+ permeability occur during 

MeHg-induced toxicity. In addition, I hypothesize that genetic impairment of 

the antioxidant Nrf2/ARE pathway (Nrf2 KO) alters the Vegf expression in 

this genotype, contributing to exacerbating MeHg-toxicity. The elevation of 

[Ca2+]in following MeHg has a significant impact on cellular metabolisms, including 

mitochondrial function (Denny and Atchison, 1994a; Marty and Atchison, 1997a; Limke 

and Atchison, 2002; Limke et al., 2004b), and ROS generation (Liu et al., 2014) that later 

render cells more susceptible to Glu and MeHg toxicity even if the concentration of these 

agents are considered non-toxic.  

In this study, Nrf2 KO derived SCAs were compared with the WT genotype counterpart 

to determine: 1) their susceptibility to MeHg compared to the WT derived SCAs, 2) the 

role of Nrf2-ARE pathway in the regulation of the antioxidant genes involved in MeHg 

induced toxicity, 3) the effect of cooperative expression of system Xc- and EAAT1,2, and 

4) the role of Nrf2 in the regulation of Vegf in SCAs following MeHg exposure.  

3.3 Materials and methods 

The material and method for SCAs cell culture, qPCR, and immunocytochemistry assays 

are described in chapter 2.3. The Nrf2 KO mice pups were generously obtained from Dr. 

Cheryl Rockwell’s laboratory (Pharmacology and Toxicology Department, Michigan State 

University, East Lansing, MI).  
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3.4 Results 

3.4.1 The susceptibility of SCAs derived from neonatal wild type C57BL/6J 

and Nrf2 knockout mice to MeHg 

The susceptibility of SCAs to MeHg-toxicity was determined using a Real-time glow 

viability assay. Viability measurements were obtained every 3 h over 24 h time course to 

monitor the kinetics of MeHg toxicity as a function of time. The data were normalized to 

the vehicle control (water) for each genotype. The viability was significantly reduced in 

SCAs derived from Nrf2 KO mice compared to WT mice when exposed to 5µMeHg 

(Figure3.1). While 1h exposure to 5µMeHg did not have any effect on cell viability in WT 

derived SCAs, the viability of the Nrf2 KO derived SCAs was significantly reduced. The 

significant reduction in viability in Nrf2 KO derived SCAs continued until 18h. There was 

no significant difference among the genotypes at 21h and 24h, as all SCAs had died at this 

timepoint. The results suggest that SCAs derived from Nrf2 KO mice were more 

susceptible to MeHg than SCAs derived from wild type mice, indicating a potential role of 

or the Nrf2 pathway in cell toxicity.  

3.4.2 MeHg exposure reduces Nrf2 mRNA expression in both WT and Nrf2 

KO derived SCAs but has differential effects on Keap1 mRNA in these 

genotypes. 

I next determined if MeHg reduces Nrf2 mRNA expression and/or affects the Nrf2 

negative modulator, Keap1 mRNA using the gene expression assay comparing wild type 

and Nrf2 KO derived SCAs. There was a reduction of Nrf2 mRNA in Nrf2 KO derived 

SCAs (about 0.6-fold decrease) when compared to the WT derived SCAs control treatment 

(Figure3.2). MeHg reduced Nrf2 mRNA by about 32% (0.32-fold decrease) in wild type 
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and 24% (0.24-fold decrease) in Nrf2 KO when compared to the control in the respective 

genotype (Table 3.1). The expression of Nrf2 mRNA in Nrf2KO derived SCAs was 

significantly 43% lower (0.43-fold decrease) compared to the WT derived SCAs with 

MeHg treatment. Due to the reduction of Nrf2 mRNA in Nrf2 KO, this rendered Nrf2 KO 

derived SCAs more susceptible to MeHg than the WT derived SCAs.  

The Nrf2 negative modulator Keap1 plays a critical role in redox homeostasis in cells. 

Keap1 negatively regulates antioxidant gene expression by binding to Nrf2 and undergoes 

proteasome degradation to maintain the antioxidant level. Interestingly, the expression 

of Keap1 mRNA from Nrf2 KO derived SCAs was 3.2-times higher than the wild type SCAs 

(3.2-fold increase) (Figure 3.3). These results suggest that both a reduction in Nrf2 

mRNA and a higher basal level of Keap1 mRNA contributed to the susceptibility of Nrf2 

KO derived SCAs to MeHg. MeHg significantly reduced Keap1 mRNA (0.26-fold 

decrease) in Nrf2 KO derived SCAs compared to its genotype treated vehicle. In contrast, 

Keap1 mRNA was not significantly affected by MeHg exposure in WT derived SCAs 

(p=0.0594). The differential effects of MeHg to Keap1 mRNA expression in WT and Nrf2 

KO derived SCAs could explain the greater susceptibility of Nrf2 KO derived SCAs.  

3.4.3 MeHg reduces Gclc, GPx1, and GPx4 mRNA expression in both WT and 

Nrf2 KO derived SCAs.  

Nrf2 regulates the expression of major antioxidant genes such as glutathione (GSH) 

synthesizing enzymes glutamate-cysteine ligase catalytic subunit enzyme (Gclc) and GSH 

peroxidase (GPx). To determine if MeHg interferes with the Nrf2-ARE pathway and 

subsequent expression of Gclc, GPX1 and GPX4, I measured mRNA levels in WT and Nrf2 

KO derived SCAs.  
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The expression of Gclc mRNA level was about 1.5- times lower in Nrf2 KO SCAs when 

compared to WT SCAs (Figure 3.4) as expected. Expression of Gclc mRNA levels from 

both WT and Nrf2 KO derived SCAs were significantly reduced following 18 h of 5µM 

MeHg exposure (o.58-fold decrease and 0.24-fold decrease, respectively) compared to its 

vehicle treatment. The level of Gclc mRNA expression from Nrf2 KO derived SCAs 

following 18h of 5µM MeHg exposure was significantly lower by about 3.6 times WT Gclc 

mRNA (0.25-fold decrease). MeHg exposure contributed to a significant reduction of Gclc 

mRNA expression in both WT (1.72 lower than its vehicle treatment) and Nrf2 KO (4.1-

times lower than its vehicle treatment). The greater effect of MeHg on Gclc expression in 

Nrf2 KO derived SCAs could contribute to the greater sensitivity to MeHg exposure in 

Nrf2 KO derived SCAs. The reduction of Gclc mRNA expression could later contribute to 

the reduction of de novo GSH synthesis in SCAs during MeHg exposure. Consequently, 

the imbalance of redox homeostasis would contribute to SCAs death. 

In the brain, glutathione peroxidase (GPx) enzymes are expressed in both neurons and 

astrocytes. Both GPx1 and GPx4 mRNAs from both WT SCAs and Nrf2 KO SCAs were 

down-regulated following MeHg exposure (Figure 3.5 for GPx1 and Figure 3.6 for 

GPx4). Similar to Gclc mRNA expression in Nrf2 KO derived SCAs, Gpx1 and Gpx4 

mRNAs were significantly down-regulated in this genotype when compared to WT control 

(1.5- time and 1.47-time lower, respectively). These data suggested that deletion of the 

Nrf2 gene affected its downstream regulatory gene expression, including Gclc, Gpx1, and 

Gpx4. Therefore, the reduction of these antioxidant genes expression could contribute to 

Nrf2 KO derived SCAs susceptible to MeHg toxicity. 
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3.4.4 Nrf2 KO derived SCAs express Abcc1 mRNA to a greater extent than the 

WT derived SCAs; however, a greater Abcc1 mRNA expression did not 

provide greater resistance to MeHg than the WT.  

To reduce xenobiotic compounds such as MeHg in cells, the transporter called multidrug-

resistant associated protein (Mrp) plays an essential role in export MeHg through the 

covalent bonding with GSH. Mrp1 is one of multidrug-resistant transporter in the central 

nervous system. It is encoded by Abcc1 mRNA by the regulation of Nrf2. Surprisingly, the 

Abcc1 mRNA expression level in Nrf2 KO was 2.3- time greater than WT SCAs (Figure 

3.7) as opposed to diminishing its expression level. This result suggests a compensatory 

expression of antioxidant genes (detoxification mechanisms) in Nrf2 KO mice. Indeed, 

both WT and Nrf2 KO SCAs Abcc1 mRNA was reduced following 18h of 5µM MeHg 

exposure. This reduction of Abcc1 mRNA in Nrf2 KO following MeHg exposure was 

greater than WT Abcc1 mRNA. This significant reduction of Abcc1 in Nrf2 KO SCAs could 

suggest the susceptibility to MeHg in Nrf2 KO partly due to the greater effect of MeHg to 

a reduction of Abcc1 mRNA expression than that in the WT derived SCAs. The lower of 

Abcc1 mRNA expression could contribute to lower expression of Mrp1, subsequently, 

reduce the export of MeHg from SCAs.  

3.4.5 Nrf2 KO derived SCAs expressed Slc7a11 mRNA greater than the WT 

derived SCAs, and MeHg affected Slc7a11 mRNA expression in these 

genotypes differently.  

In addition to GSH synthesis pathways, the cystine/glutamate antiporter (a.k.a. system 

Xc-) is regulated by Nrf2 (Habib et al., 2015) to induce its Slc7a11 gene. System Xc- 

imports the amino acid cystine, the oxidized form of cysteine, in exchange to the export 
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of glutamate with 1:1 ratio. MeHg induced toxicity involves both glutamate-induced 

excitotoxicity and a reduction of intracellular GSH. Therefore, the expression of system 

Xc- could involve in the dysregulation of [Glu]ex and de novo GSH synthesis. Surprisingly, 

SCAs derived from Nrf2 KO mice exhibited an increase of Slc7a11 mRNA expression 

compared to WT derived SCAs (Figure3.8). The increase of Slc7a11 mRNA could be a 

compensatory response from Nrf2 gene deletion because in most tissues, cysteine is a rate 

limiting substrate for GSH synthesis and cysteine is transported in its oxidized form via 

system xc- (Lewerenz et al., 2006). The increase of Slc7a11 mRNA in Nrf2 KO mice may 

enhance the transport of cysteine for de novo GSH synthesis in a system that lacks a 

master regulator of antioxidant pathway, i.e., Nrf2. Interestingly, following 5µM MeHg 

exposure for 18h, WT derived SCAs expressed Slc7a11 mRNA 5.3-times higher than the 

WT SCAs treated with vehicle. Conversely, the expression of Slc7a11 mRNA in Nrf2 KO 

derived SCAs was reduced (about 2.6 lower but statistical insignificance) relative to its 

genotype treated with vehicle. When comparing the effect of MeHg on WT- and Nrf2 KO 

derived SCAs, the expression level of Slc7a11 mRNA in WT derived SCAs was significantly 

higher (about 4.0-higher) than that in the Nrf2 KO derived SCAs. The different responses 

between WT and Nrf2 KO derived SCAs to MeHg in the induction of Slc7a11 mRNA could 

suggest different signaling pathways may contribute to these differential responses.   
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3.4.6 Nrf2 KO derived SCAs exhibit higher basal levels of Slc1a3 and Slc1a2 

mRNAs relative to WT derived SCAs and MeHg reduces the mRNA 

expression in both WT and Nrf2 KO derived SCAs.  

A mechanism of MeHg toxicity is the induction of [Glu]ex elevation as well as inhibition 

of EAAT1/GLAST and EAAT2/GLT-1 function. The elevation of [Glu]ex could not only be 

due to the dysfunctional EAATs but also the level of their expression. The reduction of 

Slc1a3 and Slc1a2 mRNA could reflect the ability of SCAs in [Glu]ex clearance during 

MeHg exposure. It has also been reported that the Keap1-Nrf2-ARE pathway regulated 

EAAT3 expression in neurons and rat C6 glioma cells (Escartin et al., 2011a).  To further 

analyze if the Keap1-Nrf2-ARE pathway also regulates the expression of EAAT1 and 

EAAT2 transcripts, Slc1a3 and Slc1a2 mRNA expression levels were compared between 

WT and Nrf2 KO derived SCAs. Surprisingly, both basal Slc1a3 and Slc1a2 mRNA 

expression level were higher in Nrf2 KO derived SCAs than in WT derived SCAs. The Nrf2 

KO derived SCAs exhibited the basal level of Slc1a3 mRNA was 4.0- higher (Figure 3.9) 

and Slc1a2 mRNA was 1.9- higher (Figure 3.10) than that in the WT derived SCAs. 

However, following 5µM MeHg exposure for 18h, the expression of Slc1a2 mRNA in both 

WT and Nrf2 KO derived SCAs were reduced from their genotype control treated with 

vehicle (Figure 3.10). MeHg induced the reduction of the Slc1a1 mRNA expression in 

Nrf2 derived SCAs while it slightly diminished Slc1a1 mRNA expression in WT derived 

SCAs (Figure 3.9). In summary, the basal levels of Slc1a1 and Slc1a2 mRNAs in Nrf2 KO 

derived SCAs were significantly higher than the WT derived SCAs. MeHg slightly affected 

to Slc1a1 mRNA expression in WT derived SCAs but did so in the reduction of Slc1a2 

mRNA expressions in both WT and Nrf2 derived SCAs. 
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Figure 3.1 Comparison of the susceptibility of DIV 30 SCAs to MeHg between 

SCAs derived from wild type C57BL/6J mice pups and Nrf2 knockout mice 

pups.  SCAs were exposed to 5µM MeHg over 24h time course. Real-time viability assays 

were employed to monitor the kinetic of MeHg-toxicity as a function of time. Each data 

was normalized to its control (vehicle) treatment. The results suggest SCAs derived from 

Nrf2 KO (   , green line) were more susceptible to MeHg than SCAs derived from wild 

type (   , red line). Two-Way ANOVA with Sidak multiple comparison post hoc 

indicating SCAs derived from Nrf2 KO showed a significant reduction of cell viability 

greater than SCAs derived from WT starting from 1h MeHg exposure. (* indicates p<0.05 

when compared to WT) N=24 biological replications with four independent experimental 

studies. 
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Figure 3.2 Relative mRNA expression of Nrf2 mRNA derived from wild type 

SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. Nrf2-

KO SCAs expressed Nrf2 mRNA about 0.57-fold decrease relative to wild type SCAs. 

Expression levels of Nrf2 mRNA from both WT and Nrf2 KO compared to its vehicle 

treatment were significantly reduced following 18 h of 5µM MeHg exposure with about 

0.30-fold and 0.58-fold decrease, respectively. When compared among different 

genotypes, following 5µM MeHg exposure, the level of Nrf2 mRNA from Nrf2 KO was 

lower than WT Nrf2 mRNA, about 0.74-fold decrease. The statistical analysis was derived 

from Two-Way ANOVA with Tukey’s multiple comparison post hoc. (* indicates p<0.05 

when compared to vehicle (control) treatment from the same genotype, # indicates 

p<0.05 when compare between different genotypes; WT vs. KO); N=12 biological 

replications with 2 replications/N 
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Figure 3.3 Relative mRNA expression of Keap1 mRNA derived from wild type 

SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. Nrf2-

KO SCAs expressed Keap1 mRNA about 3.1- fold increase relative to wild type SCAs. 

MeHg did not affect Keap1 mRNA in WT SCAs; however, it caused a significant reduction 

of Keap1 mRNA expression in Nrf2 KO SCAs, about a 0.74-fold decrease compared to its 

genotype control. The statistical analysis was derived from Two-Way ANOVA with 

Tukey’s multiple comparison post hoc. (* indicates p<0.05 when compared to vehicle 

(control) treatment from the same genotype, # indicates p<0.05 when compare between 

different genotypes; WT vs. KO); N=12 biological replications with two replications/N 
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Figure 3.4 Relative mRNA expression of Gclc mRNA derived from wild type 

SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. Nrf2-

KO SCAs expressed Gclc mRNA about 0.34-fold decrease relative to wild type SCAs. 

Expression levels of Gclc mRNA from both WT and Nrf2 KO compared to its vehicle 

treatment were significant reduced following 18 h of 5µM MeHg exposure. MeHg caused 

a significant reduction of Gclc mRNA expression in WT SCAs (0.42-fold decrease) and 

Nrf2 KO (0.75-fold decrease). When comparing the effect of MeHg between these 

genotypes, Gclc mRNA expression from Nrf2 KO is lower than WT SCAs with about 0.72-

fold decrease.  The statistical analysis was derived from Two-Way ANOVA with Tukey’s 

multiple comparison post hoc. (* indicates p<0.05 when compared to vehicle (control) 

treatment from the same genotype, # indicates p<0.05 when compare between different 

genotypes; WT vs. KO); N=12 biological replications with two replications/N 
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Figure 3.5 Relative mRNA expression of GPx1 mRNA derived from wild type 

SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. Nrf2-

KO SCAs expressed GPx1 mRNA about 0.35-fold decrease relative to wild type SCAs. 

Expression levels of GPx1 mRNA from both WT and Nrf2 KO compare to its vehicle 

treatment were significant reduced following 18 h of 5µM MeHg exposure (0.55-fold and 

0.62-fold decrease, respectively). The statistical analysis was derived from Two-Way 

ANOVA with Tukey’s multiple comparison post hoc. (* indicates p<0.05 when compared 

to vehicle (control) treatment from the same genotype, # indicates p<0.05 when compare 

between different genotypes; WT vs. KO); N=12 biological replications with 2 

replications/N 
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Figure 3.6 Relative mRNA expression of GPx4 mRNA derived from wild type 

SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. Nrf2-

KO SCAs expressed GPx4 mRNA about 0.32-fold decrease relative to wild type SCAs. 

Expression levels of GPx4 mRNA from both WT and Nrf2 KO compare to its vehicle 

treatment were significant reduced following 18 h of 5µM MeHg exposure (0.65-fold and 

0.67-fold decrease). Following 18h of MeHg exposure, no significant differences among 

these genotypes were observed. The statistical analysis was derived from Two-Way 

ANOVA with Tukey’s multiple comparison post hoc. (* indicates p<0.05 when compared 

to vehicle (control) treatment from the same genotype, # indicates p<0.05 when compare 

between different genotypes; WT vs. KO); N=12 biological replications with 2 

replications/N 
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Figure 3.7 Relative mRNA expression of Abcc1 mRNA derived from wild type 

SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. 

Interestingly, Nrf2-KO SCAs expressed Abcc1c mRNA about 2.3 – fold increase relative 

to wild type SCAs. Expression levels of Abcc1 mRNA from both WT and Nrf2 KO 

compared to its vehicle treatment were significantly reduced following 18 h of 5µM MeHg 

exposure with 0.61-fold and 0.87-fold decrease, respectively. There was no statistical 

difference among different genotypes following 5µM MeHg exposure for 18h. The 

statistical analysis was derived from Two-Way ANOVA with Tukey’s multiple comparison 

post hoc. (* indicates p<0.05 when compared to vehicle (control) treatment from the 

same genotype, # indicates p<0.05 when compare between different genotypes; WT vs. 

KO); N=12 biological replications with two replications/N 
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Figure 3.8 Relative mRNA expression of Slc7a11 mRNA derived from wild 

type SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. 

Nrf2-KO SCAs expressed Slc7a11 mRNA about 2.8-fold increase relative to wild type 

SCAs. Interestingly, expression levels of Slc7a11 mRNA following 18 h of 5µM MeHg 

exposure from WT increased significantly about 5.3-fold increase relative to the WT 

vehicle treatment, while expression levels of Slc7a11 mRNA were diminished in Nrf2 KO 

compared to its vehicle treatment with a 0.54-fold decrease. When compared the effect of 

MeHg to these genotypes, the Slc7a11 mRNA in Nrf2 KO SCAs was lower than WT treated 

with MeHg with a 0.75-fold decrease. The statistical analysis was derived from Two-Way 

ANOVA with Tukey’s multiple comparison post hoc. (* indicates p<0.05 when compared 

to vehicle (control) treatment from the same genotype, # indicates p<0.05 when compare 

between different genotypes; WT vs. KO); N=12 biological replications with two 

replications/N 
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Figure 3.9 Relative mRNA expression of Slc1a3 mRNA derived from wild type 

SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. 

Interestingly, Nrf2-KO SCAs expressed Slc1a3 mRNA about 4.45-fold increase relative to 

wild type SCAs. While expression levels of Slc1a3 mRNA from both WT and Nrf2 KO 

compared to its vehicle treatment reduced following 18 h of 5µM MeHg exposure, the 

MeHg had a significant effect on Nrf2 KO on Slc1a3 mRNA expression (about 0.72-fold 

decrease). The statistical analysis was derived from Two-Way ANOVA with Tukey’s 

multiple comparison post hoc. (* indicates p<0.05 when compared to vehicle (control) 

treatment from the same genotype, # indicates p<0.05 when compare between different 

genotypes; WT vs. KO); N=12 biological replications with two replications/N 
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Figure 3.10 Relative mRNA expression of Slc1a2 mRNA derived from wild 

type SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. 

Nrf2-KO SCAs expressed Slc1a2 mRNA about 1.8-fold increase relative to wild type SCAs. 

Expression levels of Slc1a2 mRNA from both WT and Nrf2 KO compared to its vehicle 

treatment were significantly reduced following 18 h of 5µM MeHg exposure with a 0.6-

fold and a 0.91-fold decrease, respectively. The statistical analysis suggested there were 

no differences in expression of Slc1a2 mRNA levels following 18h MeHg exposure among 

these genotypes. The statistical analysis was derived from Two-Way ANOVA with Tukey’s 

multiple comparison post hoc. (* indicates p<0.05 when compared to vehicle (control) 

treatment from the same genotype, # indicates p<0.05 when compare between different 

genotypes; WT vs KO); N=12 biological replications with two replications/N 
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3.4.7 MeHg induced the reduction of transporter proteins, Mrp1, system Xc- 

and EAAT2/GLT-1 expression in both WT and Nrf2 KO derived SCAs. 

