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ABSTRACT 

Exposure to environmental toxicants is prevalent, hazardous and linked to varied detrimental 
health outcomes and disease. Polychlorinated biphenyls (PCBs), a class of hazardous 
organochlorines once widely used for industrial purposes, are associated with neurodegenerative 
disease and oxidative stress in both in vitro and in vivo models. In order to determine common 
pathways in the response to organochlorine exposure in human cell lines, I analyzed data from 
the ToxCast database. To further investigate the impact of PCBs in astrocytes, I exposed primary 
murine astrocytes to Aroclor 1254, a commercially available PCB mixture, to determine the 
response to this once ubiquitously used toxicant on the most numerous cells of the central 
nervous system (CNS). Astrocytes are a critical component of homeostasis throughout the CNS, 
including at the blood-brain barrier (BBB), where they serve as the primary defense against 
xenobiotics entering the CNS, and at the synapse, where they are closely coupled to neurons 
through several metabolic pathways. I hypothesized that PCBs cause astrocytic oxidative stress 
and related dysfunction including altered metabolism. Primary murine cortical astrocytes 
exposed to PCBs show increased oxidative stress and expression of antioxidant genes (Prdx1, 
Prdx6, Gsta2) and markers of reactive astrocytes (Gfap, Amigo2). The data herein show 
increased ATP production and spare respiratory capacity in astrocytes exposed to 10 µM (~ 3 
ppm) of PCBs. This dose also causes an increase in glucose uptake that is not seen at a higher 
dose (50 µM) suggesting that, at a lower dose, astrocytes are able to engage compensatory 
mechanisms to promote survival. Data from a dual-hit paradigm of synuclein and PCBs suggest 
that these pathogenic molecules do not interact to exacerbate release of pro-inflammatory 
molecules from astrocytes but suggest that the Nox1 pathway is engaged by both molecules. 
Furthermore, preliminary studies in PCB-exposed zebrafish were conducted to determine 
whether the same pathways identified in the ToxCast analysis and murine astrocytes are 
engaged. Together, these data suggest that exposure to PCBs causes oxidative stress, an 
antioxidant response and alters metabolism. These findings are important to consider both in the 
context of human health and disease and in cell culture and animal models. 
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CHAPTER 1: INTRODUCTION 

Over the course of a lifetime, humans are exposed to multifarious toxicants through both natural 

and built environments. Exposure to environmental toxicants is linked to long-term adverse 

outcomes in the brain. As age is the primary risk factor for neurodegeneration, researchers have 

long queried the impact of chronic exposure to toxicants and the ability of these toxicants to 

cause or contribute to neurodegeneration, such as in the context of Parkinson’s disease (PD). As 

research on glia and their role in the disease pathogenesis continues to be an area of growth, 

focusing on astrocytic physiological functions, specifically metabolic processes that are critical 

for homeostasis (Weber and Barros, 2015), and the subsequent dysfunction wrought by exposure 

to toxicants, is critical to understanding the response of the central nervous system (CNS) to 

xenobiotic compounds. Organochlorines represent one class of xenobiotic compounds linked to 

diseases and disorders of the CNS. 

Broadly, this dissertation seeks to address how exposure to a specific organochlorine, 

polychlorinated biphenyls (PCBs), contributes to the astrocytic processes involved in 

neurodegenerative disease pathogenesis. The overarching hypothesis for this dissertation (shown 

graphically in Fig 1.1) is that exposure to PCBs results in oxidative stress and a concomitant 

antioxidant response as well as metabolic alterations in astrocytes. Furthermore, I hypothesized 

that zebrafish exposed to PCBs would increase expression of the same families of genes as PCB-

exposed murine astrocytes, enabling us to draw cross-species parallels. Finally, I hypothesized 

that PCB-exposed astrocytes and organochlorine-exposed human cell lines would engage mutual 

pathways and that exposure to both PCBs and α-synuclein would act as a “dual-hit” in inciting 

astrocytic dysfunction.
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These hypotheses were addressed using the following aims: 

Aim 1. Identify toxicant-disease associations and the biochemical pathways implicated in 

exposure to organochlorines (PCBs, trichloroethylene [TCE], dieldrin and chlorpyrifos) in 

human cell lines (Chapter 3). 

Aim 2. Determine how exposure to PCBs impacts astrocytic redox and antioxidant systems, and 

whether this exposure results in metabolic alterations in primary astrocytes (Chapters 4-6). 

Aim 3. Investigate the impact of PCBs in vivo using a zebrafish model (Chapter 7). 

Aim 4. Investigate outcomes of astrocytes exposed to both α-synuclein and PCBs to determine 

whether these compounds serve as a ‘dual hit’ (Chapter 8). 

Figure 1.1 Graphic hypothesis depicting altered astrocytic gene expression and 
mitochondrial function in response to PCB exposure.  
Astrocytes (green) have important functions at the synapse (a synapse is depicted here between 
two blue neurons) and at the blood-brain barrier (depicted by a blood vessel). I hypothesized that 
exposure to PCBs, a congener of which is depicted here in skeletal form interacting with cellular 
organelles, will result in oxidative stress, mitochondrial alterations and an antioxidant response. 
The PCBs are shown interacting with the mitochondria (green), the nucleus (gray), and the 
phospholipid bilayer composing the cellular membrane. These organelles and their functions also 
represent the pathways investigated in the ToxCast dataset and in zebrafish. 
 
This chapter will provide relevant background information on organochlorines and astrocytes to 

provide the scientific premise for the studies presented.
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Background 

Anthropogenic organochlorines are a class of chlorinated hydrocarbons with wide-ranging 

applications and levels of toxicity. The Agency for Toxic Substances and Drug Registry 

(ATSDR) includes several of these compounds in the top 20 of its substance priority list of the 

most hazardous substances to humans: PCBS #5 (with specific PCB Aroclor mixtures as #12 and 

#14), trichloroethylene (TCE) (#16) and dieldrin (#18) 

(https://www.atsdr.cdc.gov/spl/index.html, accessed March 20th 2021). Exposure to these 

compounds is linked to long-term detrimental outcomes and disease in several organs and organ 

systems, including the CNS (USEPA - Office of Pesticide Programs 2013). Chlorination of a 

hydrocarbon increases its lipophilicity and thereby BBB penetrance (Waterhouse 2003), making 

these compounds powerful infiltrators of the CNS. Several organochlorines are associated with 

PD, including PCBs, dieldrin, and TCE (Fig 1.2), and chlorpyrifos (Dhillon et al. 2008; Qiao, 

Seidler, and Slotkin 2005; Dardiotis et al. 2020). The focus of this dissertation1 is on PCBs and 

astrocytic responses to PCB exposure. As such, I will focus the background information on this 

toxicant but will briefly discuss other organochlorines in order to draw parallels broadening the 

impact of the discussed research. 

 

 

 

 

______________ 

1Parts of this text have been adapted from the following: 
McCann, M. S., & Maguire-Zeiss, K. A. (2021). Environmental toxicants in the brain: a review of astrocytic 
metabolic dysfunction. Environmental Toxicology and Pharmacology, 103608.
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Figure 1.2. Diseases associated with three organochlorines: PCBs, TCE and dieldrin. 
Analysis of the Comparative Toxicogenomics Database (CTD) of diseases with curated 
associations to: PCBs, TCE and dieldrin. The overlap region visualizes the finding that aside from 
several forms of neoplasm, Parkinson’s disease is the other disease associated with these three 
toxicants in the literature. 

Polychlorinated biphenyls 

Polychlorinated biphenyls (PCBs) were produced internationally from approximately 1930 until 

restricted by the Stockholm Convention on Persistent Organic Pollutants (POPs) in 2001 

(Stockholm Convention on Persistent Organic Pollutants 2001). Prior to this international effort, 

several entities including the United States Environmental Protection Agency [EPA] and the 

European Commission, enacted earlier bans (U.S. EPA 1979; Council of the European Union 

1996). PCBs were manufactured in mixtures and marketed globally under different names 

(including Phenoclor in France, Kanechlor in Japan, Sovol in Russia, Fenchlor in Italy, Chlorfen 

in Poland and Aroclor in the United Kingdom and United States) (U.S. EPA 1979). Due to 

several of their chemical properties, which will be discussed herein, they were used for a wide 

variety of industrial purposes. 

 Although it is unlikely that an exhaustive, conclusive inventory of PCB production will 

ever be conducted, it is estimated that 1 million tons of PCBs were produced globally (Rossberg 
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et al. 2000). The United States [where the Monsanto Corporation was the sole producer of PCBs 

(Markowitz and Rosner 2018)] is responsible for more than half of this global total, with Europe 

following as a close second. While difficult to accurately determine, estimates derived from 

contamination in soil (3.3-3.4 mg/kg), buildings (10,000-26,200 mg/kg) and air (24 pg m−3) 

suggest that nearly half of this total remains in the environment (Hu, Martinez, and Hornbuckle 

2008; Herrick, Lefkowitz, and Weymouth 2007; Herrick, Stewart, and Allen 2016; Hu et al. 

2010). Moreover, “non-legacy” PCBs, which are not intentionally manufactured as Aroclor 

compounds, are found as a byproduct of commercial paint production, rendering these toxic 

anthropogenic compounds prevalent and persistent contaminants of manmade and natural 

environments (Rodenburg et al. 2010; Hu and Hornbuckle 2010). 

Polychlorinated biphenyls: Uses 

PCBs, formed after chlorination of the biphenyl molecule using a ferric chloride catalyst 

(Penning 1930), were used extensively in commercial and industrial applications, most widely 

for insulating fluids for transformers and capacitors. Their discovery was motivated by the search 

for a flame-retardant fluid to utilize instead of flammable mineral oils, the use of which resulted 

in fatal fires. They were also used, along with other compounds, in a variety of other industrial 

purposes that the World Health Organization (WHO) categorized as: “completely closed 

systems,” “nominally closed systems,” and “open-ended applications” (Faroon et al. 2003). 

Completely closed systems, which constituted the majority of PCB usage, consist of electrical 

equipment like transformers and capacitors; “nominally closed systems” consist of hydraulic and 

heat transfer systems; and “open-ended” are primarily plasticizers (chlorinated rubber), but 

include many uses like inks, paints, adhesives, and dyes (Erickson and Kaley 2011).
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Polychlorinated biphenyls: Chemical properties and biological activity 

The industrial value of PCBs is linked primarily to their chemical stability. Specifically, the high 

thermal conductivity and flash point, low vapor pressure at room temperature, and resistance to 

degradation, made PCB-mixtures useful for a range of purposes, including coolants for 

capacitors and plasticizers (Hansch et al. 1973; Hawker and Connell 1988; Falconer and 

Bidleman 1994). The properties that rendered PCBs most useful in industrial capacities dually 

render them as potent and powerful environmental toxicants. 

 Commercially manufactured PCB mixtures (Aroclor, Kaneclor and Phenoclor, for 

example) consist of different PCB congeners. These congeners differ in both the degree of 

chlorination, ranging from one to ten chlorine substitutes, and in the location of chlorine atoms. 

In the United States, Aroclor compounds were named to reflect the percentage of chlorine by 

mass (chemical structures of several congeners can be found in Table 1). Aroclor 1254, one of 

the most widely used PCB mixtures is 54% chlorine by mass. The PCB congeners that comprise 

Aroclor mixtures are numbered according to the Ballschmiter and Zell system (BZ system; 1980) 

that numbers over 200 different congeners. In the BZ system, PCB congeners are organized in 

ascending IUPAC hierarchical order and numbered from 1-209. 

 The degree of chlorination confers several properties important for interactions with 

biological organisms that contribute to determining toxicity and bioaccumulation. Physical 

properties such as boiling point, specific gravity, and viscosity increase with additional chlorine 

substitutes, whereas both vapor pressure and water solubility decrease (Harner and Bidleman 

1996; Hawker and Connell 1988; Falconer and Bidleman 1994; Hansch et al. 1973). With 

respect to degradation, these properties render the higher chlorine compounds particularly 
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resistant to bio-thermal and chemical degradation (in addition to their hallmark flame 

retardancy). 

As PCBs are transported through air, land, and water, there are numerous routes of 

human exposure, including inhalation and consumption. One of the properties related to the 

degree of chlorination is lipophilicity. Lipophilicity can be measured by the octanol-water 

partition coefficient (log Kow), which represents the ratio of concentration of a solute between a 

polar and non-polar solvent. A lipophilic (hydrophobic) compound will have a log Kow of >1; the 

log Kow of Aroclor 1254 is approximately 6 (with variations based on the congener profile) 

(Linkov et al. 2005; Hawker and Connell 1988). Importantly, the brain penetrance of a 

compound increases with its log Kow value. As a result of these properties, PCBs readily 

penetrate the BBB and enter the CNS, where they accumulate and can be detected post-mortem 

(Hatcher-Martin et al. 2012; Mitchell et al. 2012; Saghir 2000). 

The location of chlorine substitutes on the biphenyl ring allows for a dichotomous 

classification system, creating a delineation between ortho-substituted and non-ortho-substituted 

PCB congeners. As a result of the rotational constraints that large chlorine atoms place around 

the double-bond between phenyl rings, non-ortho-substituted congeners are flat, coplanar 

molecules. Thus, these congeners with chlorine substitutes in the 3, 3’, 5 or 5’ (meta) or 4 or 4’ 

(para) positions, are termed “dioxin-like” for their canonical ability to agonize the aryl 

hydrocarbon receptor (AHR), which regulates gene expression in response to the detection of 

xenobiotic compounds (McFarland and Clarke 1989; Safe et al. 1985). In contrast, ortho-

substituted congeners are non-coplanar molecules have no known binding affinity to AHR and 

are accordingly termed “non-dioxin-like”. Non-dioxin-like congeners are associated with 

neurodevelopmental toxicity and attention-deficit/hyperactivity disorder (Pessah et al. 2019; 
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Jacobson and Jacobson 1997; Winneke, Walkowiak, and Lilienthal 2002; Park et al. 2010; 

Verner et al. 2015; Eubig, Aguiar, and Schantz 2010). 

The differences in binding affinity of dioxins and dioxin-like compounds to AHR 

partially dictates the toxicity of these molecules. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), 

also known as “dioxin,” is a contaminant in “Agent Orange,” which was used a defoliating agent 

during the Vietnam War. Exposure to dioxin (specifically in veteran populations) is associated 

with increased risk of several diseases, including cancers, Parkinson’s disease and type 2 

diabetes (National Academies of Sciences 2018). Recently, in a study of more than 300,000 US 

veterans from the Vietnam era, those exposed to Agent Orange were twice as likely to receive a 

dementia diagnosis (Martinez et al. 2021). 

Polychlorinated biphenyls: In the central nervous system 

From both human studies and experimental models, it is known that the brain is vulnerable to the 

detrimental outcomes of PCB exposure. Neurologic deficits, such as impaired cognitive function, 

are robustly associated with PCB exposure (Boucher, Muckle, and Bastien 2009; Schantz, 

Widholm, and Rice 2003; Ulbrich and Stahlmann 2004); though less robust, there is also 

increased risk for Parkinson’s disease with PCB-exposure (Corrigan et al. 1998; Hatcher-Martin 

et al. 2012). In post-mortem human studies, significantly higher concentrations of PCB-153, -180 

as well as total PCBs were found in PD patients compared to controls, and dietary intake of 

PCBs was found to be higher in PD patients than in controls (Corrigan et al. 1998; Hatcher-

Martin et al. 2012; Petersen et al. 2008). In non-human primate models, PCBs induce oxidative 

damage in the neurons of the midbrain dopaminergic system implicated in PD pathogenesis 

(Seegal, Bush, and Brosch 1994). In rodent models, PCB exposure results in several hallmarks of 

PD, including a significant reduction in dopamine uptake in rat synaptosomes and in striatal 
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dopamine levels in mice after a single exposure to Aroclor (Richardson and Miller 2004; 

Mariussen and Fonnum 2001). Overall, these studies suggest that dopaminergic neurons, which 

degenerate in Parkinson’s disease, are vulnerable to PCBs. 

Importantly, at the time of this dissertation’s writing, our understanding of how PCBs 

impact other cells in the brain is lacking. Within the CNS, neuronal and glial cells coordinate the 

homeostatic regulation that takes place at the system, cellular, and molecular level. As such, it is 

critical that we understand the role of glia in the response to environmental toxicants. 

Chlorpyrifos, dieldrin and trichloroethylene 

In addition to PCBs, several other organochlorines are associated with PD including: 

chlorpyrifos, dieldrin, and TCE. Chlorpyrifos is a neurotoxic chlorinated organophosphate 

insecticide still widely used at the time of this dissertation. Several studies have found 

associations between chlorpyrifos exposure and decreases in full-scale IQ and working memory, 

as well as autism spectrum disorder and structural changes in the brain (V. A. Rauh et al. 2012; 

V. Rauh et al. 2011; Bouchard et al. 2011; Shelton et al. 2014). Chlorpyrifos performs its 

insecticide function through contact, inhalation, or ingestion and causes neurotoxicity by 

inhibiting acetylcholinesterase, which in turn increases the half-life of the neurotransmitter, 

acetylcholine, leading to hyperactivity and overstimulation-induced cell death. Additionally, 

chlorpyrifos exposure causes disruption of the BBB, impairment of molecular pathways, neural 

proliferation and differentiation (X. Wu et al. 2017). Relevant to this dissertation, astrocytes have 

been shown to be neuroprotective against chlorpyrifos exposure using a human pluripotent stem 

cell-derived astrocyte population. Specifically, this neuroprotection (in the form of neurite 

outgrowth) appears to be conferred through engagement of the astrocytic P450 system (X. Wu et 

al. 2017). 
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Dieldrin (1,2,3,4,10,10-hexachloro-6,7-epoxy-1,4,4a,5,6,7,8,8a-octahydro-endo,exo-

1,4:5,8-di-methanonaphthalene [HEOD]) was extensively used (second in usage to dichloro-

diphenyl-trichloroethane [DDT]) in agriculture throughout the United States as a pesticide until it 

was banned by the US EPA in 1987 (Jorgenson 2001; U.S. EPA 1990). A 1981 analysis of breast 

milk from 1,436 U.S. women found that over 80% of the samples had levels of dieldrin above 

the detection limit (1 part per billion [ppb]) (Savage et al. 1981), indicating the profound impact 

of this toxicant on humans. Whether there is a direct causal relationship between dieldrin 

exposure and PD remains unclear, however, studies have found detectable levels of dieldrin in 

PD brains but not in control brains (Corrigan et al. 1998; Corrigan, French, and Murray 1996) 

and selective impairment of dopaminergic systems in several animal models (reviewed in 

(Kanthasamy et al. 2005)). 

TCE is an anthropogenic organic solvent used for a variety of purposes including: dry 

cleaning, paint production, degreasing and as an anesthetic (Bakke, Stewart, and Waters 2007). 

TCE exposure is linked to PD in small cohorts, most notably in a study of factory workers where 

the workers closest to the source developed PD and those who worked farther away had 

parkinsonian motor symptoms (Gash et al. 2008). Like the other organochlorines discussed, TCE 

has been shown to cause cell death of dopaminergic neurons of the midbrain in animal models 

(Guehl et al. 1999) and is implicated as a mitochondrial toxicant, specifically with respect to 

complex I (NADH:ubiquinone oxidoreductase) activity ((Hall, Kirtland, and Baum 1973; 

Sauerbeck et al. 2012); reviewed in (De Miranda and Greenamyre 2020)). In 2017, the EPA 

proposed a ban on TCE under the Toxic Substances Control Act (TSCA); at the time of this 

writing, the enactment of this ban remains delayed due to continued risk assessment evaluation 

(US EPA 2017).
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Gene-environment interactions in Parkinson’s disease 

The etiology of many neurodegenerative diseases is understood to be multifactorial, involving a 

deleterious confluence of genetic and environmental influences (Bossy-Wetzel, 

Schwarzenbacher, and Lipton 2004; Fleming 2017). For the majority of neurodegenerative 

diseases, including Alzheimer’s disease (AD) and PD (the two most prevalent neurodegenerative 

diseases (Ferri et al. 2005; GBD 2016 Parkinson’s Disease Collaborators 2018)), the number of 

sporadic cases (90-95%) far outnumber the familial (5-10%) (Lesage and Brice 2009; St George-

Hyslop et al. 1987; Klein and Westenberger 2012). This has led to gene-environment hypotheses 

which propose, broadly, that the compounding risk of exposure to environmental stressors and 

genetic vulnerabilities coalesce over the lifetime to result in late-life disease (Maguire-Zeiss, 

Short, and Federoff 2005; Cannon and Greenamyre 2011). In addition to organochlorines, 

several other classes of environmental toxicants are associated with PD, including: pesticides 

(paraquat, for example (Semchuk, Love, and Lee 1992)), metals (such as manganese), 

organophosphates (Bhatt, Elias, and Mankodi 1999), and rotenoid derivatives (Nicklas, Vyas, 

and Heikkila 1985). Importantly, oxidative stress is involved either directly or indirectly in the 

mechanism of action for all of these toxicants. 

In the context of PD, accumulation of α-synuclein has been linked to both sporadic and 

familial forms of PD (Singleton et al. 2003). The neuropathologic characteristics of PD include 

cell death of dopaminergic neurons of the substantia nigra pars compacta and neuronal inclusions 

comprised of α-synuclein that are called Lewy bodies (Dickson 2012). Importantly, 

multiplication of the gene for α-synuclein, SNCA, lowers the age of PD onset and results in 

exacerbated pathology (Simón-Sánchez et al. 2009; Satake et al. 2009; Brockmann et al. 2013). 

These findings spurred extensive, ongoing research regarding the interplay of α-synuclein and 
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PD pathogenesis and represent one category of genes implicated in gene-environment 

interactions. In Chapter 8, we investigate synuclein as one factor in a dual-hit hypothesis of 

astrocytic dysfunction. 

Astrocytes 

It is increasingly appreciated that astrocytes play an important role in the pathophysiology of 

CNS disorders and diseases, ranging from developmental to neurodegenerative (Liddelow and 

Barres 2017). Through their homeostatic, antioxidant, and metabolic functions, astrocytes are 

critical for the maintenance of lifelong brain health. 

