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Abstract 

Parkinson’s disease (PD) results from the progressive loss of dopamine producing neurons 

in the Substantia Nigra pars comapcta (SNc). This loss is thought to occur over several years to 

decades and current evidence suggests that neuroinflammation may play a central role in this loss. 

Numerous epidemiological studies have implicated chronic exposure to environmental toxicants 

such as heavy metals and pesticides to risk of developing PD. Indeed, many of these risk factors 

have been validated as rodent models of PD, able to induce dopaminergic cell loss in the SNc as 

well as motor dysfunction. While research strongly supports a role for environmental toxicants 

and inflammation in PD relatively little work has examined the interactions between these 

toxicants and other risk factors including senescence, genetic vulnerabilities, the gut microbiota or 

immunogens. Thus, the present dissertation set out to investigate the interactions between these 

factors in PD to determine which factors may be of greatest relevance in further animal models of 

the disease. 

We presently demonstrated that interaction of diverse environmental and genetic factors 

contributed to the neuroinflammatory and PD-like neurodegeneration. We found that exposure to 

paraquat led to neuroinflammatory consequences persisting over six months and provide evidence 

that at this time point further inflammatory processes arise. We also found that LPS and paraquat 

treatment did not significantly alter the gut microbiome or gut inflammasome; however, in 

combination with dextran sodium sulphate (DSS) we found greatly increased pro-inflammatory 

factors.  Using mice overexpressing the LRRK2 gene, G2019S, we found no changes in sickness, 

inflammation or neurodegeneration following paraquat treatment. However, the G2019S over-

expressing mice did display augmented stressor effects. Further experiments revealed that G2019S 

knock-in mice showed increased signs of inflammation and that this was reversed by the CSF-1 
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antagonistic drug, PLX-3397. Ultimately these data support the role of environmental factors in 

PD including alterations to the gut microbiome, however, these findings suggest that such factors 

may not be an immediate PD cause but rather may exert their influence over a longer period of 

time. 
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1.1 Parkinson’s Diseases  

Parkinson’s disease (PD) is a neurodegenerative disorder affecting approximately 1-3% of 

individuals over the age of 65, second in prevalence only to Alzheimer’s disease [1, 2]. The number 

one risk factor for a PD diagnosis is age, with a prevalence rate of ~0.5% which rises rapidly 

between the ages of 60 and 80 to peak at approximately 4% of the male population and 1.5% of 

the female population [3, 4]. Historically, clinical diagnosis of PD was based on the concept of a 

motor disease with four principle symptoms; bradykinesia, tremors, rigidity, and postural 

instability [5]. More recently, diagnostic criteria have expanded based on literature describing 

prodromal forms of the disease, genetic contributions and the role of the alpha-synuclein protein 

in disease state to include a variety of non-motor symptoms occurring in conjunction with 

bradykinesia [1, 6]. These motor symptoms arise following the loss of the dopamine producing 

neurons in the substantia nigra pars compacts (SNc) [1]. Strikingly, motor symptoms are typically 

diagnosed after 60-80% of the dopamine fibres in the brain have already been lost [7] and between 

30 and 50% of the SNc neurons have been lost [8]. In combination with data detailing prodromal 

forms of the disease, the leading etiological hypothesis is that a series of genetic vulnerabilities 

interact with the environment and natural aging process over the course of years to decades to 

result in PD [9, 10]. 

In PD, the complex neural circuitry controlling movement becomes disrupted when 

dopamine producing neurons in the SNc degenerate [1]. These neurons normally innervate a 

portion of the forebrain known as the basal ganglia which plays a role in both positive and negative 

action selection [11, 12]. The basal ganglia projects to the pre-motor cortex which formulates a 

specific movement blueprint [11] which is then acted on by the motor cortex. Currently, the exact 
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biological nature of non-motor symptoms and co-morbidities including loss of olfaction, 

depression, delayed intestinal contractions and dementia are not understood [13, 14]. 