In addition to examining the effect of MeHg on the transcriptional level of Abcc1, Slc7a11 

and Slc1a2 mRNA, the protein levels of these transporters in SCAs were determined using 

immunocytochemistry. The fluorescent intensity of Mrp1, system Xc- and GLT-1 were 

diminished following 5µM MeHg exposure for 18h in both WT (Figure 3.11) and Nrf2 

KO (Figure 3.12) derived SCAs relative to the vehicle treatments. The quantitative 

fluorescent intensity of these transporters indicated the significant reduction of the basal 

Mrp1, system Xc- and GLT-1 expression in Nrf2 KO derived SCAs compared to their basal 

expression levels in WT derived SCAs (Figure 3.13). MeHg induced the reduction of 

these transporter expressions significantly when compared to their genotyped with 

vehicle treatments (Figure 3.13 and Figure 3.14).  
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Figure 3.11 Comparative morphologies and transporter protein expressions of SCAs derived from WT 

following 5µM MeHg exposure for 18h.  The multidrug-resistant associated proteins were labeled with Mrp1 mouse-

monoclonal antibody and were detected by Alexa Fluor 647 anti-mouse. The system Xc- (cystine/glutamate antiporters) 

were detected using SLC7A11 rabbit-polyclonal antibody, which was observed with Alexa Flour 488 anti-rabbit. The EAAT2 

were detected using anti-guinea pig glutamate transporter (GLT-1) antibody, which was determined using Alexa Flour 594 

anti-guinea pig. The images were acquired from Nikon C2 confocal microscope using 60X oil objective lenses with the same 

exposure setting for each laser channel across all different SCAs genotypes and treatments. 
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Figure 3.12 Comparative morphologies and transporter protein expressions of SCAs derived from Nrf2 KO 

following 5µM MeHg exposure for 18h.  The multidrug-resistant associated proteins were labeled with Mrp1 mouse-

monoclonal antibody and were detected by Alexa Fluor 647 anti-mouse. The system Xc- (cystine/glutamate antiporters) 

were detected using SLC7a11 rabbit-polyclonal antibody, which was observed with Alexa Flour 488 anti-rabbit. The EAAT2 

were detected using anti-guinea pig glutamate transporter (GLT-1) antibody, which was determined using Alexa Flour 594 

anti-guinea pig. The images were acquired from Nikon C2 confocal microscope using 60X oil objective lenses with the same 

exposure setting for each laser channel across all different SCAs genotypes and treatments. 
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Figure 3.13 Comparative effect of 5µM MeHg to SCAs from WT and Nrf2 KO 

following 18h exposure. The SCAs DIV 30 were exposed to 5µM MeHg for 18h (C. and 

D.) compared to vehicle control treatments (A and B.) The multidrug-resistant associated 

proteins were labeled with Mrp1 mouse-monoclonal antibody, which was detected by 

anti-mouse Alexa Fluor 647 (displayed in blue as pseudocolor). The system Xc- 

(cystine/glutamate antiporters) were detected using rabbit-polyclonal SLC7A11 antibody, 

which was observed with Alexa Flour 488 anti-rabbit. The EAAT2 were detected using 

anti-guinea pig glutamate transporter (GLT-1) antibody, which was determined using 

Alexa Flour 594 anti-guinea pig. The images were acquired from Nikon C2 confocal 

microscope using 60X oil objective lenses with the same exposure setting for each laser 

channel across all different SCAs genotypes and treatments. 
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Figure 3.14 Comparative effect of 5µM MeHg to the expression of transporter 

proteins in SCAs derived from WT and Nrf2 KO following 18h exposure. The 

expression of Mrp1, system xc- and GLT-1 transporters derived from Nrf2 KO showed 

lower expression relative to wildtype control. When Nrf2 KO SCAs was exposed to MeHg, 

there were greater and significant reductions of these transporters than in the wildtype 

SCAs exposed to MeHg. The relative mean fluorescent intensity of SCAs DIV 30 exposed 

to 5µM MeHg for 18h was compared to vehicle control treatments. The relative mean 

fluorescent intensity of multidrug-resistant associated proteins (Mrp1), 

cystine/glutamate antiporters (system Xc-), and glutamate transporter (GLT-1 or EAAT2) 

were determined using NIS-Element Advanced Research software from Nikon. Two-Way 

ANOVA with Sidak multiple comparison post hoc indicated different expression among 

different genotypes with #; p<0.05 and among different treatments with *; p<0.05.  
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3.4.8 MeHg differential regulated Vegfa mRNA expression in WT and Nrf2 

KO derived SCAs. 

Since a low MeHg concentration (0.5µM) induced Vegfa upregulation in WT derived 

SCAs in a biphasic fashion as a function of time of MeHg exposure for 24 h (Figure 2.13 

in chapter 2). However, the mechanism underlying this Vegfa expression during MeHg 

exposure is unknow in SCAs. To examine whether Nrf2 directly regulated Vegfa mRNA 

expression and whether MeHg induced the alteration of Vegfa expression was underlying 

the regulation of Nrf2 pathway, the expression levels of Vegfa mRNA were compared 

between WT and Nrf2 KO derived SCAs. The basal levels of Vegfa mRNA expression 

between WT and Nrf2 derived SCAs were different where the expression level of Vegfa 

mRNA in Nrf2 KO derived SCAs was about 12-time higher than WT derived SCAs 

(Figure 3.15). The effect of 5µM MeHg to these genotype derived SCAs are different. 

Whereas 18 h MeHg exposure induced Vefga mRNA in WT derived SCAs increased about 

2.53-fold of WT vehicle treatment, MeHg induced Vegfa mRNA in Nrf2 derivd SCAs 

decreased about 2.6-fold of Nrf2 KO vehicle treatment (Figure 3.15).  These results 

demonstrated the differential genetic background exhibited different response of Vegfa 

expression to MeHg.  
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Figure 3.15 Relative mRNA expression of Vegfa mRNA derived from wild 

type SCAs (WT) and Nrf2-KO SCAs (KO) when exposed to 5µM MeHg for 18h. 

Nrf2-KO SCAs pronouncedly expressed Vegfa mRNA, which is about an 11.75-fold 

increase relative to the wild type SCAs. Expression levels of Vegfa mRNA from WT, when 

treated with MeHg, were significantly increased about 2.5-fold increase compared to WT 

control treatment. Conversely, the expression of Vegfa mRNA from Nrf2 KO SCAs 

compared to its vehicle treatment significantly reduced approximately 2.62-fold decrease 

following 18 h of 5µM MeHg exposure. Even though Vegfa mRNA was reduced in Nrf2 

KO SCAs following MeHg exposure, its expression level was higher than WT treatment 

with MeHg by about 1.77-fold. The statistical analysis was derived from Two-Way ANOVA 

with Tukey’s multiple comparison post hoc. (* indicates p<0.05 when compared to vehicle 

(control) treatment from the same genotype, # indicates p<0.05 when compare between 

different genotypes; WT vs. KO); N=12 biological replications with two replications/N 
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3.5 Discussion 

The primary objective of this study was to examine the role of the Keap1-Nrf2-ARE 

pathway in MeHg induced SCAs degeneration. It is well established that MeHg induces 

the increase of [Glu]ex in the synapses leading to excitotoxicity-induced neuronal death. 

MeHg also induces ROS overproduction and impairs antioxidant systems such as GSH 

and Keap1-Nrf2-ARE pathway. The mechanisms inducing excitotoxicity and oxidative 

stress are intertwined since the synaptic glutamate clearance is predominantly 

responsible by the EAAT1/2, which are sensitive to ROS (Trotti et al., 1998). Both ROS 

and MeHg inhibit EAATs ability to transport Glu and aspartate. Additionally, the 

cystine/glutamate transporter (system Xc-) transports amino acid cystine in exchange 

with exporting Glu to increase the intracellular cysteine for de novo GSH synthesis.  

System Xc- transports these amino acids depending upon the Glu concentration gradient. 

Therefore, during glutamate transmission and particularly during excitotoxicity when 

[Glu]ex concentration is relatively high, system Xc- cannot transport cystine into the cells, 

resulting in the reduction of de novo GSH synthesis and overproduction of ROS. The 

comparison between WT derived SCAs and Nrf2 KO derived SCAs in this study showed 

that there was a greater susceptibility of Nrf2 KO derived SCAs to MeHg. This data was 

consistent with the study in the primary hepatocytes derived from Nrf2 KO mice.  The 

primary hepatocytic viability from Nrf2 KO was significantly reduced by approximately 

70% when exposed to 5µM MeHg for 24h while the WT derived hepatocytic viability was 

spared (Toyama et al., 2007). The greater susceptibility of Nrf2 KO derived cells, 

including SCAs and hepatocytes, could be explained by the overproduction of ROS in the 

Nrf2 KO mice. The susceptibility of Nrf2 KO SCAs could be due to the over production of 

ROS. The comparison of basal ROS level in glial-cortical neuronal co-culture derived from 
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WT, Nrf2 KO and Keap1 knockdown (Keap1 KD) found that the level of ROS was 

dramatically increased in Nrf2 KO derived glial-cortical neuronal co-culture relative to 

WT derived glial-cortical neuronal co-culture, whereas the basal ROS level from Keap1 

KD were similar to WT glia-cortical neuronal co-culture (Kovac et al., 2015). Even though 

homozygous Nrf2 KO mice are fertile, reduction of Keap1-Nrf2-ARE pathway activity 

potentially enhances ROS production due to the imbalance of redox homeostasis and 

renders this genotype more susceptible to any insult. The evidence supporting this finding 

is that the primary cortical astrocyte cell culture derived from Nrf2 KO had an increased 

susceptibility to oxidants (hydrogen peroxide) compared to the WT derived astrocytes 

(Bell et al., 2015). Nrf2 KO derived neurons in mixed culture system (90% neuron and 

10% glia) were more sensitive to mitochondrial toxins (1-methyl-4-phenyl-1,2,5,6-

tetrahydropyridine (MPTP) or rotenone compared with WT derived neurons that 

exhibited apoptosis marker caspase 3 elevation (Lee et al., 2003a). The sensitivity of Nrf2 

KO derived neurons was suggested by the microarray data that the reduction of GSH as 

well as some antioxidant genes, Nqo1, Gst, and Gclc, were significantly reduced (Lee et 

al., 2003a). Besides, Nrf2 KO derived neurons exhibited the significant reduction of genes 

involving the Ca2+ homeostasis, including visinin-like 1, calbindin-28K, synaptotagmin-1 

and 5, calmodulin III and ryanodine receptor 3(Lee et al., 2003a). The important role of 

Nrf2 in regulation of Ca2+ homeostasis was also supported by a marked reduction of Nrf2 

KO neuronal viability when exposed to a Ca2+ ionophore ionomycin or an endoplasmic 

reticulum Ca2+-ATPase inhibitor dtBHQ, whereas these compounds did not affect WT- 

derived neuron viability (Lee et al., 2003a). The microarray data from Nrf2 KO derived 

cortical astrocytes also indicated a great reduction of detoxification and antioxidant 

enzymes including the known ARE containing genes such as Sod1, Gclc and Gclm (Lee et 
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al., 2003b). Interestingly, the Gclm expression level was not affected by the absence of 

Nrf2 in cortical neurons (Lee et al., 2003a) but did so in cortical astrocytes (Lee et al., 

2003b). The reduction of Gclc mRNA expression was consistent with  results from Bell et 

al. (2015) in cortical astrocytes which derived from Nrf2 KO (Bell et al., 2015). The 

reduction of Gclc mRNA expression was also characteristic of Nrf2 KO derived SCAs from 

this study.  

Both GCLC and GCLM are involved in the rate-limiting step of GSH synthesis.  Gclc-

deficient mice (Gclc-/-) exhibited more severe effects than Gclm-deficient (Gclm-/-) mice. 

The intracellular GSH was absent in Gclc-/- mice and these mice die during 

embryogenesis (Dalton et al., 2000) whereas 10-25% GSH were remained in Gclm-/- mice 

and they are normally viable (McConnachie et al., 2007). The reduction of basal Gclc 

mRNA in Nrf2 KO derived SCAs renders these SCAs more susceptible to ROS generation 

as well as MeHg intoxication. This result also supports the critical role of Nrf2 in 

regulation of Gclc transcripts. Therefore, loss of Nrf2, a master regulator of antioxidant 

genes, could be detrimental to a cell’s ability to survive MeHg exposure, as the 

toxicological mechanism involves the increase of ROS generation and impairment of 

mitochondrial function. Nrf2 KO derived SCAs lack the antioxidant system s which results 

in the inability to combat ROS generation as efficiently as the WT derived SCAs. In 

addition to the reduction of Gclc mRNA in Nrf2 KO derived SCAs, the GPx1 and GPx4 

were greatly reduced in Nrf2 KO derived SCAs compare to WT SCAs. The reduction of 

Gpx1 mRNA expression following MeHg in SCAs was consistent with the sexual 

dimorphism study in C57BL/6J mice that exposure to 5ppm MeHg through drinking 

water from early gestational period until postnatal day 21(Ruszkiewicz et al., 2016). The 
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expression of GPx1 mRNA expression was reduced in both male and female cerebrum but 

not cerebellum (Ruszkiewicz et al., 2016). Swiss adult male mice exposed to 40ppm MeHg 

in drinking water during 21 day demonstrated a significant reduction of GPx1 and GPx4 

activities with western blotting analysis in the cerebellum and cortex when compared to 

untreated animals (Zemolin et al., 2012). These data support the important role of Nrf2 

in a regulation of redox homeostasis, particularly in the regulation of GSH synthesis and 

metabolism. 

Despite the reduction of mRNAs involving GSH synthesis and metabolism, the study by 

Lee et al (2003) to confirm the absence of Nrf2 mRNA in Nrf2 KO revealed that the 

expression of Nrf2 mRNA was slightly detectable in primary cortical neurons with the 

primer specific to exon 1-3 but it absent with the primer specific to the exon5 (Lee et al., 

2003a). This was because Nrf2 KO mice were generated by the selective deletion of 4.2kp 

DNA containing part of axon 4 and all of axon5 of Nrf2 gene which was replaced by a 5.5 

kb fragment DNA of the bacterial LacZ gene and neomycin resistant cassette (Chan et al., 

1996). This DNA fragment replacement was effectively nullifying the Nrf2 gene function 

because of the deletion of CNCbZIP region (Chan et al., 1996), the conserved region of a 

family of basic leucine zipper transcription factors (Sykiotis and Bohmann, 2010).   

Therefore, the detectable mRNA level of Nrf2 in Nrf2 KO derived SCAs in this study is 

due to the primers using in this study targeted specific to exon 1-2 (TaqMan gene 

expression assay; ThermoFisher Scientific, catalogue number Mm00477784-m1).   

Although in Nrf2 KO derived SCAs, the expression of genes involved in GSH synthesis, 

Gclc and activity GPx1 and GPx4 were greatly reduced compared to WT SCAs, the 

expression of phase III detoxification (transporter) gene Abcc1 encoding for Mrp1 (Hayes, 
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2016) was largely increased in Nrf2 KO. Similarly, the cystine/glutamate transporter 

encoded by Slc7a11 mRNA also increased in Nrf2 KO derived SCAs. The increase of these 

transporters could be a compensatory regulation to by CNCbZIB family transcription 

factor such as Nrf1 (Sykiotis and Bohmann, 2010). Nrf1 also plays important role in 

cellular defense oxidative damage. Overexpression of Nrf1 induces the upregulation of 

cytoprotective gene Nqo1. Nrf1 is critical for erythrocyte since Nrf1 null mice die in utero 

due to the decreased number of enucleated red blood cells and severe anemia (Niture et 

al., 2010). Nrf1 and Nrf2 however, exhibit distinct roles in activation of antioxidant gene 

expression. For example, Nrf1 deficiency results in the up-regulation of Nrf2 target genes 

such as Nqo1, Gst, Gclc and Ho1 (Ohtsuji et al., 2008). Specific knockdown Nrf1 in mice 

liver also exhibited dramatic increase of GSH level in liver. While the GSH synthesizing 

enzymes, Gclc, Gclm mRNA were not affected in these Nrf1 KD mice, the system Xc- 

mRNA was greatly increased (Tsujita et al., 2014). Overexpression of Nrf2 in combination 

with Nrf1 protein inhibited Gclc and Gclm expression determined by the increases of 

luciferase activity located downstream of the electrophilic response element (EpRE or 

ARE) linked with Gclc and Gclm genes (Chepelev et al., 2013). These results suggest 

negative competitive binding of EpRE /ARE by Nrf1 in regulation of Nrf2-dependent 

antioxidant genes such as Gclc. The compensatory increase of Abcc1 and Slc7a11 in Nrf2 

KO derived SCAs could be partly to a down regulation of Nrf1 activity. Alternatively, other 

signaling molecules play prominent role in induction of these transporters’ expression in 

Nrf2 KO derived SCAs. Particularly, the pro-inflammatory cytokines would be activated 

in Nrf2 KO mice whose basal ROS level are high. The pro-inflammatory cytokine 

interleukin-1β (IL-1β) which specifically up-regulated system Xc- in astrocytes but not in 

neurons or microglia (Jackman et al., 2010) might be induced in Nrf2 KO derived SCAs. 
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The effect of IL-1β on system Xc- expression was found to be mediated through the 

activation of NF-kB (Yang et al., 2005; He et al., 2015) and activator protein 1 (AP1) (Yang 

et al., 2005). It could be possible that the up-regulation of Slc7a11 mRNA in Nrf2 KO 

derived SCAs was activated through the activity of IL-1β and NF-kB, and/or AP1. 

Additionally, the promoter region of Slc7a11 gene could be regulated by STAT3/STAT5, 

growth factors, neuronal activity and amino acid (AA) starvation (Massie et al., 2015) (see 

Figure 3.16 ) (comprehensive reviewed by Massie et al. 2005). 

The mechanism by which MeHg induces system Xc- mRNA expression is complex and 

genetic predisposition also contributes to the differential toxicity. The effect of MeHg to 

Slca7a11 mRNA expression could be direct activation of Keap1-Nrf2-ARE and/or 

indirectly through ROS activity.  MeHg (18h of 5µM) induced the increase of Slca7a11 

mRNA expression in WT derived SCAs. This increase is consistent with the study in a 

human blastoma cell line (HeLa S3 cells) where  MeHg (12h of 8uM) induced a 2.1-fold 

increase of Slc7a11 mRNA (Amonpatumrat et al., 2008). In contrast, MeHg slightly 

reduced Slc7a11 mRNA in Nrf2 KO derived SCAs. This slight effect could be caused by 

MeHg-induced Slc7a11 mRNA elevation either through Nrf2-ARE pathway, therefore no 

effect for induction was noticeable, or alternative pathways such as the IL-1β which might 

be involved in the reduction of Slc7a11 mRNA expression. Recently, Shi et al. (2016) 

confirmed the role of IL-1β in mediating the system Xc- expression through the activation 

of NF-kB in primary cortical astrocytes culture (Shi et al., 2016). The regulation of system 

Xc- expression and activity in astrocytes through IL-1β implicates that hypoxic injury 

occurs (Jackman et al., 2010). Under hypoxic conditions, the hypoxia inducing factor-1α 

(HIF-1α) pathway is activated and has been reported to regulate expression of some 
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antioxidant genes such as Abcc1 mRNA (Lv et al., 2015). In addition, another 

transcription factor, the activating transcription factor 4 (ATF4),may regulate system Xc- 

expression through its binding to the AA response element (AARE) at the upstream region 

of Slc7a11 mRNA (Lewerenz et al., 2014). The effectors of ATF4 activity are involved in 

the activation of phosphoinositide 3-kinases (PI3Ks) pathway which induces glycogen 

synthase kinase 3β (GSK3β). GSK3β later phosphorylates eukaryotic initiation factor 2a 

(peIF2α), which results in the activation of ATF4. The induction of system Xc- expression 

is regulated by the PI3K-peIF2α-ATF pathway in glioblastoma (Lewerenz et al., 2014). 

The increase of the Slc7a11 mRNA expression in Nrf2 KO relative to WT SCAs could be 

explained by these alternative pathways that activate system Xc- transcripts. MeHg-

induced increase of system Xc- transcripts in WT derived SCAs compare to the vehicle 

treatment could be due to the activities not only of Nrf2 but also these alternative 

pathways. The expression of Slc7a11 mRNA in Nrf2-KO derived SCAs appeared to be 

lower (but insignificant) in MeHg treatment compared to its genotype treated with 

vehicle. Several possible explanations are as follows. 1. Nrf2 pathway was not a major 

regulator since the slightly affected by MeHg to Nrf2 KO derived SCAs was observed in 

the expression of Slc7a11 mRNA. 2. Nrf2 pathway was the major regulator in activation 

of Slc7a11 mRNA since MeHg could not induce the increase of Slc7a11 mRNA in Nrf2 KO 

SCAs. 3. Alternatively, MeHg affected WT- and Nrf2- derived SCAs differently via those 

alternative pathways (non-Nrf2) in regulation of system Xc- transcripts. To better 

understand the difference between WT- and Nrf2- derived SCAs in the regulation of 

system Xc- expression further experiments to elucidate the involvement of these 

alternative pathways are required. The expression of those cytokines and proteins 

including IL-1β, NF-kB, PI3K GSK3b and ATF4 would be compared between WT and Nrf2 
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KO derived SCAs following MeHg exposure as well as compare to their own genotype 

treated vehicle.  

In addition to the MeHg-induced increase in Slc7a11 mRNA in WT SCAs, inorganic 

Hg2+could affect this alteration. MeHg could slowly undergo demethylation to inorganic 

mercury that cannot usually cross the BBB via the L-type neutral amino acid carrier 

transport (LAT) system. Consequently, Hg2+ is trapped inside the CNS. The mechanism 

by which Hg2+ induces neurological damage is still unclear. Nevertheless, Hg2+ disruption 

of cell cycle progression and/or induction of apoptosis in several tissues is well 

recognized. Moreover, Hg-induced neurotoxicity is known to be mediated by ROS in 

different models by altering Na+/K+ ATPase activity and mitochondrial function (Mieiro 

et al., 2011). Indeed, at the synapse, glutamate transport through astrocytes is dependent 

mainly on the Na+ electrochemical gradient, which is established by Na+/K+ ATPase 

activity (Camacho 2006). An alteration in the Na+/K+ ionic and electrochemical gradient 

is intimately associated with astrocyte regulation of glutamatergic activity (Kinoshita et 

al., 2016), which includes EAAT2/GLT-1 function and ultimately affects the system Xc- 

activity. The alteration of the expression of these transporters could also contribute to the 

functional dysregulation of these transporters.  

A marked reduction of GLT-1 and system Xc- expression following 18h of 5µM MeHg 

exposure as measured with immunocytochemistry occurs in both WT and Nrf2 KO 

derived SCAs. The reduction of system Xc expression could contribute to the reduction of 

de novo GSH synthesis. Total GSH was considerably reduced in both cortical neuronal 

cell culture (Kaur et al., 2007) and cerebellar astrocytes (Kaur et al., 2006) after exposure 

to MeHg. The effect of Hg2+ on GSH content has been reported as well. Hg2+ causes the 
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depletion of GSH content as a result of the interaction between Hg2+ and sulfhydryl 

groups. Hg2+ interacts with the thiol group of GSH, leading to the formation of an 

excretable GS-HgCH3 complex, and all these compounds inhibit glutathione reductase 

and glutathione peroxidase (GPx) activities. This is characteristic of Hg2+ neurotoxicity 

(Mieiro et al., 2011). The effect of MeHg to system Xc- is complex due to the increase of 

system Xc- transcript but reduction of the system Xc- protein in WT derived SCAs. 

Conversely, MeHg appears to induce the reduction of system Xc- transcript, as well as 

dramatic decrease of system Xc- protein in Nrf2 KO, derived SCAs. These results suggest 

that genetic predisposition also contributes to the differential regulation of glutamate 

transport systems in MeHg induced toxicity with both transcriptional and 

posttranslational levels.  