Figure 1.3. Astrocytic metabolic pathways at the blood-brain barrier and synapse.  
Schematic illustrating metabolic interactions between astrocytes (green) and blood vessels (red) 
and neurons (blue). Astrocytic endfeet ensheathing the vasculature uptake glucose (Glc) from 
blood vessels through glucose transporter-1 (GLUT1). Glucose is utilized both as a substrate for 
glycolysis, resulting in the production of pyruvate, or stored as glycogen (Glyc). Some of this 
pyruvate is converted into lactate by lactate dehydrogenase isoenzyme A (LDHA), an 
oxidoreductase, which is released into the extracellular matrix via monocarboxylate (MCT) 
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transporters and taken up by neurons through the same transporters. Glutamate (Glu) is released 
from presynaptic excitatory neurons during neurotransmission into the synaptic cleft, where excess 
glutamate is taken up by perisynaptic astrocytic processes (PAPs) via Na+-dependent excitatory 
amino acid transporters (EAATs). In astrocytes, Glu is converted to glutamine (Gln) by glutamine 
synthetase (GS). Gln is utilized by phosphate-activated glutaminase (PAG) in neurons to 
synthesize Glu, which is then transported into vesicles for synaptic release. Glutamate is also 
converted to a-ketoglutarate by glutamate dehydrogenase or aspartate aminotransferase for 
metabolism in the tricarboxylic acid (TCA) cycle (not pictured). Finally, Glu is converted to 
glutathione (GSH) through two consecutive adenosine triphosphate (ATP)-consuming reactions, 
involving the ligation of Glu and cysteine by γ-glutamylcysteine synthetase (GCS) to form γ-
CysGly, which is subsequently converted to GSH by glutathione synthetase (GSS). Astrocytes 
release GSH, which is cleaved by ectoenzymes to form CysGly, the precursor for neuronal GSH 
synthesis.  

Synaptic astrocytes 

Astrocytes have disparate functions and morphologies both throughout development and in 

different anatomical regions of the adult brain. While it is clear that heterogeneity exists in 

astrocytic properties across developmental trajectories and anatomical regions, evidence suggests 

that, throughout the brain astrocytes maintain homeostasis through several antioxidant functions 

and metabolic processes (Bélanger, Allaman, and Magistretti 2011; Chai et al. 2017). Astrocytic 

lineage is from the ectoderm and, once mature and fully branched, these complex cells can form 

connections with approximately 2 million synapses (Han et al. 2013). In all brains, regardless of 

health, injury or age, astrocytes monitor the microenvironment and work toward homeostasis by 

promoting neuronal health and function through several unique functions (Verkhratsky et al. 

2019). Astrocytes in vivo are coupled in syncytia, enabling these cells to rapidly transmit 

information across large distances through gap junctions. Populations of protoplasmic astrocytes 

form functional regions with the gray matter, where astrocytes in a syncytium form “tiles” that 

serve to segregate neurons and constitute a functional parcellation of brain regions (Halassa et al. 

2007). 
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The “tripartite synapse” is comprised of pre- and postsynaptic neurons in close contact 

with synaptic astrocytes, supporting the idea that astrocyte location facilitates these unique 

macroglial functions (Araque et al. 1999). The linkage of the perisynaptic astrocytic “tip” 

processes that ensheathe synapses is dynamically regulated in an activity-dependent manner 

(Bernardinelli, Muller, and Nikonenko 2014), such that not all synapses are encapsulated by 

astrocytes invariably throughout development and maturation. Perisynaptic astrocytes express 

several classes of transporters and receptors that are vital for proper neurotransmission, 

clearance, and ionic homeostasis (Olsen et al. 2015). These include: metabotropic and ionotropic 

glutamate receptors, potassium transporters, and glutamate transporters, which are enriched on 

the astrocytic processes contacting synapses (Djukic et al. 2007; Murphy-Royal et al. 2020). 

Following neuronal firing and the release of neurotransmitters, perisynaptic astrocytes 

release stores of intracellular calcium as a result of metabotropic neurotransmitter receptor 

activation, upstream of inositol 1,4,5-triphosphate receptor (IP3R) signaling (Bazargani and 

Attwell 2016; Otsu et al. 2015). This intracellular calcium release is thought to trigger astrocytic 

glutamate release, which can affect neighboring cells, as well as the insertion of glucose 

transporters into the membrane to increase glucose availability in response to neuronal demand 

(Parpura et al. 1994; Pellerin and Magistretti 1994; Loaiza, Porras, and Barros 2003). Increased 

intracellular calcium precipitates the release of several glial factors (including ATP, D-serine, 

and glutamate); this bidirectional interplay positions astrocytes in a synapto-modulatory role 

(Papouin et al. 2017). 

One example of this synaptic modulation in the form of metabolic coupling is the 

glutamate-glutamine cycle, whereby astrocytes utilize glutamate transporters to uptake this 

synaptic neurotransmitter then convert glutamate into glutamine which is released for neuronal 
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glutamate synthesis (Tani et al. 2014). The lactate shuttle is another example of this coupling 

machinery (Pellerin et al. 1998). Briefly, the lactate shuttle occurs when glutamate released by 

neurons during synaptic activity is taken up by astrocytes and stimulates the production of lactate 

from glucose. Astrocytic lactate is then released and taken up by nearby neurons wherein it is 

used to produce ATP, further fueling synaptic activity and closing the metabolic loop between 

glycolytic astrocytes and oxidative neurons (Fig 1.3). 

The coordination of astrocytic populations across synaptic boundaries permits rapid 

information transfer and concurrent processes within the astrocytic syncytia, which can be in 

contact with an estimated 600 dendrites and 100,000 synapses (Halassa et al. 2007). The 

metabolic processes, including the glutamate-glutamine cycle and lactate shuttle, triggered by 

synaptic transmission are examples of how neuronal function is linked to astrocytic metabolism 

(Fig 1.3) (Bélanger, Allaman, and Magistretti 2011). Moreover, this rapid system of information 

transfer is theorized to connect synaptic astrocytes with those at the BBB, as astrocytic 

intracellular calcium increases form the mechanistic basis for functional hyperemia, wherein 

neural activity is accompanied by increased blood flow (Gordon, Mulligan, and MacVicar 2007; 

Tran, Peringod, and Gordon 2018). 

Perivascular astrocytes 

Partially due to their position at the BBB and at synapses, astrocytes are uniquely situated to link 

neuronal firing to the vasculature. The brain capillary endothelial cells forming the BBB are 

comprised of tight junctions that regulate the passage of peripheral solutes into the CNS. Here, 

astrocytic endfeet abutting the vasculature work in concert with other cell types (including 

neurons and pericytes, in addition to endothelial cells) to form the neurovascular unit and 

regulate CNS access as part of this homeostatic interface (Harder, Zhang, and Gebremedhin 
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2002; Hawkins and Davis 2005; Iadecola 2017). This positioning allows astrocytes to coordinate 

neuronal signaling with blood flow, as the short distance (8-20 µm) between neurons and 

capillary-forming endothelial cells is traversed by astrocytic endfeet (Schlageter et al. 1999). In 

this way, a bidirectional system is formed whereby the astrocytic response to neuronal activity 

results in vasodilation and increases in cerebral blood flow. The mechanism for this vasodilation 

is theorized to be through release of metabolites of arachidonic acid (including 

epoxyeicosatrienoic acids [EETs] and prostaglandin E2 [PGE2] via the cyclooxygenase and 

cytochrome p450 pathways, respectively) (Attwell et al. 2010; Zonta et al. 2003). Through this 

coupling, astrocytes play an important role in both the formation, maintenance and repair of the 

BBB as well as the coordination of neuronal signaling and cerebral blood flow (Abbott, 

Rönnbäck, and Hansson 2006). 

Importantly, perivascular astrocytic endfeet express the transmembrane water channel, 

Aquaporin-4 (AQP4), which is organized into orthogonal arrays of particles (OAPs) and 

anchored to the endfoot in an agrin-dependent manner. AQP4 plays an important role in CNS 

water homeostasis and its function is critical both during normal and recovery processes, such as 

during edema (Amiry-Moghaddam and Ottersen 2003). Through its water transport function, 

AQP4 is linked to glutamate reuptake as the astrocytic sodium-dependent glutamate transporters 

(GLTs; EAATs) necessitate the coupling of glutamate to both sodium and water molecules 

(MacAulay, Hamann, and Zeuthen 2004). Furthermore, there is down-regulation of glutamate 

transporter-1 (GLT-1) in AQP4-knockout mice concurrent with decreased cellular glutamate 

toxicity (X. N. Zeng et al. 2007) suggesting broader astrocytic impairment and cross-talk 

between these processes.  
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Both glial and BBB dysfunction are associated with manifold diseases and disorders 

including: stroke, traumatic brain injury, multiple sclerosis, epilepsy, Parkinson’s and 

Alzheimer’s disease (reviewed in (Rodríguez-Arellano et al. 2016; Pekny, Wilhelmsson, and 

Pekna 2014; Burda, Bernstein, and Sofroniew 2016)). As perivascular astrocytes are critical for a 

functioning BBB, in part due to their role in the neurovascular unit and their expression of 

AQP4, understanding the role of astrocytic dysfunction in the pathology of neurodegenerative 

diseases is essential for advancement. Importantly, AQP4 is a major component of the 

glymphatic clearance pathway which, like the eponymous lymphatic system, removes waste 

from the CNS. There is evidence that this clearance consists of bulk flow (a result of arterial 

pulsations) that drives an exchange between cerebrospinal fluid (CSF) and interstitial fluid (ISF) 

and ultimately results in drainage of waste products in the perivascular space (Rasmussen, 

Mestre, and Nedergaard 2018; Abbott et al. 2018). With respect to neurodegenerative diseases 

that involve protein aggregates (such as Alzheimer’s and Parkinson’s disease), it is hypothesized 

that this glymphatic clearance is impaired with aging and that this impairment contributes to 

aberrant protein accumulation (Iliff et al. 2012, 2013; Rasmussen, Mestre, and Nedergaard 

2018). 

Astrocytic metabolism: Glucose 

The CNS primarily relies on glucose for energy and consumes approximately 20% of the body’s 

glucose, despite being merely 2% of the body’s mass. The reliance of the CNS on oxidizing 

glucose for energy contributes to the brain’s comparatively high vulnerability to oxidative stress 

(reviewed in (Salim 2017)). The majority of the time, glucose in the CNS is metabolized through 

the same pathways as other organ systems including TCA activity, glycolysis, and the pentose 

phosphate pathway, as well as glycogenesis, which is specific to astrocytes in the CNS (Fig 1.3). 
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The many metabolic intermediates (including lactate and glutamate) formed by these processes 

serve as energy reserves too. Importantly, CNS glucose functions as the biosynthetic precursor 

for several neurotransmitters, like glutamate and γ-aminobutyric acid (GABA), as well as 

molecules like aspartate and glutathione that are involved in many cellular processes (Bélanger, 

Allaman, and Magistretti 2011). When glutamate, the main excitatory neurotransmitter, is 

released from neurons glycolysis is triggered in nearby astrocytes (Pellerin and Magistretti 

1994), providing further evidence for the bidirectional metabolic coupling between neural 

activity and astrocytic glucose utilization. 

The disparity between the concentration of CNS capillary blood glucose, approximately 

3-6 mM, and the concentration of glucose in the parenchyma, 0.5-1 mM suggests that the 

astrocytic processes wrapping around the vasculature are important for glucose uptake and entry 

into the parenchyma, specifically through GLUT1 (Dienel 2019; Loaiza, Porras, and Barros 

2003). This finding supports the idea that the cytoarchitectural proximity of astrocytes to neurons 

is critical for neuronal support as, even though astrocytes require much less glucose than neurons 

to support their physiological function, they are positioned to be the first receivers of this 

energetic substrate (Bélanger, Allaman, and Magistretti 2011). The GLUT1 transporter 

represents a mechanism by which astrocytes respond to metabolic stress and meet the demands 

of glutamate clearance in the astrocyte-neuron metabolic interface (Loaiza, Porras, and Barros 

2003). 

Astrocytic metabolism: Glycogen 

While neurons express the enzymes necessary to metabolize glycogen, neuronal glycogen 

storage chiefly occurs under pathological conditions (Cataldo and Broadwell 1986; Sinadinos et 

al. 2014; Duran and Guinovart 2015; Vilchez et al. 2007). Glycogen in the brain is 
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predominantly in astrocytes and approximately 40% of CNS glucose is metabolized into 

glycogen by these cells (Brown and Ransom 2007). The inability of neurons to store glycogen 

leaves astrocytes as the primary supplier of glycogen-derived lactate and pyruvate during periods 

of exceptionally high metabolic demand such as memory formation (Brown and Ransom 2015; 

Gibbs, Anderson, and Hertz 2006). The metabolism of glycogen, a short-term reserve for glucose 

production, is also important for astrocytic potassium and glutamate uptake. Astrocytes increase 

their glycolytic capacity in response to certain forms of injury, like hypoxia and hypoglycemia, 

and during periods of higher brain activation (Bakken et al. 1998; Marrif and Juurlink 1999; 

Kasischke et al. 2004). The latter occurs when neurons have depleted their metabolic energy 

reserves and astrocytes compensate using their glycolytic capacity (Brown and Ransom 2015). 

Astrocytic antioxidant responses: Nrf2 

It is well-understood that the health and function of neurons is tightly linked to that of astrocytes. 

This is manifest in the robust metabolic exchange between neurons and astrocytes mentioned 

previously; further examples of which include: glutathione redox, glucose uptake, ion recycling, 

and lipid transport (Ioannou et al. 2019; Dringen and Hirrlinger 2003; Bélanger, Allaman, and 

Magistretti 2011; Verkhratsky et al. 2019) When environmental toxicants penetrate the BBB, 

astrocytic endfeet abutting the vasculature place these cells as the primary defense against 

xenobiotic penetrance into the CNS. 

Referred to as the “master regulator” of antioxidant genes, the transcription factor nuclear 

factor erythroid 2-related factor 2 (Nrf2) is an important component of cellular responses to 

oxidative stress. Under basal conditions, Nrf2 levels are low because this protein is bound in the 

cytoplasm both by its negative regulator, Kelch-like erythroid cell-derived protein (Keap 1) and 

by Cullin 3 which ubiquitinates Nrf2 leading to rapid degradation. When cells experience 
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oxidative stress, the Keap1-Cullin 3 interactions are disrupted leading to an increase in cytosolic 

Nrf2, which is subsequently translocated to the nucleus, where it binds to the cognate antioxidant 

response element (ARE) in the upstream promoter region of many antioxidant genes. 

Transcription of these cytoprotective genes initiated by Nrf2 has significant positive 

consequences in protecting cells, including astrocytes, from highly reactive peroxides, quinones, 

heme, and xenobiotic electrophiles (reviewed in (Vargas and Johnson 2009)). 

Pertinent to this dissertation, astrocytes exhibit a robust Nrf2-mediated response to 

oxidative stressors (reviewed in (Liddell 2017)). Since astrocytes are the most abundant glial cell 

and are in intimate contact with other glial cells, endothelial cells, and neurons, this quick 

antioxidant response to both endogenous and exogenous oxidative stressors is critical for brain 

health. It is interesting to consider that during normal aging, transcriptomic and epigenetic 

studies report that glial cells are in a more inflammatory state (Lu et al. 2004). 

While in humans this is merely a correlation, rodent studies show that the antioxidant 

ARE-mediated response is impaired with age (Boisvert et al. 2018; Kubben et al. 2016). 

Furthermore, Nrf2 knockout mice exhibit widespread astrogliosis and transcriptomes that mirror 

aging mice (Rojo et al. 2017). The specific changes ascribed to astrocytes suggest that these cells 

adopt a more robust A1-reactive phenotype, for example aged astrocytes express more 

complement C3, a protein important for complement-mediated synaptic loss (Clarke et al. 2018). 

Taken together and reviewed in detail elsewhere (Palmer and Ousman 2018), aged astrocytes 

display aberrant responses to signals (i.e., cytokines and chemokines) from other CNS cells (i.e., 

neurons, microglia and endothelial cells) and have a diminished capacity to maintain CNS 

homeostasis. 
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Early evidence for this pathway’s involvement in neurodegenerative disease was found in 

post-mortem PD brain tissue, where increases in ARE-genes are apparent (Schipper, Liberman, 

and Stopa 1998). For example, nicotinamide adenine dinucleotide phosphate (NADPH) quinone 

dehydrogenase-1 (NQO1), heme oxygenase-1 (HO1), and GPXs are elevated in PD post-mortem 

brains and are highest in regions particularly affected in this disorder (Van Muiswinkel et al. 

2004; Schipper, Liberman, and Stopa 1998; Power et al. 2002). Furthermore, nuclear 

accumulation of Nrf2 is more apparent in the substantia nigra of PD brains when compared with 

brains from normal, AD, and Lewy body variant of AD subjects (Ramsey et al. 2007). However, 

the post-mortem story is not clear-cut as other studies demonstrate that some ARE genes like 

glutathione peroxidase (GPx)-1 show increased expression in microglia but not in neurons or 

astrocytes (Power and Blumbergs 2009) while nonselenium GPx is increased in PD and 

dementia with Lewy body disease astrocytes (Power et al. 2002). 

Nearly all neurodegenerative disorders have an inflammatory component and generate a 

microenvironment that is known to promote an A1-astrocyte phenotype, which is perpetuated by 

surrounding glia. A normal homeostatic astrocyte response to an inflammatory stimulus includes 

increased GSH release but Oksanen et al., using presenilin 1 (PSEN1) mutant AD patient 

induced pluripotent stem cell (iPSC)-derived astrocytes, demonstrated that diseased astrocytes do 

not increase GSH release (Oksanen et al. 2020). This group also showed that increasing the Nrf2 

pathway by lentiviral overexpression of Nrf2, or the use of a naturally occurring isothiocyanate, 

incited an anti-inflammatory and anti-oxidative response in the AD astrocytes (Oksanen et al. 

2020). Together this work supports that augmentation of the antioxidant response is a potential 

therapeutic target for neurodegenerative disorders. In fact, the Nrf2 pathway is a druggable target 

with a number of activators under clinical and preclinical investigation including dimethyl 
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fumarate and sulforaphane (reviewed in (Cuadrado et al. 2019)) for disorders like multiple 

sclerosis, Friedreich’s ataxia, amyotrophic lateral sclerosis (ALS), and PD. 

Astrocytic xenobiotic response: Glutathione 

Glutathione, the most abundant non-protein thiol in mammalian cells, is a soluble tripeptide 

(synthesized from glutamate, cysteine and glycine) antioxidant molecule, the reduced 

nucleophilic form (GSH) of which is typically kept in large cytosolic reserves to be readily 

oxidized in the presence of reactive oxygen species (ROS) to form glutathione disulfide (GSSG). 

Glutathione synthesis is dependent on the consecutive action of two ATP-consuming reactions: 

in the first, rate-limiting step, glutamate-cysteine ligase (GCL) conjugates glutamate and cysteine 

to form γ-glutamylcysteine (γGluCys); in the second step, GSH synthase (GSS) ligates γGluCys 

to glycine to form GSH (Fig 1.3). 

Intracellular GSH acts as an ROS scavenger and, in the process of deactivating oxidants 

and radicals, generates GSSG. As such, the ratio of GSSG:GSH is a metric of oxidative stress 

and cellular health. The detoxification actions of GSH act through several mechanisms, including 

reduction of hydrogen peroxide (H2O2) to water (H2O) and direct conjugation of certain 

xenobiotic compounds for detoxification. The major antioxidant function of the glutathione 

system consists of the reduction of peroxides, which is catalyzed by GPx, during which GSH is 

oxidized to form GSSG. To complete the redox cycle, GSSG is reduced back to form GSH using 

an electron from NADPH (Fig 1.3). The glutathione system utilizes glutathione S-transferases to 

form glutathione S-conjugates to detoxify xenobiotics, which are then exported from the cell 

through multidrug resistance proteins (MRPs). The astrocytic glutathione systems have been 

extensively studied and reviewed by Ralf Dringen and Johannes Hirrlinger (Dringen and 

Hirrlinger 2003; Hirrlinger and Dringen 2010; Dringen et al. 2015). 
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The majority of mammalian cells have cytosolic GSH concentrations of approximately 1-

2 mM, with high concentrations of 10 mM in hepatocytes, which are known to export GSH 

(Forman, Zhang, and Rinna 2009). Primary astrocytes have intracellular GSH concentrations of 

8-10 mM which places them amongst the highest concentrations for mammalian cells and the 

highest for brain cells (Raps et al. 1989; Dringen and Hirrlinger 2003; Yudkoff et al. 1990). 

Glutathione dysregulation has been implicated in the context of several neurodegenerative 

diseases. In PD, glutathione depletion in the substantia nigra is one post-mortem pathological 

sign (Sofic et al. 1992); in AD, where oxidative stress is one of the causative factors implicated 

in disease pathogenesis, peripheral lymphocytes have decreased GSH and increased GSSG levels 

(V. Calabrese et al. 2007). Furthermore, dysfunction in the glutathione system is linked to 

disruption of many cellular pathways implicated in neurodegenerative disease pathogenesis, 

including protein aggregation and mitochondrial dysfunction. 

Present study 

The research presented and discussed here aims to address the current gap in knowledge 

regarding the impact of PCBs on astrocytes, with a specific focus on astrocytic metabolism. The 

background information discussed in this chapter provides the scientific premise for the 

presented research. 