Each year approximately 6,600 new PD cases are diagnosed in Canada [4], with 10% being 

familial but most likely related to genetic and environmental factors [15]. The majority of familial 

cases can be traced to a relatively small pool of genes which include autosomal dominant (SNCA, 

LRRK2 and VPS35) as well as autosomal recessive (PINK1, DJ-1 and Parkin) mutations [15].  In 

addition to intrinsic factors, such as age, external factors including diet [16, 17] and environmental 

interactions [18, 19] have been found to markedly alter immune profiles. Most recently changes 

in the composition of the gut microbiome were found to lead to increased alpha-synuclein 

pathology in a mouse model of PD [20]. This follows several human population studies that have 

uncovered microbiota alterations in PD patients [21, 22] and linked gut dysfunction as a major risk 

factor for diagnoses [23]. Given that the composition of the gut can be substantially altered based 

on diet or purposefully manipulated with pro- and anti- biotics the role of the microbiome and 

more broadly gut is highly important to consider as a potential target for novel therapeutics. 

 

1.2 Inflammation 

Inflammatory processes that occur both within the brain and in the periphery have been 

linked to PD. The inflammatory immune system is one of the evolutionarily oldest systems being 

present in virtually all organisms. Inflammation is a fundamental basic system that protects the 

organism from environmental threats emerging from microbial or other toxic insults. Classic 

inflammation in the periphery is typically experienced in a gross sense as the swollen heated tissue 

around an injury such as a cut or bruise, however, this simple understanding belies the complex 
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immune response responsible for this process. Inflammation and immunity in general is mediated 

through a variety of cell types in the peripheral nervous system including macrophages, 

monocytes, dendritic cells, B-cells and T-cells amongst many others [24]. These cells and their 

responses can be categorized as innate or adaptive immune responses. Innate immune responses 

are general non-specific defense mechanisms which rapidly act to deal with infections or damaged 

cells [24, 25]. The main component of this response are neutrophils, which release a host of 

reactive oxygen species and antimicrobial proteins [25],  and macrophages, the main phagocytic 

cell in the body which engulfs foreign particles, pathogens, and help recruit further immune 

responses [24]. Adaptive immunity is the specific response to a damaged cell or pathogen mediated 

through cytokines and antigens [24]. B-cells and T-cells comprise this system and work together 

to recognize and destroy invading or damaged cells. B-cells bind to antigens and with the aid of T 

helper cells differentiate into plasma cells which secrete large volumes of cytokines and antibodies 

to recruit immune responses [24, 26]. T-cells can be split into two distinct classes, T-helper cells 

and cytotoxic T cells [24]. The first serve to mediate the up- and downregulation of the immune 

system through the release of pro- and anti-inflammatory cytokines[27], while the latter multiply 

and can induce cell death through cleavage of caspases or direct generation of reactive oxygen 

species (ROS) [28]. 

Under normal conditions the central nervous system (CNS) is somewhat isolated from 

these peripheral immune cells by the blood brain barrier (BBB) and is instead monitored by 

microglia, the brain’s resident immunocompetent cell which in many respects is analogous to 

peripheral macrophages [29]. Microglia are part of the innate immune system, however, direct 

interactions with neurons through fracktalkine signalling as well as transcriptional differences 

“tone-down” pro-inflammatory signalling compared to peripheral immune cells [30, 31]. Despite 
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this separation, immune activation can occur in the CNS following viral and bacterial infections, 

stroke and traumatic brain injury [32, 33]. In the acute phase, inflammation is beneficial, as it 

removes pathogens and damaged cells to prevent widespread infection and cell death. Despite 

these benefits, if inflammation persists it creates a hostile environment high in pro-inflammatory 

factors and ROS [34]. Some cells and regions within the brain are further vulnerable to 

inflammation for a variety of reasons including axonal length and complexity [35], oxidative 

neurotransmitters [36] and resting microglial distribution [37]. The dopamine producing cells 

located in the SNc are one of these vulnerable populations [35, 37]. 