In the CNS, astrocytes play an essential role in regulating glutamate homeostasis by 

taking up extracellular glutamate through EAAT1/GLAST encoded by the Slc1a3 gene and 

EAAT2/GLT-1 encoded by Slc1a2 genes. Other than the EAAT3/EAAC1 in rat C6 glioma 

cells (Escartin et al., 2011a), these two genes have not been reported to be regulated 

through Nrf2 activation. However, these transporters work cooperatively with system Xc- 

to maintain redox homeostasis as well as glutamate homeostasis. In this study, both 

Slc1a3 and Slc1a2 mRNA expression levels in Nrf2-KO SCAs were up-regulated compared 

to WT SCAs (Figure 3.9 and 3.10, respectively). The up-regulation of Slc1a3 and 

Slc1a2mRNA corresponded to the increase of Slc7a11 mRNA expression in Nrf2-KO 

SCAs, which supports the fact that these transporters work cooperatively to maintain 

extracellular glutamate, especially in the system that lacked Nrf2. In addition, the 

regulation of  Slc1a2 expression was induced by several pathways, such as the PIK3, NF-
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kB, and PKA (Su et al., 2003). It is possible that these signaling pathways positively 

regulated the EAAT2 expression at the transcriptional level in  Nrf2 KO derived SCAs. 

Following MeHg exposure, Slc1a3 and Slc1a2 mRNA expression levels were lower in both 

WT and Nrf2 KO SCAs. While MeHg had significant effects on the reduction of both 

Slc1a3 and Slc1a2 mRNA in Nrf2-KO SCAs, only Slc1a2 mRNA showed a significant 

reduction in WT SCAs (Figure 3.10). The reduction of Slc1a3 and Slc1a2 mRNA 

expression could contribute to a reduction of EAAT1 and EAAT2 expressions. 

Consequently, extracellular glutamate clearance by these transporters are restricted. 

Ultimately, excitotoxicity occurs and leads to SCAs death. Several lines of evidence 

suggest that Hg2+ (Brookes, 1988; Brookes and Kristt, 1989) and MeHg (Brookes and 

Kristt, 1989; Kim and Choi, 1995) inhibit glutamate uptake in primary cortical astrocyte 

cell culture (Brookes, 1988; Brookes and Kristt, 1989; Kim and Choi, 1995) and spinal 

cord cell culture (Brookes, 1992a). The effect of Hg2+ on Glu uptake inhibition was 

selective and concentration-dependent, whereas the mechanism by which MeHg inhibits 

Glu uptake is closely related to voltage-gated  Ca2+ channels due to the lack of inhibition 

in the presence of Ca2+ channel blocker verapamil (Kim and Choi, 1995). The decrease of 

Slc1a3 and Slc1a2 expression in SCAs following MeHg exposure could be attributed to the 

decrease of extracellular Glu uptake and results in the Glu induced excitotoxicity. The 

significant reduction of EAAT2/GLT-1 protein expression (Figure 3.13 and 3.14) in 

WT (Figure 3.11) and Nrf2 derived SCAs (Figure 3.12) following 18 h of 5µM MeHg 

were observed from immunocytochemistry. Therefore, the reduction or inhibition of Glu 

uptake could not only be because MeHg affected EAAT1/2 transporter function but also 

affected the transcriptional and translational process of these transporters.  
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Figure 3.16 Proposed mechanisms involved in the regulation of Slc7a11 in 
Nrf2 KO derived SCAs. Not only Nrf2 is involved in the regulation of Slc7a11 
expression, several signaling molecules, due to the promoter region of the Slc7a11 gene, 
possesses a binding region for these molecules. While ATF4 regulated by the PI3K GSK3β 
pathway, and cytokines IL-1β positively regulate Slc7a11 expression, transcriptional 
factor Nrf1 and STATs exert the negative regulation of the Slc7a11 expression. The 
upregulation of Slc7a11 expression in Nrf2 KO derived SCAs could be due to the 
compensatory mechanisms by which to enhance a positive regulation pathway and 
diminish the negative regulation pathways. The differential effect of MeHg between WT 
and Nrf2 derived SCAs could be explained by the differential genetic background that 
possesses different basal signaling activity. In the WT-derived SCAs in which the Nrf2 
pathway is activated as well as a positive regulation pathway following MeHg. The 
activations of these positive regulation mechanisms of Slc7a11 expression would enhance 
the Slc7a11 expression in WT, whereas lacking Nrf2 in Nrf2 KO derived SCAs, the Slc7a11 
expression was diminished following MeHg exposure. 
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MeHg treatment not only affected Glu transport but also the transport of xenobiotic or 

toxicants. Multidrug resistance proteins (MRPs) are involved in transporting exogenous 

and endogenous compounds such as GSH across cellular membranes because these 

transporters are a subset of the ATP-binding cassette genes that are phase III 

detoxification proteins (Leier et al., 1996). Following MeHg exposure to WT and Nrf2 KO 

derived SCAs, there were significant reductions of Abcc1 mRNAs (Figure 3.7). The 

immunocytochemistry also indicated the reduction of Mrp1 protein expression in these 

genotypes following 18h of 5µM MeHg exposure (Figure 3.13 and 3.14).  The reduction 

of Mrp1 protein in both WT and Nrf2 KO-derived SCAs may initially contribute to the 

accumulation of Hg and later generate cellular and molecular toxicity to SCAs.  The in 

vivo study comparing Nrf2 KO mice to WT mice demonstrated a more significant total 

cellular Hg accumulation in the cerebrum, cerebellar, and liver of Nrf2 KO mice than WT 

mice following the oral administration of MeHg (5 mg/kg/day for 8 days) (Toyama et al., 

2011). The accumulation of Hg in Nrf2 KO mice was concurrent with the increase of hind-

limb flaccidity and mortality, whereas WT control was not affected by this MeHg exposure 

paradigm (Toyama et al., 2011). The accumulation of cellular Hg following MeHg 

exposure was linked to the diminished expression of Mrp1 and Mrp2 in Nrf2 KO primary 

hepatocyte cell culture, which corresponds to the greater susceptibility to MeHg 

compared to WT (Toyama et al., 2007).  As such, the susceptibility of Nrf2 KO derived 

SCAs could be partly due to the reduction of Mrp1 expression (as exhibited in Figure 

3.12), which plays an essential role in the excretion of xenobiotics including MeHg as well 

as GSH from the cells. MeHg could be conjugated with GSH through non-enzymatic 

processes and/or enzymatic processes through GSH-S-transferase (GST) processes to 

form a polar MeHg-GSH adduct (Rabenstein and Fairhurst, 1975). The MeHg-GSH could 
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be transported through the Mrp1 due to its structural similarity to GSH. A reduction of 

Mrp1 expression could cause cells to accumulate Hg that later contributes to cellular 

toxicity to SCAs and the neighboring neurons such as SMN. Perhaps, a reduction of Mrp1 

in SCAs following MeHg exposure could contribute to the susceptible of SMN to MeHg 

due to insufficient GSH export.  

The increase of Mrp1 transcript (Abcc1 mRNA) in Nrf2 KO derived SCAs compared to WT 

derived SCAs was observed in this study (Figure 3.7). Nrf2 activity may regulate the 

expression of Mrp1 transcript in mouse embryonic fibroblast (Hayashi et al., 2003) as 

well as the expression of Mrp2 (Vollrath et al., 2006), Mrp3 and Mrp4 transcripts in 

mouse liver (Maher et al., 2007). Nevertheless, the expressions of Mrp2, Mrp 3, and Mrp4 

mRNAs were relatively spared in Nrf2 KO compared to WT mouse liver (Maher et al., 

2007). In a colon cancer cell line, hypoxia response element (HRE) loci were in the 

proximal promoter of Abcc1 gene, and hypoxia inducing factor-1α (HIF-1α) can directly 

bind to this site and directly regulate Mrp1 expression (Lv et al., 2015). Suppression of 

HIF-1α with siRNA resulted in the reduction of Mrp1 mRNA (Lv et al., 2015).  A 

transcriptional factor HIF-1, a heterodimer of HIF-1α and HIF-1β subunits (Semenza, 

2007), induces genes required for the adaptation to hypoxia. In normoxia, HIF-1α is 

continuously degraded by the proteasomal system, and upon hypoxia, HIF-1α is stabilized 

and translocate to the nucleus, where it dimerizes with HIF-1β  and regulates the 

expression of genes involved in angiogenesis, glucose transport, glycolysis, survival, and 

cell migration (Yang and Jackson, 2019). The breast cancer cell lines without Nrf2 were 

treated with a ROS inducer menadione exhibited the induction of HIF- 1α mRNA 

expression (Lacher et al., 2018). This result suggests that lacking Nrf2, the HIF-1α 



196 
 

remains activated by ROS and perhaps contributes to the induction of Abcc1 mRNA 

elevation. The studies in colorectal, gastric, and bladder cancer tissues found the 

expression of HIF-1 and Mrp1 was significantly correlated (Toth and Warfel, 2017) and  

ROS or a pro-oxidant, NADPH oxidase (NOX) may act as an intermediate molecule 

between Nrf2 and HIF-1 pathway. The study of molecular mechanisms underlying 

chronic intermittent hypoxia (IH), a pathological characteristic of sleep apnea, revealed 

multiple pathways involved in regulating HIF activities. These include 1. Ca2+/calmodulin 

kinase (CaMK) dependent pathway, 2. PI3K-mTOR pathway, and 3. ROS evokes a 

stabilized HIF-1α pathway  (Yuan et al., 2008). All these pathways are regulated by the 

effector NOX (Yuan et al., 2008) as a major ROS producer (Kovac et al., 2015). In cortical 

neuron-astrocyte co-culture and mouse embryonic fibroblasts that are Nrf2 deficient, 

Nox2 mRNA was dramatically increased while  Nox4 mRNA was decreased compared to 

WT (Kovac et al., 2015). Furthermore, IH induced NOX2 activation with xanthine oxidase 

(XO), ROS inducer in PC 12 cells. NOx2 activation required [Ca2+]in which was evoked by 

XO via stimulation of protein kinase C (PKC) (Nanduri et al., 2015). NOX2 subsequently 

stimulated HIF-1 (Nanduri et al., 2015). The regulation of Nox mRNA expression by Nrf2 

appears to be cell type-specific. For example, Nrf2 negatively regulates Nox4 expression 

in endothelial cells. Conversely, Nrf2 induces Nox4 elevation in the mouse and human 

lung endothelium in response to hyperoxia (Kovac et al., 2015).  Perhaps, the elevation of 

Mrp1 transcripts in Nrf2 KO derived SCAs is regulated by cross talk between the Nrf2 and 

HIF pathways whereby NOX2 acts as an intermediate mediator regulating the elevation 

of Mrp1 transcripts through the activation of HIF-1 pathway as a compensatory 

antioxidant mechanism (see Figure 3.17).  
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Figure 3.17 Proposed mechanism of MeHg in the induction of Abcc1 (Mrp1) 

expression in Nrf2 KO-derived SCAs. The increase of Mrp1 transcript in Nrf2 KO 

derived SCAs following MeHg exposure could be due to the direct regulation of the 

hypoxia response element located in proximity of Abcc1 (Mrp1) promotor region and /or 

indirectly through the production of NADPH oxidase2 (NOX2), which subsequently 

activate HIF-1α to regulate Mrp1 expression. The Nrf2 KO has been shown the increases 

of NOX2 but the reduction of NOX4 in organotypic hippocampal slice and neuronal-

astrocytic cell culture (Kovac et al., 2015). However, whether NOX2 or NOX4 will be 

involved in regulating Mrp1 expression in Nrf2 KO or WT derived SCAs remains in 

question. 

  



198 
 

Keap1 and Nrf2 mRNA are also regulated by Nrf2-ARE pathway (Hayes and Dinkova-

Kostova, 2014), however, the mechanism by which the up-regulation of Keap1 mRNA in 

Nrf2 KO derived SCAs is unclear. The up-regulation of Keap1 mRNA relative to WT in 

Nrf2 KO derived SCAs with vehicle treatment (Figure 3.3) could be due to the 

hypomethylation of the Keap1 genes as part of epigenetic regulation(Cheng et al., 2016) 

in Nrf2 KO mice. The microRNA (miRNA) also has a role in the regulation of Keap1 

mRNA expression.  The miR 141 (Shi, 2015) and miR200a (Eades et al., 2011; Yang et al., 

2014) complimentarily bind to Keap1 mRNA and consequently cause translational 

silencing as part of the degradation process. In addition, Keap1 and Nrf2 protein levels 

are controlled by post-translational degradation processes.  An autoregulatory loop 

between Keap1 and the ubiquitination related proteins Cul3 and Rbx1 controls Nrf2 

cellular availability by which Nrf2 activation leads to the increase of the expression of 

Keap1, Cul3, and Rbx1, which in turn increases Nrf2 degradation (Yang and Jackson, 

2019). On the other hand, Keap1 level is controlled by the autophagy through the 

Cul3/p62 complex for maintenance of redox homeostasis (Taguchi et al., 2012). ROS 

induced the p62 up-regulation through the activation of Nrf2-ARE. Induced expression 

of p62 might facilitate the interaction between Keap1 and Clu3, thereby stimulating 

autophagy to accelerate protein degradation and clearance (Fan et al., 2010). Under 

conditional autophagy Atg7 gene deficiency in mice liver, the levels of Keap1 as well as 

p62 were increased compared to WT control (Komatsu et al., 2010; Taguchi et al., 2012). 

Interestingly, the absence of p62 in hepatocytes was also shown in the immunoblotting of 

hepatocyte from Nrf2 deficient mice but maintained the Keap1 protein level similar to WT 

control (Komatsu et al., 2010; Taguchi et al., 2012). Based on these lines of evidence, 

Keap1 at least in hepatocytes is degraded via autophagy in p62- dependent mechanism 
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(Taguchi et al., 2012).  However, the Keap1 mRNA level of Nrf2 deficient hepatocytes 

slightly decreased but was significantly different compared to WT control (Taguchi et al., 

2012), whereas the Keap1 mRNA level was elevated in Nrf2 KO SCAs (Figure 3.3). The 

differential expression of Keap1 mRNA in Nrf2 deficient hepatocytes and SCAs was 

unknown, however, it could be due to cell type specific regulation of Keap1 transcription. 

The comparison of Keap1 mRNA expression between these cell types in Nrf2 KO mice 

might explain the differential expression. The differential effect of MeHg to Keap1 mRNA 

expression also displayed between WT and Nrf2 KO derived SCAs. The expression of 

Keap1 mRNA was slightly affected by MeHg in WT derived SCAs, whereas the level of 

Keap1 mRNA was greatly reduced in Nrf2 KO derived SCAs. This suggests that the genetic 

background could influence the differential responses by SCAs during MeHg exposure.     

The effect of MeHg in the increase of Vegf mRNA in WT SCAs might partially be due to 1. 

the induction of pro-inflammatory cytokine interleukin-1 (IL-1) and/or 2. The cross talk 

between hypoxia inducing factor -1 (HIF-1) pathway and the Nrf2 pathway (see Figure 

3.16). In response to stimulation by the pro-inflammatory cytokine IL-1β, astrocytes 

generate and release VEGF that BBB permeability and promotes leukocyte extravasation 

(Sofroniew, 2015). Inactivation of astrocytic Vegfa expression reduced BBB breakdown, 

decreased lymphocyte infiltration and neuropathology in inflammatory and 

demyelinating lesions, and reduced paralysis in a mouse model of multiple sclerosis 

(Sofroniew, 2015). Disruption of BBB could elicit the effect of MeHg toxicity and 

pathology as a result of the entry of toxicants, inflammatory cytokines, and amino acids 

such as glutamate, which later exacerbate excitotoxicity. The in vitro treatment with 

inorganic mercuric chloride (1µM and 10 µM HgCl2) increases IL-1 activity in 
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macrophage cell culture media and cell extracted supernatant (Zdolsek et al., 1994). The 

increase of IL-1 activity was time dependent beginning at 6h and greatly increasing 

following 24, 48 and 72h.The elevation of IL-1 activity was also detected in the mice 

exposed to HgCl2 (Zdolsek et al., 1994). However, MeHg exposure in cortical astrocytes 

and microglia cell culture did not allow the increase of IL-1 stimulated by 

PAM(3)CSK(4), a toll-like receptor (TLR) ligand that is used for induction of 

inflammatory cytokines (Bassett et al., 2012). The author suggested that the lack of IL-1 

activity was due to the inability of the PAM(3)CSK(4) to induce these cytokines in 

astrocytes and microglia but was not due to MeHg (Bassett et al., 2012).  An in vitro study 

in cortical astrocyte cultures showed that MeHg could be demethylated into inorganic Hg 

such as HgCl2. The demethylation of MeHg into Hg was mediated by ROS, particularly by 

mitochondrial ROS. In astrocytes, 5mM rotenone, an inhibitor of mitochondrial complex 

I, elicited demethylation of MeHg (1µM) but this was not observed with L-buthionine-

S,R-sulfoximine (BSO), another ROS inducer (due to cellular GSH depletion) (Shapiro 

and Chan, 2008). The elevation of Vegf transcripts in WT SCAs could cause the 

biotransformation of MeHg into inorganic Hg in a mitochondrial ROS-mediated manner 

such that Hg2+ later induces IL-1 activity. In fact, mitochondria are one of MeHg’s target 

organelles and the impairment of mitochondrial membrane potential has been observed  

(Limke and Atchison, 2002) and is an early primary site of ROS generation (Limke and 

Atchison, 2002; Shanker et al., 2004b; Shanker et al., 2005b). ROS also serves as a signal 

indicating low levels of cellular oxygen (hypoxia). When cellular oxygen is low, 

mitochondrial complex III is unable to shuttle its electrons to cytochrome c properly, 

thereby causing a large increase of ROS, i.e., H2O2  (Chandel et al., 2000), which activates 
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hypoxic signaling (Guzy and Schumacker, 2006; Waypa et al., 2016). Hypoxia initiates 

transcription of several gene products through hypoxia inducing factor-1 (HIF-1) pathway 

that helps sustain the supply of O2 to tissues and enhance cell survival during severe O2 

deprivation. Gene products under the HIF-1 pathway, such as VEGF and erythropoietin1 

(Epo1), give rise to angiogenesis and erythropoiesis, respectively, to augment O2 supply 

to the tissues (Chandel et al., 2000; Mukandala et al., 2016). The elevation of Vegf mRNA 

in WT SCAs could be partly due to the activation of the HIF-1 pathway which directly 

promotes Vegf mRNA expression. It has been also demonstrated that there is cross talk 

between Nrf2 and HIF-1 pathways. Knock down of Nrf2 in cardiac micro-vascular 

endothelia cells (CMEC) significantly decreases heme oxygenase -1 (HO-1), an 

antioxidant gene product underlying Nrf2 regulation and VEGF as well as reducing 

vascular tube formation. Over expression of Nrf2 induces HO-1 expression and increases 

vascular tube formation (Kuang et al., 2013). Hypoxic environment induces the increase 

of Nrf2 expression in the nucleus of CMEC, suggesting hypoxia activates Nrf2 activity.  

However, knockdown of Nrf2 with siRNA diminishes nuclear Nrf2 expression in CMEC  

(Kuang et al., 2013). In addition, knockdown of Nrf2 under a hypoxic environment caused 

the reduction of HO-1, p-AKT and VEGF expression (Huang et al., 2018). When Keap1 

was knocked down of in endothelial colony forming cells, angiogenesis was preserved in 

high ROS conditions (Gremmels et al., 2017). These data suggest that crosstalk between 

Nrf2 and HIF-1 pathways could regulate VEGF through the intermediate HO-1 and/ or 

PI3K-AKT pathway (see Figure 3. 18).  
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Figure 3.18 Proposed mechanism of MeHg induced Vegf mRNA expression 

in SCAs. The effect of MeHg in the increase of Vegf mRNA in WT SCAs might partially 

be due to 1. the induction of pro-inflammatory cytokine interleukin-1 (IL-1) via the 

demethylation of MeHg into inorganic Hg (Hg2+) modulated by mitochondrial ROS (i.e. 

H2O2) and/or 2. The cross-talk between HIF-1 and the Nrf2 pathways. Mitochondrial ROS 

activates Nrf2 to induce HO-1 or Txnrd mRNA expression, which subsequently activates 

transcriptional factor HIF-1α to induce Vegf transcript expression. H2O2 could also 

activate PI3K/AKT directly or via Nrf2 activity. PI3K/AKT later activates the HIF-1 

pathway and induce Vegf expression. In addition, the Hg2+ has indicated it induced the 

IL-1β expression that positively regulates VEGF expression. The demethylation of MeHg 

to Hg2+ has been observed in rat cerebellar astrocytes cell culture (Shapiro and Chan, 

2008). 
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The upregulation of Vegf mRNA in Nrf2 KO derived SCAs relative to WT derived SCAs 

could be a compensatory mechanism by HIF-1 pathway or other survival pathways. While 

MeHg induces Vegf elevation in WT SCAs, the reduction of Vegf expression following 

MeHg exposure in Nrf2 KO SCAs could be explained by the lack of the Nrf2 oxidative 

stress sensor pathway and thus only the HIF-1 pathway plays a prominent role in response 

to ROS. Therefore, the decrease of Vegf following MeHg exposure was observed in Nrf2 

KO derived SCAs as opposed to the increase of Vegf as seen in WT SCAs as a result of 

synergistic response in WT to ROS generation by Nrf2 and HIF pathway. The increase of 

Vegfa mRNA rather than a decrease following 5uM MeHg exposure for 18h in WT SCAs 

might reflect the over production of ROS due to the chronic high concentration of MeHg 

exposure. The over production of ROS could activate both Nrf2 and HIF-1 pathway. The 

reduced expression of Vegfa mRNA in Nrf2 KO following MeHg exposure suggests that 

the genetic background plays a role in the regulation of protective gene expression.  

Gene and environmental interaction  may also play a role in disease pathogenesis in 

MeHg toxicity (Julvez and Grandjean, 2013). Similarly, VEGF secretion from astrocytes 

derived from transgenic SOD1 G93A mice appears to be lower than WT control (Van Den 

Bosch et al., 2004).   MeHg-induced reduction of Vegfa in Nrf2 KO SCAs could contribute 

to the motor neuron degeneration through a mechanism by which AMPAR mediates Ca2+ 

influx. VEGF has a protective role in the regulation of GluR2 subunit expression in motor 

neurons. Application of 20ng/ml VEGF to motor neurons in vitro induced the increase of 

GluR2 mRNA and reduced Ca2+ influx (Bogaert et al., 2010). Moreover, 200ng/ml VEGF 

treatment for 1 week following excitotoxicity stimulation with 300µM kainic acid reduced 

motor neuron death to 30% (Bogaert et al., 2010).  Astrocytes also play an essential role 
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in regulating the presence of GluR2 subunit in AMPAR required for Na+ permeation 

following glutamate activation. AMPAR lacking GluR2 subunit allows Ca2+ influx and 

subsequent Ca2+-mediated excitotoxicity in MNs (Laslo et al., 2001).  

Besides its role in neuronal protection, VEGF may play a vital role in the BBB 

maintenance. The increase of VEGF could detrimentally increase the BBB permeability. 