To this end, I analyzed data from ToxCast to query mechanistic commonalities between 

PCBs and other organochlorines in this large dataset (Chapter 3: ToxCast analysis of 

organochlorine compounds). I researched the impact of PCBs in primary astrocytes exposed to 

PCBs, in the form of Aroclor 1254, and investigated: oxidative stress (Chapter 4: Astrocytic 

oxidative stress in response to Aroclor 1254 exposure), the antioxidant response (Chapter 5: 

Upregulation of antioxidant genes in astrocytes in response to PCB exposure), and metabolism 
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(Chapter 6: PCBs alter astrocytic metabolism). Additionally, I probed for PD and astrocytic 

genes in PCB-exposed zebrafish (Chapter 7: Toxicity-induced malformations and altered gene 

expression in PCB-exposed zebrafish) and investigated the hypothesis that PCBs and α-synuclein 

function as dual hits in inciting astrocytic dysfunction (Chapter 8: The dual impact of synuclein 

and PCBs on astrocytes). Finally, in Chapter 9, I contextualize these findings within the larger 

scientific literature of the effects of environmental toxicants on the brain and propose future 

experiments to address outstanding questions. Together, the work presented herein demonstrates 

that PCB exposure results in oxidative stress and an antioxidant response in astrocytes and 

suggests engagement of metabolic pathways at a low dose exposure. Analyses of human cell 

lines exposed to organochlorines as part of the ToxCast database and in vivo zebrafish studies 

suggest common facets of the cellular response to these compounds. Overall, this data 

underscores the importance of astrocytic responses to toxicants to inform our understanding 

disease etiopathogenesis and in interpreting and translating in vitro work. 
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CHAPTER 2: METHODS AND MATERIALS 

Curated interaction and gene ontology analysis 

All of the curated gene, compound and disease comparisons in the Comparative Toxicogenomics 

Database (CTD) are publicly available (Davis et al. 2021). The comparisons shown here were 

conducted with data downloaded on February 7, 2019. For analysis of gene-disease and gene-

gene ontology association (Fig 1.2 and Fig 5.1), the following Medical Subject Heading (MeSH) 

IDs were used: Parkinson’s disease (D010300) and PCBs (D011078). The gene ontology (GO) 

name for antioxidant activity used was 16209. A dataset was created including the inferred gene 

associations were for D010300 (PD) and D011078 (PCBs) and the curated gene associations for 

antioxidant activity (GO: 16209). This dataset of genes was then analyzed using the MyVenn 

tool to identify overlapping genes, resulting in a list of 54 genes with known antioxidant activity 

and inferred associations with PD and PCBs (Table 3). 

Using the Human Protein Atlas (http://www.proteinatlas.org), the normalized expression 

in human cortex and mouse cerebral cortex were identified. The human data is derived from 

combined data from 74 human tissues across the GTEx, FANTOM5 and HPA datasets (Thul et 

al. 2017; Uhlen et al. 2015). The mouse data is derived from the HPA mouse brain RNA-seq 

dataset. The genes Hba1 and Ptgs2a were removed because they were redundant with other 

results (Hba-A1 and Ptgs2); Alba4 was removed because there was no available data for this 

gene on GeneCard.org. Within the table, the code data not found (DNF) refers to no data found 

on the human protein atlas, not assayed (NA) refers to data missing data for one species when 

there is data for another, not detected (ND) refers to a gene that was probed for but not detected 

in the set. 
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 Gene ontology analysis was performed on these 54 genes to identify the most enriched 

biological processes in Homo sapiens using the Gene Ontology Consortium’s GO enrichment 

analysis (http://geneontology.org) (Gene Ontology Consortium 2021; Ashburner et al. 2000; Mi 

et al. 2019) to determine the specific oxidant species and antioxidant processes associated with 

both PD and PCBs. These data were analyzed using a Fisher’s Exact test with Bonferroni 

correction. The P-values for the most enriched (>100 fold enrichment) processes are: removal of 

superoxide radicals (p = 2.50 x 10-10), cellular oxidant detoxification (p = 9.73 x 10-97), cellular 

response to superoxide (p = 5.47 x 10-10), response to superoxide (p = 1.53 x 10-9), cellular 

response to oxygen radical (p = 5.4 x 10-10), response to oxygen radical (p = 1.51 x 10-11), 

hydrogen peroxide catabolic process (p = 8.63 x 10-19), glutathione derivative metabolic process 

(p = 2.74 x 10-13), cellular detoxification (p = 1.34 x 10-94), detoxification (p = 3.69 x 10-91), and 

the response to lipid hydroperoxides (p = 2.55 x 10-3). To identify curated gene-disease 

associations, the MeSH IDs for PCBs (D011078), trichloroethylene (D014241), and dieldrin 

(D004026) were analyzed. 

ToxCast and Tox21 analyses 

ToxCast level 3 data were accessed from the publicly available download files (U.S. EPA 2020). 

Data in level 3 have been processed such that the response values are normalized and represented 

as either percentage of control or fold-change from baseline. The normalization method 

employed for each assay is outlined in the figure legend. Below is a summary of each assay 

analyzed. 

Cellular viability 
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This assay (ToxCast assay name: TOX21_RT_HEK293_FLO_24hr_viability) was performed on 

human HEK293 kidney cells after 24 h exposure to compounds at concentrations ranging from 

0.001 µM – 79.99 µM (National Center for Computational Toxicology 2019). 

Nrf2 target induction 

This assay (ToxCast assay name: ATG_NRF2_ARE_CIS_up) was performed on the human 

HepG2 liver cell line and was analyzed in the positive fitting direction relative to the negative 

control, dimethyl sulfoxide (DMSO). An inducible reporter measured mRNA signal of Nrf2-

regulated genes after 24 h exposure to compounds at concentrations ranging from 0.089 µM – 

199.99 µM (National Center for Computational Toxicology 2019). 

NFκB target induction 

This assay (ToxCast assay name: TOX21_NFkB_BLA_agonist_ratio) was performed on the 

ME-180 (human cervical) cell line and was analyzed in the positive fitting direction relative to 

the negative control (DMSO). Beta lactamase was used as an inducible reporter by which to 

detect NFκB gain-of-signal activity after 24 h exposure to compounds at concentrations ranging 

from 0.001 µM – 79.99 µM (National Center for Computational Toxicology 2019). 

AHR target induction 

This assay (ToxCast assay name: ATG_AHR_CIS_up) was performed on the human HepG2 

liver cell line and was analyzed in the positive fitting direction relative to the negative control, 

dimethyl sulfoxide (DMSO). An inducible reporter measured messenger RNA (mRNA) signal of 

Nrf2-regulated genes after 24 h exposure to compounds at concentrations ranging from 0.089 

µM – 199.99 µM (National Center for Computational Toxicology 2019). 
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MCP1 

This assay (ToxCast assay name: BSK_4H_MCP1_up) was performed on human umbilical vein 

endothelium cells (a primary vascular cell) and was analyzed in the positive fitting direction 

relative to the negative control, dimethyl sulfoxide (DMSO). An inducible reporter measured 

mRNA signal of CCL2 after 24 h exposure to compounds at concentrations ranging from 1 µM – 

39.99 µM (National Center for Computational Toxicology 2019) 

Mitochondrial membrane potential 

This assay (ToxCast assay name: TOX21_MMP_ratio_up) was performed on the human HepG2 

liver cell line and was analyzed in the negative fitting direction relative to the negative control, 

dimethyl sulfoxide (DMSO). Binding of a fluorescent membrane potential reporter was 

quantified after 24 h exposure to compounds at concentrations ranging from 0.001 µM – 89.99 

µM (National Center for Computational Toxicology 2019). 

ExpoCast database 

Exposure data was accessed via https://comptox.epa.gov/dashboard (date analyzed October 9th 

2020) and downloaded for each compound of interest. ExpoCast models predicted daily 

exposure by utilizing two models: Farfield and Nearfield exposure models. Briefly, Farfield 

Exposure Models predict the amount of chemical in the outdoor environment, such as in air, 

water and soil. Nearfield Exposure Models are used to model consumer products and chemicals 

that humans are exposed to inside (Wambaugh et al. 2013). The data shown represent predicted 

exposure in mg/body weight (kg) per day.  
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Animals 

Adult C57/Bl6J mice were bred and housed in accordance with the Georgetown University 

Institutional Animal Care and Use Committee and the ethical guidelines of the National 

Institutes of Health. Animals were housed for breeding with two females and one male per cage 

with food and water ad libitum and a 12 light/12 dark light cycle. 

Aroclor 1254 

Aroclor 1254 (11097-69-1, AccuStandard, #C-254S-M) was diluted from a stock concentration 

of 1000 µg/mL in methanol. For exposure, Aroclor 1254 was diluted in serum-free astrocyte 

medium to the appropriate concentration as noted. 

Preparation and misfolding of a-synuclein 

Human a-synuclein (SYN) was prepared as described in (Maguire-Zeiss et al. 2006) and was 

lyophilized and stored at -80°C. SYN was resuspended in TEN buffer (10 mM Tris-HCl, pH 7.5, 

1 mM ethylenediaminetetraacetic acid [EDTA], 20 mM NaCl) to a stock concentration of 1 

mg/mL. In order to induce misfolding, it was sonicated at 20 Hz (2 x 10 s sonication with 10 s 

rest) and incubated at 37°C with rotation at 1000 RPM for 5 days. This end product (referred to 

throughout the text as SYN), was confirmed to contain both oligomeric and monomeric species 

by native polyacrylamide gradient (3-12% Bis-Tris) gel electrophoresis. Antigen-antibody 

complexes were visualized using a PVDF membrane using the Syn211 clone antibody (0.2 

µg/mL, Thermo Scientific, MS-1572-PABX) on film (Amersham Hyperfilm ECL; General 

Electric Healthcare) after incubation with horseradish peroxidase (HRP)-conjugated goat anti-
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mouse secondary antibody (1:20,000, Chemicon) and Super Signal West Femto 

Chemiluminescent Substrate (Thermo Scientific, 34094). 

 

Figure 2.1. SYN contains both oligomeric and monomeric a-synuclein species. 
Representative Western blot analysis of native (non-denaturing) gel electrophoresis of SYN, which 
contains both oligomeric (250 kDa) and monomeric (16 kDa) α-synuclein species.  
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Primary murine astrocytes 

Dissection and culturing 

Primary astrocytes derived from C57/Bl6J mice were prepared as previously described (Daniele 

2014). In brief, brains were isolated from P0-P2 mice, meninges removed and cortices 

microdissected. Cortices were then minced in media (HBSS supplemented with 100 µg/mL P/S 

[penicillin/streptomycin]), allowed to settle, 2 mL of media removed, and cortices were 

resuspended in complete media (Minimum Essential Medium Earle’s [MEM] supplemented with 

1 mM L-glutamine, 1 mM sodium pyruvate, 0.6 % v/v D(+)-Glucose, 100 µg/mL P/S, 4% v/v 

fetal bovine serum [FBS], and 6% v/v horse serum), centrifuged, and resuspended again. The 

mixed glia were dissociated by gentle trituration and cultured in T-75 flasks in a humidified 

incubator (37°C, 5% CO2). At 14-21 days in vitro (DIV), astrocytes were isolated following a 

shaking procedure: 4h shake on a rotary shaker (200 RPM, 37°C), media and non-adherent cells 

removed, adherent astrocytes washed twice with warmed PBS and isolated following incubation 

in 1X trypsin/EDTA at 37°C. Astrocytes were subsequently passaged into a T-175 flask and 

cultured in astrocyte medium (MEM supplemented with 100 µg/mL P/S, 1 mM L-glutamine, and 

10% FBS). Before plating for experiment, T-175 flasks were shaken overnight (200 RPM, 37°C) 

to remove contaminating cells, the media removed, cells washed twice with warmed PBS, 

astrocytes isolated by trypsin digestion and plated for experiment in astrocyte medium as 

described below. Astrocyte cultures are periodically verified as 90-95% astrocytes using glial 

fibrillary acidic protein (GFAP), ionized calcium binding adaptor molecule 1 (Iba1), and 4’,6-

diamidino-2-pheylindole (DAPI) immunofluorescen
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Figure 2.2. Immunofluorescence of primary cortical astrocytes with GFAP 
immunoreactivity. 
Primary cortical astrocytes were cultured as described above and stained for GFAP at DIV 25. 
Nuclei are visualized with DAPI. 
 

Exposure of primary astrocytes to Aroclor 1254, methanol, or synuclein 

Astrocytes were exposed to PCBs in the form of Aroclor 1254 (supplier and stock information 

provided on page 24) or vehicle (methanol). The concentrations and time of exposure is noted in 

the figure legends. The cells were plated for the format of the experiment (cell number and well-

format noted in the respective sections) and, four days later, were washed with serum-free media 

(MEM supplemented with 100 µg/mL P/S, 1 mM L-glutamine) and then incubated with serum-

free media for 1 h. Next, the serum-free media was removed, and the appropriate treatment 
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solution was added to the well in the following volume: 3 mL for 6 well plate (quantitative real-

time reverse transcription polymerase chain reaction [qRT-PCR]), 2 mL for 12 well plate 

(GSH/GSSG and enzyme-linked immunosorbent assay [ELISA]), 300 µL for 96-well plate (2',7'-

dichlorodihydrofluorescein diacetate [H2DCFDA], 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide [MTT], lactate dehydrogenase [LDH] and glucose uptake), and 100 

µL for Seahorse 96-well plate. 

Reactive oxygen species quantification 

Total reactive oxygen species were quantified using H2DCFDA (Thermo Fisher #D399). The 

compound was resuspended in 100% ethanol to a final stock concentration of 10 mM 

H2DCFDA. After exposure to Aroclor 1254 (PCBs, concentration noted in figure legend) or 

methanol (matched v/v with 50 µM PCB dose) for 24 h, astrocytes (3 x 104 cells/well) were 

washed in serum-free astrocyte medium and incubated with 10 µM H2DCFDA for 30 m in the 

dark and read on a fluorescent microplate reader (Molecular Devices SpectraMax iD3) at 

excitation spectrum/emission spectrum (Ex/Em) 490 nm/530 nm. 

Glutathione measurement 

Glutathione quantification was completed using a reduced glutathione (GSH) to oxidized 

glutathione (GSSG) ratio detection assay (Abcam, ab138881) per the protocol described by the 

manufacturer. Astrocytes (2.5 x 105 cells/well) were plated on a 12-well plate and exposed to 

PCB or vehicle as described above. After PCB or vehicle exposure, astrocytes were washed 

twice in phosphate-buffered saline (PBS) then lysed in 0.5% ethoxylated nonylphenol (NP)-40 in 

PBS. Following lysis and collection, deproteinization was completed using trichloroacetic acid 

and 1 M NaHCO3 was used to adjust the pH to 5. Deproteinization was confirmed by the DC 



 34 

Protein Assay (Bio-Rad #500011). After accounting for dilution during deproteinization, GSSG 

was calculated using the following formula: (total glutathione – GSH)/2. 

Viability analysis 

Viability analysis was performed by formazan quantification in a 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay (Roche, #11465007001). Primary astrocytes were 

grown in a 96 well plate (3 x 104 cells/well). Prior to treatment the cells were washed with 

serum-free astrocyte media and then incubated in serum-free astrocyte media for 1 h. Then the 

serum-free media was removed and the appropriate treatment (Aroclor 1254 [concentration 

noted in figure], methanol [matched to highest concentration of Aroclor 1254] or H2O2 [100 

µM]) for 24 hours, treatment media removed and replaced with 100 µL serum-free astrocyte 

media. MTT labelling reagent was added to the well at a final concentration of 0.5 mg/mL, after 

which the cells were incubated for 4 h in a humidified incubator (37 °C, 5% CO2). After 4 hours, 

100 µL of solubilization solution was added to each well and the plate was incubated overnight. 

Formazan quantification was completed using a microplate reader at 550 nm wavelength. 

LDH release was analyzed to determine plasma membrane damage using Pierce LDH 

Cytotoxicity Assay Kit (Thermo Scientific #88953) as per the manufacturer’s instruction. Data 

shown is 490nm – 680nm absorbance reading. Cells were exposed to PCBs or methanol as 

described above and a volume-matched vehicle (methanol) group was included for each (10, 25, 

and 50 µM) PCB treatment group. Tumor necrosis factor-a (TNF-a) was included as a positive 

control for LDH release at a concentration of 60 ng/mL.
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qRT-PCR 

Following PCB or vehicle treatment for 24 h, astrocyte ribonucleic acid (RNA) (300 ng) was 

prepared using RNeasy mini kit (Qiagen #74104) and reverse transcribed to complementary 

deoxyribonucleic acid (cDNA) in a 60 µL reaction volume using a High-Capacity RNA-to- 

cDNA kit (Thermo Fisher #4387406). To quantify gene expression changes, quantitative real-

time reverse transcription polymerase chain reaction (qRT-PCR) to quantify gene expression 

changes was performed in a 384-well plate format using SsoAdvanced Universal Probes 

Supermix (Biorad, 1725281) and Taqman primer/probe pairs. Taqman primers/probes as 

follows: Aqp4 (Mm00802131_m1), Slc10a6 (Mm00512730_m1), Nox1 (Mm00549170_m1), C3 

(Mm01232779_m1), Sod1 (Mm01344233_g1), Amigo2 (Mm00662105_s1), Gfap 

(Mm01253030_1), Gsta2 (Mm00833353_mH), Prdx1 (Mm01621996_s1), 18S rRNA 

(HS999999_s1). The small eukaryotic ribosomal subunit (18S) was used as an endogenous 

control; 18S ribosomal RNA (rRNA) expression level was not significantly different between 

treatment conditions. ABI Prism 7900HT Sequence Detection System (Life Technologies) was 

used to perform qRT-PCR reactions. Data were analyzed using the 2–∆∆Ct relative quantification 

of gene expression method which consists, in brief, of normalizing gene of interest expression to 

the endogenous control (18s rRNA), followed by comparison to biological control (vehicle) and 

calculation of fold change utilizing 2^-(∆∆Ct). The endogenous control 18s rRNA was not 

significantly different in any experiment between vehicle and PCB conditions. 

Seahorse extracellular flux analyzer experiments 

Primary murine cortical astrocytes were plated at 3 x 104 cells/well in astrocyte media (MEM 

supplemented with 100 µg/mL P/S, 1 mM L-glutamine, and 10% FBS) and allowed to rest for 3 
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days. Cells were then treated in serum-free astrocyte media with Aroclor 1254 or methanol, at 

the concentration noted in the figure legend. The mitochondrial stress test protocol was followed 

as per the manufacturer’s instructions (Agilent). Briefly, the medium was replaced with DMEM 

supplemented with 1 mM pyruvate, 2 mM glutaMAX (Thermo Fisher #35050079) and 10 mM 

glucose (pH of 7.2-7.4). A sensor cartridge was incubated with Seahorse XF Calibrant at 37 °C 

in a CO2-free incubator overnight. The analysis protocol was comprised of three consecutive 

measurements to determine oxygen consumption rate (OCR); oligomycin (final concentration 

0.5 µM), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (2 µM), and 

rotenone/antimycin (0.5 µM each). Data shown is combined across three independent 

experiments and was analyzed using a general linear model in R (R Core Team 2019). 

Glucose uptake 

Glucose uptake was quantified using Glucose Uptake-GloTM Assay (Promega J1341). Astrocytes 

were plated on a 96 well (30,000 cells/well) and treated as described for other assays (in brief, 

for 24 h following 1 h serum starvation). The cells were incubated with the 2DG6P detection 

reagent for 1 h at room temperature and luminescence was detected on a microplate Molecular 

Devices SpectraMax iD). Data shown is from three independent experiments.  

ELISAs 

Cells were exposed to PCBs (10 µM Aroclor 1254), SYN (0.5 µg/mL), methanol (vehicle for 

Aroclor 1254) or TEN buffer (vehicle for syn). The vehicle for the other compound was included 

in the exposure for both PCBs and SYN (i.e., cells in the PCB-exposure condition were also 

exposed to TEN buffer [volume matched to the SYN-exposure condition]). Media was collected 

after 24 hours. The media was immediately snap-frozen on dry ice and stored at -80°C. 
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Monocyte chemoattractant protein 1 (MCP1), which is also referred to as chemokine ligand 2 

(CCL2; MCP1/CCL2 will be used to refer to this protein throughout the text) and matrix 

metalloproteinase (MMP) 3 were probed for in this media after thawing on ice (CCL2 ELISA, 

RND Systems, MJE00; total MMP3 ELISA, RND Systems, MMP300). Samples exposed to 

SYN were diluted 1:20 in MEM after thawing. Data shown is from three independent 

experiments. 

Zebrafish 

PCB exposure 

Adult wild-type male and female fish were bred in a 1:1 ratio (3 females, 3 males) and embryos 

were obtained by natural matings. Viable embryos were selected at the 256-cell stage and raised 

at 28.5° C with 14:10 hour light/dark cycle according to standard procedures for 48 hours 

(Kimmel et al. 1995). After this period, fish were transferred to 96-well plates (1 fish/well) with 

200 µL water. Fish were exposed to PCBs by removing 100 µL of their water and replacing it 

with 100 µL of PCB-containing water (adjusted for the final concentration values reflected 

herein). 

Viability 

Viability was assessed by inserting a p200 pipette tip into the well after PCB exposure. If the fish 

swam in response to the pipette tip, a vitality score of two was given. A vitality score of one 

indicates that the fish did not swim when the pipette tip was placed into the well but were still 

intact. A score of zero indicates that the fish were disintegrated, a result of death (C. Zhao et al. 

2016; Choorapoikayil, Overvoorde, and den Hertog 2013). The same fish were imaged for both 

time points (18 hours and 36 hours). 
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Toxicity-induced malformations 

After exposure to PCBs, fish were anesthetized using tricane methanesulfonate (MS222) at a 

concentration of 164 mg/L and placed in methyl cellulose for imaging on a drop slide. 

Positioning for imaging was achieved using an eyelash. After imaging, fish were removed from 

methylcellulose using water and were returned to their original well, unharmed. 

imaged using the EVOS XL Core Imaging System (Thermo Fisher, #AMEX1000). Image 

analysis was performed blinded. ImageJ (using the Fiji distribution package) (Schindelin et al. 

2012; Schneider, Rasband, and Eliceiri 2012) was used to analyze the swim bladder area, full 

body length, curvature and the area of the yolk sac (Martínez et al. 2019; Shi et al. 2008). Swim 

bladder length was quantified using the line tool and swim bladder area was quantified using the 

circle tool. Total body length was measured by using the line tool to draw a line from the tip of 

the fish’s head to its tail. Curvature was calculated by hand-tracing a line along the spine, using 

the line tool to place a connecting line between the tip of the tail and the top of the head, and 

filling the space in between these lines (Ferreira and Rasband 2012). 
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Figure 2.3 PCB-exposed zebrafish exhibit toxicity induced malformations. 
Zebrafish exposed to vehicle (top), 40 µM (middle) and 80 µM (bottom) PCBs for 48h. 80 µM-
exposed fish show increased spinal curvature and decreased swim bladder area. This is a 
representative image used for analysis in Chapter 7. 
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Gene expression 

Taqman primers/probes for qRT-PCR as follows: Gfap (Dr03079978_m1), Apoeb 

(Dr03124984_m1), Prdx5 (Dr03424519_m1), and Slc6a3 (Dr03112350_m1). After 48-hour 

exposure to PCBs, fish were euthanized by freezing. Between 8 and 16 fish were combined for 

RNA extraction to form one biological replicate. The standard manufacturer’s protocol was used 

for RNA extraction. In brief, zebrafish were lysed in a 2 mL Dounce homogenizer containing 1 

mL of TRIzol Reagent (Thermo Fisher, #15596026) per 50 mg tissue. Samples were incubated 

on ice for 5 minutes after which 0.2 mL chloroform was added per 1 mL of TRIzol reagent used. 