Therefore, the increase of Vegf mRNA in WT SCAs could expose the CNS to a toxic 

environment. In rats, experimental exposure to 1.0mg/Kg body weight (low dose) MeHg 

caused the leakage of the toluidine blue-albumin dye into the nervous parenchyma as 

early as 12 h after the intoxication, indicating impairment and dysfunction of the BBB 

(Chang and Hartmann, 1972). Degenerative changes in the cerebellum and cerebrum 

occurred later in these rats. This also suggests that the impairment of BBB may precede 

the degeneration of the CNS (Shaw et al., 1975). Astrocytic-derived VEGF causes BBB 

disruption (Argaw et al., 2012). Inactivation of astrocytic Vegfa expression using specific 

deletion of Vegf with GFAP driven promotor (GfapCre:Vegfafl/fl ) reduced the BBB 

breakdown, decreased lymphocyte infiltration and neuropathology observed as 

inflammatory and demyelinating lesions, and reduced paralysis in a mouse model of 

multiple sclerosis (Argaw et al., 2012). One mechanism underlying this BBB permeability 

is that VEGF disrupts the endothelial transmembrane tight junction proteins claudin-5 

(CLN-5) and occludin (OCLN) expression (Argaw et al., 2009). Claudins act as the 

primary determinant of tight junction properties, and OCLN is also a tight junction strand 

component and contributes to junction properties and regulates permeability (Argaw et 

al., 2009). The increase of Vegf mRNA expression following 5µM MeHg exposure to WT 
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SCAs for 18h suggests an alteration of the BBB is a possible mechanism by which MeHg 

induces CNS intoxication.  

The increase of some antioxidant genes expression in Nrf2 KO derived SCAs could be a 

compensation of antioxidant. For example, in cancer cells, the metabolic pathways are 

highly active and result in a much higher basal ROS level than healthy cells. To circumvent 

the detrimental effects of oxidative stress, it is believed that the cancer cells must actively 

upregulate multiple antioxidant systems (Isaac et al., 2015). To handle high basal ROS 

production, the cancerous cells reprogram the glycolytic pathway to augment flux through 

the pentose phosphate pathway, a primary source of NADPH (Patra and Hay, 2014). The 

evolved mechanism ensures an adequate supply of NADPH, the proximal driver of the 

cellular antioxidant machinery to combat against ROS in cancerous cells rendering them 

to survive (Patra and Hay, 2014; Paul, 2015). Therefore, the Nrf2 KO possibly generated 

the alternative antioxidant pathways to compensate for the lack of a master antioxidant 

transcriptional factor Nrf2. Indeed, the Nrf2-ARE pathway was not the only pathway 

influenced by MeHg toxicity, but some other antioxidant pathways were also affected. 

Nrf2 is known to act by orchestrating an elaborate genetic program that enhances 

intrinsic cytoprotective functions, including drug-metabolizing, antioxidant, and anti-

inflammatory networks (Holmstrom et al., 2013). Therefore, lacking Nrf2 activity could 

exacerbate these cytoprotective functions. Furthermore, the differential expression of 

some of Nrf2 regulated genes were observed between WT and Nrf2 KO derived SCAs in 

this study and this contribute to the differential effect of MeHg to these genes’ expression.  

In conclusion, MeHg differentially affected antioxidant gene expression between WT and 

Nrf2 KO derived SCAs, demonstrating the role of the Nrf2 in MeHg induced toxicity. The 
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differential regulation of Keap1, Slc7a11, and Vegfa mRNA expression following MeHg 

exposure between these genotypes suggested that genetic predisposition also plays a role 

in differential susceptibility to MeHg. For example, the increase of Vegfa mRNA 

expression in WT derived SCAs, but a decrease in Nrf2 derived SCAs following MeHg 

exposure for 18h demonstrated that the genetic background plays a critical role in MeHg 

induced differential toxicity mechanism.  There was cross-talk between signaling 

pathways in regulating the antioxidant genes: Abcc1 and Slc7a11 expression, regulated by 

Nrf2, in Nrf2 KO derived SCAs. Besides Nrf2, other redox-dependent transcription 

factors such as HIF might contribute to the differential response to MeHg exposure 

between these genotypes. The alteration of Glu transporter EAAT2/GLT-1 and system Xc-

expression following MeHg exposure could contribute to MeHg induced excitotoxicity. 

Finally, the reduction of antioxidant genes involved in GSH synthesis and metabolism 

could affect the function of system Xc- and EAATs, contributing to MeHg-induced 

toxicity. These data lend support for an Nrf2-mediated mechanism of action whereby 

MeHg induces excitotoxicity and oxidative stress in SCAs that leads to neuronal 

degeneration.   
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CHAPTER FOUR 

MECHANISMS UNDERLYING N-ACETYL CYSTEINE PROTECTION OF THE 

SPINAL CORD ASTROCYTE CELL CULTURE FROM METHYLMERCURY 

INDUCED TOXICITY   
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4.1 Abstract 

Neuronal toxicity of MeHg in SCAs includes dyregulation of the Keap1-Nrf2-ARE 

pathway and glutamate transporter expressions. MeHg also exacerbated SCAs derived 

from Nrf2 knockout degeneration compared to SCAs derived from wild type control. 

These previous data suggested that not only glutamate homeostasis and neuroprotective 

protein dysregulations but also the antioxidant system contributed to MeHg-induced 

toxicity in SCAs. The increase of cystine/glutamate transporter mRNA and reduction of 

their protein expressions in MeHg exposure also suggested that GSH and glutamate 

homeostasis were dysregulated. To test if activation of the Keap1-Nrf2-ARE pathway with 

a Nrf2 activator could ameliorate the toxicity of MeHg.  Application of Nrf2 activators, 

including derivatives of synthetic triterpenoids such as bardoxolone methyl, the C-28 

methyl ester of 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO) known as CDDO-

Me or RTA 402, or edaravone, did not protect against MeHg-induced SCAs degeneration. 

Nevertheless, the antioxidant N-acetyl-L-cysteine (NAC) had a protective effect against 

MeHg toxicity to SCAs. To determine further whether the concentration of NAC and 

treatment paradigms would affect NAC efficacy. Three different NAC treatment 

paradigms were tested its efficacy and mechanisms, with NAC 2 h pretreatment (NP), co-

treatment (CO), and 3h post MeHg treatment (MP). All NAC treatments protected SCAs 

from MeHg in a concentration-dependent manner. NAC (0.1, 1.0, and 10mM) protected 

SCAs against 5µM MeHg induced degeneration over 24h. Meanwhile, 0.1mM NAC lost its 

potency around 30h compared to control; 1.0mM and 10mM retained their protective 

efficacy over 72h. With all NAC treatment paradigms, the optimum for NAC 

concentration was 1.o mM since this concentration did not produce cell death, while 

10mM NAC severely affected cell viability in NAC posttreatment. To get a better 
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understanding of the protective mechanism by NAC, two hypotheses were tested. First, 

could NAC activate the Nrf2 pathway by increasing genes involved in GSH synthesis 

(Gclc) and activity (GPx1 and GPX4)? Second, did NAC directly react to MeHg as a 

chelating agent that subsequently reduced MeHg toxicity to SCAs? Nrf2 activity was 

determined by expression of antioxidant genes such as Gclc, GPx1, and GPX4 using qPCR. 

After 15h, 18h, and 20h of 1mM NAC treatment alone, respect to MP, CO, and NP 

paradigms, these time windows of NAC treatment did not increases Nrf2 or those 

antioxidant mRNA expressions in SCAs. The levels of these mRNA expression were 

relatively at the same level as the vehicle control. Application of NAC with MeHg 

treatments in all three paradigms also maintained expression of these mRNAs relatively 

to vehicle control levels, while 5µM MeHg for 18h treatment alone reduced the expression 

level of Keap1, Gclc, GPx1, GPx4, and Abcc1 mRNA significantly. NAC treatments alone, 

or NAC with MeHg treatments, maintained the expression level of glutamate transporter 

genes, including Slc1a3, Slc1a2, and Slc7a11 mRNA to similar levels as vehicle treatments. 

To test the second hypothesis, if NAC directly reacted to MeHg and reduced its toxicity, 

SCAs were exposed to NAC for 2h then 5µM MeHg after NAC removal in culture media 

following by MeHg treatment. Following pretreatment of SCA with 1mM NAC for 2h with 

subsequent replaced with MeHg, SCAs viability was reduced considerably, starting at 1h 

MeHg exposure. This finding suggested that the protective mechanism by NAC was 

primarily due to its chelation of MeHg toxicity. The lack of intracellular NAC protection 

mechanism could be due to 1.  poor membrane permeability of NAC, or 2. the short half-

life of NAC in the cells if it was membrane permeable. Meanwhile, the rescue mechanism 

by NAC in the MP paradigm was unclear and has not yet been determined. It could be 
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possible that the chelating property of NAC could partly reduce the toxicity of MeHg in 

SCAs in MP treatment paradigm.  

4.2 Introduction 

The mechanisms by which MeHg-induced SCAs degeneration involves dysregulation of 

the Keap1-Nrf2-ARE pathway by which it perturbs several genes underlying this redox 

sensing/antioxidant pathway. MeHg also dysregulated the expression of glial excitatory 

amino acid transporters (EAATs) Slc1a3 and Slc1a2 in SCAs. SCAs derived from a genetic 

knockout of Nrf2 mice (Nrf2 KO) were more susceptible to MeHg than those SCAs derived 

from wild type (WT). Some of the genes involving GSH synthesis and metabolism, such 

as Gclc, Gpx1, and Gpx4, were significantly decreased in both WT and Nrf2 KO following 

MeHg exposure (Chapter 3). The dysregulation of redox homeostasis intertwines with 

glutamate homeostasis that has also been implicated in MeHg-induced toxicity in SCAs. 

The study of the Keap1-Nrf2-ARE mRNA expression as a function of time during MeHg 

exposure in WT-derived SCAs exhibited the concomitant expressions of 

cystine/glutamate antiporter (or system Xc-) Slc7a11 mRNA and excitatory amino acid 

transporter Slc1a3 and Slc1a2 mRNAs (Chapter 2). In addition, the increased basal level 

of Slc7a11 mRNA and Slc1a3, as well as Slc1a2 mRNAs in Nrf2 KO-derived SCAs were 

concurrent in vehicle-treated (control)(Chapter 3). The concomitant expression between 

these transporter mRNA in SCAs may support the finding that these transporters function 

cooperatively to regulate the homeostasis of cellular redox and glutamate homeostasis 

(Murphy et al., 1989; Murphy et al., 1990; Warr et al., 1999; Lewerenz et al., 2006).  

To regulate the imbalance of intracellular redox homeostasis, the import of the cysteine, 

a rate-limiting substrate, is required for de novo GSH synthesis (Aoyama and Nakaki, 
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2013). L-cysteine is generally rapidly oxidized into L-cystine in normoxic or extracellular 

conditions (Yin et al., 2016). Therefore, extracellular L-cystine is a significant source of 

GSH precursor.  L-cystine is later converted into L-cysteine intracellularly by the 

thioredoxin reductase enzyme (Txnrd1) (Yin et al., 2016). The intracellular cysteine is 

later utilized for de novo GSH synthesis.  SystemXc- is one of the cystine transporters that 

imports one molecule of extracellular L-cystine in exchange for one molecule of 

intracellular glutamate (Warr et al., 1999; Conrad and Sato, 2012; Lewerenz et al., 2012). 

This exchange system depends upon the concentration gradient of L-cystine and 

extracellular glutamate (Warr et al., 1999). To reestablish the concentration gradient of 

these amino acids,  the EAATs take up extracellular glutamate. These processes work in 

concert to protect against the dysregulation of redox and glutamate homeostasis (Warr et 

al., 1999; Lewerenz et al., 2006). HT22 mouse hippocampal neuronal cell line, which are 

resistant to a high concentration of glutamate (10-40mM), and hydrogen peroxide 

(H2O2), prominently expressed system Xc- mRNA (> 7- fold increase ) and significantly 

take up cystine (>7.5 fold) compared to sensitive HT22 cells. These oxidative glutamate-

resistant HT22 cells also expressed EAAT1, 2, and 3 mRNAs at higher levels than that in 

the sensitive HT22 cells (Lewerenz et al., 2006). Furthermore, co-overexpression of 

system Xc- together with EAATs protect HT22 cells against oxidative glutamate- toxicity 

more effectively than does overexpression of system Xc- or EAAT3 alone. Protection was 

concomitant with the increase of the intracellular GSH content (Lewerenz et al., 2006). 

Pharmacological inhibition of EAATs exacerbated oxidative glutamate toxicity by 

decreasing intracellular glutamate and GSH levels (Lewerenz et al., 2006).  Mice with the 

genetic deletion of the Slc1a1 gene, coding for EAAT3/EAAC1, exhibited neuronal GSH 

reduction as well as memory and motor behavior decline with age (Aoyama et al., 2006). 
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The hippocampal slices of these mice were more susceptible to oxidative stress inducers 

such as H2O2 and 3-morpholinosydnonimine (SIN-1), a nitric oxide generator than the 

wild-type (Aoyama et al., 2006). These effects were reversed by intraperitoneal injection 

(i.p.) of N-acetylcysteine (NAC) 4-6h before harvesting EAAC1 deleted mouse’s brains. 

This impact of NAC on oxidant-scavenging capacity is due primarily to its role as a 

substrate for GSH synthesis (Aoyama et al., 2006). The neuroprotective effect of NAC was 

blocked with the coadministration of NAC and de novo GSH synthesis inhibitor 

buthionine sulphoximine (BSO) (Aoyama et al., 2006).   

N-acetylcysteine (NAC), an FDA-approved drug, is a thiol-containing compound that has 

been used in clinical practice over decades. NAC was first used as an effective mucolytic 

for chronic obstructive pulmonary disease in the mid-1950s (Sheffner, 2008). Since the 

mid-1970s, NAC has been used as the first choice for the treatment of acetaminophen 

toxication (Prescott, 1983). NAC later has been widely used as a renal protectant in 

contrast-induced nephropathy and a therapeutic agent in HIV management (Berk et al., 

2013; Rushworth and Megson, 2014). Recently, NAC has been demonstrated its clinical 

benefits for neurological diseases such as Alzheimer’s, Parkinson’s diseases and ALS 

(Arakawa and Ito, 2007; Tardiolo et al., 2018) and psychiatric disorders, including 

schizophrenia (Bulut et al., 2009; Rapado-Castro et al., 2017), depression and drug 

addiction (Dean et al., 2011; Berk et al., 2013; Minarini et al., 2017).  Mechanisms by 

which NAC provides the clinical benefit involve its antioxidant property as well as being 

a precursor for GSH synthesis (Dringen and Hamprecht, 1999). The antioxidant property 

of NAC as its sulfhydryl moiety was well described in its disruption of disulfide bridges 

within the glycoprotein matrix of cystic fibrosis patients’ mucus (Hurst et al., 1967; 
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Rushworth and Megson, 2014; Aldini et al., 2018).  The antioxidant mechanism of NAC 

is also involved in its direct interaction with ROS and NOS as a free radical scavenger 

(Aldini et al., 2018).  NAC, as a GSH synthesis precursor, has been demonstrated in both 

neurons and non-neurons. NAC incubation for 4h in rat neuronal cell culture exhibited 

an increase of intracellular GSH in NAC-concentration dependent manner (0.1, 1, 5mM) 

(Dringen and Hamprecht, 1999). Recently, the mechanism of NAC in neuroprotection 

was shown to be involved in the modulation of neurotransmitters in both humans and 

animal models (Dean et al., 2011; Berk et al., 2013). A single oral administration of 2400 

mg NAC reduces glutamate levels in the anterior cingulate cortex of schizophrenia 

patients compared to placebo (McQueen et al., 2018). Prenatal stress-induced rat 

offsprings, which later showed dopamine reduction and learning and memory deficits, 

were prevented by  NAC administration over the entire course of pregnancy (Bernhardt 

et al., 2018).  Reverse of neurotransmitter homeostasis by NAC is involved in the 

regulation of system Xc- and the presynaptic metabotropic glutamate receptor mGluR2/3 

(Kupchik et al., 2012; Berk et al., 2013; Chen et al., 2014). Another postulated mechanism 

of NAC is its involvment in the regulation of Keap1-Nrf2-Are pathway. The effects of 

200µM H2O2 induced an increase of Nrf2 and its downstream antioxidant gene heme 

oxygenase-1 (Ho-1) in osteoblast differentiation MC3T3-E1 cells were prevented by 

coadministrations of 2.5 and 5mM NAC (Lee et al., 2015). Several possible NAC 

mechanisms in neuronal protection and pathogenic mechanisms by MeHg induced 

toxicity in SCAs could involve maintaining redox and glutamate homeostasis. To 

characterize the mechanism of action of NAC on SCA would facilitate a better 

understanding of MeHg toxicity.  
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In this study, the different concentrations of NAC (o.1, 1.0, and 10mM) were based on the 

physiological values of intracellular GSH, which generally ranges from 0.5 to 10mM 

(Dringen, 2000; Shimizu et al., 2002) and previous studies in neuronal cell culture and 

cell lines (Dringen and Hamprecht, 1999; Shimizu et al., 2002; Lee et al., 2015) were used 

to test its efficacy in the protection and rescue of SCAs from MeHg exposure.  The 

maximum MeHg concentration (5µM) in Chapter 2 was used to test the efficacy of NAC 

as a function of time.   Three experimental treatment paradigms were employed for NAC: 

pretreatment (NP), cotreatment (CO), and posttreatment (MP), to differentiate a possible 

mechanism of NAC action against MeHg induced toxicity in SCAs.  A mode of NAC’s 

action in Keap1-Nrf2-ARE pathways, which were dysregulated in SCAs during MeHg 

exposure, was also examined with these experimental paradigms. To test if NAC acts as a 

chelating agent, SCAs viability was determined with pre-treatment of NAC for 2h, which 

was subsequently removed before administration of MeHg. The absence of NAC during 

the MeHg exposure paradigm could explain the mode of NAC’s action as a thiol-

containing compound,  in which it is reactive and chelates MeHg toxicity.      
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Figure 4.1 Research aim 3: Working hypothesis of NAC actions in SCAs 

during MeHg exposure. NAC would protect or rescue SCAs from MeHg-induced 

toxicity by maintaining cellular redox homeostasis either by 1). increase of Keap1-Nrf2-

ARE pathway activity including increasing genes involving GSH synthesis or 2.) its thiol 

(-SH) reacting property, as antioxidant property to chelate MeHg.  
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4.3 Materials and methods 

4.3.1 Chemicals 

NAC and N-acetyl-L-cysteine amid (NACA) were obtained from Sigma (St.Louis, USA) 

(NAC; catalog number A7250-10G and NACA; catalog number A0737-5MG). Both NAC 

and NACA were dissolved in DMSO to obtain 1M stock concentration. They were 

aliquoted in amber tubes and kept at -20 °C until used for the experiments.  

4.3.2 MeHg exposure and NAC treatment regimens  

To determine the efficacy of NAC concentration, SCAs DIV 28-30 were treated with 0.1, 

1.0, and 10mM NAC with different treatment paradigms of 5µM MeHg exposure.  

The NAC and MeHg treatment paradigm were as follows. 

 

 

Figure 4.2 MeHg exposure and NAC treatment regimens. With NAC 
pretreatment (NP) regimen, different NAC concentrations were added in the SCAs 2h 
prior to MeHg exposure. NAC and MeHg were simultaneously administered to SCAs in 
cotreatment (CO). With NAC posttreatment or MeHg pretreatment (MP), NAC was added 
after SCAs were exposed to MeHg for 3h. 
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The Real-Time GloTM MT Cell Viability Assay (as described in chapter 2.3.6) was used to 

collect data from 1h following MeHg exposure, and every 3h thereafter, until the 

chemiluminescent signals were extinguished. For the gene expression assay with qPCR, 

SCAs were exposed to MeHg for 18h, which reduced more than 90% of SCAs viability as 

indicated in Chapter 2 and Figure 4.2, 4.3 and 4.4. The mRNAs from all treatments were 

harvested for RT-PCR and qPCR as described in Chapter 2.3.9.  

4.3.3 Cell viability assay with ethidium homodimer  

The efficacy of NAC in SCAs protection from MeHg-induced toxicity was examined using 

ethidium homodimer-2 (Ethd-2).  The SCAs cell cultures were treated with 1mM NAC for 

2h. NAC was subsequently removed from cell culture media and replaced with 5µM 

MeHg. Cells were rinsed with cold PBS buffer and incubated with 0.1µM EthD-2 for 

20min. Cells were then washed with PBS and fixed with Zamboni’s fixative reagent 

(American MasterTech Scientific Laboratory Supplies, Inc., Lodi, CA, USA). The GFAP 

immunostaining and DAPI staining were followed by the standard immunocytochemistry 

procedure as described in Section 2.3, Chapter 2.   
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4.4 Results 

4.4.1 NAC protected SCAs from MeHg in a concentration-dependent 

fashion. 

Several antioxidants have been reported to provide beneficial protection to neurons or 

cell lines against MeHg- induced toxicity (Shanker and Aschner, 2003a; Yamashita et al., 

2004; Shanker et al., 2005b). This study was to test if antioxidants could protect SCAs 

from MeHg-toxicity. Nrf2 activators such as CDDO-IM (Liby, 2005), CDDO-ME (Stack 

et al., 2010), and edaravone were applied to test their efficacies for protection of SCAs 

against MeHg-induced toxicity. At concentrations ranging from 10uM to 10mM 

edaravone failed to protect SCAs against MeHg (See Figure A.4 to A.7 in Appendix). 

The higher edaravone concentration caused a more significant cell death than did in 

MeHg treatment alone. A similar effect has shown with CDDO-IM and CDDO-ME 

treatment (See Figure A.8 to A.11 in Appendix). However, different concentrations of 

NAC protected against the SCAs from MeHg induced cell death. Administration of NAC 

at 0.1, 1.0, and 10mM for 2h before applying 5µM MeHg into SCAs cell cultures caused a 

concentration-dependent protection (Figure 4.3).  While SCAs exposed to MeHg 

exhibited a significant reduction of cell metabolic activity starting from 9h MeHg 

exposure, pretreatment with 0.1mM NAC 2h before MeHg exposure considerably 

extended a reduction of cell metabolic activity to 30h of MeHg exposure. When NAC 

concentration was increased to 1.0mM and 10mM NAC with the same pretreatment 

paradigm, NAC extended the further protection of SCAs from MeHg-induced toxicity 

across the experimental time course (over than 160 h) (Figure 4.3).  
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NAC perhaps interacted with MeHg directly due to its intrinsic thiol property and reduced 

MeHg toxicity to SCAs. Therefore, two additional NAC treatment paradigms, cotreatment 

of NAC and MeHg, and MeHg pretreatment followed by NAC application, were used to 

test its protective mechanisms.  Coapplication of different NAC concentrations and 5µM 

MeHg showed a similar protective effect as that in the NAC pretreatment paradigms. 

Cotreatment of 1.0mM or 10mM NAC with MeHg protected SCAs from MeHg induced 

toxicity across the entire course of the examination (Figure 4.4). A significant reduction 

of SCAs metabolic activity still occurred at 30h MeHg exposure. On the other hand, 10 

mM NAC treatment following 5µM MeHg exposure (MeHg pretreatment paradigm) did 

not protect SCAs from MeHg exposure, whereas 0.1 µM and 1.0 µM NAC did protect SCAs 

against MeHg. Treatment with 1.0 µM NAC after 3h of MeHg exposure in SCAs was more 

efficacious than that in the 0.1 µM NAC posttreatment (Figure 4.5).  

All these NAC treatment paradigms suggested that 1.0mM NAC concentration provided 

the best efficacy among these NAC concentrations and caused no apparent effect in 

increase SCAs cytotoxicity.  

4.4.2 Pretreatment, cotreatment, and posttreatment with 1.0mM NAC and 

5µM MeHg maintained Keap1 mRNA levels at similar levels to Keap1 mRNA 

levels in vehicle treatment. 

To understand if NAC protected SCAs against MeHg-induced toxicity through the Keap1-

Nrf2-ARE pathway, expression of some species of mRNA under this pathway were 

examined in three NAC treatment paradigms, NP, CO and MP. Expression of the Keap1 

mRNA level was significantly reduced by about 0.3-fold following 18h of MeHg exposure 

compared to vehicle treatments. NAC alone with 1.0mM treatments neither reduced nor 
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enhanced Keap1 mRNA expression in any NAC treatment paradigms compared to vehicle 

treatments. When treatment of NAC with MeHg, Keap1 mRNA levels were similar to 

vehicle or NAC alone in NP, CO, and MP treatment paradigms but was significantly higher 

than MeHg exposure alone (Figure 4.6). When determining the effect of NAC in Nrf2 

mRNA expression in SCAs, NAC alone caused a significant increase of Nrf2 mRNA 

compared to MeHg alone in CO or MP  but NP paradigm (indicated in * in Figure 4.7). 

These differential expressions of Nrf2 could be due to a time-dependent efficacy of NAC.  

The periods of NAC treatments in SCAs among these experimental paradigms were 

different by which NP, CO, and MP were 20h, 18h, and 15h, respectively, when the 

mRNAs were collected after 18h of MeHg exposure regardless of the NAC treatment 

paradigms (Figure 4.7). At 18h of 5µM MeHg exposure, the SCAs viability was reduced 

by about 50% compared to control treatment (Chapter2); therefore, this MeHg exposure 

time was used to ensure that half of the SCAs cell culture population were affected by 

MeHg. A Two-Way ANOVA of all experimental paradigms did not suggest a significant 

reduction of Nrf2 mRNA relative to vehicle treatments when SCAs were exposed to MeHg 

for 18h. Statistical analysis also indicated the no effect cotreatment of NAC with MeHg on 

Nrf2 mRNA expression even though the levels of Nrf2 mRNA in these treatments were 

higher than those in the MeHg alone treatment (Figure 4.7). The results suggested that 

the protection of NAC against MeHg induced toxicity in SCAs could participate in the 

regulation of Keap1 mRNA but maybe not the Nrf2 mRNA expression.  
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4.4.3 NAC protected and reversed the reduction of GSH metabolic pathways 

and transporters such as Gclc, GPx1, GPx4, and Abcc1 mRNA levels in SCAs 

treated with MeHg.  

NAC has its neuroprotective effects are reportedly in part due to its chemical property as 

a derivative of the amino acid L-cysteine (Clark et al., 2010). Cysteine is a rate-limiting 

substrate for de novo GSH synthesis, and intracellular GSH content increased in rat 

primary neuronal cell culture incubation with NAC (Dringen and Hamprecht, 1999).  

Since a MeHg exposure induced the reduction of expression of mRNAs involved in GSH 

metabolic pathways (results from Chapters 2 and 3), the effect of NAC in the protection 

of SCAs from MeHg induced toxicity could involve the maintenance of Gclc, Gpx1, and 

Gpx4 mRNA expressions.  To test if NAC would protect SCAs from MeHg toxicity through 

the maintenance of Gclc, GPx1, and GPx4 mRNA expression, the gene expression assay 

using qPCR was used to determine the levels of these mRNA compared to vehicle, NAC 

alone and MeHg/NAC treatment regimen. The effects of NAC treatment with MeHg in 

NP, CO, and MP treatment paradigms resulted in levels of Gclc, GPx1, and GPx4 mRNA 

similar to those of vehicle and NAC alone treatments and theses levels were significantly 

higher than the effect of MeHg treatment alone (Figures 4.8, 4.9 and 4.10). 

Interestingly, when compared the effects of NAC treatment with MeHg in all NAC 

paradigms, the level of Gclc mRNA expression in NAC posttreatment after MeHg 

exposure for 3h (MP) in SCAs was significantly lower than that in the NAC pretreatment 

2h following with MeHg (NP) and co-treatment (CO) (indicated in & Figure 4.8). 

These differentials of Gclc expressions could be explained by the toxic effect of MeHg in 

MP was progressed in SCAs for 3h, and NAC posttreatment for activation of Gclc could 
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have less efficacy than that in the NP and CO treatments where the beneficial effects of 

NAC provided the SCAs protection effects, not the rescue (reverse) MeHg-toxic effects. 

Nevertheless, the efficacy of NAC in reverse of MeHg-induced toxicity in SCAs was potent 

as well as its protective effects because the expressions of Gclc level were significantly 

higher than that in MeHg alone treatments. The results of Gclc, Gpx1, and Gpx4 mRNA 

expressions in these experimental paradigms may explain the mechanism of NAC action 

in the protection of SCAs against MeHg-induced toxicity through which it maintained the 

redox homeostasis via upregulation of these GSH metabolic pathways.  

Besides MeHg induced dysregulation of GSH metabolic pathway expression, SCAs GSH 

transport was also affected following MeHg exposure. Reductions of Abcc1 mRNA 

encoding for multidrug-resistant associated protein (Mrp1) occurred after 5µM MeHg 

exposure for 18h in SCAs (Figure 4.11). All NAC experimental paradigms indicated the 

protection and reverse of Abcc1 mRNA reduction from MeHg exposure (the asterisk (*) 

indicated the difference from MeHg alone treatments, Figure 4.11).   

Interestingly, in the CO and MP experimental paradigms, Abcc1 mRNA expression levels 

in NAC and MeHg exposure conditions were higher than those in the NP experimental 

paradigm (indicated with “&” in Figure 4.11).  Abcc1 expression level in NAC alone 

treatment was also significantly higher than the vehicle treatment in MP experimental 

paradigm (indicated with “#” in Figure 4.11).  Upregulation of Abcc1 mRNA in NAC 

treatment might suggest that NAC induced its protective effect through induction of Mpr1 

transporter expression to increase the transport and export of GSH and toxic compounds 

from SCAs.  



223 
 

4.4.4 NAC protected and reversed the dysregulation of glutamate transport 

system in SCAs. 

Glutamate-mediated excitotoxicity has been involved in MeHg induced neuronal and glial 

degeneration (Brookes, 1992a; Matyja and Albrecht, 1993; Qu, 2003). MeHg induced the 

dysregulation of vesicular glutamate release through synaptic transmission (Reynolds 

and Racz, 1987; Yuan and Atchison, 1995, 1997a). While non-vesicular glutamate release 

through the cystine/glutamate antiporter or system Xc- might be involved since MeHg at 

0.5µM (Figure 2.9, Chapter 2) or 5µM (Figure 3.8 and 3.11 Chapter 3 and Figure 4.12) 

induced the increase of Slc7a11 mRNA expression in SCAs. NAC is a substrate precursor 

for GSH synthesis, and usually, extracellular L-cysteine is rapidly oxidized into L-cystine 

in normoxic conditions in the extracellular space (Yin et al., 2016). Cystine could be 

transported into the cell through cystine/glutamate antiporter or system Xc-.  To test 

whether NAC could affect dysregulation of Scl7a11 expression during MeHg exposure and 

determine what the mode of NAC action would be in regulation of Scl7a11 expression. NP, 

CO, and MP of NAC treatment paradigms were compared to MeHg alone and vehicle 

treatments.  The results of NAC with NP and CO did not differ from NAC treatment alone 

following exposure to 3h of MeHg. The levels of Scl7a11 expression in NAC treatment with 

MeHg in all NAC treatment paradigms were similar to vehicle treatments (Figure 4.11), 

which suggested 1mM NAC could protect and rescue the dysregulation of Scl7a11 

expression during MeHg induced toxicity in SCAs.   

MeHg not only dysregulated the expression of Scl7a11, but also that of glial glutamate 

transporters Scl1a3 (Figure 4.13) and Scl1a2 (Figure 4.14). MeHg reduced Scl1a3 and 

Scl1a2 expressions. NAC protected and reversed the effect of MeHg. Treatment with NAC 
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alone for 15h (1mM NAC in MP Figures 4.13 and 4.14) significantly increased Scl1a3 

and Scl1a2 expressions compared to vehicle treatments (control) and NAC following 

MeHg treatments. These results suggested that NAC induced an increase of Scl1a3 and 

Scl1a2 expressions in SCAs. Those benefit maintenance of these mRNA expressions 

during MeHg exposure. 

4.4.5 Pretreatment with NAC 2h and subsequently removal before exposure 

to MeHg was not protective. 

NAC could protect and prevent dysregulation of Keap1-Nrf2-ARE pathway in SCAs during 

MeHg exposure in all three paradigms. NAC might boost this antioxidant pathway, 

thereby making SCAs more resistant to MeHg. Alternatively, NAC might act as a cysteine 

prodrug and substrate precursor for GSH synthesis. Thereby, it might increase the 

intracellular GSH level in SCAs, making them more resistant to MeHg-induced toxicity. 

To further characterize the mechanism by which NAC protected SCAs from MeHg-

induced cell death, SCAs were treated with 1mM or 10mM NAC for 2h. NAC was 

subsequently removed before administration of MeHg. The Real-Time GloTM MT Cell 

Viability Assay was used to examine the cell metabolic activity of SCAs in different 

treatment conditions as a function of time. Neither 1mM nor 10mM NAC pretreatment 

prevented SCAs degeneration from MeHg induced toxicity. Results after 1mM or 10mM 

NAC pretreatment following 5µM MeHg were similar to those of MeHg treatment alone 

at every time point (Figure 4.15). In contrast, 1mM and 10mM NAC alone treatment 

exhibited the data in the same level of vehicle treatment in all data points (Figure 4.15). 

This experiment indicated that in the absence of NAC during MeHg exposure in SCAs, 

SCAs remained susceptible to MeHg induced toxicity regardless of whether the cells were 



225 
 

pretreated with NAC. NAC did not increase intracellular GSH in SCAs or protect 

cytotoxicity from MeHg. This result was confirmed using the ethidium homodimer -2 

(EthD-2), a cell- impermeant viability indicator that would emit the red fluorescence 

when it bound to dead cells' DNA. SCAs were co-stained with DAPI and GFAP to observe 

the SCAs structure and morphology. SCAs treated with MeHg for 18h showed the red 

fluorescent in the nucleus with few green fluorescence staining  (Figure 4.16 Right 

Panel, Top). In contrast, vehicle alone (Figure 4.16 Left Panel, Top) and NAC alone 

(Figure 4.16 Left Panel, Bottom) treatments demonstrated emissions of blue 

fluorescence (DAPI) in the nucleus and very bright green fluorescence of GPAP along with 

SCAs structure and morphology. Pretreatment of NAC in SCAs for 2h prior to exposure 

to MeHg alone for 18h (NAC/MeHg) indicated a magenta color in nuclei and bright 

green fluorescence along with SCAs structure (Figure 4.16 Right Panel, Bottom). The 

degree of green fluorescence of GFAP staining in NAC/MeHg was much brighter and 

SCAs structure was maintained better than that in the MeHg treatment alone. The SCAs 

nuclei from NAC/MeHg treatment showed magenta, which indicated a combination of 

DAPI and EthD-2 colors. These data suggest that NAC provided some protection for SCAs 

structure during MeHg exposure; however, it did not protect SCAs from MeHg induced 

cytotoxicity. 
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Figure 4.3 Cell metabolic activity as a function of time when SCAs were 

treated with 0.1, 1.0, or 10mM NAC for 2h prior to exposure with 5µM MeHg. 

Cell viability was determined during MeHg exposure from 1h after NAC treatment to 169h 

of MeHg exposure. NAC exhibited concentration-dependent protection against MeHg 

toxicity. While 0.1mM NAC pretreatment 2h prior to MeHg exposure showed a significant 

reduction of cell metabolic activity compared to vehivle control around 30h of MeHg 

exposure (*). However, 0.1mM NAC concentration continued to protect some SCAs from 

MeHg-induced cell death until 42h of MeHg exposure (#) . With 1.0mM and 10mM NAC 

treatment 2h following with MeHg exposure protected SCAs from MeHg-induced toxicity 

across the all-time course of the examination.  A Two-Way ANOVA with Tukey’s multiple 

comparison post hoc was used for statistical analysis. The asterisk (*) indicates a value 

statistically significant from DMSO+H2O. The number sign (#) indicates a value 

statistically significant from DMSO+5µM MeHg. N=12 biological replications. 
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Figure 4.4 Cell metabolic activity as a function of time when SCAs were 

cotreated with 0.1, 1.0, or 10mM NAC and 5µM MeHg or vehicle. Cell viability 

was determined during MeHg exposure from 1h after NAC treatment to 174h of MeHg 

exposure. NAC exhibited concentration protection against MeHg induced toxicity. 

Cotreatment 0.1mM NAC with 5µM MeHg protected SCAs for 33h from MeHg exposure 

(*). This 0.1mM NAC maintained its protection against MeHg toxicity for 60h since the 

cell metabolic activity was higher than that MeHg treatment alone (#). Cotreatment 1.0 

or 10mM NAC with 5µM MeHg protected SCAs across timepoint observation. A Two-Way 

ANOVA with Tukey’s multiple comparison post hoc was used for statistical analysis. The 

asterisk (*) indicates a value statistically significant from DMSO+H2O. The number sign 

(#) indicates a value statistically significant from DMSO+5µM MeHg. N=12 biological 

replications. 
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Figure 4.5 Cell metabolic activity as a function of time when SCAs were 

exposed to 5µM MeHg for 3h and 0.1 or 1.0 mM NAC was subsequently 

administered. Cell viability was determined during MeHg exposure from 1h after MeHg 

treatment to 163h of MeHg exposure. MeHg treatment caused the reduction of cell 

viability, starting from 9h of exposure. Both 0.1 and 1mM NAC efficiently rescued SCAs 

from MeHg-induced cell death. These concentrations remained its SCAs protection across 

all time points. The 1.o mM NAC was more efficacious at recovering SCAs than was in 

0.1mM NAC treatment.   A Two-Way ANOVA with Tukey’s multiple comparison post hoc 

was used for statistical analysis. The asterisk (*) indicates a value statistically significant 

from DMSO+H2O. The number sign (#) indicates a value statistically significant from 

DMSO+5µM MeHg. N=12 biological replications. 
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Figure 4.6 The effect of NAC on regulation of Keap1 mRNA during MeHg 

exposure in SCAs. NP, CO, and MP refer to NAC pretreatment 2h prior to MeHg 

exposure, NAC cotreatment with MeHg, and NAC treatment following 3h of MeHg, 

respectively. MeHg reduced Keap1 mRNA expression, while all NAC treatment paradigms 

maintained Keap1 mRNA expression at a similar level control treatment.  A Two-Way 

ANOVA with Tukey’s multiple comparison post hoc was used for statistical analysis. * 

indicates statistically significant from MeHg treatment alone, N=6 biological replications 
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Figure 4.7 The effects of NAC on regulation of Nrf2 mRNA during SCAs 

exposure to MeHg. NAC treatment paradigms are as described in Figure4.5.  MeHg 

appeared to reduce Nrf2 mRNA expression; however, the reduction of Nrf2 in these 

treatments was not statistically significant. NAC treatment alone in CO and MP induced 

higher Nrf2 expression than MeHg treatment alone but not higher than vehicle control. 

NAC treatment with MeHg maintained Nrf2 expression level at a similar level of control. 

Two-Way ANOVA with Tukey’s multiple comparison post hoc was used for statistical 

analysis. The asterisk (*) indicates statistically significant from MeHg treatment alone, 

N=6 biological replications 
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Figure 4.8 The effect of NAC on regulation of Gclc mRNA during SCAs 

exposure to MeHg. MeHg reduced Gclc mRNA expression, while all NAC treatments, 

either alone or with MeHg, all experimental paradigms maintained Gclc mRNA 

expression at a similar level control treatments. A Two-Way ANOVA with Tukey’s 

multiple comparison post hoc was used for statistical analysis. The asterisk (*) indicates 

statistically significant from MeHg treatment alone. The ampersand (&) indicates MP 

different from NP and CO. N=6 biological replications,  
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Figure 4.9 The effect of NAC on regulation of GPx1 mRNA during SCAs 

exposure to MeHg.  MeHg induced the reduction of Gpx1 mRNA expression. All NAC 

treatments, either alone or with MeHg, all experimental paradigms maintained Gpx1 

mRNA expression at a similar level control treatments.  Two-Way ANOVA with Tukey’s 

multiple comparison post hoc was used for statistical analysis. The asterisk (*) indicates 

statistically significant from MeHg treatment alone, N=6 biological replications 
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Figure 4.10 The effect of NAC on regulation of GPx4 mRNA during SCAs 

exposure to MeHg.   MeHg reduced Gpx4 mRNA expression, while all NAC treatments, 

either alone or with MeHg, all experimental paradigms maintained Gpx4 mRNA 

expression in a similar level of control treatments. A Two-Way ANOVA with Tukey’s 

multiple comparison post hoc was used for statistical analysis. * indicates statistically 

significant from MeHg treatment alone, N=6 biological replications 
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Figure 4.11 The effect of NAC on regulation of Abcc1 mRNA during SCAs 

exposure to MeHg. MeHg reduced Abcc1 mRNA expression, while all NAC treatments, 

alone and with MeHg all experimental paradigms, maintained Abcc1 mRNA expression 

at a similar level control treatment. NAC alone treatment in MP (#) induced Abcc1 

expression higher than the vehicle treatment. NAC treatment with MeHg in CO and MP 

(&) induced Abcc1 expression higher than that in NP.  The Two-Way ANOVA with Tukey’s 

multiple comparison post hoc was used for statistical analysis. The asterisk (*) indicates 

a value statistically significant from MeHg treatment alone. The number sign (#) indicates 

a value statistically significant from control. The ampersand (&) indicates a value 

statistically significant from NAC pretreatment with MeHg, N=6 biological replications  
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Figure 4.12 The effect of NAC on regulation of Slc7a11 mRNA during SCAs 

exposure to MeHg. SCAs were incubated in NAC (1mM) either before (NP), during 

(CO) or following (MP) with 5µM MeHg treatments. MeHg induced the Slc7a11 mRNA 

expression about 6-7- fold of increase. NAC treatments, either alone or with MeHg, 

maintained Slc7a11 expression at a similar level control treatments in all experimental 

paradigms.  The Two-Way ANOVA with Tukey’s multiple comparison post hoc was used 

for statistical analysis. The asterisk (*) indicates a value statistically significant from 

MeHg treatment alone, N=6 biological replications 
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Figure 4.13 The effect of NAC on regulation of Slc1a3 mRNA during SCAs 

exposure to MeHg. MeHg induced a reduction of Slc1a3 mRNA expression. NAC 

treatments, either alone or with MeHg, maintained Slc1a3 expression at a similar level 

control treatments in NP and CO paradigms. MP paradigm, NAC alone induced an 

increase of Slc1a3 mRNA expression higher than that in control and NAC with MeHg (#). 

Two-Way ANOVA with Tukey’s multiple comparison post hoc was used for statistical 

analysis. The asterisk (*) indicates a value statistically significant from MeHg treatment 

alone. The number sign (#) indicates a value statistically significant from NAC alone in 

MP, N=6 biological replications  
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Figure 4.14 The effect of NAC on regulation of Slc1a2 mRNA during SCAs 

exposure to MeHg. MeHg induced the reduction of Slc1a2 mRNA expression. 

Conversely, all NAC treatment paradigms protected and rescued a reduction of Slc1a2 

mRNA expression from MeHg. The efficacy of NAC in maintaining Slc1a2 expression was 

superior when it was coadministered with MeHg than that in NP and MP (&). With MP 

paradigm, NAC alone induced Slc1a2 expression significantly higher than the control and 

NAC with MeHg (#).  The Two-Way ANOVA with Tukey’s multiple comparison post hoc 

was used for statistical analysis. The asterisk (*) indicates a value statistically significant 

from MeHg treatment alone. The number sign (#) indicates a value statistically significant 

from NAC alone in MP. The ampersand (&) indicates a value statistically significant from 

NAC cotreatment with MeHg.  N=6 biological replications  
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Figure 4.15 Cell metabolic activity as a function of time when SCAs were 

treated with 1.0 or 10mM NAC or vehicle (DMSO+H2O) for 2h, subsequently 

removed before administration of 5µM MeHg. All NAC concentrations did not 

protect SCAs from MeHg-induced toxicity. However, the reduction of cell viability 

appeared to be concentration-dependent protection of NAC. Reduction of cell metabolic 

activity was greater in lower NAC concentration than that in higher concentration. The 

Real-time glow cell viability assay was determined after 1h of MeHg exposure and every 

three hours thereafter. Two-Way ANOVA with Tukey’s multiple comparison post hoc was 

used for statistical analysis. The asterisk (*) indicates a value statistically significant from 

DMSO+H2O. N=6 biological replications  
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Figure 4.16 Morphology of SCAs when treated with 1.0mM NAC or vehicle 

(DMSO) for 2h, subsequently removed before 5µM MeHg administration. Cell 

viability assay was determined using EthD-2, a cell-impermeant viability indicator that 

permeates the compromised plasma membrane of dead cells or dying cells. When EthD-

2 binds to nucleic acids, it emits red fluorescence as displayed in MeHg treatment (the 

top right panel). The bright red in MeHg treatment suggested cell death, and red and 

magenta nuclei in NAC/MeHg suggested cell dying. The nuclei of healthy cells were 

stained with DAPI as displayed in control and NAC treatments (left panels). SCAs cell 

structure was labeled with chicken IgY GPAP polyclonal (1:1,000; Invitrogen, Waltham, 

MA, USA). Alexa Fluor 488 (1:400; Invitrogen, Waltham, MA, USA) was used to 

determine the GFAP.  Confocal Microscope Nikon C2 was employed to acquire all images 

with the same setting for each channel.   