After a 2-minute incubation, samples were centrifuged for 15 minutes at 12,000 x g at 4°C. The 

RNA-containing aqueous phase was transferred to a new tube and 0.5 mL isopropanol per 1 mL 

of TRIzol reagent was added. The samples were incubated for 10 minutes and then centrifuged 

for 10 minutes at 12,000 x g at 4°C. The RNA was washed in 1 mL of freshly prepared 75% 

ethanol per 1 mL of TRIzol reagent, vortexed briefly, and centrifuged for 5 minutes at 7500 x g 

at 4°C. The supernatant was discarded and the pellet was left to air dry in the fume hood for 10-

15 minutes, prior to resuspension in 40 µL water. RNA samples were diluted 1:5 and reverse 

transcribed in a 10 µL reaction volume using a High-Capacity RNA-to-cDNA kit (Thermo 

Fisher #4387406). Samples without reverse transcriptase were included as a control. 
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Statistical analyses 

Data were analyzed using unpaired t test, one-way analysis of variance or two-way analysis of 

variance (ANOVA) (as noted in the figure legend). All data are reported at mean ± standard error 

of the mean (SEM) with significance set at p < 0.05, with the exception of ToxCast data which is 

mean ± standard deviation (SD). Specific replicate values for each experiment and assay are as 

noted in the figure legend. Statistical analyses were conducted on biological replicates using 

GraphPad Prism version 9.0.1 for Mac, GraphPad Software, San Diego, California USA, 

www.graphpad.com and R (R Core Team 2019). 
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CHAPTER 3: TOXCAST ANALYSIS OF ORGANOCHLORINE COMPOUNDS 

Introduction 

In 2007, the Environmental Protection Agency (EPA) launched the Toxicity Forecaster 

(ToxCast) database in order to conduct high-throughput screens on as many chemicals as 

possible to analyze their health effects (Dix et al. 2007). As of 2014, there are 4,500 chemicals 

that have been tested in ToxCast in a wide range of assays (over 700). This screening approach 

enables the EPA and partner agencies to prioritize chemicals for additional testing. This data is 

publicly available and provides researchers with the tools to compare, analyze and evaluate the 

impact of these chemicals on pathways related to human health and environmental outcomes. 

Relatedly, the EPA’s database for chemical exposure studies (ExpoCast) can be analyzed to 

determine the hypothesized exposure at different life stages to compounds based on consolidated 

measurements of food, drinking water, dust, indoor surfaces and urine (Judson et al. 2012a). 

Together, ToxCast and ExpoCast provide scientists with powerful analytical tools to evaluate the 

risk of thousands of chemicals. 

The hypothesis that forms the basis of ToxCast is that “toxicological response is driven 

by interactions between chemicals and biomolecular targets” (Dix et al. 2007). Importantly, as 

the toxicity of many chemicals is not defined by single endpoints and can engage diverse 

molecular targets, screening chemicals through as many assays as possible provides a more 

complete evaluation of human health outcomes (Dix et al. 2007; Wambaugh et al. 2013; U.S. 

EPA 2014). The high-throughput approach to toxicity assessment employed in ToxCast enables 

the determination of biological targets for chemicals that might not otherwise have been tested 

against those targets. A traditional in vitro or in vivo paradigm would not allow for the same 

wide-spectrum approach to toxicology and would therefore leave potential targets unexamined. 
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As such, using the ToxCast database as a way to investigate implicated biochemical pathways 

for chemicals provides researchers with preliminary data from to inform mechanistic hypotheses. 

In 2008, the Tox21 program was launched as a collaboration between the EPA, National 

Institutes of Environmental Health Sciences (NIEHS), National Institutes of Health (NIH) and 

the Food and Drug Administration (FDA). The EPA contributes ToxCast data to the Tox21 

project. Notable differences between ToxCast and Tox21 are that Tox21 tests closer to 10,000 

chemicals (more than twice as many as ToxCast), uses about 70 screening assays (compared to 

ToxCast’s 700) at the time of this writing, and conducts assays at the NIH National Chemical 

Genomics Center (whereas ToxCast holds contracts with biotech companies) (Collins, Gray, and 

Bucher 2008; Tice et al. 2013). 

 In order to assess the comparative impact of organochlorine environmental toxicants, I 

applied ToxCast to assess the pathways implicated in exposure to organochlorines. The 

organochlorines analyzed were: chlorpyrifos (CPS), dieldrin, trichloroethylene (TCE) and four 

congeners of PCBs (PCB-3 [4-Chlorobiphenyl], PCB-193 [2,2',3,4',5,5',6-Heptachloro-1,1'-

biphenyl], PCB-153 [2,2',4,4',5,5'-Hexachlorobiphenyl] and PCB-4 [2,2'-Dichlorobiphenyl]) 

(United States Environmental Protection Agency 2003). I queried the dataset with a hypothesis-

driven approach wherein I investigated the effects of these compounds on cellular viability, 

antioxidant pathways, and metabolism. 

As described in Chapter 1, PCBs are known to differ in their biological activity based on 

the number and location of chlorine substitutes. Briefly, the primary bifurcation in classes of 

PCBs is defined by the arene substitution pattern, specifically whether the ortho position contains 

chlorine substitutes. Congeners with substitutes in the meta and para positions are termed 

“coplanar” or “dioxin-like” PCBs and are known agonists of the AHR. Conversely, congeners 
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with chlorine substitutes are termed “non-coplanar” and are not considered members of the 

group of “dioxin-like” PCBs. The PCB congeners included in the ToxCast database and their 

structures are outlined in Table 1 (compound structures obtained from PubChem (S. Kim et al. 

2021)). 

 

Table 1. Analyzed PCB congeners and their chemical structures. 

Name1 Synonym Formula PubChem 
(CID) & 
DTXSID2 

Description Structure3 

PCB-3 4-
Chlorobiphenyl 

C12H9Cl CID: 16323 
 
DTXSID304
0300 

Non-ortho 
PCB with a 
chlorine 
substituent at 
position 4  

PCB-
193 

2,2',3,4',5,5',6-
Heptachloro 
1,1'-biphenyl 

C12H3Cl7 CID: 633844 
 
DTXSID505
2832 

Chlorine 
substituents 
at all four 
meta 
positions, 
one para 
position, and 
two ortho 
positions 

 

PCB-
153 

2,2',4,4',5,5'- 
Hexachloro 
biphenyl 

C12H3Cl6 CID: 37034 
 
DTXSID203
2180 

Chlorine 
substituents 
at both para 
positions, 
two meta 
positions and 
one ortho 
position 

 

PCB-4 2,2'-Dichloro 
biphenyl 

C12H8Cl2 CID: 25622 
 
DTXSID404
4533 

Substituents 
at two ortho 
positions 
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The non-PCB organochlorines included in the analysis are included in Table 2. 

Table 2. Other organochlorines analyzed and their chemical structures. 

Name1 Synonym Formula PubChem (CID) 
& DTXSID2 

Structure3 

Chlorpyrifos CPS C9H11Cl3NO3PS CID: 2730 
DTXSID4020458 

 

Dieldrin HEOD C12H8Cl6O CID: 969491 
DTXSID9020453 

     

Trichloro 
ethylene 

TCE C12H8Cl3 CID: 6575 
DTXSID0021383 

 

1The numbers for the PCB names in this table are those published by Ballschmiter and Zell 
(Ballschmiter and Zell 1980). 
2The DTXSID relates to the distributed structure-searchable toxicity (DSSTox) database and 
seeks to integrate biochemical and chemical structure data (Judson et al. 2012a). The DTXSID 
can be utilized to access chemical data on the EPA’s CompTox Chemicals Dashboard 
(https://comptox.epa.gov/dashboard). 
3Carbon atoms are grey, hydrogen atoms are white, chlorine atoms are green, phosphate atoms 
are orange, oxygen atoms are red and sulfur atoms are yellow. 
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Results 

For the results shown herein, all of the compounds of interest for which there was available data 

for a given assay are included. 

Cellular viability 

To query cellular viability, I analyzed data from HEK293 cells exposed to organochlorines for 

24 hours (Fig 3.1). This data shows that increased cell death is not evident at any dose for PCB-

153 or TCE, a reduction approaching 50% at higher doses for PCB-3 and chlorpyrifos (CPS), 

and that there is a profound increase in cell death at the highest doses for Dieldrin and PCB-4. 

This indicates that decreased cellular viability is unlikely to play a large role in the toxicity of 

these compounds at lower doses. 

Figure 3.1. Tox21 analysis of increased cell death in HEK-293 cells following 24h exposure 
to organochlorines. 
The y-axis is the mean response normalized percent activity to vehicle in the positive fitting 
direction, where an increased response is indicative of a greater reduction in cellular viability. Data 
shown is mean ± SD. 
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Gene target induction 

To investigate whether antioxidant, xenobiotic response and cellular stress pathways known to 

be important in astrocytes are involved in the response to organochlorines in various human cell 

lines, I analyzed the dataset for induction of Nrf2, nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB) and AHR target genes, as well as induction of MCP1/CCL2. These 

pathways are important for the response to pathogenic compounds and are involved in 

antioxidant, immune, and metabolic signaling pathways. The dataset indicates that Nrf2 target 

gene induction occurs with exposure to PCB-3 and PCB-193, at concentrations of 70 and 30 µM, 

respectively (µM concentration calculated using an antilog function). Dieldrin and chlorpyrifos 

both appear to engage this pathway at 70 µM (Fig 3.2A). NFκB target induction is not evident 

for PCB-153 or TCE (excepting 0.06 µM where there is a large standard deviation) at any dose 

(Fig 3.2B). NFκB is induced at a concentration of 20 µM with PCB-4 exposure and at a 

concentration of 80 µM for both dieldrin and chlorpyrifos. 

 The AHR is a transcription factor regulating the expression of genes involved in 

metabolizing xenobiotics (such as the cytochrome P450 family) (Kawajiri and Fujii-Kuriyama 

2007; Chiaro et al. 2007) and is activated by dioxin-like PCBs (PCB-77, -105, 156, -81, -114, -

157. -126, -118, 167, -169, -123, and -189) (Safe 1984). Here, I probed for AHR target induction 

in the Tox21 dataset. As expected, there is no engagement of AHR with the PCBs included in the 

dataset, as they are non-dioxin-like congeners (PCB-153 and PCB-4), nor is there engagement by 

TCE or Dieldrin. There is evidence of induction of AHR targets by chlorpyrifos (Fig 3.2C). 

Finally, I queried MCP1/CCL2 gene expression and found that for the organochlorines with 

available data (dieldrin, chlorpyrifos, PCB-3 and PCB-193) there was no increased in 
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MCP1/CCL2 at any concentration, but decreases were apparent at 2 µM for PCB-193, 4 µm for 

PCB-3, 10 µM for dieldrin and CPS (Fig 3.2D). 

Figure 3.2. ToxCast and Tox21 analysis of relative gene target induction for Nrf2, NFκB, 
AHR and MCP1/CCL2. 
A. Relative Nrf2 target induction following 24-hour exposure of HepG2 human liver cells to 
organochlorines, measurements of mRNA induction were detected. The y-axis is mean response 
normalized to log2 fold induction compared to vehicle. B. Relative NFκB target induction 
following 24-hour exposure of ME-180 human cervical cells to organochlorines, DNA binding of 
NFκB target genes was quantified. The y-axis is the mean response normalized percent activity to 
vehicle. C. Relative AHR target induction following 24-hour exposure of HepG2 cells, DNA 
binding of AHR target genes was quantified. The y-axis is the mean response normalized percent 
activity to vehicle. D. MCP1/CCL2 gene expression after 24-hour exposure of umbilical vein 
endothelium (a human, vascular primary cell) to the compounds, measurements were taken to 
quantify changes in MCP1/CCL2 protein expression. Data shown is mean ± SD.
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Mitochondrial membrane potential 

Under normal conditions, both intracellular ATP and mitochondrial membrane potential will be 

maintained at a steady concentration (Ataullakhanov and Vitvitsky 2002). Transient changes in 

these concentrations can represent an adaptive response to stressors, however, prolonged 

deviations away from the limited range that defines the homeostatic concentration are likely to 

be pathological (Zorova et al. 2018; Zamzami et al. 1995; Zorov, Juhaszova, and Sollott 2014). 

Therefore, I investigated mitochondrial assays included in the ToxCast/Tox21 database. 

Mitochondrial membrane potential is generated by the redox reactions of proton pumps 

(Complexes I, III and IV) and is an important form of intermediate energy storage (Zorova et al. 

2018). 

  Here, there is a reduction in mitochondrial membrane potential in response to all of the 

compounds with available data, with the exception of trichloroethylene (Fig 3.3). The greatest 

reductions are in response to dieldrin and PCB-4. Importantly, when viewed in conjunction with 

the cellular viability data (Fig 3.1), the mitochondrial membrane potential is reduced at lower 

doses than the cell viability, suggesting that this mechanism might be adaptive at lower doses. 
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Figure 3.3. Mitochondrial membrane potential reduction in response to organochlorines.  
After 24-hour exposure of HepG2 human liver cells to organochlorines, mitochondrial membrane 
potential was detected with a fluorescent reporter. The y-axis is the mean response normalized to 
percent activity of vehicle. Data shown is mean ± SD. 
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Exposure predictions 

Using the ExpoCast database (Judson et al. 2012a), I investigated the predicted daily exposure to 

the organochlorines with available data: PCB-153, TCE, dieldrin and chlorpyrifos (predicted 

exposure data was not available for PCB-3, PCB-193 or PCB-4). The data shown is the predicted 

exposure at different life stages: childhood (6-11), adolescence (12-19), adulthood (20-65) and 

late life (65+) (Fig 3.4). The predicted daily exposure is highest for TCE, which is largely used 

as an industrial degreaser. In a 1986 survey of the California water system, the medial 

concentration of TCE was 3.0 µg/L, where the water sources with the heaviest contamination 

were found in the most urban areas (such as Los Angeles County) (C. Wu and Schaum 2000; 

DHS 1986). Currently, the toxicological profile for trichloroethylene states that it is the most 

common contaminant of US drinking water. As of 2019, between 4.5 and 18% of US drinking 

water has trichloroethylene contamination (ATSDR 2019). 

Figure 3.4. Predicted daily median exposure to PCB-153, TCE, dieldrin and chlorpyrifos. 
Predicted exposure is in mg/kg per bodyweight per day. 
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Conclusions and discussion 

One of the challenges with ToxCast data interpretation and its utility in predictivity is a parallel 

of one of its strengths: the great diversity of assays both enables the use of the dataset for a wide 

range of toxicity studies and at the same time introduces variability in assay design leading to 

challenges in interpreting data between chemicals. The inter-assay variability, specifically with 

regards to dose, exposure times, and sample size makes it difficult to extrapolate between assays. 

For example, the data from the Nrf2 target induction assay consists of a single data point for each 

chemical at each dose. However, the breadth of assays included in the dataset allow for the 

corroboration of findings in a single assay by others therefore increasing confidence in the data 

and its usability. 

Importantly, there was a significant improvement with respect to variability with the 

launch of Tox21, where there is greater inter-assay uniformity. This chapter contains data both 

from ToxCast and Tox21 assays. The data shown herein suggests that two congeners of PCBs 

(PCB-193 and PCB-153) do not cause reductions in cell viability at concentrations less than 40 

µM. This corroborates our findings in astrocytes, where cell viability is not decreased with 

Aroclor 154 doses between 5 and 50 µM (Fig 4.1). PCB-4 and PCB-3 show reductions in 

cellular viability at 9 µM and 7 µM, respectively. Interestingly, mitochondrial membrane 

potential is decreased at 4 µM for PCB-153, suggesting engagement of mitochondrial pathways 

at lower doses. This supports our finding from primary astrocytes exposed to PCBs that at lower 

doses, compensatory mechanisms might be engaged to avoid decreased cellular viability. 

 The findings in Fig 5.3 indicating engagement of Nrf2 antioxidant pathways support the 

theory that, as this pathway is particularly robust in astrocytes, astrocytes are important for the 

detoxification of and response to organochlorines. One of the ways in which ToxCast data is a 
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powerful tool for researchers is with respect to its dosage information. By investigating the 

chemical doses that result in different cellular outcomes, researchers can determine an 

appropriate range of doses when designing their own experimental paradigms. This step towards 

uniformity and increased rigor is a critical one towards building a complete mechanistic 

understanding of the impact of chemicals on human health. Varied dosing and exposure 

paradigms across scientific disciplines have long limited the ability of researchers to extrapolate 

between models, a disadvantage that is profound in in vivo models. By utilizing ToxCast data, 

we were able to select a range of doses (5 – 50 µM PCBs) that would allow us to discuss our data 

in the larger context of PCB-exposed in vitro models. 

Modeling exposure to chemicals is a powerful toxicological approach that necessitates 

the integration of diverse chemical information, such as bioaccumulation, partitioning, and 

degradation. The ExpoCast database enables the relation of real-world exposure and in vitro 

bioactivity outcomes. Importantly, it utilizes toxicokinetic information to address what level of 

exposure is necessary to constitute a hazard (Judson et al. 2012a; Wambaugh et al. 2013). As 

there is a considerable and intensifying breach in the number of chemicals humans are exposed 

to and their known toxicity, it is critical to have these high-throughput, rapid evaluation systems. 

Here, we analyzed data for the organochlorines for which there was available data: PCB-

153, TCE, dieldrin and chlorpyrifos. While lifetime exposure data will vary based on many 

factors, including geography, diet and occupation, the ExpoCast data allows for comparative 

analyses of these toxicants. This data suggests that, while we have focused on the understudied 

area of astrocytes and PCBs (a search for which [“astrocyte” AND “PCBs”] on PubMed returns 

two results, as of March 18th, 2021), the impact of TCE on astrocytes is another under-
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investigated area of research (a search for which [“astrocyte” AND “trichloroethylene”] on 

PubMed returns three results). 
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CHAPTER 4: ASTROCYTIC OXIDATIVE STRESS IN RESPONSE TO AROCLOR 

1254 EXPOSURE 

Introduction 

The redox status of astrocytes is closely tied to the health of neurons and, as such, the response 

of astrocytes to oxidative stress is critically important for the brain. Several of the antioxidant 

mechanisms utilized by astrocytes, as well as the metabolic machinery underpinning neuron-

astrocyte dynamics, are discussed here and in Chapter 5. An example of the critical role of 

astrocytes in responding to oxidative stress is manifest in their glutathione system, which also 

represents an important means by which the metabolism of astrocytes is linked to that of 

neurons. This system and its relationship to neuronal redox status is described in detail in 

Chapter 1. 

PCBs have been shown to cause oxidative stress in immortalized cell-lines, including a 

dopaminergic neuronal-like cell line, MN9Ds (Donna W. Lee, Gelein, and Opanashuk 2006), 

organotypic cultures (Lyng and Seegal 2008) and several animal models (Ruan et al. 2020; 

Venkataraman et al. 2007; Glauert et al. 2008). While the mechanism of PCB-induced oxidative 

stress, as well as the specific identity and source of the involved ROS, is not fully understood, 

possibilities include: direct disruption of the mitochondrial electron transport chain (Turrens, 

Alexandre, and Lehninger 1985), uncoupling of the cytochrome p450 (CYP1A1) catalytic cycle 

(Schlezinger et al. 2006) and increased elevated intracellular calcium through ryanodine receptor 

activation (Wong, Brackney, and Pessah 1997). 

We sought to utilize a dose of Aroclor 1254 that induces oxidative stress in the absence 

of reduced cellular viability. While there is a wide range of human exposure (depending on many 

factors including geography, and type and location of sampling) (Herrick, Stewart, and Allen 
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2016), this range of doses recapitulates that of human exposure for specific PCB congeners. As 

the means and methods by which humans and the environment come to contain PCBs, several 

governing bodies have set regulations and limits for safety. The Food and Drug Administration 

(FDA) sets recommendations and regulations for PCB levels in food: the limits range from 0.2 

parts per million (ppm) for infant’s food up to 3 ppm in red meat and poultry (Agency for Toxic 

Substances and Disease Registry 2000). The Environmental Protection Agency (EPA) has set the 

regulatory threshold at 50 ppm. The Occupational Safety and Health Administration (OSHA) has 

set the maximum exposure via inhalation over 8 hours a day, 5 days a week at 0.5 or 1 mg/cubic 

meter of air for 42% and 54% chlorine PCBs. 

Taking into account the existing data from both in vitro and in vivo paradigms, as well as 

the range of human exposure, we conducted initial experiments to evaluate ROS formation and 

viability by exposing primary murine astrocytes to Aroclor 1254 at doses ranging from 1.25-20 

µM (0.4 – 6.5 ppm) for a period of 24h. In order to evaluate oxidative stress in PCB-exposed 

astrocytes, we utilized several methods to quantify reactive oxygen species, viability and related 

cellular responses, including: dichlorofluorescein (DCF) (Fig 4.1A), glutathione (Fig 4.1B), 

MTT (Fig 4.2), and LDH (Fig 4.3A). 

  



 57 

Results 

Reactive oxygen species quantification: Dichlorofluorescein 

DCF fluorescence is considered a direct measure of reactive oxygen species (ROS) (Armstrong 

2014). The molecule H2DCFDA permeates cell membranes readily. Once inside the cell, acetate 

groups are cleaved from this molecule by a combination of oxidation and intracellular esterases. 