240 
 

4.5 Discussion 

The investigation of the potential beneficial effect of NAC against MeHg induced SCAs 

toxicity was conducted with NP, CO, and MP. The application of different concentrations 

of NAC  (0.1, 1.0, and 10mM) was based on the physiological values of intracellular GSH, 

which generally ranges from 0.5 to 10mM (Dringen, 2000; Shimizu et al., 2002) and 

previous studies in neurons and glial cells (Dringen and Hamprecht, 1999; Shimizu et al., 

2002; Lee et al., 2015). The incubation of NAC in concentrations of 1.0 mM or 5.0 mM 

with other GSH substrates glutamate and glycine in the minimal medium for 4h in 

neuronal cell culture exhibited the intracellular GSH in about 171 and 230% of the control 

glutathione content (Dringen and Hamprecht, 1999). Pretreatment of NAC with 

concentrations of  1.0 mM or 10.0 mM but not 0.1mM for 18h protected human 

neuroblastoma SK-N-SH cells from 6-OHDA-induced cell death (Shimizu et al., 2002). 

Among other exogenous thiol-containing agents, NAC was more effective in protection 

against 6-OHDA-induced neuronal death than the exogenous GSH or L-cystine (Shimizu 

et al., 2002). These findings support the present study because NAC is the most effective 

antioxidant in combating MeHg induced toxicity in SCAs compared to other antioxidants, 

including triterpenoid derivatives. Neither Edaravone nor the semi-synthetic 

triterpenoids such as  CDDO-ME (the C-28 methyl ester of 2-cyano-3,12-dioxoolean-1,9-

dien-28-oic acid,  aka Bardoxolone methyl) and CDDO-Imidazolide (CDDO-IM) 

protected SCAs against MeHg induced toxicity (Wiwatratana and Atchison, 2018). 

Edaravone or Radicut® (3‐methyl‐1‐phenyl‐2‐pyrazolin‐5‐one) is an antioxidant and a 

novel FDA-approved drug for amyotrophic lateral sclerosis (ALS). Edaravone has 

reported its efficacy in reducing toxicity from sodium nitroprusside, a nitric oxide donor, 

in rat astrocytes (Kawasaki et al., 2006; Kawasaki et al., 2007). CDDO-ME  and CDDO-
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IM have reported protecting motor neurons and slow disease progression in ALS G93A 

SOD1 mice (Neymotin et al., 2011). CDDO-ME and CDDO-IM are Nrf2 potent activators 

(Liby, 2005; Neymotin et al., 2011; Zhou et al., 2014).  Despite NAC, concentrations of 

edaravone or CDDO-ME or CDDO-IM ranging from 0.1 to 1.0mM did not protect SCAs 

from MeHg-induced toxicity (Wiwatratana and Atchison, 2018). Therefore, the 

mechanisms by which NAC in protection against MeHg induced toxicity in SCAs was 

further elucidated.  

Exposure SCAs to 5µM MeHg for 18h reduced metabolic activity of SCAs to about 90% of 

vehicle treatment (Chapter 2). In this study, a single NAC treatment protected against and 

rescued SCAs from MeHg-induced toxicity. The protection and rescue of NAC treatment 

depended upon NAC concentrations. NAC concentration with 0.1mM protected SCAs 

degeneration until 30h of MeHg exposure, while  NAC concentrations with 1.0 and 10mM 

significantly defended SCAs degeneration more than 160 h of 5µM MeHg exposure in NP 

and CO experimental paradigms (Figure 4.3 and 4.4). The rescue effect of NAC in MP 

exhibited concentration-dependent (Figure 4.5), which differs from its protective effect 

against MeHg inducing SCAs degeneration in NP and CO (Figure 4.3 and 4.4). NAC 

concentration with 10mM did not rescue but exacerbated the effect of MeHg- induced 

SCAs degeneration (data are not shown). The adverse effect of high NAC concentration in 

the present study was supported by the cytotoxicity in U-87MG human astrocytoma, in 

which concentrations of NAC higher than 10mM are cytotoxic (Muniroh et al., 2015). In 

contrast, NAC concentrations with 0.1 and 1.0mM, which has no toxicity to U-87MG 

human astrocytoma (Muniroh et al., 2015), recovered SCAs from MeHg-induced toxicity 

over the time course (163h) of the MP experimental paradigm (Figure 4.4). Similary, 
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Muniroh et al. (2015) examined the efficacy of  NAC in U-87MG human astrocytoma cells, 

using before (NP), simultaneously (CO), and after (MP) MeHg administration. Their 

results exhibit a concentration-dependent benefit of NAC against MeHg-induced pro-

inflammatory cytokines induction (Muniroh et al., 2015). NAC with 5.0mM superior 

suppresses MeHg (4µM) induced the increase of interleukin (IL)-6 and monocyte 

chemoattractant protein (MCP)-1 in these cells than that in NAC with 0.5 µM (Muniroh 

et al., 2015). Similarly, in the present study, 1.0 mM NAC provided better protection and 

rescued SCAs from MeHg-toxicity than that with 0.1mM NAC concentration in all NP, 

CO, and MP treatment paradigms.  Nevertheless, some differences in NAC treatment 

paradigms in Muniroh et al. ( 2015 ) were observed from the present study. 1.) NAC was 

removed and washed out before exposed to MeHg in Muniroh et al. study, whereas NAC 

was presented during MeHg exposure in the present study. 2.) Muniroh et al. incubated 

cells with NAC for 1h before MeHg exposure whereas NAC was pretreated for 2h the in 

present SCAs study. 3.) MeHg concentration was 4µM a slightly lower than the present 

study. 4.) The time of MeHg exposure was 6h in their study, whereas it was 18h in the 

present SCAs study. Therefore, the mechanism by which NAC protected SCAs in the 

present study was not due solely to intracellular NAC protection. The majority of studies 

have postulated that the primary mechanism of NAC in neuronal and non-neuronal 

protection is its prodrug substrate for de novo GSH synthesis (GSH-dependent 

mechanism)(Meister, 1988; Dringen and Hamprecht, 1999). Conversely, it has also 

reported the mechanism of NAC action is independent of GSH replenish (GSH-

independent mechanisms). The difference of concentration-dependent efficacy of NAC in 

protection and recovery in MeHg- induced toxicity in SCAs could impact to the different 

mechanisms of NAC action.   
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Studies in rat neuronal primary cell culture revealed that NAC acts as a prodrug for 

cysteine for de novo GSH synthesis (Dringen and Hamprecht, 1999). With 1.omM 

glutamate and glycine, NAC concentrations with 1.0 and 5.0 mM, not 0.1mM, increase 

the neuronal GSH levels at 4h of incubation (Dringen and Hamprecht, 1999). Both 

stereoisomers of NAC, N-acetyl-L-cysteine, and N-acetyl-D-cysteine promoted long-term 

survival as well as increased GSH levels of PC12 cell cultures from serum deprivation 

culture medium (Ferrari et al., 1995). The replenishment of intracellular GSH with NAC 

protected against cell degeneration from oxidative stress or glutamate-induced toxicity. 

Pretreatment of CGCs cell cultures with 1.0mM NAC for 3h and later exposure to 30 µM 

hydroxynonenal (HNE) could protect against the reduction of GCGs mitochondrial 

membrane potential and cell viability (Arakawa et al., 2006). Pretreatment with 1.0mM 

NAC alone appeared to increase the intracellular GSH level in this CGCs cell culture than 

in the vehicle treatment. This NAC pre-treatment also partially, but significantly, 

protected CGC from HNE-induced GSH depletion (Arakawa et al., 2006). When the 

neuronal N2a cell line was exposed with second hits of MG132 (Unnithan et al., 2012), 

paraquat (Unnithan et al., 2014), or hydrogen peroxide (H2O2) (Unnithan et al., 2014), 

NAC protected against neuronal N2a cells degeneration from these oxidative stress 

inducers. NAC entirely maintained GSH levels at the same level of vehicle treatment 

during these oxidative stress insults (Unnithan et al., 2012; Unnithan et al., 2014). 

Furthermore, coadministration of 3.0mM NAC with 1.0mM MG132 (Unnithan et al., 

2012) or 125µM H2O2 (Unnithan et al., 2014) protected the decrease of cell viability and 

GSH level in these N2a cell line with second hits of these oxidative stress-inducers 

(Unnithan et al., 2012; Unnithan et al., 2014). Cotreatment and posttreatment of NAC 

also increased intracellular GSH. Posttreatment of NAC in drinking water of pregnant 
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Spraque Dawley rats previously exposing to lipopolysaccharide (LPS) for 4 h entirely 

prevented the reduction of hippocampal GSH content in offsprings (Lanté et al., 2008). 

Long-term potentiation (LTP) and spatial learning in these offsprings were completely 

preserved with 4h NAC posttreatment following the LPS challenge (Lanté et al., 2008). 

The Lanté et al. study also suggested that the efficacy of NAC depends upon the 

therapeutic window of NAC treatment. At the same time, the hippocampal GSH contents 

in offsprings were fully protected in both NAC administration to the mothers at the 

delivery and after two days of delivery.  However, LTP of these offsprings with NAC 

administration to the mothers after two days of delivery was abolished (Lanté et al., 

2008). Similary, the function of time with Real-Time viability assay in SCAs exhibited 

NAC treatment depending upon the time window of NAC application. The results of  

0.1mM NAC in CO had better efficacy in SCAs protection against MeHg cytotoxicity than 

in the NP regimen. Compared to MeHg treatment alone, NAC lost its efficacy at 60h in 

CO and 42h in NP regimen (#, Figure 4.3 and 4.4).  Surprisingly, o.1mM NAC in MP 

(Figure 4.4) exhibited better efficacy than that in NP and CO because it lost potency in 

rescuing SCAs from MeHg at 129h (#, Figure 4.5).  However, among 0.1, 1.0, and 10mM, 

1.0mM NAC had better protection and rescued SCAs from MeHg induced cytotoxicity in 

all NAC regimens. The concentration and therapeutic window of NAC regimens in this 

SCAs study appeared to attribute to its efficacy. 

NAC concentrations not only impact its efficacy but also its mode of action. A study of 

glutamate-induced cytotoxicity in C6 glial cells, which reduced cellular GSH content and 

cell viability, suggested that the protective mechanism of low NAC concentration was 

GSH-dependent antioxidant mechanism (Han et al., 1997). In contrast, high NAC 



245 
 

concentration was GSH-independent antioxidant mechanism (Han et al., 1997).  

Coadministration of glutamate (10 mM) with low NAC concentration (0.1mM) protected 

C6 glial cells against 10 mM glutamate-induced cell death, and this protection was failed 

when blocking GSH synthesis with L-buthionine-(S, R)-sulfoximine (BSO) (Han et al., 

1997). In contrast, coadministration of 10mM glutamate with relatively high NAC 

concentrations (0.5, 1.0, and 2.0mM), C6 glial cell viability was completely preserved 

(>90%) in the presence of BSO (Han et al., 1997). Similarly, NAC maintained its 

protective efficacy in PC12 cell culture in serum-free medium with or without BSO (Yan 

et al., 1995). The 60mM NAC protected PC12 cell viability and increased more than 10-

fold of intracellular GSH in PC12 cell culture in serum-free medium. The effect of 0.2mM 

BSO abolished only NAC impact on GSH level but not viability in PC12 cells (Yan et al., 

1995). Therefore, 1mM and 10mM NAC protection against MeHg-indued SCAs death are 

possibly due mainly to its direct antioxidant effect, GSH-independent mechanism, 

whereas 0.1mM NAC in SCAs protection is primarily due to its GSH-dependent 

mechanism.    

Since MeHg impaired the Keap1-Nrf2-ARE pathway in SCAs. NAC might impact this 

pathway. It remains unclear whether NAC activates or suppresses this pathway. The study 

of a mechanism by which a novel compound N-(4-(2-pyridyl)(1,3-thiazol-2-yl))-2-(2,4,6-

trimethylphenoxy) acetamide (CPN-9) protected against H2O2 -induced SH-SY5Y cells 

degeneration suggested that NAC suppressed CPN-9 activation of some genes underlying 

Keap1-Nrf2-ARE pathway (Kanno et al., 2012).  CPN-9 appeared to cause the increase of 

Nrf2, Ho-1, Nqo1, Gclm mRNA, and protein expression but reduce Keap1 mRNA and 

protein expression relative to the vehicle treatment (Kanno et al., 2012). The effects of 



246 
 

CPN-9 on activation of this pathway appeared to be more pronounced than Nrf2 activator, 

tert-butylhydroquinone (tBHQ), particularly the increase of Ho-1 (Kanno et al., 2012). 

The cotreatment of 2.5mM NAC with 40µM either tBHQ or CPN-9 in differentiated SH-

SY5Y cells suppresses the increase of the majority of mRNA and proteins in Keap1-Nrf2-

ARE pathway (Kanno et al., 2012). Cotreatment of 0.5mM or 1.0mM NAC with 40µM 

CPN-9 also reduced the protective effect of CPN-9 in these cells exposing to 60mM 

menadione, a ROS inducer, for 4h (Kanno et al., 2012). NAC treatment (5.0mM) also 

reduced the activation of Keap1-Nrf2-ARE pathway, including reduction of Ho-1, Gclm 

mRNA expression in shear stress-induced ROS-activation in human endothelial cells 

(Warabi et al., 2007). Similarly, MeHg induced the increase of Slc7a11 mRNA expression, 

and NAC treatments (NP, CO, or MP) suppressed this mRNA expression in this SCAs 

study (Figure 4.11).   Furthermore, MeHg caused the reduction of some of the mRNA 

expressions of the Keap1-Nrf2-ARE pathway, such as Keap1, Gclc, Gpx1, and Gpx4, and 

all NAC treatment paradigms increase these antioxidant genes expression at the same 

level as vehicle treatments (Figures 4.6, 4.8, 4.9, and 4.10). These results might suggest 

that the reduction of metabolic activity of SCAs exposed to 5µM MeHg for 18h could be 

partly to the impairment of the Keap1-Nrf2-ARE pathway, and 1.0 mM NAC provided the 

antioxidant effect to protect SCAs against MeHg-induced degeneration (Figures 4.3, 4.4, 

and 4.5). Some supporting evidence reported that the N-acetylcystien amide (NACA), a 

derivative of NAC, provided neuroprotection through the Keap1-Nrf2-ARE pathway in 

traumatic mouse brain injury (Zhou et al., 2018). The intraperitoneal injection (i.p.) 0f 

100mg/kg NACA following 1h of traumatic brain injury (TBI)  improve neurological status 

of TBI mice, reduce the number of apoptotic cells, and induce the increase of Ho-1, and 

Nqo-1 proteins, as well as increase the nuclear Nrf2 protein expression but not 
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cytoplasmic Nrf2 protein, compared to sham, TBI and TBI with vehicle groups (Zhou et 

al., 2018). The increase of cytoplasmic Nrf2 level suggested that NACA activated Nrf2 

pathway and induced genes underlying the ARE promotor expression(Zhou et al., 2018). 

However, it remains uncertainty that the mechanism by NAC in protection or rescue SCAs 

from MeHg induced toxicity was underlying its activation of  Keap1-Nrf2-ARE pathway. 

The study using Nrf2 KO mice could beter explain whether NAC protect the SCAs against 

MeHg induced toxicity through this pathway.  

Besides, NAC has suggested its role in the modulation of brain glutamate homeostasis 

through glia activity, possibly through the activity of the system Xc-. The proton magnetic 

resonance spectroscopy results showed that the brain glutamate concentration of 

C57BL/6J mice i.p. injection with 150 mg/kg NAC showed a lower glutamate 

concentration than that in the saline-treated mice (Durieux et al., 2015). Since NAC is a 

cysteine derivative, it could be transported through a plasma membrane transporter, 

alanine-serine-cysteine (ASC) system, a neutral amino acid transporter (Bannai and 

Tateishi, 1986; Arakawa and Ito, 2007).   However, cysteine is unstable in extracellular 

conditions and in the cell culture medium (Bannai, 1986). It is degraded into cystine and 

transport through the cystine/glutamate antiporter or system Xc- (Bannai and Tateishi, 

1986; Banjac et al., 2008). The increase of systemXc- mRNA, Slc7a11 during MeHg 

exposure in SCAs (Figure 4.12) might suggest that the loss of redox homeostasis occurs 

through which MeHg activated Nrf2 and ARE subsequently increase Slc7a11 expression. 

Similarly, The increase of Slc7a11 expression is associated with an increase of Nrf2 activity 

and Nrf2 protein level in human breast cancer with exposure to H2O2 (Habib et al., 2015). 

The increase of Slc7a11 and system Xc- also appeared to be associated with glutamate 
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release in these breast cancer cells (Habib et al., 2015).  In SCAs, MeHg caused the 

reduction of Slc1a3 and Slc1a2 mRNA expression (Figure 4.13 and 4.14). The increase of 

Scla7a11 and decrease of Slc1a3 and Slc1a2 mRNA expressions contributed to 

dysregulation of redox and glutamate homeostasis. All NAC treatments prevented and 

restored these transporter mRNA expressions could be partly to NAC maintained the 

intracellular cellular cysteine and GSH, which consequently reduced the non-vesicular 

glutamate release through the system Xc-. Nevertheless, the correlation between 

extracellular glutamate concentration and system Xc- expression level during MeHg 

exposure in SCAs might better explain an intertwined between these redox and glutamate 

and their dysfunction.  

NAC has reported its increase in cysteine in the mice midbrain (Aoyama et al., 2007). 

Incubation of 5mM NAC in midbrain slice culture for 30min increased cysteine about 

two-fold control midbrain slice (Aoyama et al., 2007). Cysteine can be transported 

through EAATs.  EAAC1/EAAT3 transports cysteine with a rate comparable to glutamate, 

with the affinity, 10-20-fold higher than that of GLAST/EAAT1 or GLT-1/EAAT2 

(Zerangue and Kavanaugh, 1996a; Aoyama et al., 2006; Aoyama et al., 2007; Aoyama et 

al., 2012).  Cotreatment of NAC with MPTP prevented MPTP-induced increase of plasma 

membrane EAAC1/EAAT3 expression and reduced nitrotyrosine, a biomarker of NOS in 

protein modification, in EAAC1 protein in the mice midbrain (Aoyama et al., 2007).  NAC 

could potentially serve as a cysteine source for SCAs during MeHg exposure. Since in the 

present study, dysregulation of Scl7a11 expression and  Slc1a3 and Slc1a2  expression 

were prevented or restored at the same level of vehicle treatments by all NAC treatment 

paradigms. Further tailor for specific genes/pathway using systemXc- KO and or 
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EAAT1/EAAT2 mice would further explain the specificity of the NAC and MeHg 

mechanisms. 

As discussed earlier, the millimolar range of NAC provided both protective and rescue 

effects in the present study, consistent with other studies in C6 glia cells (Han et al., 1997). 

A relatively high concentration of NAC (0.5 to 10 mM) could be a GSH-independent 

mechanism (Han et al., 1997). To elucidate the mechanism by NAC in SCAs, whether it 

provided the protective mechanism through its direct antioxidant property, GSH-

independent mechanism,  another experimental paradigm by which pretreatment of NAC 

for 2h and subsequently removed before treatment with a fresh medium containing only 

MeHg were tested. A Real-Time viability assay exhibited a considerable reduction of cell 

viability in NAC pretreatment, either 1.0mM or 10mM NAC, following the exposure of 

5.0µM MeHg without NAC in fresh medium (Figure 4.14). This experimental paradigm 

was similar to studying the efficacy of NAC pretreatment in rat hippocampus neuronal 

culture by Falluel-Morel et al. (2012).  When cotreatment of 300µM NAC with 3.0µM 

MeHg for 24h, NAC completely protected MeHg-induced hippocampal neuronal death 

(Falluel-Morel et al., 2012). However, when pretreatment of NAC either 4h or 24 h, and 

NAC was removed before exposure to MeHg, the cortical neurons underwent the 

apoptosis cell death pathway (Falluel-Morel et al., 2012). Therefore, these NAC 

concentrations exert protective effect in cortical neurons (Falluel-Morel et al., 2012) and 

SCAs through which its direct interaction with MeHg as a direct antioxidant to prevent 

MeHg toxicity. 

Furthermore, the ethidium homodimer-2 (EthD-2) was applied to determine the SCAs 

dead cells with this NAC treatment paradigm to confirm these results. EthD-2 stained in 
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the nucleus of both MeHg treatment alone and NAC pretreatment 2h before exposed to 

MeHg (Figure 4.16). However, the GFAP staining remained intact in NAC pretreatment 

before MeHg exposure at a level similar to a vehicle and NAC alone treatments. This 

finding might suggest that the mechanism by which NAC protected SCAs against MeHg-

induced toxicity is mainly through its free radical scavenging agent property. NAC 

somewhat might act as a cysteine prodrug to increase intracellular GSH since some SCAs 

processes remained intact in NAC pretreatment. However, the therapeutic window and 

the concentration of NAC could play a role in its efficacy in this NAC treatment. Further 

experiments, including determination of GSH level in NAC treatment with MeHg and 

using the BSO, an inhibitor of GSH synthesis, could better explain its role in a GSH 

precursor.  Moreover, the membrane permeability of NAC could contribute to its role in 

SCAs protection. Some studies suggested that NAC is membrane-impermeable while its 

derivative NACA posses membrane-permeable and greater bioavailability, including in 

the CNS (Penugonda and Ercal, 2011).  According to the pretreatment of NAC and 

removal, before MeHg exposure, the considerable reduction of SCAs viability suggested 

that NAC reduced MeHg-toxicity through direct interaction, mainly extracellularly. The 

main extracellular effect could imply that NAC posses weak membrane permeability, 

particularly in SCAs. Some studies suggested that NAC potentiates the toxicity of MeHg 

through its enhanced MeHg uptake into the cells, including the CNS (Hirayama, 1985) 

through the cysteine-MeHg and or GSH-MeHg complex transport system (Aschner and 

Clarkson, 1988; Kerper et al., 1992; Mokrzan et al., 1995).  This issue appeared not to be 

the case in SCAs. Since coadministration of NAC and MeHg did not exacerbate the toxicity 

but rather protect SCAs degeneration for a more extended period during MeHg exposure 

(Figure 4.4). NAC is negatively charged at physiological pH, which limits its ability to 
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cross any biological membranes (Sunitha et al., 2013; Tobwala et al., 2015). Thus, NAC is 

potentaily used for therapeutic benefit in MeHg intoxication mainly through it direct 

antioxidant property that directly interacts to MeHg to reducing toxicity.  