This cleavage converts H2DCFDA to the highly fluorescence DCF molecule, the detection of 

which allows for the quantification of total intracellular ROS. Compared to the vehicle-

condition, PCB doses higher than 5 µM had a significantly (p<0.05) higher levels of DCF 

fluorescence (10 µM: 112 +/- 1.5 [SEM]) compared to the vehicle-exposed astrocytes (Fig 

4.1A). The data did not indicate a dose-dependent increase as doses were not significantly higher 

than the next-lowest. From this experiment, we determined that 10 µM (3 ppm) of Aroclor 1254, 

a relevant dose for human exposure (Herrick, Lefkowitz, and Weymouth 2007; Herrick, Stewart, 

and Allen 2016; Agency for Toxic Substances and Disease Registry 2000), would be 

administered as a “low dose,” as it represents the lowest degree of significant oxidative stress in 

the astrocytes.



 58 

Figure 4.1. Oxidative stress in PCB-exposed astrocytes. 
A. DCF fluorescence quantification of vehicle and PCB-exposed astrocytes (24h), n=6, 
**p=0.0015, ***p=0.0002, ****p<0.0001. Vehicle (methanol) exposure is matched v/v to the 50 
µM PCB condition. Data analyzed via one-way ANOVA, represented as mean ± SEM with 6 
biological replicates and was replicated in 3 independent experiments. B. GSSG quantification of 
vehicle and PCB-exposed astrocyte lysates (24h), n=3, p=0.04. Data analyzed via Student’s t-test, 
represented as mean ± SEM with 3 biological replicates and was replicated in 2 independent 
experiments. 
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Oxidative stress quantification: Glutathione 

Given the observed increased oxidative stress in astrocytes with exposure to PCBs (Fig 4.1A), I 

sought to interrogate glutathione, a tripeptide antioxidant abundant in astrocytes (Dringen and 

Hirrlinger 2003) that is converted to its oxidized form in the presence of reactive oxygen species. 

Astrocytes have large reserves (8-10 mM in the cytosol of primary astrocytes (Raps et al. 1989)) 

of reduced glutathione (GSH) that are oxidized to form GSSG under conditions of oxidative 

stress. Importantly, astrocytic glutathione represents a functional antioxidant measure as 

astrocytic glutathione levels are linked to several essential neuronal and metabolic pathways 

(including glutamate and neuronal glutathione. As such, I quantified GSSG to understand the 

engagement of this important cellular defense pathway. 

Primary murine astrocytes were exposed to PCBs (10 µM for 24h) in the form of Aroclor 

1254 as described in Chapter 2. A GSSG detection assay (Abcam, ab138881) was used to 

quantify the concentration of oxidized glutathione in PCB and vehicle exposed astrocytes. 

Astrocytes exposed to PCBs had a statistically significant (p=0.04) increase in the concentration 

of GSSG compared to those treated with vehicle (Fig 4.1B). This suggests that a depletion of 

GSH reserves may be an important avenue of response in PCB-induced toxicity and confirms our 

previous finding that PCBs cause an increase in oxidative stress in astrocytes. 

Cellular viability quantification: MTT 

In order to determine whether cell death is increased with PCB exposure, a cell viability, MTT 

assay, was performed on a range of doses (1.25-20 µM) with H2O2 as a positive control. In 

viable cells, the mitochondrial activity will be functioning such that the yellow tetrazolium salt 

MTT will be converted into the formazan crystals by NAD(P)H-dependent cellular 

oxioreductases. Since mitochondrial activity is constant in viable cells as they maintain a 
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baseline of metabolic activity, decreased mitochondrial activity is linear as the number of viable 

cells decrease. This linearity also allows for the rate of proliferation to be detected. Primary 

murine astrocytes were exposed to vehicle, 1.25, 2.5, 5, 10 or 20 µm of PCBs for 24h before the 

cell viability assay was performed. At lower doses (≤	20 µM), there is no significant change in 

cellular viability (Fig 4.2A). 

Given the chronic and/or persistent nature of PCB exposure, cell viability was analyzed 

over a longer exposure to PCBs at five doses including higher doses representing more chronic 

exposure. A non-lytic continuous read cell viability assay (RealTime-GloTM MT Cell Viability 

assay, Promega #G9711), was used which allowed for longer PCB exposure times (2.5, 5,10, 20 

or 50 µm PCBs) for 216h. Comparison of the 10 µM PCB-exposed astrocytes with the vehicle-

exposed cells found no significant difference in cell viability at any time point throughout the 

assay (Fig 4.2B).



 61 

Figure 4.2. Cellular viability and proliferation in PCB-exposed astrocytes. 
A. Formazan quantification with an MTT assay of PCB-exposed astrocytes (24h) and H2O2 
positive control, n = 6. Data analyzed by one-way ANOVA with Tukey’s posthoc analysis. H2O2 
is significantly different from all other conditions (p<0.05) B. RealTime-MT glo assay quantifying 
cellular viability over a 216h period. Data analyzed by two-way ANOVA (time x dose) with 
Šidák’s multiple comparison’s test, n = 6. 
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LDH release 

LDH is a cytoplasmic enzyme that is found in all cells. LDH is released into the cellular media 

when the plasma membrane is damaged, as is the case in necrotic and apoptotic cell death 

(Kumar, Nagarajan, and Uchil 2018). In order to corroborate the finding in Fig 4.2 that suggests 

there is no decreased viability in the PCB-exposed astrocytes, we utilized a mechanistically 

complementary cytotoxicity assay which quantified LDH release (Fig 4.3) at 24h at 10, 25 and 

50 µM, with a volume-matched vehicle (methanol) control for each dose. TNFα-exposed 

astrocytes were included as a positive control for LDH release (Ashburner et al. 2000). Together 

these data suggest that although the astrocytes treated with low-dose, short-term PCBs are under 

increased oxidative stress, the cells have no significant change in viability. 

Figure 4.3. LDH is not released from PCB-exposed astrocytes. 
LDH release (24h) including TNF-a positive control following exposure to Aroclor 1254. Data 
analyzed by one-way ANOVA with Tukey’s multiple comparisons test. TNFα positive control is 
significantly different from all vehicle conditions, ***p = 0.0015. 
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Conclusions and discussion 

The data in this chapter show that 10 µM (3 ppm) PCBs cause significant oxidative stress and 

increased oxidized glutathione concentrations in astrocytes after 24-hour exposure. Importantly, 

this oxidative stress, evident at concentrations > 5 µM, occurs in the absence of decreased 

cellular viability. This finding is impactful as it demonstrates that this range of concentrations is 

one that enables the study of specific cellular processes engaged to combat the impact of PCB 

exposure. 

 In conjunction with literature studying in vitro responses to PCB exposure and policies 

limiting PCB exposure in humans, the data presented in this chapter informed the use of 10 µM 

PCBs for work presented in other chapters (Chapters 5, 6 and 8). The selection of a biologically, 

environmentally, and toxicologically relevant dose represents a significant challenge in studying 

toxicants. This is especially true of toxicants that bioaccumulate (a property discussed in detail in 

Chapter 1) and that humans are exposed to by multiple routes, as the lifetime exposure represents 

a convergence of myriad factors (Norström et al. 2010; Bouchard et al. 2014). 

Unfortunately, the doses of PCBs (administered either as isolated congeners or Aroclor 

mixtures) used in both in vitro and in vivo studies have varied greatly making it challenging to 

extrapolate conclusions between studies and experimental paradigms. In mouse studies, doses 

and dosing paradigms used in literature range from 0.5 µg/kg for 66 days to (Xi et al. 2019), 36 

mg/kg/wk for 20 weeks (S. L. Gray et al. 2013), to 550 mg/kg for 4 days (Wierda, Irons, and 

Greenlee 1981). Experiments studying the impact of Aroclor 1254 in vitro have similarly varied 

in their paradigms. In experiments using primary cells: in cultured rat hippocampal neurons, 10 

µM Aroclor 1254 exposure significantly increased DNA fragmentation (Howard et al. 2003); in 

rat cerebellar granule cells, 15 µM Aroclor 1254 exposure caused significant cell death after 12 
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hours (Mariussen et al. 2002). In experiments using cell-lines: 5 and 10 µg/mL (equivalent to 

15.2 and 30.6 µM) caused decreased cell viability at 24h exposure in SH-SY5Y neuroblastoma 

cells (Cocco et al. 2015); in MN9D murine mesencephalic cells; Aroclor 1254 at 10 ppm 

(equivalent to 30.6 µM) caused a significant reduction in reduced glutathione concentrations 

after 24 hours (D W Lee and Opanashuk 2004); and in a human astrocytoma cell line (human 

132-1N1) a significant increase in LDH release was seen at 50 µM after 24h (Madia et al. 2004). 

The major endogenous source of ROS is the mitochondrial electron transport chain, 

specifically as a result of electrons leaked in the process of electron transport chain transfer and 

uncoupling proteins (R.-Z. Zhao et al. 2019). In the CNS, ROS are also generated through the 

activity of NADPH-oxidase (NOX) enzymes which are expressed by many CNS cells including 

astrocytes (R.-Z. Zhao et al. 2019; Case et al. 2013; Nayernia, Jaquet, and Krause 2014). 

Astrocytes have a greater capacity to combat oxidative stress than other CNS cells and especially 

neurons and, as such, are involved in maintaining redox homeostasis throughout the brain 

(Yongmei Chen et al. 2001; Dringen, Gutterer, and Hirrlinger 2000; Allaman, Bélanger, and 

Magistretti 2011). In addition to the interconnectedness of astrocytic health and neurons in vivo, 

this dynamic is known to be important in vitro. The biochemical pathways that establish this 

dependence of neurons on astrocytes include glutathione, Nrf2, and several metabolic pathways 

(Dringen and Hirrlinger 2003; Vargas and Johnson 2009; Bélanger, Allaman, and Magistretti 

2011). 

It is important to note that astrocytes can also be an important source of detrimental ROS 

that exacerbates pathology by triggering immune responses or cell death in other cells (Swanson, 

Ying, and Kauppinen 2004; Sofroniew 2009). The duality of astrocytic oxidative stress, and ROS 

in general, underscores the complexity of the role of ROS in the response to toxicants. A 



 65 

transient increase in ROS can underlie adaptive responses to stressors, where increased ROS is 

concomitant with the engagement of cellular defense pathways, such as proliferation (Halliwell 

1996). Here, there is no evidence of increased proliferation (via MTT assay, Fig 4.2A), so it is 

possible that astrocytes are engaging other mechanisms to combat the oxidative stress. While 

time-course studies in our model have not been conducted to quantify the nature and persistence 

of the ROS, the absence of overt cell death suggests that the PCB-exposed astrocytes are able to 

mount a response. We hypothesized that this response would consist of upregulation of 

antioxidant genes and metabolic alterations and investigate this in the subsequent chapters 

(Chapters 5 and 6, respectively). 
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CHAPTER 5: UPREGULATION OF ANTIOXIDANT GENES IN ASTROCYTES IN 

RESPONSE TO PCB EXPOSURE 

Introduction 

Antioxidant genes represent one mechanism by which astrocytes can combat oxidative stress. 

Importantly, neurons are the brain cell most vulnerable to oxidative stress as a result of several 

characteristics including: generation of reactive oxygen species during neurotransmission and an 

intrinsically lower antioxidant capacity (compared to glial cells, especially astrocytes). 

Astrocytes have several antioxidant pathways that are important for the maintenance of 

homeostasis throughout the brain, including the glutathione redox system (discussed in Chapter 

4) and the transcription factor Nrf2. Additionally, there is evidence that astrocytes upregulate the 

expression of different genes depending on their reactive state, which is thought to determine 

whether their response to a given stimuli is “helpful” or “harmful” (Liddelow and Barres 2017). 

Nrf2 

Nrf2 is referred to as the “master regulator” of antioxidant genes and functions as a transcription 

factor that binds to the ARE that is present in the promoter region of Nrf2-regulated genes. The 

discovery of the high basal and active engagement of this pathway in astrocytes compared to 

neurons was an important finding in the hypothesis of astrocytes as primary means of neuronal 

antioxidant support (Baxter and Hardingham 2016). Astrocytes exhibit a robust Nrf2-mediated 

response to oxidative stressors (reviewed in (Liddell 2017)), of which glutathione systems are an 

important component. The mechanism by which Nrf2 regulates the transcription of antioxidant 

genes is described in Chapter 1. 
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Astrocytic Nrf2 has been shown to be protective in many animal models of injury, 

including PD and cerebral hypoperfusion (Sigfridsson et al. 2018; P.-C. Chen et al. 2009). 

Experimental evidence from primary cultures derived from Nrf2 knockout mice indicates that 

both astrocytes and neurons are more sensitive to oxidative stress in the knockout mice when 

compared to the wildtype, as the expression of detoxification enzymes and antioxidant proteins 

are decreased in the Nrf2 knockout mice (J.-M. Lee, Shih, et al. 2003; J.-M. Lee, Calkins, et al. 

2003). Interestingly, the Nrf2 antioxidant response in astrocytes is linked to neuronal activity, 

where increased neuronal activity is associated with increased expression of Nrf2-regulated 

genes in perisynaptic astrocytes (Habas et al. 2013). This suggests a connection between Nrf2 

signaling in astrocytes and the cellular sequelae induced by neural transmission. Furthermore, 

while the metabolic profiles of proliferating cells and quiescent cells reflect their differing 

bioenergetic needs, there is evidence from cancer cells that Nrf2 regulates metabolic signaling. 

In cancer cells, wherein increased constitutive activity of Nrf2 is associated with increased tumor 

aggressiveness, Nrf2 drives expression of genes involved in anabolic metabolic pathways, 

specifically the pentose phosphate pathway (DeBerardinis et al. 2008; Mitsuishi et al. 2012; 

Taguchi et al. 2014; Singh et al. 2006). This suggests that Nrf2 represents a potential point of 

convergence between antioxidant and metabolic pathways, both of which are important for the 

response to oxidative stress. 

Here, we interrogated several Nrf2-regulated genes, including: glutathione-s-transferase 

(Gsta2) (Nguyen, Nioi, and Pickett 2009), NADPH oxidase 1 (Nox1) (Kovac et al. 2015), 

peroxiredoxin 1 (Prdx1) (Ohtsuji et al. 2008), and superoxide dismutase 1 (Sod1) (Mota et al. 

2015) following PCB exposure. 
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Astrocyte reactivity 

In addition to the Nrf2-regulated genes, we sought to investigate several genes implicated in 

astrocyte reactivity. The term “reactive astrocyte” was first introduced by Liddelow and Barres 

in 2017 and creates a distinction between A1 (“neurotoxic”) and A2 (“neurotrophic”) 

polarization states, a reference to the M1/M2 macrophage nomenclature (Liddelow and Barres 

2017). These designations, originally used to describe the polarization state of peripheral 

macrophages, have been applied to microglia in the CNS. This conceptual framework of a 

dichotomous polarization state has been amended to account for the nuanced responses to varied 

stimuli and is now appreciated to be a much more complex schema (Ransohoff 2016). The 

reactive A1 astrocyte phenotype is canonically characterized by a gain of neurotoxic function, 

wherein astrocytes exposed to activated (neuroinflammatory) microglia upregulate genes 

including Amigo2 (adhesion molecule with Ig like domain 2) and complement component C3 

(Liddelow and Barres 2017). The neuroprotective A2 phenotype is characterized by upregulation 

of genes such as Slc10a6 (Solute Carrier Family 10 Member 6). Finally, there are “pan-reactive” 

astrocyte markers that are upregulated in response to varied stressors, such as Gfap. 

Results 

Comparative toxicogenomics database analysis 

In order to better understand which cellular pathways might be engaged specifically in response 

to PCBs we performed an in silico screen using the CTD (data accessed on Feb 17th, 2019) 

(Davis et al. 2021) (Fig 5.1). The CTD is a powerful tool for researchers to examine toxicant-

disease associations and to investigate hypotheses about specific gene-chemical interactions and 

the related cellular functions. Three parameters were used to determine genes of interest. In order 
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to determine functional relevance for the central nervous system, we defined one of the three 

parameters as genes linked to PD (Hatcher-Martin et al. 2012). The second parameter was genes 

relating to PCB toxicology. The third parameter, genes linked to antioxidant activity, was based 

on our findings outlined in Chapter 4 since PCB exposure caused oxidative stress in astrocytes. 

Figure 5.1. Screen of antioxidant genes with inferred associations to PCBs and PD from the 
Comparative Toxicogenomics Database. 
An analysis was conducted using the Comparative Toxicogenomics Database to identify a set of 
antioxidant genes with inferential associations to both PCBs and PD. 
 
 

These in silico analyses identified 54 overlapping genes (Fig 5.1), on which GO analysis 

was performed (as described in Chapter 2) to determine the cellular processes most enriched in 

the 54 antioxidant genes (Table 3) associated with PCBs and PD. This analysis identifies the 

response to several forms of reactive oxygen species (such as superoxide and hydrogen peroxide) 

as well as cellular detoxification processes, including glutathione conjugation, as specifically 

enriched (Fig 5.2). Genes of interest were identified from the complete set of results (Table 3) 

by taking tissue, cellular expression and isoform redundancy into account. This resulted in the 

following genes of interest: peroxiredoxin 1 (Prdx1), peroxiredoxin 6 (Prdx6), glutathione S-
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transferase theta 1 (Gstt1), glutathione peroxidase-1 (Gpx1), myeloperoxidase (Mpo) and 

superoxide dismutase-1 (Sod1).
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Table 3. Antioxidant genes with inferential associations to PCBs and PD and expression 
values in human and mouse cortex from the Human Protein Atlas. 

Gene 
Symbol Gene Name (human) 

Normalized 
Expression in 
Human Cortex 

Normalized 
Expression in 
Mouse Cortex 

APOA4 Apolipoprotein A-IV ND ND 
APOE Apolipoprotein E  53.4 40.8 
APOM Apolipoprotein M 1.8 0.4 
CAT Catalase 7.7 10.3 
CCS Copper chaperone for superoxide dismutase  16.8 11 
CLIC2 Chloride Intracellular Channel 2 4.8 NA 
FABP1 Fatty Acid-Binding Protein 1 0.5 0.4 
GPX1 Glutathione Peroxidase 1 NA NA 
GPX1A Glutathione Peroxidase 1A NA NA 
GPX2 Glutathione Peroxidase 2 0.1 0.3 
GPX3 Glutathione Peroxidase 3 3.6 0.6 
GPX4 Glutathione Peroxidase 4 83.7 51.3 
GPX6 Glutathione Peroxidase 6 ND 0.2 
GPX8 Glutathione Peroxidase 8 0.7 5.4 
GSR Glutathione-Disulfide Reductase 11.8 10.5 
GSTA1 Glutathione S-Transferase Alpha 1 0.7 NA 
GSTK1 Glutathione S-Transferase Kappa 1 19.6 6.8 
GSTM2 Glutathione S-Transferase Mu 1 25 NA 
GSTM7 Glutathione S-transferase Mu 7 DNF DNF 
GSTO1 Glutathione S-transferase omega-1 24.3 5.3 
GSTP1 Glutathione S-Transferase Pi 1 19.8 NA 
GSTP2 Glutathione S-Transferase Pi 2 DNF DNF 
GSTT2 Glutathione S-transferase theta 2 NA NA 
GSTT3 Glutathione S-transferase theta 3 DNF DNF 
HBA-A1 Hemoglobin Subunit Alpha 1 DNF DNF 
HP Haptoglobin 0.3 NA 

IPCEF1 
Interaction Protein For Cytohesin Exchange Factors 
1 26.4 NA 

IYD Iodotyrosine Deiodinase 0.1 0.2 
LOXHD1 Lipoxygenase homology domains 1 1.9 0.2 
MGST1 Microsomal glutathione S-transferase 1 14 3.8 
MGST2 Microsomal glutathione S-transferase 2 9.3 0.4 
MGST3 Microsomal glutathione S-transferase 3 56 22.6 
MPO Myeloperoxidase 1 0.3 
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Table 3 continued. 

NQO1 NAD(P)H quinone dehydrogenase 1 9.1 1.3 
PRDX2 Peroxiredoxin 2 80.8 NA 
PRDX4 Peroxiredoxin 4 5.4 4.8 
PRDX6 Peroxiredoxin 6 32.8 NA 
PTGS2 Prostaglandin-endoperoxide synthase 2 1.9 3.4 
S100A8 S100 calcium binding protein A8 1.6 0.8 
S100A9 S100 calcium binding protein A9 2.1 0.7 
SELENOT Selenoprotein T 48.2 33.5 
SELENOW Selenoprotein W 70.6 83.2 
SOD1 Superoxide dismutase 1 74.9 49.6 
SOD2 Superoxide dismutase 2 12.5 NA 
SRXN1 Superoxide dismutase 1 18.6 11.5 
TPO Thyroid peroxidase 0.1 0.1 
TRP53INP
1 Tumor Protein P53 Inducible Nuclear Protein 1 DNF DNF 
TXN1 Thioredoxin 1 DNF DNF 
TXNDC17 Thioredoxin domain containing 17 19.2 12 
TXNRD1 Thioredoxin reductase 1 11.2 10.6 
TXNRD2 Thioredoxin reductase 2 15 7.2 
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Figure 5.2. GO analysis and gene enrichment of the 54 antioxidant genes with inferred 
associations with PCBs and PD. 
P-values for the most enriched (>100 fold enrichment) processes are: removal of superoxide 
radicals (p = 2.50 x 10-10), cellular oxidant detoxification (p = 9.73 x 10-97), cellular response to 
superoxide (p = 5.47 x 10-10), response to superoxide (p = 1.53 x 10-9), cellular response to oxygen 
radical (p = 5.4 x 10-10), response to oxygen radical (p = 1.51 x 10-11), hydrogen peroxide catabolic 
process (p =8.63 x 10-19), glutathione derivative metabolic process (p = 2.74 x 10-13), cellular 
detoxification (p = 1.34 x 10-94), detoxification (p = 3.69 x 10-91) and the response to lipid 
hydroperoxides (p = 2.55 x 10-3).
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Quantitative real-time reverse transcription PCR 

We performed quantitative real-time reverse transcription PCR (qRT-PCR) using RNA derived 

from primary murine astrocytes following PCB or vehicle exposure. In addition to the genes 

identified from the CTD screen, we included several genes that are linked to astrocyte reactivity: 

Slc10a6, Amigo2, Gfap, and C3. Finally, we included Nrf2-regulated genes, Nox1 and Gsta2, 

which are important in the astrocytic antioxidant response and Aqp4, as this water channel plays 

an important role in the glymphatic system and there is evidence that it is Nrf2-regulated (J. 

Zhao et al. 2005, 2007). 

This framework enabled us to define a subset of twelve genes of interest to analyze in 

vitro. PCB exposure of astrocytes resulted in a significant increase in several Nrf2 antioxidant 

genes including glutathione-s-transferase 2 (Gsta2, 1.6-fold increase), peroxiredoxin 6 (Prdx6, 

5.3-fold increase), and peroxiredoxin 1 (Prdx1, 8.6-fold increase) and a trending increase in 

superoxide dismutase 1 (Sod1, 2.9-fold increase). Of the genes relating to astrocyte reactivity, 

Gfap (p = 0.003, 1.8-fold increase) and Amigo2 (p = 0.02, 1.5-fold increase) showed small but 

significant increases following exposure to PCBs; C3 (p = 0.1, 2.7-fold increase) and Sod1 (p = 

0.06, 2.9-fold increase) were trending towards increased expression but did not reach statistical 

significance. There was no significant change in the antioxidant gene NADPH oxidase 1 (Nox1, 

1.2-fold change), or solute carrier family 10 member 6 (Slc10a6, 1.5-fold change), which is 

associated with a “helpful” astrocyte state; similarly, aquaporin 4 (Aqp4, 1.09-fold change) was 

not significantly different between samples (Fig 5.3). 
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Figure 5.3. Upregulation of antioxidant genes in response to PCB exposure. 
qRT-PCR (mRNA), fold change of 10 µM PCB exposed astrocytes compared to vehicle 
(methanol) treatment. Data analyzed via Student’s t-test, represented as mean ± SEM with 3 
biological replicates and was replicated in 2 or 3 independent experiments, *p = 0.02, **p = 0.008, 
***p = 0.0003. 
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Conclusions and discussion 

The results presented in this chapter demonstrate that astrocytes exposed to 10 µM PCBs for 24 

hours increase expression of antioxidant genes: Amigo2, Gfap, Gsta2, Prdx6 and Prdx1. This 

suggests that these astrocytes, which are experiencing significant oxidative stress (Chapter 4), are 

able to respond to this increased burden of ROS by upregulating the transcription of genes to 

combat the oxidative stress. In recent years, there has been increasingly more research 

characterizing astrocytic responses to various stimuli as “reactive” or “neuroprotective,” which is 

an important step in understanding the varied responses of astrocytes to divergent stimuli 

(Liddelow and Barres 2017). The subset of genes investigated that were upregulated in response 

to PCB exposure suggest that these astrocytes are engaging glutathione and peroxiredoxin 

systems in addition to pathways implicated in a reactivity framework (Amigo2 and Gfap). 

The peroxidase system in astrocytes is particularly important for the response to reactive 

oxygen species in the brain and is implicated in neurodegenerative disease pathogenesis 

including that of PD (Damier et al. 1993; Power and Blumbergs 2009). In particular, Prdx1 is 

important in H2O2 regulation and redox signaling, as well as oxidative protein protection and the 

immune response (Seo et al. 2000; Shichita et al. 2012). Several forms of peroxiredoxins are 

implicated in astrocytes in CNS diseases and disorders, including Prdx5 in multiple sclerosis and 

Prdx1 in spinal cord injury (Holley et al. 2007; Pankiewicz et al. 2020; S. Huang et al. 2015). 

Apposite to this thesis, Prdx6, which is predominantly expressed in astrocytes in the CNS, has 

been shown to increase the oxidative resistance of astrocytes, evincing their greater capacity to 

combat oxidative stress (Asuni et al. 2015). PRDX6 uses GSH and ascorbate as electron donors 

and is implicated in AD pathogenesis, including astrocyte-driven β-amyloid plaque (Pankiewicz 

et al. 2020; Power et al. 2008). Here, we specifically investigated two isoforms of Prdx (Prdx6 
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and Prdx1), as these are the two isoforms shown to be expressed in mouse astrocytes (Jin et al. 

2005). 

 Amigo2 and Gfap are both markers of reactive astrocytes (Liddelow et al. 2017) and here 

we show that they are modestly upregulated in response to 24 hour PCB exposure. Amigo2 is 

thought to mediate cell-cell adhesion between astrocytes and neurons (Yanan Chen, Hor, and 

Tang 2012). Furthermore, AMIGO proteins bind to Kv2.1 potassium channels, suggesting a role 

for this protein in the astrocytic synaptic modulation (X. Zhao et al. 2014; Peltola et al. 2011). 

GFAP is a long-established marker of reactive astrocytes (Eng et al. 1971) and has been studied 

in the astrocytic response to perfluorooctane sulfonate (PFOS), a non-organochlorine industrial 

toxicant. Rats exposed to PFOS prenatally showed increased expression of astrocyte activation 

markers (GFAP and S100 calcium binding protein B [S100B]) in the hippocampus and cortex 

(H.-C. Zeng et al. 2011). 

 Importantly, the Nrf2-driven antioxidant response, assayed target genes of which include: 

Gsta2, Nox1, Prdx1, Prdx6 and Sod1, is activated in response to a wide range of oxidative 

stressors. This pathway is thought to be involved in an adaptive response to oxidative stress, as it 

is controlled through the oxidative sensing capacity of the Keap1-Nrf2 complex and the proteins 

regulated by this pathway counteract different steps of the cellular sequelae related to oxidative 

stressors (Osburn and Kensler 2008; Itoh, Tong, and Yamamoto 2004). Here, PCB exposure 

resulted in significantly increased expression of a few of these genes (Prdx1, Prdx6 and Gsta2), 

suggesting that the Nrf2-driven antioxidant response is engaged but may not be the primary or 

sole driver of the astrocyte’s response to PCB-induced oxidative stress. 

 It is important to note that the genes investigated here might not all follow the same time 

course of upregulation following insult. Previous studies in a model of ischemia have shown a 
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peak in Nrf2 expression after 24 hours (C. Yang et al. 2009), while studies of the yeast genome 

have demonstrated that after two hours of exposure to environmental stressors the majority of 

genes upregulated in response to stress return to baseline (Causton et al. 2001; Gasch et al. 2000; 

Scandalios 2002). Furthermore, there is evidence from in vitro astrocyte-neuronal co-culture 

models that both astrocytic Nrf2-dependent and independent pathways are involved in conferring 

neuronal resilience to further oxidative insults (Haskew-Layton et al. 2010; Bell et al. 2011; 

Baxter and Hardingham 2016). This final point is critical in understanding the role of astrocytes 

in responding to both acute and chronic oxidative stress, as it has been shown that exposure to 

both mild and severe oxidative stress increases tolerance to future stressors (Bhatia et al. 2019). 
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CHAPTER 6: PCBS ALTER ASTROCYTIC METABOLISM 

Introduction 

While the specific impacts of many toxicants on astrocytes have not been well-studied, as our 

scientific view of the CNS expands to further appreciate the critical role of glial cells in 

preserving proper functioning, there is growth in this area of research. In particular, research on 

environmental toxicants within the CNS is incomplete without an understanding of how 

astrocytic metabolic dysfunction, as a result of both acute and chronic exposure to toxicants, 

contributes to the breakdown of homeostasis and attendant neural degeneration. Specifically, as 

the metabolism of astrocytes is so important for brain health, disruption of astrocytic metabolic 

processes by environmental toxicants is an important, emerging area for understanding 

neurologic diseases wrought, either in part or in totality, by exposure to these toxicants. 

As research on glial cells in the context of neurodegeneration continues to expand, it is 

imperative to understand the physiological functions of astrocytes, including the metabolic 

processes that are essential for the maintenance of brain homeostasis (Weber and Barros 2015). 

The factors disrupting this homeostasis, and the resultant metabolic alterations, is fundamental to 

our understanding of how xenobiotic compounds impact the CNS and metabolic systems therein 

(Fig 1.3). The neuron-astrocyte dynamic and the ways in which it can be perturbed are critical to 

our understanding of neurodegeneration and damage. While the astrocytic functions critical for 

neuronal health represents an area of increasingly more research, it is clear that these cells are 

important for brain functions in ways that exceed direct astrocyte-neuron interactions (Allaman 

et al. 2011). The CNS is a notably complex organ system that requires its constitutive structural, 

cellular and molecular machinery to work both independently and as part of complex, multi-

system networks (Maffei and Fontanini 2009; Kulkarni et al. 2018). In other words, proper 
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communication between neurons and glia as well as glia-glia communication are critical for 

neuronal function, health, and wellbeing. This is particularly apparent when the brain is 

provoked, for example during exposure to endogenous and/or exogenous stressors. 

PCBs cause direct neuronal oxidative damage (Lee and Opanashuk 2004) but their 

influence on astrocytic metabolism remains understudied and is the focus of the work in this 

chapter. In order to have a more complete understanding of the impact of PCBs, both as a 

relevant environmental toxicant and more broadly as a representative oxidative stress-inducing 

toxicant, on the brain in general and on neurons, it is important to understand the effect on 

astrocytes. The metabolic processes that will be discussed herein are described in detail in 

Chapter 1. Here, we utilize metabolism assays to interrogate the effects of PCBs on primary 

murine astrocytes.
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Results 

Metabolic changes with PCB exposure 

Given that the oxidative state of astrocytes can impact their metabolic function and homeostatic 

processes (reviewed in (McCann and Maguire-Zeiss 2021)), here we investigated the metabolic 

profile of PCB-exposed primary murine astrocytes using the Seahorse Extracellular Flux 

analyzer. We examined mitochondrial OCR in 10 µM PCB-exposed astrocytes and found no 

significant differences in basal respiration, proton leak, or maximal respiration (Fig 6.1A). 

Interestingly, there were significant increases in the ATP production in the 10 µM PCB-exposed 

astrocytes (Fig 6.1D). We tested a higher dose (50 µM) and found no significant differences in 

OCR, basal and maximal respiration or ATP production (Fig. 6.2E-H). There were no significant 

differences in proton leak with either treatment, however there was a significant increase in the 

spare respiratory capacity of the 10 µM PCB-exposed astrocytes (Fig 6.1F). This data suggests 

that at the lower (10 µM) dose, the astrocytes are engaging mechanisms to overcome metabolic 

dysfunction whereas this mechanism fails at the higher dose (50 µM).
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Figure 6.1. Astrocytes increase ATP production and spare respiratory capacity in response 
to 10 µM PCB exposure for 24 hours. 
A. The OCR of 10 µM PCB-exposed astrocytes (24h exposure). B-C. This exposure does not cause 
significant differences in basal or maximal respiration. D. There is increased ATP production after 
24h compared to vehicle (*p = 0.04). E. Proton leak is not significantly different between 
conditions. F. Spare respiratory capacity is increased with 10 µM PCB exposure (*p = 0.05). Data 
analyzed via generalized linear model; data represented as mean ± SEM with 3-5 biological 
replicates from three independent experiments. 
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Figure 6.2. Astrocytes increase ATP production and spare respiratory capacity in response 
to 50 µM PCB exposure for 24 hours. 
A-F. There are no significant differences between vehicle and 50 µM PCB exposure after 24h for 
any of the metrics analyzed: OCR (A), basal respiration (B), maximal respiration (C), ATP 
production (D), proton leak (E) or spare respiratory capacity (F). Data analyzed via generalized 
linear model; data represented as mean ± SEM with 3-5 biological replicates from three 
independent experiments.
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Increased glucose uptake with low dose exposure to PCBs 

Throughout the CNS, astrocytes play important roles at the synapses, where they partake in an 

intensive metabolic exchange with neurons that is essential for neuronal survival and at the BBB 

where astrocytic endfeet ensheathe the vasculature and express GLUT1, a glucose transporter 

(Morgello et al. 1995). The metabolic processes that regulate glucose levels are critical for brain 

function, including synaptic transmission and global homeostasis (Verkhratsky et al. 2019; 

Allaman, Bélanger, and Magistretti 2011; Chai et al. 2017; Han et al. 2013). The ability of 

astrocytes to serve as sensors of metabolic changes in the microenvironment places these cells in 

the unique position of regulating glucose dynamics within the CNS and from the periphery into 

the brain (García-Cáceres et al. 2016). In order to determine whether astrocyte function is 

affected by PCB exposure we examined glucose uptake in astrocytes. Interestingly, 10 µM PCB-

exposed astrocytes demonstrate increased glucose uptake compared with vehicle-exposed cells 

whereas 50 µM PCB-exposed astrocytes do not (Fig. 6.3), suggesting that in response to low-

dose (10 µM) PCB exposure, astrocytes are responding to metabolic demand. 
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Figure 6.3. Increased glucose uptake with low dose exposure to PCBs. 
A. 10 µM PCB exposure results in increased astrocyte glucose uptake compared to vehicle. B. 50 
µM exposure of astrocytes does not significantly alter glucose uptake. Data represented as mean 
± SEM with 3 - 6 biological replicates from 3 independent experiments, unpaired two-tailed t-test, 
*p = 0.01. 
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Conclusions and discussion 

Together, the work presented here shows that astrocytes exposed to 10 µM PCBs increase ATP 

production, spare respiratory capacity, and glucose uptake. Glucose, the main substrate for 

energy in the brain, is metabolized by three successive processes: glycolysis, the TCA cycle, and 

oxidative phosphorylation. This final process, oxidative phosphorylation, is the most efficient 

driver of cellular ATP production. Our data suggests that at a 10 µM exposure to PCBs, 

astrocytes are able to increase glucose uptake and drive ATP production to compensate for 

increases in reactive oxygen species burden (Fig 4.1) and fulfill cellular energy demands. 

 The observed significant increase in the spare respiratory capacity of 10 µM PCB-

exposed astrocytes suggests that the mitochondria are engaging additional metabolic pathways. 

The 10 µM-PCB astrocytic mitochondria might be able to increase utilization of compensatory, 

alternative metabolic pathways to produce ATP. Further support for this hypothesis is found in 

the observed increase in glucose uptake at the 10 µM dose, which is indicative of engagement of 

glycolytic pathways (Marrif and Juurlink 1999). This mechanism is not engaged in the higher 

dose (50 µM) exposure, where the astrocytes do not increase glucose uptake and are unable to 

utilize increased energy expenditure. Together, these data suggests that the mechanisms engaged 

at the lower dose are less effective at a higher dose. 

These findings are concordant with the hormesis principle of toxicology wherein 

stimulation is observed at low doses of exposure to chemical agents that cause toxicity at high 

doses, resulting in a biphasic response (E. J. Calabrese et al. 2007; Mattson 2008; Tapia 2006). 

Hormesis, which is related to terms such as “adaptive response” or “preconditioning” that also 

describe nonlinear responses, is increasingly shown to be an important consideration in the 

evaluation of dose-response models in biological systems, specifically with regards to oxidative 
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stressors (E. J. Calabrese and Baldwin 2003; E. J. Calabrese, Baldwin, and Holland 1999; E. J. 

Calabrese et al. 2007; Bazopoulou et al. 2019). The concept of hormesis as it pertains to public 

health decisions is controversial and has a great potential for adverse health outcomes if applied 

in a regulatory context. However, it is clear that “nonmonotonic” dose responses require 

consideration in the context of basic science and data interpretation to understand the biological 

machinery underpinning these responses (Thayer et al. 2005). 

With regards to PCBs, hermetic effects have been shown in several models including 

human lung fibroblasts (Hashmi et al. 2015; Yingxu Chen et al. 2010) and in iron sequestration 

in the striatum of PCB-exposed mice (Donna W Lee et al. 2012). When considering the impact 

of PCBs on primary neuronal cultures, where decreased cellular viability is shown to occur after 

a 4h exposure to PCBs at concentrations between 30 and 100 µM in rat cortical cultures 

(Sánchez-Alonso et al. 2004a) and there is evidence of differential outcomes between 

hippocampal and cortical neurons (Howard et al. 2003), it is critical to consider the influence of 

the attendant astrocytes in these culture systems. At higher doses (>10 µM, as we show here), it 

is possible that astrocytes fail to engage compensatory mechanisms to promote their own 

survival in addition to that of neurons. 

As it becomes increasingly evident that astrocytic phenotypes differ with anatomical 

regions, this heterogeneity may contribute to an explanation of differing neuronal vulnerabilities 

(Matias, Morgado, and Gomes 2019; Xin and Bonci 2018; Matyash and Kettenmann 2010). The 

data discussed here show that a significant increase in OCR at 10 µM is concomitant with 

increased glucose uptake, indicating an increase in metabolic activity that promotes cellular 

survival. An important future direction for this work is identifying the alternative energy 
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pathways involved in this process and studying these metabolic compensatory mechanisms both 

in vivo and in a targeted neuron-astrocyte in vitro co-culture model.
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CHAPTER 7: TOXICITY-INDUCED MALFORMATIONS AND ALTERED GENE 

EXPRESSION IN PCB-EXPOSED ZEBRAFISH 

Introduction 

To investigate the impact of PCBs in vivo, we utilized a zebrafish model (Danio rerio). Zebrafish 

pose several advantages to mammalian models and have emerged as a powerful tool for 

toxicology research. Practically, zebrafish are small animals with a high rate of fecundity and 

husbandry costs that are comparatively lower than mammalian models. With respect to 

toxicology research, many of the complications of treatment paradigms with higher order animal 

models are not present in zebrafish, as exposure to water-soluble compounds of interest in their 

environment is a biologically relevant and scientifically robust methodology. Importantly, 

research has shown that 70% of human genes have a zebrafish orthologue (Howe et al. 2013). In 

addition to their genetic makeup, many molecular signaling and neurodevelopmental processes 

are conserved between zebrafish and humans (Kalueff, Stewart, and Gerlai 2014; Vaz, 

Hofmeister, and Lindstrand 2019). 

Zebrafish have GFAP+ cells that are termed “radial glia” (they are also referred to as 

radial astrocytes, radial astroglia, or astroglia) (Cuoghi and Mola 2009; Grupp, Wolburg, and 

Mack 2010). In mammals, these radial glial cells are understood to be the precursors to 

differentiated astrocytes (Kroehne et al. 2011). Interestingly, in zebrafish, these cells are both the 

precursors for neuronal cells that persist throughout the lifespan and function in a role analogous 

to that of mammalian astrocytes, including the ability to mount an inflammatory response after 

injury (Kyritsis et al. 2012). 

Recent research has further shown that zebrafish radial glial cells are functionally 

equivalent to mammalian astrocytes (reviewed in (Judson et al. 2012b)). This is evident in 
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several characteristics including: proximity to synapses, syncytium formation, expression of 

glutamine synthetase, and the presence of calcium waves (J. Chen et al. 2020). Beginning at 1 

DPF, zebrafish radial glia express glutamate transporters (EAAT2a/GLT-1; EAAT1b/GLAST) 

that are known be enriched in mouse and human astrocytes (Cahoy et al. 2008; J. Chen et al. 

2020). These characteristics and the toxicological advantages of utilizing a zebrafish model 

suggest these animals are an appropriate model for investigating the in vivo impacts of PCB 

exposure. 

PCBs and PCB derivatives are known to cause toxicity in fish (Walker 1996; Hornung, 

Zabel, and Peterson 1996; Teraoka et al. 2002; Henry et al. 1997; Ton, Lin, and Willett 2006), 

including neurotoxicity in zebrafish at various developmental time points (Péan et al. 2013; 

Andreasen et al. 2002). Behaviorally, zebrafish exposed to 5 ppm Aroclor 1254 display 

functional deficits including decreased avoidance behavior (Lovato, Creton, and Colwill 2016). 

Phenotypic hallmarks of toxicity in zebrafish include: edema of the yolk sac, underdevelopment 

of the swim bladder, body length, and spinal deformities (Şişman, Geyikoğlu, and Atamanalp 

2007; X. Yang et al. 2018; Henry et al. 1997; H. Huang et al. 2010). Here, we investigated PCB-

induced malformations and gene expression changes in zebrafish. 