NAC has shown its therapeutic benefit for the treatment of Hg- and MeHg-intoxication 

(Falluel-Morel et al., 2012). An accidental Hg exposure to a healthy 15-year-old male who 

later developed muscle pain, tremor, ataxia, and new onset of hypertension ineffectively 

recovered from 21 days of chelation with 2,3-dimercaptosuccinic acid (DMSA) (Spiller et 

al., 2017), a sulfhydryl-containing, water-soluble, non-toxic, metal chelator (Miller, 

1998). However, by three days after he started treatment with selenium (Se) and NAC, his 

clinical symptoms showed noticeable improvement. By ten days, delusion and abnormal 

pain were resolved (Spiller et al., 2017). His blood Hg dramatically reduced by five days 

after treatment.  After three months with continued Se and NAC supplement, his tremor, 

tachycardia, and insomnia had resolved, and by five months, he returned to active, 

athletic activity, and hypertension had resolved (Spiller et al., 2017). In animal studies 

showed that oral administration of NAC with HgCl2 or MeHg in male mice for 2 weeks or 

4 weeks effectively protected plasma lipid peroxidation increase in these mice (Chen et 

al., 2006). Mice received 10mg/ml NAC in drinking water for the first 48h after i.p 

injection with 25µmol/kg body weight of  MeHg excreted Hg through the urine by about 

50%  compared to about 10% Hg excretion in control MeHg treatment mice (Ballatori et 

al., 1998).  The distribution of Hg in whole blood, kidney, liver, and brain were 

significantly lower in this NAC treatment in both male and female C57BL/6J mice as 

compared to MeHg treatment alone (Ballatori et al., 1998). The mechanism by NAC in 

enhancing excretion of MeHg was suggested by its ability to readily bind to MeHg, 



252 
 

resulting in forming MeHg-NAC complex, which exports from the body. The in vitro and 

in vivo studies suggested that MeHg-NAC complexes might be transported from the 

circulation into renal tubular epithelial cells through organic anion transporter-1 (Oat1) 

(Koh, 2002; Zalups and Ahmad, 2005) and subsequently were excreted into the tubular 

fluid through multidrug resistance-associated protein-2 (Mrp2/Abcc2) (Madejczyk et al., 

2007). MeHg induced the reduction of Mrp1 protein and Abcc1 mRNA expression in SCAs 

(chapter 3), and NAC could prevent the reduction of Abcc1 (Figure 4.11). The reduction of 

these transporters could heighten the cellular toxicity of MeHg, and NAC ameliorated 

these reductions in SCAs mainly through its direct interaction with MeHg resulting in the 

reduction of MeHg cellular toxicity.  

The mechanistic rescue effect by NAC after SCAs exposed to MeHg has yet been 

elucidated. Indeed, its direct interaction with MeHg resulting in the reduction of MeHg 

cellular toxicity is possible the primary mechanism. NAC has reported its suppressed the 

expression of the inflammatory cytokines in U-87MG human astrocytoma cells (Muniroh 

et al., 2015) and murine RAW264.7 macrophages cell line (David et al., 2017). The non-

cytotoxic concentrations of MeHg (2uM) in the macrophage cell line induced the increase 

of murine macrophage inflammation protein-2 (MIP-2) within 3h of exposure. Among 

NAC treatment paradigms, NAC posttreatment was more effective than NAC 

pretreatment and cotreatment (David et al., 2017). Likewise, in this SCAs study, NAC in 

MP regimen provided better results in maintaining cell metabolic activity against MeHg 

induced cytotoxicity last longer than in the CO and NP regimen. According to statistical 

analysis compared to MeHg alone treatments (# in Figure 4.3, 4.4, and 4.5), 0.1mM NAC 

maintained cell metabolic activity in MP, CO, and NP for 129h, 60h, and 42 h, 
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respectively. The difference between the SCAs and the RAW264.7 macrophage cell line 

study was that MeHg was removed before adding NAC into treatment media in the 

RAW264.7 cells (David et al., 2017), whereas, MeHg remained in the treatment media 

when adding NAC in SCAs cells. Therefore, a mode of NAC action in RAW264.7 cells 

suggests the role of intracellular protective mechanisms of NAC (David et al., 2017). In 

contrast, a mode of NAC action in this SCAs study could be extracellular and intracellular 

protective mechanisms.  Some further experiments, such as the removal of MeHg before 

administration of NAC, could eliminate the direct interaction of MeHg. Besides, an 

evaluation of intracellular GSH level in SCAs during MeHg exposure with and without 

NAC could explain the intracellular mechanism by NAC to restore the cellular activity in 

SCAs after MeHg exposure. 

The results from the present study suggested that the protective mechanism by NAC was 

primarily due to its direct antioxidant property by which it directly binds to MeHg, 

resulting in attenuation of the MeHg cytotoxicity. The protective mechanism by NAC 

depends upon NAC concentration. The millimolar NAC range was mainly due to its GSH-

independent mechanism, while the submillimolar rage was GSH-dependent mechanisms, 

which was supported by the results from C6 glia cells (Han et al., 1997). NAC lacking 

intracellular protective mechanisms in SCAs was possibly due to its poor membrane 

permeability. This poor SCAs membrane permeability property of NAC provides a benefit 

for NAC to be an effective treatment in MeHg intoxication and prevent the distribution of 

MeHg to the CNS.  
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CONCLUSION AND DISCUSSION 
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The results from this study have suggested and explained several gaps in MeHg induced 

neurotoxicity, particularly in SCAs. 

5.1 The comparative concentration-response curves and function of time of 

susceptibility between the early developmental stage (DIV14) and the fully 

developmental stage (DIV30) of SCAs exhibited age-related susceptibility.  

SCAs (DIV30) viability was compromised with the 0.1 µM (0.0216ppm) MeHg exposure 

for 9h, while this concentration did not affect SCAs DIV14 (Figure 2.2). The onset of 

metabolic reduction (cell viability) of the SCAs DIV114 occurred sooner than that in SCAs 

DIV30 (see Figure 2.3 for the comparative summary), yet the IC50 in SCAs DIV14 were 

higher than that in SCAs DIV 30 in a more extended time of MeHg exposure starting from 

9h to 24h. The earlier appearance of the cell viability reduction with higher IC50 in DIV14 

could be explained by their ability to recover from MeHg insult that the recoverability of 

DIV14 is better than the DIV30 (aged cells). The resilience of SCAs DIV 14 to MeHg might 

be due to their antioxidant pathways are more active and well-regulated than the aged 

SCAs DIV30.  Oxidative stress and chronic inflammation are hallmarks of aging. The 

oxidative damage of macromolecules, including proteins and nucleic acids, increases with 

age, leading to a decline in cell and tissue functions (Frazzini et al., 2006). The 

impairment of antioxidant mechanisms in aged cells could impede the aged SCAs against 

any mild toxic insults as such non-toxic MeHg concentration. The decline in 

transcriptional activity of Nrf2 in aged rats (24-28 months old) contributed to the 

reduction of total GSH  and GCL levels in the liver when compared to younger rats (2-5 

months old) (Suh et al., 2004). Moreover, the aged mice (13 months old) exhibited a 

significant reduction of Nrf2  protein in the lumbar spinal cord as well as its antioxidants 
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NQO-1 and HO-1 compared to the one-month-old mice (Suh et al., 2004). These 

antioxidant proteins were also significantly reduced in  SCAs  (DIV 60) compared to SCAs 

DIV 14 (Duan et al., 2009). In SCAs DIV 30, compared to SCAs DIV 14, the expression of 

HO-1 was significantly reduced (Duan et al., 2009). Furthermore, the reduction of 

mitochondrial membrane potential (m) was pronounced in SCAs DIV60 compared to 

SCAs DIV 14 (Duan et al., 2009). The decline in the Nrf2-ARE pathway and loss of m 

in aged SCAs could contribute to the susceptibility of MeHg in this study. Further study 

has shown that MeHg perturbed this pathway in SCAs DIV 30 (Chapter 2). Nevertheless, 

the comparative Nrf2 and ARE gene and protein expressions between SCAs 

DIV 14 and SCAs DIV 30 would better explain the susceptibility of MeHg in 

aged SCAs (DIV 30) compared to SCAs DIV14.  The additional experiments of the 

Keap1-Nrf2-ARE pathway expressed in SCAs DIV 14 and m would further explain this 

question.  

 5.2  The primary antioxidant pathway Keap1-Nrf2-ARE pathways were 

dysregulated during MeHg exposure in SCAs.  

The fluctuations of antioxidant gene expressions were seen in SCAs assessed under a 

function of time of 0.5µM MeHg, the lowest concentration exhibiting toxicity to both 

SCAs DIV 14 and DIV 30. The expressions of Keap1, Nrf2, Gclc, Abcc1 mRNAs 

significantly increased at 6h of MeHg exposure and declined at 15h of MeHg exposure 

(Chapter 2). Two critical genes for the GSH synthesis pathway, Gclc, a rate-limiting 

enzyme for GSH synthesis, and Abcc1 (Mrp1), a GSH transporter, exhibited a biphasic 

increase of these gene expressions. The biphasic induction could be explained by the 

nature of  MeHg property and Nrf2 activity. The highly reactive MeHg perhaps exerted 
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the first phase to the sulfhydryl group of Keap1. MeHg has been shown its binding to 

recombinant Keap1 protein with SDS-PAGE assay (Toyama et al., 2007).  MeHg would 

potentially interrupt the sulfhydryl bonding between Keap1 and Nrf2, which later induced 

the up-regulation of the gene underlying ARE expression. Following the increase of these 

mRNA expressions, the reduction of mRNA expressions occurred after 9 h of MeHg 

exposure. The reduction of these mRNA expressions could be due to the reduction of Nrf2 

activity. The half-life of Nrf2 is about 20 min under a basal condition, which it is rapidly 

degraded under ubiquitin-proteasome degradation (Ma, 2013). Nrf2 activity is also 

induced by other metal such as Zn2+(Silbajoris et al., 2014; Wages et al., 2014). Elevation 

of Zn2+ is involved in the cellular mechanism by which MeHg induced toxicity in the 

synaptosome (Denny and Atchison, 1994b), neuronal cell line (Denny and Atchison, 

1994b), cerebellar neurons(Limke, 2004; Edwards et al., 2005), and  brainstem (Johnson 

et al., 2011). The elevation of Zn2+ in MeHg exposure might induce the increase of Nrf2 

activity, as seen in the up-regulation of Gclc and Abcc1 in the second phase. The peak of 

the second phase was lower than the first phase could be multiple factors, for example, 

the cell survival stage, lower affinity to thiol of Zn2+ than MeHg  (Kensler et al., 2007). 

5.3 The regulation of redox and glutamate homeostasis are intertwined in 

SCAs.  

The concomitant expression of system Xc- (Scl7a11a) and EAAT1/2 (Slc1a3/Slc1a2) 

mRNAs exhibited in a function of time studies in MeHg exposure in Chapter 2 might 

suggest the molecular mechanisms between the redox and glutamate homeostasis in SCAs 

are intertwined.  During MeHg exposure in SCAs, the increases of the 1st peak at 30 min 

of Slc7a11 mRNA expression  (Figure 2.9) was followed by the increase of Slc1a3 and 
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Slc1a2 mRNA expression at 3h of MeHg exposure (Figure 2.10 2.11, and 2.12). The 

concomitant increase of basal Slc7a11, and Slc1a3 and Slc1a2 expression levels also 

exhibited in Nrf2-KO derived SCAs compared to WT-derived SCAs (Figure 3.8, 3.9 and 

3.10 in vehicle treatments).    Both Slc1a3 and Slc1a2 expression levels in Nrf2-KO 

SCAs significantly increased compared to WT SCAs (Figure 3.9 and 3.10, 

respectively) and corresponded to the increase of Slc7a11 mRNA expression in Nrf2-

KO SCAs (Figure 3.8). These concomitant expressions might support the cooperative 

function between system Xc- and EAAT1/2 activity to regulate redox and glutamate 

homeostasis (Lewerenz et al., 2006). The evidence supporting the cooperative 

expression/function of EAAT2 and the antioxidant pathway is the study in aged mice that 

exhibited the reduction of Nrf2 and antioxidant proteins concomitant with the reduction 

of EAAT2 (Duan et al., 2009). The aged animals shared remarkable similarity to Nrf2 KO 

mice (Duan et al., 2009; Zhang et al., 2015; Li et al., 2018; Schmidlin et al., 2019), and 

the significant reductions of EAAT2 expressions were exhibited in both aged SCAs and 

spinal cord aged mice (Duan et al., 2009). This finding might imply that in aged animals 

whose oxidative stress is more prevalent than the antioxidant system posses the 

dysregulation of glutamate homeostasis.   Functionally, the system Xc- exchanges 

extracellular cystine with intracellular glutamate with 1:1 ratio (Warr et al., 1999) for de 

novo GSH synthesis (Murphy et al., 1989). This exchange would consequently cause an 

increase of extracellular glutamate via a non-vesicular glutamate release 

mechanism (Massie et al., 2015). The earliest induction of Slc7a11 mRNA expression 

might suggest the response of SCAs to MeHg exposure, which activated Nrf2 activity to 

combat MeHg- insults by inducing the expression of Slc7a11. The increase of Slc7a11 could 

also suggest the imbalance of intracellular GSH during MeHg exposure, as seen in 
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triphasic Slc7a11 expression (Figure 2.9). The elevation of EAAT1/2 following system 

Xc- elevation suggested the defending mechanism in the early phase of MeHg exposure 

by which SCAs attempted to balance the redox and glutamate homeostasis. Since the 

activity of system Xc- depends upon the concentration gradience not only of the 

extracellular cystine but also the extracellular glutamate. When extracellular glutamate 

concentration is relatively higher than the intracellular glutamate concentration, the 

exchange for extracellular cystine with intracellular glutamate would be limited. 

Ultimately, the vicious cycle of the loss of the intracellular GSH to combat against the 

elevation of ROS following with the excitotoxicity would occur which could also occur in 

SCAs during MeHg intoxication. The functional study of  system Xc- and EAAT1/2 

should be further determined to confirm their cooperative function. The 

early phase of MeHg exposure for 30min to 3 h will also decipher the initial 

cellular mechasnims by whcih MeHg-induced toxicity in SCAs whether or not 

the excitotoxicity and antioxidant are intertwined and when they involve in 

the toxicity.  

5.4 The biphasic elevation of Vegfa mRNA expression during MeHg exposure 

in SCAs would contribute to the blood spinal cord barrier (BSCB) 

permeability.  

The increase of Vegfa mRNA expression in this SCAs during MeHg exposure (Figure 

2.13) was similar to the results in the human brain microvascular endothelial cells and 

pericytes cell cultures exposed to MeHg for 12h and 18h (Hirooka et al., 2013). The 

expression of Vegfa and VEGF-A elevated in human pericytes cell culture, and the 

expressions of VEGF receptor- 1 and -2 also increased in endothelial cells (Hirooka et al., 
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2013). The increases of Vegfa mRNA and  VEGF-A expressions in human pericytes were 

not associated with the increase of the HIF pathway but rather through the paracrine 

fashion (Hirooka et al., 2013). This finding might suggest the secretion of VEGF-A from 

neighboring cells, including astrocytes, might play a role in the regulation of Vegfa 

expression in pericytes. The elevation of VEGF is not only associated with vascular 

plasticity related to angiogenesis in developing CNS but is also associated with BBB 

permeability in mature CNS (Argaw et al., 2009).   The increase of VEGF following MeHg 

exposure could increase the microvascular tissue permeability and cause an edematous 

change around this tissue (Hirooka et al., 2013). The edematous changes in white matter 

were suggested as the cause of the localization lesion (Hirooka et al., 2013). While the 

global CNS damages were observed in fetus and infant cases, the local CNS damages were 

observed in chronic MeHg exposure in adult Minamata cases (Korogi et al., 1998; Eto et 

al., 2010). The predominant local damages were selectively expressed in the calcarine 

region, the precentral and postcentral gyri, and the temporal transverse gyrus (Hunter 

and Russell, 1954; Eto, 1997) where were most advanced in the depths of the sulci (Eto, 

1997). Perhaps, a selective CNS damage in adult MeHg exposure may involve the brain 

edemas as a result of abnormal accumulation of the perivascular tissue caused by the 

increase of BBB permeability. The elevation of astrocytic VEGF might take part in BBB 

permeability in MeHg toxicity since the permeability barrier formed by cerebral 

endothelial cells is supported by trophic factors secreted by other cells in the BBB, 

particularly astrocytes (Demeuse et al., 2002).  The increase of Vegfa expression in SCAs 

may involve in the mechanism by which specificity of MeHg susceptibility in the CNS 

including the gracile fasciculus in the spinal cord as well as in calcarine sulcus and gyrus 

in cerebrum and cerebellum (Eto, 1997) as a resulting from blood-spinal cord barrier 
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(BSCB) and BBB disruption.  The cellular mechanism involved in MeHg induced the 

elevation of BSCB, and BBB will further determine whether or not the HIF pathway 

involved in this BSCB/BBB permeability during MeHg exposure. If so, whether the 

elevation of Vegfa and VEGFA contributes to BSCB/BBB permeability. Determination 

of the spinal cord slice exposure to 1ppm MeHg for 30 min to 3 h whether the 

changes of the expression of VEGFA protein using enzyme-linked immune 

assay (ELISA) and VEGF A receptor, VEGFR2/flk-1, expression using 

immunohistochemistry (Argaw et al., 2006) would explain the mechanism 

by which astrocytic VEGF in the regulation of BSCB permeability. The 

inflammatory cytokine such as IL-1β and hypoxia inducing factor (HIF) pathway will 

further clarify the specific signaling pathway in the regulation of the BSCB during MeHg 

exposure in the spinal cord. Alternatively, the SCAs coculture with the 

endothelial cells (Demeuse et al., 2002) would be employed to determine 

these IL-1β and HIF-VEGF pathways and the interaction between these two 

cells in MeHg- induced BSCB permeability mechanisms.  

5.5 Genetic disruption of Nrf2, a master regulator of the Keap1-Nrf2-ARE 

pathway, rendered SCAs are more susceptible to MeHg.  

The real-time viabilities of the Nrf2 KO-derived SCAs showed a more susceptible to MeHg 

compared to WT-derived SCAs.  A one-hour exposure of 5 µM MeHg significantly reduced 

cell viability of Nrf2 KO SCAs by 60% compared to WT SCAs, which did not affect by this 

MeHg concentration and time of exposure (Figure 3.1). Consistently, the cell viability of 

the primary hepatocytes derived from Nrf2 KO mice reduced considerably by about 70% 

when exposed to 5µM MeHg for 24h while the WT derived hepatocytic viability was 
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spared (Toyama et al., 2007). The greater susceptibility of Nrf2 KO derived cells, 

including SCAs and hepatocytes, might be explained by the loss of redox homeostasis in 

the Nrf2 KO mice. The loss of major regulator of antioxidant pathways in Nrf2 KO 

significantly contributes to  SCAs are more susceptible to MeHg due to the overproduction 

of ROS.  The comparison of basal ROS level in glial-cortical neuronal coculture derived 

from WT, Nrf2 KO, and Keap1 KD found that the level of ROS was significantly higher in 

Nrf2 KO derived glial-cortical neuronal coculture compare to WT derived coculture, 

whereas the basal ROS level from Keap1 KD was similar to WT coculture (Kovac et al., 

2015). In addition, the Nrf2 KO-derived primary cortical astrocyte cell culture increased 

in their susceptibility when increased H2O2 concentration (Bell et al., 2015). Conversely, 

the WT-derived astrocytes were not severely affected as the concentration of H2O2 

increase (Bell et al., 2015). Nrf2 KO-derived neurons in a mixed 10% glial culture system 

were significantly sensitive to MPP+ and rotenone compared with WT-derived neurons 

(Lee et al., 2003a). The loss of Nrf2 in the regulation of the Keap1-Nrf2-ARE pathway 

would compromise cells to non-adverse concentrations of toxicants and neurotoxin such 

as MeHg. The genetic predisposition, therefore, involves the susceptibility to 

MeHg, such as in SCAs. The exposure to non-toxic levels of MeHg might 

trigger the onset of motor neuron diseases such as ALS or PD in vulnerable 

people or exacerbating an existing condition. The comparative susceptibility 

between WT and ALS mice models, such as SOD1 mutants, would warrant 

and decipher the susceptibility among individuals with ALS. The study in 

human transgenics SOD1 G93A mice model  by  Johnson et al. (2012) demonstrated that 

the non-toxic levels of MeHg hasten the disease onset and the progression in this ALS 

mice model (Johnson et al., 2011). The cellular toxicity mechanisms of MeHg has involved 
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the dysregulation of intracellular Ca2+ and Zn2+ as well as the glutamate receptors, mainly 

AMPAR functions in motor neurons in the brainstem (Johnson et al., 2011). The disease 

progression of ALS has been proposed as the dysfunction of astrocytes, and intracellular 

Zn2+ is also involved in oxidative stress (Wages et al., 2014) and Nrf2 activation (Silbajoris 

et al., 2014). The cellular mechanisms, including intracellular Ca2+ and Zn2+, 

involving MeHg induced the ALS symptom progression in cerebral 

astrocytes, and SCAs derived from human TgSOD1 G93A will further explain 

the susceptibility and disease progression in this mice model.  

5.6 The loss of Nrf2 in Nrf2 KO derived SCAs contributed to the significant 

reduction of GSH synthesis and metabolism pathways.  

The Nrf2 KO derived SCAs was more susceptible to MeHg compared to WT derived SCAs, 

mainly the significant loss of genes involving the GSH synthesis and metabolism. The 

noticeable reductions of Gclc, GPx1,  and GPx4 mRNAs in Nrf2 KO derived SCAs, were 

significant contributors to susceptibility in Nrf2 KO derived SCAs compared to WT 

derived SCAs (Figures 3.4, 3.5 and 3.6). These mRNA expressions further decreased 

when exposed 5µM MeHg in both WT, and Nrf2 KO derived SCAs for 18h.  The reductions 

of GPx1 and GPx4 mRNAs also greatly exhibited in Nrf2 KO derived SCAs compare to WT 

SCAs. Similarly to SCAs results, the expression of GPx1 mRNA expression was reduced in 

both male and female cerebrum but not cerebellum from C57BL/6J mice that exposure 

to 5ppm MeHg through drinking water from the early gestational period until postnatal 

day 21 (Ruszkiewicz et al., 2016). The GPx1 and GPx4 activities significantly reduced in 

Swiss adult male mice exposed to 40ppm MeHg in drinking water for 21 days compared 

to untreated mice (Zemolin et al., 2012).  The determination of gene expression 
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underlying Nrf2 with microarray data confirmed the reductions of known ARE-

containing genes in Nrf2 KO derived cortical astrocytes such as Sod1, Gclc, and Gclm (Lee 

et al., 2003b). Noteworthy, the Gclm expression level was not affected by the absence of 

Nrf2 in cortical neurons (Lee et al., 2003a) but did so in cortical astrocytes (Lee et al., 

2003b). The differential effects of lacking Nrf2 in the regulation of Glcm 

mRNA expression between cortical neurons and astrocytes are of interest 

and might further explain the differential susceptibility of these CNS cells to 

MeHg. Despite this, the reduction of Gclc mRNA expression in SCAs derived from Nrf2 

KO was consistent with results from Bell et al. (2015) in cortical astrocytes derived from 

Nrf2 KO (Bell et al., 2015). 

5.7  Other signaling pathways involved in the regulation of some of the genes 

underlying the Nrf2 and ARE pathway. 