Results 

Lethality 

We initially performed a pilot experiment to determine mortality of zebrafish embryos when 

exposed to PCBs. Zebrafish embryos (4 DPF; 256-cell stage [blastomere]) were exposed to a 

range of PCB doses (0.625, 1.25, 2.5, 5, 10, 20, 40, 80, 160 and 320 µM) to determine the 

maximum tolerated dose. Embryos were harvested at the 256-cell stage and individually placed 
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in 96-well plate wells. At 4 DPF, the fish were exposed to the PCBs and given a vitality score at 

18- and 36-hours post-exposure. A vitality score of two indicated that the fish swam in response 

to mechanical stimulation with a pipette tip, a vitality score of one indicated that the fish did not 

swim in response to this stimulation but were not disintegrating (score of zero). A “NO TX” 

control was included where the fish were only exposed to water. This is an important control as 

the vehicle for PCBs, methanol, is toxic at a 4% concentration (Tephly 1991). 
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Figure 7.1. Zebrafish vitality and mortality in response to PCB exposure. 
Zebrafish were exposed to PCBs at various doses and vitality was assessed at 18 (A) and 36 (B) 
hours. These data indicate that zebrafish exposed to doses between 20 µM and 80 µM have a 
reduction in vitality and zebrafish exposed to 160 µM and 320 µM doses had significant mortality. 
n = 8 fish per treatment condition. 
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Toxicity-induced malformations 

In order to assess gross toxicity-induced malformations, zebrafish (4 days post-fertilization 

[DPF], 256-cell stage [blastomere]) were exposed to vehicle, 40 µM or 80 µM PCBs for 48 

hours. After exposure, total length, spinal curvature, swim bladder length and area, and yolk sac 

area were analyzed. Fish were anesthetized using MS222 at a concentration of 164 mg/L and 

placed in methyl cellulose for imaging. The methodology utilized to analyze images are outlined 

in Chapter 2. These results show that zebrafish exposed to 80 µM and 160 µM PCBs experience 

significant toxicity-induced malformations including decreased swim bladder length, increased 

spinal curvature and decreased total length (Fig 7.2). The disparity in the number of fish per 

treatment group is largely due to the lethality of the higher dose treatment groups and the 

difficulty in manipulating the fish exposed to the highest levels for imaging from the breakdown 

of tissue.
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Figure 7.2. Toxicity-induced malformations in zebrafish exposed to PCBs for 48 hours. 
Full body length (A), spinal curvature (B), yolk sac edema (C) and swim bladder area (D) were 
quantified in zebrafish exposed to PCBs for 48 hours. Data analyzed via one-way ANOVA with 
Dunnett’s multiple comparison’s test and represented as mean ± SEM, n = 2-9 fish per group, *p 
= 0.03, **p = 0.002, ***p = 0.0008, ****p<0.0001.
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Gene-expression 

We then sought to analyze the gene expression profile of PCB-exposed zebrafish using a dose 

that elicited a toxic phenotype (80 µM) and one that did not (40 µM), in order to investigate 

alterations in gene expression at these different doses. Following 48-hour exposure to PCBs at 

either 40 or 80 µM, quantitative real-time reverse transcriptase PCR was performed on cDNA 

synthesized from RNA isolated from the whole fish. The expression of the genes coding for 

GFAP (Fig 7.3A) and apolipoprotein (APO)-Eb (the zebrafish homologue of human APOE) (Fig 

7.3B), were significantly decreased in the 40 µM condition compared to vehicle and increased in 

the 80 µM condition. Expression of peroxiredoxin-5 (prdx5), an isoform of peroxiredoxin that is 

expressed in zebrafish nervous tissue, was significantly increased in the 80 µM condition 

compared to both the vehicle and 40 µM (Fig 7.3C). Finally, we investigated the expression of 

solute carrier family 6 member 3 (slc6a3), which is the zebrafish homologue of the dopamine 

transporter (DAT) in humans (Bai and Burton 2009) and found that, while there were no 

significant differences between the vehicle condition and either PCB dose, the 80 µM PCB 

exposure resulted in significantly higher expression compared to the 40 µM (Fig 7.3D).
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Figure 7.3. Gene expression in whole zebrafish following 48-hour exposure to 40 or 80 µM 
PCBs.  
qRT-PCR (mRNA), fold change of PCB-exposed zebrafish. Data analyzed via one-way ANOVA 
with Tukey’s multiple comparison’s test and represented as mean ± SEM with 3 biological 
replicates from one experiment, *p = 0.01, **p = 0.004, ***p = 0.0001, ****p<0.0001. 
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Conclusions and discussion 

In these preliminary studies, we sought to determine whether the same pathways engaged in the 

astrocytes (Gfap, Prdx1, Prdx6) were also engaged in PCB-exposed zebrafish. To this end, we 

first determined a range of doses to use based on gross mortality and toxicity-induced 

malformation data (Fig 7.1, 7.2). From this, we selected a dose that did not cause overt toxicity 

(40 µM) and one where we observed a toxic phenotype in the fish (80 µM). This was done to 

recapitulate our experimental paradigm in astrocytes, where the observed molecular response to 

PCBs at 10 µM occurred in the absence of reduced cellular viability (Chapters 4, 5, 6). While the 

lethal dose, 50% (LD50) for Aroclor 1254 in zebrafish in an equivalent exposure paradigm, was 

not previously known, from our data it appears that 160 µM at 18 hours causes death in 

approximately 50% of the fish. The developmental time point we selected (exposure beginning at 

2 DPF and concluding at 4 DPF) was based on published literature showing that astrocyte-like 

cells are present in the zebrafish CNS from 2 DPF (J. Chen et al. 2020). 

 While it is always important to consider inter-species differences when comparing data 

from different models, the major biochemical pathways involved in the known response to PCBs 

are highly conserved (Goldstone et al. 2010). This underscores the suitability of zebrafish as a 

toxicological model for exposure to environmental toxicants, including organochlorines. 

 The gene expression data presented here suggest that PCBs engage the peroxiredoxin 

pathway, as well as upregulating gfap, at a higher dose (80 µM) while gene expression for both 

of these is reduced at the lower dose (40 µM). This suggests that there is a non-linear, differential 

response based on dose. An important consideration is that the qRT-PCR was performed on 

RNA (after conversion to cDNA) isolated from the whole zebrafish, not just the central nervous 

system. As such, while gfap is a marker for radial glia in zebrafish and the expression of apoeb 
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and slc6a3 are predominantly within the CNS, the data shown here are from the entire zebrafish 

and not specific to the CNS. It is also important to consider that, while there is an increase in the 

expression of slc6a3 in the higher dose compared to the lower dose exposed fish, this does not 

suggest preferential engagement of the zebrafish dopaminergic system in the absence of assaying 

other neurotransmitter transporters. 
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CHAPTER 8: THE DUAL IMPACT OF SYNUCLEIN AND PCBS ON ASTROCYTES 

Introduction 

The etiology of many neurodegenerative diseases is not based solely on genetic mutations as the 

number of sporadic idiopathic cases far outnumbers familial (Lesage and Brice 2009; Klein and 

Westenberger 2012). This includes synucleinopathies, which are diseases defined by pathologic 

accumulation of synuclein in vulnerable populations of cells (neurons [terminals and soma] and 

glia). Examples of synucleinopathies include Parkinson’s disease, dementia with Lewy bodies, 

and multiple system atrophy. The disparity in the number of sporadic versus familial cases has 

led researchers to examine, in the absence of clear genetic causality, how exposure to 

environmental factors can contribute to disease pathology, potentially by coinciding with genetic 

vulnerabilities. 

Rare familial forms of synucleinopathies can be caused by genetic mutations. 

Specifically, gene multiplications of the SNCA gene coding for a-synuclein lead to an increased 

load of a-synuclein in the CNS and the resultant disease state in PD (Ross et al. 2008). 

Importantly, SNCA is associated with PD through genome-wide association studies (GWAS) in 

addition to smaller studies focused on familial mutations (such as the A53T mutation) (Giasson 

et al. 2002). Furthermore, there are a number of genetic variants with incomplete penetrance that 

confer increased risk for PD and are present in a larger percentage of the global population. An 

example of this is a mutation of REP1, which is the promoter region for the SNCA gene, where 

an extension of 263-bp of this allele is associated with a 1.4 odds ratio for PD (Maraganore et al. 

2006). Together, this evidence implicates SNCA in the etiology of both familial and sporadic (or 

idiopathic) PD. 
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In an effort to define the etiology of idiopathic PD and explain both the selective 

vulnerability of certain cell types (dopaminergic neurons, for example) and the progression of 

symptomatology, many researchers have tested hypotheses that include a transmission of 

synuclein from one region to another (Surmeier, Obeso, and Halliday 2017; Karpowicz, 

Trojanowski, and Lee 2019; Dehay et al. 2016; Chu et al. 2019). These hypotheses include the 

Braak hypothesis, wherein a gut pathogen spreads to the CNS via the olfactory bulbs or vagus 

nerve (Braak et al. 2003) and the prion-like hypothesis where a-synuclein acts as a pathogen and 

is transmitted from affected neurons to others (Olanow and Prusiner 2009; Desplats et al. 2009). 

This spreading of synuclein between neurons and anatomical regions entails release of synuclein 

from a presynaptic neuron into the synaptic microenvironment. Exogenous application of 

misfolded, recombinant human synuclein (SYN) experimentally recapitulates this particular 

route to disease, where a-synuclein is released from neurons and interacts with the synaptic 

cellular environment (Paumier et al. 2015; Karpowicz, Trojanowski, and Lee 2019). 

a-synuclein is a 140 amino acid protein encoded by the SNCA gene and is highly 

expressed in the CNS (Spillantini et al. 1997; Kahle 2008). a-synuclein is enriched in 

presynaptic terminals and is a natively unfolded protein composed of an apolipoprotein binding 

motif, a non-amyloid beta component, and a negatively charged carboxyl terminus (Breydo, Wu, 

and Uversky 2012; Eliezer et al. 2001). Under physiologic conditions, a-synuclein is abundantly 

expressed in presynaptic terminals and is involved in promoting soluble N-ethylmaleimide–

sensitive factor attachment protein receptor (SNARE)-complex assembly, which is integral to the 

tightly-regulated release of neurotransmitter (Burré et al. 2010). The pathogenic potential of a-

synuclein is thought to be conferred by its aggregation, wherein oligomeric forms of a-synuclein 
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form protofibrils, which eventually form insoluble fibrils (Periquet et al. 2007). Upon interacting 

with cellular membranes, a-synuclein forms an a-helical structure (Eliezer et al. 2001). 

Importantly, a-synuclein can be released from neurons (H. J. Lee, Patel, and Lee 2005; 

Pan-Montojo et al. 2012) after which it influences the neuronal microenvironment and glial cells 

(H.-J. Lee et al. 2010; Daniele et al. 2015). This includes microglial inflammation and the release 

of pro-inflammatory cytokines such as TNF-a, interleukin-1ß (IL1ß) and MMP13 (Daniele et al. 

2015; Sánchez-Alonso et al. 2004b; Béraud et al. 2013, 2011; Béraud and Maguire-Zeiss 2012; 

Su, Federoff, and Maguire-Zeiss 2009; Su et al. 2008; Theodore et al. 2008). Relevant to this 

thesis, once released from neurons, astrocytes have been shown to take up a-synuclein oligomers 

through endocytosis (H.-J. Lee et al. 2010; Rostami et al. 2017). Astrocytes exposed to a-

synuclein upregulate the expression of pro-inflammatory cytokines, like MMP3 and 

MCP1/CCL2 (H.-J. Lee et al. 2010). 

Pro-inflammatory cytokines: MCP1/CCL2 and MMP3 

MCP1/CCL2 is a chemokine that plays an important role in the recruitment and migration of 

monocytes and microglia. This recruitment is critical for an organ’s response to inflammatory 

stimuli, as these immune cells will phagocytose pathogens. Cytokines are major messengers in 

the bidirectional signaling between microglia and astrocytes, where both cell types release and 

respond to subtypes of these signaling molecules (Hanisch 2002; Trettel, Di Castro, and 

Limatola 2020; G. Yang et al. 2011). In several disease models, reactive astrocytes express 

MCP1/CCL2, such as in demyelinating lesions in multiple sclerosis (Voorn et al. 1999). In 

human immune deficiency virus (HIV)-associated neurocognitive disorder (HAND), astrocytes 

release MCP1/CCL2 when stimulated with the HIV-1 protein transactivator of transcription 

(Tat), which recruits monocytes into the CNS (Pu et al. 2003; Bozzelli et al. 2019; Conant et al. 
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1998). Interestingly, Tat induces the expression of MMPs, MMP3 and MMP13 in astrocytes, 

suggesting a role for MMP-signaling in the release of MCP1/CCL2 (Bozzelli et al. 2019). MMPs 

are a family of secreted zinc-dependent enzymes that are linked to a wide-variety of biological 

processes and cell types in the CNS (reviewed in (Rempe, Hartz, and Bauer 2016)). In the brain, 

MMP expression and activity is increased in response to different inflammatory stimuli, 

including injury (Yong 2005); following traumatic brain injury, MMP3 is increased in reactive 

astrocytes (H. J. Kim et al. 2005). Investigating the release of MCP1/CCL2 and MMP3 from 

astrocytes exposed to PCBs and SYN address both the ability of these pathogenic molecules to 

function as a “dual hit” and the engagement of immune signaling. 

Results 

In order to investigate whether recombinant human a-synuclein (SYN) and PCBs act as dual hits 

in inciting an astrocytic inflammatory response and gene expression upregulation, we exposed 

primary murine astrocytes to both SYN and PCBs (in the form of Aroclor 1254). Astrocytes 

were exposed to these compounds for 24 hours as described in detail in Chapter 2. The exposure 

conditions were as follows: “VEH” is the vehicle for both SYN (TEN buffer; details in Chapter 

2) and PCBs (methanol); “PCB” is 10 µM Aroclor 1254 with TEN buffer (volume-matched to 

the SYN condition); “SYN” is 0.5 µg/mL SYN with methanol (volume-matched to the PCB 

condition); “PCB + SYN” is 0.5 µg/mL SYN and 10 µM Aroclor 1254 

MCP-1 and MMP3 release 

 Our results show that in all conditions that contain SYN, there is significant release of both 

MCP-1 (Fig 8.1A) and MMP3 (Fig 8.1B). However, there is no effect of PCBs alone, or the 
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PCB + SYN co-exposure compared with the SYN condition, suggesting that there is not an 

additive or synergistic effect of PCBs and SYN on astrocytes. 
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Figure 8.1. MCP-1 and MMP3 release from Syn-exposed astrocytes. 
MCP1 and MMP3 release probed for by ELISA in 24-hour PCB/SYN-exposed astrocyte 
conditioned media. N = 9 samples from three independent experiments. Analyzed by one-way 
ANOVA with Tukey’s multiple comparisons test, *p = 0.03, ***p = 0.0005.
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Gene expression  

To investigate whether PCBs and SYN engage the same antioxidant pathways, I investigated a 

subset of genes that were upregulated in astrocytes with PCB exposure in isolation (Gsta2 and 

Prdx1, Fig 5.3) and genes that have been shown to be upregulated in microglia exposed to SYN 

(Hmox1 and Nox1) (Béraud et al. 2013). These data suggest that in astrocytes exposed to both 

PCBs and SYN the increased expression of Nox1 in response to SYN is exacerbated with PCBs 

(Fig 8.2) and that the expression of Hmox1, Gsta2 and Prdx1 do not suggest a “dual-hit” in 

inciting a Nrf2-driven astrocytic antioxidant response
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Figure 8.2. Gene expression after 24-hour exposure to PCBs and SYN. 
Astrocytes were exposed to 10 µM PCBs, 0.5 µg/mL SYN or both (PCB+SYN) for 24 hours after 
which gene expression of Nox1, Gsta2, Hmox1 and Prdx1 was analyzed. Data shown is from one 
experiment. Experiment was repeated twice, and two-way ANOVA (experiment x treatment) was 
performed on the pooled samples, with significance equivalent to the data presented. “*” represents 
significance compared to vehicle; “#” represents significance compared to PCBs. *p = 0.03, **p 
= 0.007, ***p = 0.0006, ****p < 0.0001, ##p = 0.002. 
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Conclusions and discussion 

The data presented in this chapter shows that MCP1/CCL2 and MMP3 release are increased in 

SYN-exposed astrocytes, but this release is not augmented by the presence of PCBs. 

Furthermore, the increased gene expression of Prdx1 and Gsta2 does not suggest an interaction 

between PCBs and SYN, although this could be confounded by the large degree of variability in 

Gsta2 expression. However, this work suggests that the increased Hmox1 expression is likely 

driven by PCB-exposure whereas Nox1 gene expression changes might represent a pathway 

where these compounds interact. 

Generally, the ‘dual-hit’ model of sporadic PD etiopathogenesis purports a convergence 

of two factors that ultimately result in disease (Maguire-Zeiss, Short, and Federoff 2005; 

Hawkes, Del Tredici, and Braak 2007; Horowitz and Greenamyre 2010). Many of these 

hypotheses propose that the substantia nigra is the ultimate site of convergence for pathogens 

entering through the nose and stomach, as the significance of the peripheral nervous system in 

PD is well-established (Hawkes, Del Tredici, and Braak 2007; Pan-Montojo et al. 2012). Gene-

environment hypotheses fall under the broader category of ‘dual-hit’ and specify the interaction 

of genetic and environmental risk factors. Numerous different environmental factors have been 

linked to PD and proposed as etiological risk factors, including toxicants like organochlorines, 

paraquat, maneb, manganese, as well as inflammation and brain trauma (Dinis-Oliveira et al. 

2006; Ascherio et al. 2006; Langston 1998; Meco et al. 1994; Mergler and Baldwin 1997; 

Hamza et al. 2010; Duvoisin, Lobo-Antunes, and Yahr 1972; Liu, Gao, and Hong 2003; Wahner 

et al. 2007; Friedman 1989; Goldman et al. 2006; Doder et al. 1999). Importantly, as discussed in 

detail in the introduction (Chapter 1), glial cells including astrocytes play a crucial role in PD. In 
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this chapter, we examined whether PCBs and SYN interact to cause cytokine release or increased 

expression of antioxidant genes in astrocytes. 

The results from these studies suggest that the Nox1 pathway may be a potential point of 

confluence in the cellular responses to these pathogenic molecules. NOX enzymes are electron 

transporters that generate ROS (superoxide or H2O2) by reducing NADPH. As both genetic and 

environmental models of PD are linked to oxidative stress, it is consistent that Nox1 is 

implicated in the response to both compounds and, indeed, Nox1 is thought to play a role in PD. 

This includes evidence from post-mortem patients, where Nox1 expression was present in the 

substantia nigra of PD patients but not in controls and from animal models, where Nox1 is 

upregulated in the substantia nigra of mice and rats after exposure to paraquat (Cristóvão et al. 

2012, 2009; Choi et al. 2012). 

 As NOX enzymes and mitochondrial oxidative phosphorylation represent major sources 

of ROS in the CNS (Kishida and Klann 2007; Bedard and Krause 2007), there are several 

hypotheses as to how they interact (reviewed in (Belarbi et al. 2017)) . One such hypothesis 

suggests that mitochondrial ROS regulates Nox1 redox signaling; evidence for which includes 

that inactivation of mitochondrial genes results in decreased Nox1 expression (Desouki et al. 

2005). Another hypothesis proposes that mitochondrial ROS stimulate the PI3K/Rac1/Nox1 

pathway, resulting in Rac1/Nox1 membrane interaction promoting ROS accumulation (S. B. Lee 

et al. 2006). Interestingly, while the interaction between PCBs and NOX has not been well-

studied, several PCB congeners (PCB-126, PCB-118 and PCB-153) have been shown to increase 

expression of NOX subunits (Nox2, p47phox, and p40phox) in HeLa cells (Y. Zhang, Song, and Li 

2019). Together, this suggests that SYN and PCBs might have an additive effect on increasing 
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Nox1 gene expression and activity and that SYN promotes a more “inflammatory” phenotype 

that stimulates the release of MCP1/CCL2 and MMP3, whereas PCBs do not. 
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CHAPTER 9: GENERAL DISCUSSION 

The work discussed in this thesis highlights the importance of understanding astrocytic 

responses to PCBs, which include oxidative stress (Chapter 4) and an antioxidant response 

(Chapter 5) as well as metabolic alterations (Chapter 6). Additionally, data from ToxCast 

(Chapter 3) and zebrafish (Chapter 7) suggest common pathways engaged between different 

species in the response to organochlorines. The data chapters (Chapters 3-8) that precede this 

general discussion contain focused examinations of the results presented therein. Here, I will 

focus on contextualizing the results of this thesis into the larger framework of the current 

scientific understanding of the ways in which toxicants impact the CNS. 

Toxicants and aging 

In the introduction (Chapter 1), I provided a brief overview of environmental toxicants that are 

associated, broadly, with brain dysfunction. When considering the impact of toxicants in the 

brain, it is critical to note the differing vulnerabilities of the CNS across the developmental 

trajectory. The brain is especially vulnerable to external factors, such as toxins and toxicants, 

during development for many reasons. A few of these reasons include the increased permeability 

of the BBB in the immature brain, the extended developmental trajectory of the brain compared 

to other organs and, relatedly, and the increased vulnerability of proliferating cells to toxic agents 

(Adinolfi 1985; Burbacher, Rodier, and Weiss 1990; Rodier 1995). 

 In contrast, the definition of “normal” aging in the brain is abstract, as the only 

mechanism indubitably linked to aging is the passage of time. This challenge is further 

confounded by the finding that the neural systems implicated in neurodegenerative diseases are 

also the most vulnerable to aging in the absence of degeneration (Jagust 2013). With respect to 

exposure to environmental toxicants, it is critical to the processes subserving “normal” aging as a 
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potentially convergent factor in late-life neurodegeneration. As many toxicants, including 

organochlorines, bioaccumulate once in an organism the fallout from developmental 

vulnerability can coincide with age-related dysfunction with an individual. Similarly, for 

toxicants that people are persistently exposed to throughout their lifetime, an initial insult in 

development could be exacerbated by age-related processes throughout the continued exposure. 

Critically important for the study of several of the organochlorines discussed in this dissertation 

(PCBs, dieldrin and chlorpyrifos) is that humans exposed to these compounds prior to legislation 

restricting or banning their use represent an aging population. As such, the combined risk factors 

of aging and lifetime concentrations of these bioaccumulative compounds further accentuates the 

importance of their study. 

 This long-term view of human health and the continued impact of environmental 

toxicants can be viewed through the lens of a concept referred to as the “exposome,” which is 

proposed to employ the same precision of genome-wide research to identify an individuals’ 

environmental exposures (C. P. Wild 2005; Vrijheid 2014). Importantly, while some of the most 

potent toxicants created, including PCBs and dieldrin, are no longer in use, their influence on 

society and human health will far outlive their production. The effects of toxicants on human 

health are not limited to the temporal confines of the lifespan but rather expands in either 

direction to encompass the soil in which our parent’s food was grown, the air our grandparents 

breathed and the water our progeny will drink. As our understanding of epigenetics expands, it is 

clear that the multi-generational effects of toxicant-exposure are profound. Epigenetic changes, 

such as histone modifications, are linked to PCB exposure in animal models (Casati et al. 2012; 

Ovesen, Schnekenburger, and Puga 2011; Desaulniers et al. 2009) suggesting mechanisms for 

the inter-generational transmission of toxicant-wrought dysfunction. The multi-generational 
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effects of stress are dire: we inherit both the physical world of our predecessors and the cellular 

imprint of their stresses. 

 Inflammation and related-processes in response to environmental toxicant exposure 

introduces another set of factors that contribute to the variability in an aging population (Geller 

and Zenick 2005; Purser et al. 2008). The role of inflammation in aging and neurodegenerative 

diseases is increasingly appreciated, where there is substantial evidence that microglia and 

astrocytes contribute to disease progression (Glass et al. 2010; Hickman et al. 2018; Block and 

Hong 2005; Phatnani and Maniatis 2015; Neal and Richardson 2018). Oxidative stress and 

inflammation are known to be interrelated processes and are both robustly associated with 

neurodegeneration (Gandhi and Abramov 2012; Andersen 2004; M. T. Lin and Beal 2006; Glass 

et al. 2010; Maguire-Zeiss, Short, and Federoff 2005). Relatedly, in a model of mild impairment 

of oxidative metabolism (thiamine deficiency), neuronal release of MCP1/CCL2 resulted in 

exacerbated neuronal cell death as a result of microglial-driven inflammation (G. Yang et al. 

2011). This suggests that the redox status of neurons, which is tied to that of astrocytes, is 

involved in immune signaling. This provides further support for investigating how oxidatively-

stressed astrocytes signal to other cells, including microglia. 

Here, we investigated the release of pro-inflammatory cytokines, MCP1/CCL2 and 

MMP3, from astrocytes in response to PCB and/or SYN exposure (Chapter 8). While 

understanding how an inflammatory astrocyte phenotype is important for PCB-associated 

dysfunction, understanding the impact of these molecules on microglia represents an important 

next step. Microglial activation in response to pathogens in the CNS includes a dynamic 

relationship between innate immunity and mitochondrial functions, including a metabolic shift 

towards glycolysis in response to certain pro-inflammatory molecules (Orihuela, McPherson, and 
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Harry 2016; Baik et al. 2019; McIntosh et al. 2019; Holland et al. 2018). Understanding how 

microglia respond metabolically and immunologically to PCBs and the ways in which the 

response of astrocytes and microglia are interconnected is important for identifying mechanisms 

involved in the global effect of PCBs on the brain. 

One of the mechanisms proposed for aging is through the accumulation of oxidative 

damage (Beckman and Ames 1998). This theory underscores the importance of the maintenance 

of homeostatic systems into old age, where perturbations of homeostasis result in oxidative 

damage from processes normally associated with aerobic metabolism. The role of astrocytes in 

maintaining homeostasis in the CNS is well-understood (and is discussed throughout this 

dissertation and in detail in Chapter 1), as such, disturbance of these systems is tantamount to 

brain dysfunction. The in vitro astrocyte data presented in this thesis suggests that a low level of 

PCB exposure results in oxidative stress (Chapter 4). This finding has important implications for 

the understanding of the impacts of PCBs in humans and also for the interpretation of neuronal in 

vitro data. 

Astrocytic metabolic alterations 

It is well-established that, even in culture, astrocytes underscore neuronal health and function. 

This is evident in the widely-used paradigm of neuronal culture that necessitates a “feeder” or 

“bed” layer of astrocytes, on top of which primary neurons are grown (Jones, Cook, and Murai 

2012). This indicates that understanding how astrocytes respond to toxicants informs not only 

our understanding of implicated processes in the brain but also serves to inform our 

interpretation of neuronal in vitro data. The phenotype of astrocytes exposed to PCBs (increased 

oxidative stress and upregulation of antioxidant genes, ATP production and glucose uptake; 

Chapters 4-6) suggests that, in a neuronal-astrocyte co-culture system, neurons would experience 
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both direct effects of the PCBs as well as indirect effects resulting from altered astrocytic support 

and metabolism. 

 As we show in Chapter 6, the metabolic response of astrocytes to PCBs includes 

increased glucose uptake and increased ATP production (Fig 6.1 and Fig 6.3). This is consistent 

with the hormetic principle of toxicology (please see the discussion section of Chapter 6) which, 

in brief, suggests that low dose exposure to PCBs results in the engagement of compensatory 

metabolic machinery. The major metabolic pathways include oxidative phosphorylation, 

glycolysis and fatty acid oxidation and the pentose phosphate pathway. The finding that 

increased glucose uptake is present in the 10 µM PCB exposure condition suggests that these 

cells are increasing their glycolytic rate (Fig 6.3). Interestingly, while other metabolic pathways 

are thought to flux unidirectionally, glycolysis is unique in that it consists of both the breakdown 

and synthesis of glucose (gluconeogenesis). 

Glucose-6-phosphate is the metabolic intermediate that can either enter the pentose 

phosphate pathway, glycolysis or gluconeogenesis (with an estimated 95% preference towards 

glycolysis) (Ben-Yoseph, Kingsley, and Ross 1994). An important consideration with respect to 

PCBs, which are linked to endocrine dysfunction, and astrocytes is the potential for hormonal 

regulation of glycogen phosphorylase (which catalyzes the rate limiting step in glyconeolysis) 

and glycogen metabolism, for which there is evidence from cultured astrocytes (Brouwer et al. 

1999; Pellerin and Magistretti 1994; Poblete and Azmitia 1995; Sorg et al. 1995). The ways in 

which hormonal and metabolic pathways are intertwined in astrocytes is an important area of 

research, specifically with regards to how endocrine-disrupting molecules like PCBs impact the 

brain. 
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While astrocytes are predominantly glycolytic in their metabolism, it is known that 

astrocytes increase their glycolytic capacity in response to insults such as hypoxia (Marrif and 

Juurlink 1999; Dienel and Hertz 2001). It is possible that, in response to PCB exposure, 

astrocytes undergo a shift in metabolism. The Warburg effect seen in cancer cells is 

characterized by increased glucose uptake and a preference for glycolysis over oxidative 

phosphorylation (Heiden, Cantley, and Thompson 2009). Here, however, as indicated by 

increased spare respiratory capacity (Fig 6.2F), it is also possible that the 10 µM-PCB exposed 

astrocytes are adapting to utilize increased oxidative phosphorylation to meet energy demands. A 

study of human cervical cancer cells (HeLa) showed that PCB exposure resulted in increased 

glycolysis and cell survival in addition to elevated ROS (Y. Zhang, Song, and Li 2019). This 

“adaptive response” could function in a protective capacity in the acute phase of exposure and 

also serve to condition the cells to respond to subsequent, potentially higher dose exposures 

(Crawford and Davies 1994). Further support for the transitory benefit of shifting metabolism to 

favor the less-efficient glycolytic pathway over oxidative phosphorylation is that, in mammalian 

cells with a high capacity for glucose uptake (like astrocytes), glycolytic pathways can be 

engaged quickly to promote survival (Vazquez et al. 2010). 

A similar metabolic shift has been seen in primary cultures of skin fibroblasts derived 

from patients with a mitochondrial disease (myoclonic epilepsy with ragged-red fibers), where 

oxidative stress resulted in AMP-activated protein kinase (AMPK)-driven increases in glucose 

uptake and glycolytic flux (S. B. Wu and Wei 2012). Importantly, metabolic diseases like 

diabetes mellitus and metabolic syndrome that involve dysregulation of glucose systems are 

increasingly associated with environmental toxicant exposure (Sargis 2014). In astrocytes, 

glucose utilization is closely linked to neuronal signaling (Bélanger, Allaman, and Magistretti 
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2011). GLUT1 is the only isoform expressed by cortical astrocytes; the activation of astrocytic 

glycolysis by the release of neuronal glutamate necessitates GLUT1-transported glucose (Loaiza, 

Porras, and Barros 2003). Stimulation of GLUT1 can be modulated by metabolic stress in some 

cells (Barnes et al. 2002), as well as cytosolic calcium concentrations (Quintanilla et al. 2000), 

suggesting this pathway as a mechanism for toxicant-induced astrocytic dysfunction. 

Cellular metabolism is related to almost all aspects of biology and is an important 

consideration in all biological research. Metabolic pathways are not only essential for 

bioenergetics but are inextricably linked to many signaling pathways through the provision of 

substrates (DeBerardinis and Thompson 2012). A notable example of this is posttranslational 

modifications, where metabolic substrates, like acetyl-coenzyme A (CoA), are necessary for 

numerous signaling pathways. Acetyl-CoA, and its eponymous posttranslational modification, 

acetylation, is a salient example of this function of metabolic substrates, as it is central to several 

metabolic pathways including amino acid and fatty acid oxidation. One of the most damaging 

outcomes of oxidative stress is lipid peroxidation, where reactive oxygen species abstract 

hydrogen from the carbon-carbon lipid bonds (Ayala, Muñoz, and Argüelles 2014). The 

substrates and products of fatty acid oxidation and lipid peroxidation feedback on cellular 

processes important for maintaining homeostasis, including GSH synthesis (Franklin et al. 2009; 

Backos et al. 2011; Ayala, Muñoz, and Argüelles 2014; H. Zhang et al. 2009; Forman, 

Dickinson, and Iles 2003). The alteration of metabolism in many disease states, including 

neurodegeneration, emphasizes the importance of understanding the interrelatedness of these 

pathways and how their perturbation, both within a cell and as part of a larger network, 

contributes to the disruption of homeostasis and disease pathogenesis. 
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 There is appreciable experimental evidence supporting the theory that astrocytic 

responses to stressors are adaptive (reviewed in (E. J. Calabrese 2008)). This body of work 

includes biphasic GFAP regulation in response to organotin compounds (Röhl, Gülden, and 

Seibert 2001), increased glutamate uptake in response to low doses of the ALS drug, riluzole 

(Frizzo et al. 2004), and increased viability at low doses of mercuric chloride and methyl 

mercury (Toimela and Tähti 2004). The inflection point at which a dose of a given toxicant 

produces an inhibitory rather than a stimulatory response is important for a complete 

understanding of its biological and ecological impacts. Together, the data presented here 

suggests that the astrocytic response to PCBs could fit into this framework of hormetic 

adaptations and identifying the mechanism of these adaptive responses and the doses at which 

they fail to occur represents an important direction of future work. 

The perspective that astrocytic processes are only vital insofar as they support neurons is 

an increasingly obsolete view of the brain. While neuronal degeneration is a critical primary or 

secondary effect of disruption in other cells and is distinctive in that neuronal damage is more 

difficult to reverse, an over-emphasis/priority on neurons inevitably leads to neglect of glial-

centric processes that underpin a functioning CNS and of the extent to which these processes are 

important. 

Future directions and limitations 

The data comprising this dissertation provide clues as to how organochlorines, specifically 

PCBs, impact cells with a focus on astrocytes. The analyses herein spanned the range of in silico 

to in vivo analyses and can serve to beget new avenues of research to gain more mechanistic and 

translational insight into the effects of these compounds. Here, I will discuss outstanding 

questions and future directions. 
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The impact of PCBs on astrocytes 

While we have shown increased oxidative stress (Chapter 4), an antioxidant response (Chapter 5) 

and a metabolic shift (Chapter 6) in response to PCB exposure, much of the mechanistic detail of 

this response remains to be elucidated. Firstly, understanding the species of ROS increased in 

PCB-exposed astrocytes is important for considering this process in humans. The GO analysis 

performed on antioxidant genes associated with both PD and PCBs suggest that several forms of 

ROS are important for study (Fig 5.2). This is additionally important for disease pathogenesis as 

certain neuronal populations are more vulnerable to specific species of ROS, evidence for which 

includes the increased susceptibility of dopaminergic neurons to H2O2 as a result of metabolites 

produced during dopamine synthesis (Graham 1978). Furthermore, H2O2 reacts with iron through 

the Fenton reaction to produce the highly toxic hydroxyl radical which, in turn, stimulates lipid 

peroxidation. Experimental evidence from in vitro studies shows that PCBs increase Fe levels, 

which is a co-factor for dopamine synthesis, therefore suggesting that this process is important in 

dopaminergic neurons (Donna W. Lee, Gelein, and Opanashuk 2006). Identifying the species of 

ROS and oxidative sequelae and related processes (including fatty acid oxidation, lipid 

peroxidation and DNA damage) are important next steps in a complete understanding of the 

impact of PCBs on astrocytes. 

Assaying the end products of lipid peroxidation, specifically malondialdehyde (MDA) 

which has been shown to be released by astrocytes exposed to paraquat (Schmuck et al. 2002), is 

an important future direction in determining the extent of the impact of PCBs on astrocytes and 

was identified in the GO analysis (Fig 5.2). Lipid peroxidation disrupts cellular membranes, 

including the plasma membrane. Many essential astrocytic functions rely on localization of 

transporters, such as EAAT2 and AQP4, at perisynaptic and perivascular interfaces, respectively 
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(Asakura et al. 2014; C.-L. G. Lin et al. 2012). These transporters, among others, are localized by 

lipid rafts, membrane microdomains important for protein localization and signal transduction 

machinery that can be disrupted by oxidative stress (Guéraud et al. 2010; Premasekharan et al. 

2011). Exposing primary murine acute slices to PCBs and assaying lipid peroxidation, via 

detection of MDA and 4-hydroxynonenal (4-HNE; an aldehyde associated with neuronal lipid 

peroxidation) as well as isolating lipid rafts would provide a preliminary understanding of the 

involvement of this pathway in vitro (Kruman et al. 1997; Schmuck et al. 2002). Furthermore, 

PCB-exposed acute slices can be used to isolate lipid rafts and probe for transporters like 

EAAT2 and AQP4 in the lipid raft and non-lipid raft fractions (Persaud-Sawin, Lightcap, and 

Harry 2009). An increased concentration of the transporters in the non-lipid raft fraction would 

suggest mislocalization. These experiments would provide further rationale for investigating 

these outcomes in an in vivo model of PCB-exposure. The acute slice model allows for the 

comparison of different cell types, as well as different anatomical regions (striatal vs cortical 

slices, for example) and varied responses therein. 

An important consideration for research utilizing Aroclor compounds is the differing 

structure-activity relationships of PCB congeners, as discussed in Chapter 1. Here, we did not 

perform analyses using specific congeners of PCBs, as we sought to recapitulate human exposure 

which occurred predominantly to mixtures of PCBs (such as Aroclors, in the United States) (U.S. 

EPA 1979). However, the PCB congeners comprising Aroclor 1254 differ in several chemical 

properties including degradation, lipophilicity and AHR activity. Importantly, AHR is increased 

in the serum of AD patients, suggesting it could play a role in gene-environment interactions; 

this represents an important future area of neuroscience research (Ramos-García et al. 2020). 

Understanding whether exposure to the most lipophilic PCB congeners, such as PCB-193 and -
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153, results in increased oxidative stress, membrane damage and mitochondrial dysfunction is 

important for studying the impact of exposure (Hawker and Connell 1988). From the ToxCast 

data (Chapter 3), it appears that PCB-193 engages Nrf2 at lower concentrations than PCB-4, 

suggesting differing engagement of antioxidant activity between these two congeners. Moreover, 

the blood-brain ratio and toxicokinetics of these compounds is currently not well-understood. 

Performing an acute injection paradigm where mice are injected with PCBs for a short-time 

period, after which blood and brain concentrations of PCBs are detected by mass spectrometry 

would provide a more in-depth understanding of the amount of PCBs in the brain as a fraction of 

total PCBs. This paradigm would also allow for the comparison of PCB accumulation in grey 

matter and white matter [where there is a greater lipid concentration (O’Brien and Sampson 

1965)] brain tissue, as this is not well-understood. 

 The metabolic data shown here suggests that 10 µM PCB exposure results in increased 

ATP production, spare respiratory capacity and glucose uptake (Fig 6.1), whereas this effect was 

not seen at the 50 µM dose (Fig 6.2). This indicates that glycolytic rate might be increased at the 

10 µM dose and is crucial to investigate. As mentioned above, the GLUT1 transporter is 

modulated by metabolic stress in certain systems, and is the main transporter through which 

astrocytes uptake glucose (Loaiza, Porras, and Barros 2003; Barnes et al. 2002). Investigating its 

role in the response to PCBs is important for understanding the mechanisms involved in 

increasing glucose uptake and ATP production. 

Furthermore, it is important to study how higher doses of PCBs (>50 µM) impact 

mitochondrial processes to determine the shape of the response curve and at which dose the 

transition from adaptive to maladaptive responses occurs. This is also true for time course 

studies. The majority of our experiments were conducted with 24-hour exposure for several 
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reasons including the use of a 24-hour time point in a preponderance of the ToxCast/Tox21 

dataset. While using this 24-hour time point allowed for more direct comparisons between the 

ToxCast analyses and in vitro astrocytic work, using a longer time point would enable us to 

understand how the response changes over time and how responses to acute exposures differ 

from longer exposures. For example, it would be important to understand how PCBs impact the 

basal mitochondrial OCR over time; an understanding that can be achieved using the same 

Seahorse Mito Stress Test employed here over a longer period of time without injection of the 

Seahorse drugs. Similarly, assaying glycolytic rate can be achieved using the Seahorse 

Glycolytic Rate assay. We performed this assay twice; the data were inconclusive, and no clear 

trend was present. 

 The inclusion of both an antioxidant response (Chapter 5) and a shift in metabolism as a 

result of PCB-exposure (Chapter 6) suggest crosstalk between transcriptional pathways and 

mitochondrial function. This bidirectional relationship is likely important in the metabolic 

flexibility of astrocytes exposed to toxicants. This crosstalk has been shown in the other models 

and can include epigenetic control of the mitochondrial genome as well as more recent evidence 

suggesting that mitochondrial metabolites result in nuclear DNA modifications (Weinhouse 

2017; Aon et al. 2016). 

 Nrf2 is recognized to be a regulator of cellular redox homeostasis, due in part through its 

transcriptional regulation of GSH (A. C. Wild, Moinova, and Mulcahy 1999). Furthermore, Nrf2 

is implicated in mitochondrial function, including mitochondrial membrane potential 

(specifically an increase with upregulation of Nrf2), fatty acid oxidation, and control of 

anaplerotic substrates (Dinkova-Kostova and Abramov 2015). It is possible that Nrf2, which 

controls transcription of several genes that are upregulated in response to PCB exposure (Nox1 
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and Gsta2, Fig 5.3), represents an important confluence of nuclear transcription and 

mitochondrial function. Future studies investigating this dynamic connection in astrocytes as 

well as in in vivo models would better inform our understanding of this biological process and its 

engagement in toxicity. 

PCBs and α-synuclein 

The data in the dual-hit model investigated here (Chapter 8), which consisted of co-exposure of 

astrocytes to PCBs and SYN, suggests that Nrf2 might be a point of interaction between the 

pathways engaged by these compounds. Expanding on this preliminary finding with follow-up 

studies to assess whether pre-exposure to SYN or PCBs alters the response, as a pre-exposure 

model would experimentally recapitulate either an exposure to PCBs in development or an extant 

genetic vulnerability. While we exclusively assayed astrocytes in vitro, exploring this direction 

of research in a co-culture system is important for translational applications. Additionally, it is 

possible that PCBs interact with and modify SYN. This could be investigated by incubating 

PCBs with SYN in both the absence and presence of cells and analyzing structural changes in 

both via mass spec. 

Interestingly, myeloperoxidase (MPO), a heme enzyme elevated in the brains of PD 

patients (Gellhaar et al. 2017), is a member of the peroxidase family of enzymes that represent 

the only enzymes able to chlorinate an aromatic ring to form chlorotyrosine and are the only 

enzymes capable of producing hypochlorous acid (Domigan et al. 1995). MPO has been 

predominantly studied in neutrophils and is known to be expressed by microglia (Mütze et al. 

2003; Kettle and Winterbourn 1997; Domigan et al. 1995; E. Gray et al. 2008). It is possible that, 

in the presence of PCBs, and concomitant oxidative stress, MPO activity is increased, resulting 

in chlorination of the tyrosine residues present in SYN. Tyrosine has been shown to be critical in 
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the aggregation of α-synuclein, and dityrosine (where a covalent bond is present between the 3/5 

carbons) is a marker for oxidative stress and is important for fibril formation (Ruf et al. 2008; Al-

Hilaly et al. 2016). Investigating whether MPO activity represents a nexus of halogenative stress 

and α-synuclein-related toxicity is a relevant, important path of research. Interestingly, there is 

evidence from mouse studies suggesting that astrocytes express MPO in an Alzheimer’s disease 

model suggesting that this cell type could be involved in this process in vivo (Maki et al. 2009). 

We probed for this enzyme in vehicle and PCB-exposed astrocytes but were not able to detect it. 

It is possible that astrocytes only express MPO in response to certain stressors or in a co-culture 

system, both areas of important future research. 

Zebrafish and in vivo models 

The lack of consensus regarding in vivo models of PCB toxicity presents a great challenge for the 

field (discussed in detail in the introduction of Chapter 4). It would be advantageous for 

researchers using animal models to expose the animals to a dose relevant for human exposure in 

a biologically meaningful way (such as in food or drinking water), with outcomes for different 

developmental timepoints to capture the most profound effects. Additionally, measurements of 

the internal dose are critical in rigorous toxicant exposure paradigms. These considerations 

would enable researchers to draw conclusions and extrapolate between animal models and 

human exposure data more readily. As it is, the wide discrepancies in the field slow progress and 

can introduce more confounds than answers (Suvorov and Takser 2008). While a widely used, 

well-designed model would be valuable to the field, advancements such as iPSCs and brain 

organoids might soon become predominant research tools. 

 Here, we conducted preliminary studies investigating PCB-induced malformations and 

alterations in gene expression in zebrafish (Chapter 7). These studies lay the foundation for 
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future work targeting zebrafish astrocytes. As our data shows engagement of the DAT and 

PRDX systems in PCB-exposed zebrafish (Fig 7.3), future studies can examine whether over-

expression of Prdx5 in GFAP+ cells ameliorates PCB-induced dysfunction in zebrafish. 

Moreover, as the zebrafish larva is transparent, in vivo imaging of the impact of PCBs on 

astrocytes during development would provide novel insights to the field. 

Conclusions 

Taken together, this work suggests that astrocytic responses to a low dose of PCBs could be 

adaptive and provides evidence that organochlorine toxicity remains an important area of 

research with relevance for human health outcomes, especially for age-related disease (Fig 9.1). 

The widespread usage of PCBs is an example of how the history of industrialization is 

inextricable from the repeated failure of society to anticipate and account for the ways in which 

our mass manufacturing and eventual destruction of toxicants catalyzes an internecine cycle of 

environmental and human devastation. Exposure to toxicants rarely occurs in isolation and 

humans, as well as animals, are oft exposed to myriad chemicals throughout the course of their 

lifetimes. When this cocktail includes, as it inevitably does, bioaccumulative compounds, the 

likelihood that the compound will interact with others and lead to synergistic or additive 

dysfunction is even greater. It is important in our study of environmental toxicants and specific 

cells to consider this research as part of the wider realm of medicine, ecology, and epidemiology. 



 125 

Figure 9.1. Persistent exposure to organochlorine compounds contributes to late-life 
neurodegeneration. 
Exposure to bioaccumulative compounds (shown as a PCB congener) over the life span can 
contribute to age-related brain dysfunction, including impairment of astrocytic processes. 
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