Although Nrf2 mediates several antioxidant genes underlying ARE region,  loss of Nrf2 in 

Nrf2 KO derived SCAs exhibited unexpected antioxidant genes expressions. Nrf2 

regulates transporter gene expressions underlying ARE such as Abcc1 encoding for Mrp1 

(Hayashi et al., 2003), and Slc7a11 mRNA encoding for the cystine/glutamate transporter 

(system Xc-) (Bridges et al., 2012b). The basal level of  Abcc1 and  Slc7a11 expressions in 

Nrf2 KO derived SCAs relative to WT derived SCAs unexpectedly increased (Figure 3.7 

and 3.8). Not only does Nrf2 significantly regulate Abcc1 and Slc7a11 expression, but 

other signaling pathways also regulate these gene expressions. Nrf2 KO mice possing a 

high basal ROS level would induce a higher level of pro-inflammatory cytokines relative 

to WT mice. For example, the pro-inflammatory cytokine IL-1β, which specifically up-

regulated system Xc- in astrocytes but not in neurons or microglia (Jackman et al., 2010) 
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might elicit the increase of Slc7a11 expression in Nrf2 KO derived SCAs. The IL-1β might 

exert on system Xc- expression through the activation of NF-kB (Yang et al., 2005; He et 

al., 2015) and AP1 (Yang et al., 2005) pathways. Recently, the regulation of system Xc- 

underlying regulation of IL-1β, and NF-kB was confirmed in cortical astrocytes  (Shi et al., 

2016), which suggested that hypoxic injury occurs (Jackman et al., 2010). Under hypoxia, 

some antioxidant genes such as Abcc1 mRNA (Lv et al., 2015) are regulated by the 

activation of hypoxia inducing factor-1α (HIF-1α) pathway. Some pieces of evidence in 

colon cancer cells reported that a hypoxia response element (HRE) loci were in the 

proximal promoter of the Abcc1 gene, where the HIF-1α can directly bind and regulate 

Mrp1 expression (Lv et al., 2015). Consistently, when suppression of HIF -1α with siRNA 

occurred in these colon cancer cells,  the expression of Mrp1 mRNA was significantly 

reduced (Lv et al., 2015).  The expressions of HIF-1 and Mrp1 were significantly correlated 

in several cancer tissues such as colorectal, gastric, and bladder tissues (Toth and Warfel, 

2017). In addition, the induction of ROS generation with menadione in the breast cancer 

cell line without Nrf2 exhibited the elevation of HIF- 1α mRNA expression (Lacher et al., 

2018) that suggested the alternative signaling pathway in Mrp1 induction, despite Nrf2.  

ROS or a pro-oxidant NOX, may act as an intermediate molecule between Nrf2 and HIF-

1 pathway. NOX involves in the regulation of HIF activities through multiple pathways 

such as  Ca2+/calmodulin kinase (CaMK) dependent pathway, PI3K-mTOR pathway, and 

ROS- evoke stabilized HIF-1α pathway  (Yuan et al., 2008). The intermittent hypoxia 

stimulated NOx2 activation in the ROS-dependent elevation of [Ca2+]in, which later 

stimulated the activation of the HIF-1 pathway in PC12 cells (Nanduri et al., 2015). The 

regulation of Nox expression by Nrf2 appeared to be cell type-specific. For example, Nrf2 

negatively regulates Nox4 expression in endothelial cells. Conversely, Nrf2 possitively 
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regulate Nox4 elevation in the mouse and human lung endothelium in response to 

hyperoxia (Kovac et al., 2015).  In cortical neuron-astrocyte coculture and mouse 

embryonic fibroblasts showed that Nox2 mRNA was dramatically increase while  Nox4 

mRNA was decrease in Nrf2 KO compared to WT (Kovac et al., 2015). Perhaps, the 

elevation of Mrp1 transcripts in Nrf2 KO derived SCAs may be regulated by a cross-talk 

between Nrf2 and HIF pathway by which NOX2 acts as an intermediate mediator in the 

regulation of Abcc1 elevation through the activation of HIF-1 pathway as a compensatory 

antioxidant mechanism (see Figure 3.17). Additionally, STAT3/STAT5, growth factors, 

neuronal activity, and amino acid starvation could regulate the promoter region of Slc7a11 

gene (Massie et al., 2015) (see Figure 3.16). The activation of the ATF4 through PI3K 

and GSK3β also elicited the expression of system Xc in glioblastoma (Lewerenz et al., 

2014). Thus, these pathways could play a critical role in the compensation of the induction 

of  Slc7a11 and Abcc1 in Nrf2 KO derived SCAs.   

5.8 Genetic predisposition exhibited differential mechanisms by which 

MeHg induced neurotoxicity in SCAs.  

Although the majority of genes underlying Nrf2 regulation were affected by MeHg in Nrf2 

KO derived SCAs similar to WT derived SCAs, few genes were affected by MeHg 

differently among these genotypes. For example, while MeHg induced the increase of 

Slc7a11 expression about 5.3-fold increase in WT SCAs, MeHg appeared to diminish the 

Slc7a11 expression about 0.54-fold decrease in Nrf2 KO SCAs (Figure 3.8). Besides, 

MeHg induced the increase of Vegfa expression in WT SCAs (about 2.5-fold increase), 

whereas it pronouncedly diminished the Vegfa expression in Nrf2 KO derived SCAs 

(about 11.75-fold decrease) (Figure 3.15). Also, MeHg slightly but insignificantly 
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induced the reduction of Slc1a3 expression in WT SCAs, but it did so considerably in Nrf2 

KO derived SCAs (Figure 3.9). Meanwhile, MeHg affected the reduction of Slc1a2 in 

both WT and Nrf2 KO SCAs, which pronouncedly diminished in Nrf2 KO SCAs (Figure 

3.10). MeHg significantly reduced Keap1 mRNA (0.26-fold decrease) in Nrf2 KO derived 

SCAs compared to its genotype treated vehicle. In contrast, Keap1 mRNA was not 

significantly affected by MeHg exposure in WT derived SCAs (Figure 3.3). Although 

immunocytochemistry showed significant reductions of both system Xc- and EAAT2 in 

both WT and Nrf2 KO SCAs following MeHg exposure (Figures 3.13 and 3.14), it is 

possible that the differential molecular mechanisms contributed to the reduction of these 

transporter expressions. These findings suggested that the molecular pathways involved 

in MeHg induced the dysregulation of Keap1, system Xc-, EAAT1/2, and Vegfa 

expressions in WT differed from Nrf2 KO.  Further elucidation of these differential 

mechanisms will tailor the signature pathway(s)  involving the differential 

susceptibility of SCAs to MeHg. All in all, genetic predisposition plays a 

critical role in MeHg induced differential toxicity mechanisms with both 

transcriptional and translational levels.  

5.9 The antioxidant NAC could protect and rescue SCAs from MeHg induced 

degeneration in a concentration-dependent manner.  

NAC concentrations ranging from 0.1, 1.0, and 10mM protect SCAs against 5µM MeHg 

induced degeneration over 24h. Meanwhile, 0.1mM NAC lost its potency around 30h 

compared to control; 1.0mM and 10mM remained their protective efficacy over 72h in 

both NP and CO NAC treatments (Figures 4.3 and 4.4). MeHg induced a significant 

SCAs degeneration starting from 9h of 5µM MeHg exposure, whereas pretreatment of 
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0.1mM NAC 2h before MeHg exposure considerably extended a reduction of cell 

metabolic activity to 30h of MeHg exposure. When increases NAC concentration to 

1.0mM and 10mM NAC with the same NAC pretreatment paradigm, these NAC 

concentrations extend the protection of SCAs from MeHg-induced toxicity across the time 

course of the examination (over than 160 h) (Figure 4.3). Similarly, the co-application 

of these NAC concentrations and 5µM MeHg exhibited prolong protective effects (Figure 

4.4), as exhibited in the NAC pretreatment paradigms. While 10mM NAC was effectively 

protected SCAs from MeHg in both NP and CO treatment paradigms,  10mM NAC 

treatment following 5µM MeHg exposure for 3h (MP)  did not protect SCAs from MeHg 

induced toxicity. Nevertheless, 0.1 µM and 1.0 µM NAC rescued SCAs from MeHg- 

induced toxicity in the MP treatment paradigm (Figure 4.5). Overall, the optimum NAC 

concentration in all treatment paradigms was 1.0mM, which extended SCAs degeneration 

in NP, CO, and MP. These results were supported by the finding in U-87MG human 

astrocytoma that the 10mM NAC was toxic to these cells, whereas 0.1 and 1.0mM NAC 

were not affected cell viability (Muniroh et al., 2015).  The applications of 0.5 and 5mM 

NAC in NP, CO, and MP exposed to 4µM MeHg U-87MG human astrocytoma for 6h could 

suppress MeHg toxicity in these cells (Muniroh et al., 2015). The magnitudes or ratios of 

NAC to MeHg in the U-87MG human astrocytoma study were equal to 125-fold and 1,250-

fold in 0.5mM and 5mM NAC with 4µM MeHg, respectively (Muniroh et al., 2015), which 

relatively higher than this SCAs study, 20-fold and 200- fold in 0.1 and 1mM NAC with 

5µM MeHg, respectively. Given that, the 0.1mM NAC would sufficiently protect and 

suppress MeHg induced toxicity in SCAs, and 1mM NAC was the optimum NAC 

concentration for prolonged MeHg exposure. Furthermore, different NAC concentrations 

exert different mechanisms of NAC actions. The study in the C6 glial cells suggested that 
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the high NAC concentration (1mM) was GSH-independent, whereas the low NAC 

concentration (0.1mM) was GSH-dependent antioxidant mechanism (Han et al., 1997). 

The application of BSO to inhibit the de novo GSH synthesis in PC12 cells revealed that 

with high NAC concentration (60mM) could maintain PC 12 cell viability despite GSH 

level reduction (Yan et al., 1995). This BSO application suggested that high NAC 

concentration exerts its protective mechanism through the GSH-independent antioxidant 

mechanism in PC12 cells (Yan et al., 1995).   However, the therapeutic NAC window 

and cell types also play a critical role in NAC action. The mechanism of NAC 

after MeHg exposure (MP) remained unclear whether o.1mM NAC exerts its 

action through the GSH-dependent antioxidant mechanism in SCAs or not. 

More detailed studies using GSH assay and application of BSO to inhibit 

intracellular GSH synthesis will better explain this question. 

5.10 The primary NAC mechanism in protecting SCAs during MeHg exposure 

in the NAC pretreatment paradigm was its direct antioxidant property or 

GSH-independent antioxidant mechanism.  

The NAC pretreatment paradigm (Figure 4.3) showed the protective effect of all NAC 

concentrations, and indeed, different NAC concentrations play different modes of 

protective mechanism. Another experimental paradigm with 1.0mM or 10mM NAC 

pretreatment later removal before exposure to 5µM MeHg revealed that the real-time 

SCAs viabilities were significantly reduced to the same rate as MeHg treatment alone 

(Figure 4.15). These results were confirmed with cell viability assay with the EthD-2, a 

cell-impermeant dye permeating only plasma membrane compromised cells, which 

showed similar results of the red nuclei staining in MeHg exposure similar to NAC 
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treatment before MeHg exposure in SCAs (Figure 4.16). Similarly, pretreatments of 

NAC either 4h or 24 h later removed and exposed to MeHg (a 100-fold NAC to MeHg 

ratio) the cortical neurons underwent the apoptosis cell death pathway  (Falluel-Morel et 

al., 2012). These data support NAC's protective role through which its direct 

interaction with MeHg as a direct antioxidant to prevent MeHg toxicity. 

Despite the morphologies of SCAs in MeHg treatment alone were more severely affected 

and loss of GFAP staining than vehicle treatment, the NAC treatment before MeHg 

exposure showed the morphologies less impaired and remained GFAP staining at a level 

similar to a vehicle and NAC alone treatments (Figure 4.16). NAC somewhat might act 

as a cysteine prodrug for increasing intracellular GSH. Pretreatment of NACA, a 

derivative of NAC following traumatic brain injury in mice, significantly reduced 

apoptotic cell death through the activation of Nrf2 and its antioxidant Ho-1 and Nqo-1 

(Zhou et al., 2018).  However, the intracellular protective mechanism by NAC in SCAs 

remains unclear. The study using Nrf2 KO mice could better explain whether 

NAC protects the SCAs against MeHg induced toxicity through this pathway. 

Furthermore, the membrane permeability, particularly the BBB permeability of NAC, 

remains controversial. It has been concerned that NAC will facilitate MeHg entering the 

CNS through its molecular mimicry of the methionine transport system in the form of the 

cysteine-MeHg, and or GSH-MeHg complex (Aschner and Clarkson, 1988; Kerper et al., 

1992; Mokrzan et al., 1995).  This issue appeared not to be the case in SCAs. Since 

cotreatment of NAC and MeHg did not exacerbate the toxicity but rather protect SCAs 

degeneration for a more extended period of MeHg exposure (Figure 4.4). NAC is 

negatively charged at physiological pH, limiting its ability to cross any biological 

membranes (Sunitha et al., 2013; Tobwala et al., 2015). On the other hand, in MP 
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treatment paradigm, following MeHg exposure for 3h, 0.1mM, and 1.0mM NAC could 

suppress MeHg induced SCAs degeneration for over 160h exposure (Figure 4.5). 

Therapeutic efficacy of NAC demonstrated in a man who accidentally exposed to mercury, 

and NAC treatment with selenium reversed his neurological symptoms considerably to 

normal physiological conditions (Spiller et al., 2017). NAC is, therefore, potentially used 

for therapeutic benefit in MeHg intoxication mainly through its direct antioxidant 

property that directly interacts with MeHg to reducing toxicity (Hunter and Russell, 

1954). 
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A      B      C 

 

Figure A.1 Representative diagram of immunological positive to GFAP in SCA DIV30.   SCAs were isolated and 

culture from B57BL/6Jmice spinal cord. Spinal cord astrocytes were purified using Anti-GLAST (ACSA-1) antibody from 

Miltenyi Biotec following magnetic bead isolation by immunopanning technique. SCA DIV30 were stained with anti-rabbit 

GFAP polyclonal antibody to determine the population of GFAP+ cell from this cell culture technique. The anti-GFAP was 

determined using goat-anti-rabbit AF405. Percent of GFAP+ were analyzed using Fluorescence-Activated Cell Sorter (FAC) 

(BD Biosciences, Franklin Lakes, NJ, USA). Data were analyzed using FlowJo software (FlowJO, LLC). A. Non- staining 

cells, B.  Only AF405 staining cells using as a gate for determination AF405+ (in this case, it is GFAP+ cells) and C. Both 

anti-GFAP and AF405 staining cells.  The value presented in the gate is indicated a percent cell that expressed immunogen 

(rabbit anti-GFAP) and reacted to anti-rabbit AF405. 
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Figure A.2 Pathological and morphological features of SCAs DIV14 as a function of time of 0.5µM 

MeHg exposure, from 1h to 4h.  
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Figure A.3  Pathological and morphological features of SCAs DIV14 as a function of time of 0.5µM 

MeHg exposure, from 6h to 24h.        
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Table A1 Primers lists for this research. 

 

 

All primers were obtained from TaqMan gene expression assay (Applied BioSystems, 

Foster City, USA)  

  

Targeted mRNA Primer’s ID 
Amplicon 

length 
EAAT1 (GLAST-1) 

solute carrier family 1 (glial high affinity glutamate 
transporter), member 3; Slc1a3 gene) 

Mm00600697
_m1  

71 

EAAT2 (GLT-1) 
(solute carrier family 1 (glial high affinity glutamate 

transporter), member 2;Slc1a2 gene) 

Mm01275814

_m1 
 

135 

Gclc 
(Glutamate-cysteine ligase catalytic subunit is one of two 

units of Glutamate-cysteine ligase (a rate limiting enzyme for 
GSH synthesis)   

 

Mm0080265

5_m1 
98 

Gpx1 

glutathione peroxidase 1 

Mm0065676

7_g1 
134 

Gpx4 

glutathione peroxidase 4 

Mm00515041

_m1 
 

103 

Mrp1 
(ATP-binding cassette, sub-family C (CFTR/MRP), member 

1; Abcc1 gene) 

Mm00456156
_m1 

67 

Vegf 
(vascular endothelial growth factor A; Vegfa gene) 

 

Mm00437306
_m1 

61 

xCT (system xc-) 
(solute carrier family 7 (anionic amino acid transporter light 

chain, system xc-), member 11; Sclc7a11 gene) 

Mm0044253

0_m1 
66 

The mouse glyceraldehyde-3-phosphate dehydrogenase 
(Gapdh) endogenous control VIC TM/MGB probe with primer 

limited  

Catalog 
number: 

4352339E  

107 

https://www.thermofisher.com/taqman-gene-expression/product/Mm01275814_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm01275814_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00802655_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00802655_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00656767_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00656767_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00515041_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00515041_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00442530_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00442530_m1?CID=&ICID=&subtype=
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glyceraldehyde-3-phosphate-dehydrogenase
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Table A2 Primary antibodies used in this research 

 

Target 
Proteins 

antibody 
Catalog 
number 

Company ratio 
Lot 

number 
ALDH1L1 Mouse IgG2a MO22143 NEUROMICS 1:1,000 401914 

EAAT3 
Rabbit Polyclonal 
SLC1A1 antibody 

12686-1-
AP 

Proteintech 1:100 ND 

GFAP 
Chicken IgY GFAP 

Polyclonal antibody 
PA1-

10004 

Invitrogen, 
Thermo 
Fisher 

1:1,000 TG2600202 

GFAP  
(for FAC) 

Rabbit anti-GFAP 
Polyclonal28400 

840001 BioLegend 1:1,000 B209356 

GLT-1 

Guinea pig 
Glutamate 
transporter 

polyclonal antibody 

AB1783 
MilliPore 

Sigma 
1:1,000 2945625 

Keap1 
Mouse IgG1 Keap1 

monoclonal 
antibody (1F10B6) 

MA5-
17106 

Invitrogen, 
Thermo 
Fisher 

1:50 TJ2652135 

Mrp1 

Mouse IgG1 Mrp1 
monoclonal 

antibody (IU5C1) 

MA5-
16112 

Invitrogen, 
Thermo 
Fisher 

1:150 TG2598821 

Nrf2 
Rabbit IgG Nrf2 

Polyclonal antibody 
PA5-

27882 

Invitrogen, 
Thermo 
Fisher 

1:400 ND 

Xc- 
(SLC7A11) 

Rabbit IgG SLC7A11 
Polyclonal Antibody 

PA1-
16893 

Invitrogen, 
Thermo 
Fisher 

1:500 TG2598823A 

 

ND=non-determined 
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Table A3 Secondary antibodies used in this research 

 

Target 
species 

antibody ratio 
Catalog 
number 

Lot 
number 

Company 

Chicken 
Goat anti-Chicken IgY, 

Alexa Fluor 488 
1:200 A-11039 1937504 

Invitrogen, 
Thermo Fisher 

Guinea 
pig 

Goat anti-Guinea pig 
IgG secondary 

antibody, Alexa Fluor 
594 

1:200 A-11076 1848493 
Invitrogen, 

Thermo Fisher 

Mouse 

Goat anti-Mouse IgG 
(H+L) Highly cross 
absorbed secondary 

antibody, Alexa Flour 
488 

1:200 A-11029 1874804 
Invitrogen, 

Thermo Fisher 

Mouse 

Goat anti-Mouse IgG1 
cross absorbed 

secondary antibody, 
Alexa Flour 647 

1:200 A-21240 1977346 
Invitrogen, 

Thermo Fisher 

Rabbit 

Goat anti-Rabbit IgG 
(H+L) Highly cross 
absorbed secondary 

antibody, Alexa Fluor 
488  

1:200 A-11034 1851447 
Invitrogen, 

Thermo Fisher 

 

Note: All secondary antibodies raised against goat were employed to determine target 

proteins  
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Figure A.4 SCAs were treated with 10µM Edaravone (EDAVA) 1h prior to 

exposure with 5µM MeHg. Cell viability was determined during MeHg exposure from 

1h to 27h. * indicates p< 0.05 when compared to DMSO+H2O; # indicates p< 0.05 when 

compared to DMSO+5µM MeHg; & indicates p< 0.05 when compared to EDAVA+H2O. 

Every experiment was performed with N=7. 
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Figure A.5 SCAs were treated with 100µM Edaravone (EDAVA) 1h prior to 

exposure with 5µM MeHg. Cell viability was determined during MeHg exposure from 

1h to 27h. * indicates p< 0.05 when compared to DMSO+H2O; # indicates p< 0.05 when 

compared to DMSO+5µM MeHg; & indicates p< 0.05 when compared to EDAVA+H2O. 

Every experiment was performed with N=7. 
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Figure A.6 SCAs were treated with 1mM Edaravone (EDAVA) 1h prior to 

exposure with 5µM MeHg. Cell viability was determined during MeHg exposure from 

1h to 27h. * indicates p< 0.05 when compared to DMSO+H2O; # indicates p< 0.05 when 

compared to DMSO+5µM MeHg; & indicates p< 0.05 when compared to EDAVA+H2O. 

Every experiment was performed with N=7. 
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Figure A.7 SCAs were treated with 10mM Edaravone (EDAVA) 1h prior to 

exposure with 5µM MeHg. Cell viability was determined during MeHg exposure from 

1h to 27h. * indicates p< 0.05 when compared to DMSO+H2O; # indicates p< 0.05 when 

compared to DMSO+5µM MeHg; & indicates p< 0.05 when compared to EDAVA+H2O. 

Every experiment was performed with N=7.  
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Figure A.8 SCAs were treated with 1µM CDDO-IM for 1h prior to exposure 

with 5µM MeHg. Cell viability was determined during MeHg exposure from 1h to 27h. 

* indicates statistically significant from DMSO+H2O, # indicates statistically significant 

from CDDO-IM+H2O, and & indicates statically significant from DMSO+MeHg. N=7 

Biological replications using Two-Way ANOVA with Tukey’s post hoc.     
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Figure A.9 SCAs were treated with 10µM CDDO-IM for 1h prior to exposure 

with 5µM MeHg. Cell viability was determined during MeHg exposure from 1h to 27h. 

* indicates statistically significant from DMSO+H2O, # indicates statistically significant 

from CDDO-IM+H2O, and & indicates statically significant from DMSO+MeHg. N=7 

Biological replications using Two-Way ANOVA with Tukey’s post hoc.     
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Figure A.10 SCAs were treated with 1µM CDDO-ME for 1h prior to exposure 

with 5µM MeHg. Cell viability was determined during MeHg exposure from 1h to 27h. 

* indicates statistically significant from DMSO+H2O, # indicates statistically significant 

from CDDO-ME+H2O, and & indicates statically significant from DMSO+MeHg. N=7 

Biological replications using Two-Way ANOVA with Tukey’s post hoc.     
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Figure A.11 SCAs were treated with 10µM CDDO-ME for 1h prior to exposure 

with 5µM MeHg. Cell viability was determined during MeHg exposure from 1h to 27h. 

* indicates statistically significant from DMSO+H2O, # indicates statistically significant 

from CDDO-ME+H2O, and & indicates statically significant from DMSO+MeHg. N=7 

Biological replications using Two-Way ANOVA with Tukey’s post hoc.     
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