Similar to the cells of the peripheral immune system, microglia extend long processes to 

detect markers of cell death and pathogens such as bacteria and viruses within their 

microenvironment [38]. In this resting, or quiescent state, microglial cells have small somas and 

highly ramified processes which are evenly spread around their microenvironment [38]. Upon the 

detection of disruptions or injury in the microenvironment the microglia reorganize their 

cytoskeleton in order to retract processes into the soma and migrate towards the source of injury 

[38]. The membranes of damaged cells become permeable to molecules normally not found in the 

microenvironment (heat shock proteins, nuclear DNA and RNA, potassium concentration 

changes) signaling microglia and inducing translational and structural changes to promote an 

appropriate inflammatory or phagocytic response [39].  

Over the past several decades research has solidly demonstrated that chronic inflammation 

represents an extremely important factor in both animal and human models of PD [40]. Utilizing 

various models researchers have found that microglia aid in the mediation of alpha-synuclein 

aggregation and contribute to dopaminergic cell death (as marked by Tyrosine hydroxylase (TH+) 

staining) in the progression of PD [41]. Enhance microglial activation, increased levels of pro-
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inflammatory cytokines and alterations in inflammatory mediators such as sirtuins are consistently 

observed in the brains of post-mortem PD patients and in their cerebrospinal fluid (CSF) [41–43]. 

Further research has also established that infections both systemic and in the CNS contribute to 

neuroinflammatory, neurodegenerative and behavioral alterations in  patients and have indicated 

that viral infections may mediate microglial reactivity prior to BBB permeability [44–47]. Our 

own lab in addition to others have demonstrated that exposure to the bacterial endotoxin, 

lipopolysaccharide (LPS), augmented TH+ neuron loss in the SNc when mice were subsequently 

exposed to the pesticide paraquat, this has corresponded to work in the Greenamyre lab using the 

pesticide rotenone and more of our own work with the viral mimic poly I:C [48–51].  

While it is possible that microglial mediated neuroinflammation could be a secondary 

reaction following neuronal damage or death [52], much current evidence supports this process as 

the primary cause of neuronal death [52]. Several studies have found evidence indicating that 

chronic neuroinflammation may be the result infiltrating peripheral immune cells or environmental 

toxicants such as heavy metals [18, 53, 54]. This chronic inflammation then precipitates neuronal 

degeneration as a result of ROS and other factors secreted by the activated microglia. In particular, 

this might be especially true for the SNc which has a particularly high density of microglia, 

together with very metabolically active dopamine neurons [55, 56].  Supporting this, central 

infusion of moderate to high concentrations of LPS into the SNc results in augmented microglial 

activity and pro-inflammatory cytokine release as well as dopaminergic cell loss [57]. Interestingly 

similar research in mice found that injections in other brain regions including the hippocampus 

and thalamus resulted in augmented microglial activation but not neuronal death [37]. Indeed, 

repeated culture-based experiments demonstrated that LPS is not sufficient to result in neuronal 

death unless neurons are co-cultured with macrophages or microglia [58, 59]. 
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1.3 Leucine rich repeat kinase 2 

While there are several genes identified in the development of PD, nearly 10% of familial 

and 2% of sporadic cases are the result of the Gly-2019-Serine (G2019S) mutation in the LRRK2 

gene [60, 61]. In addition to this mutation, four other mutations in the LRRK2 gene have been 

unequivocally linked to PD pathology and a large number of other LRRK2 mutations may play a 

role disease development and symptomology [62–64]. LRRK2 was first discovered in the early 

2000’s and has since been linked to several immune processes [57]. The gene is exceedingly large 

at 2,527 amino acids in length compared to the typical 375 amino acid length for a human protein 

[65]. It is also the only known human protein to have both active kinase and active GTPase sites 

and is highly conserved with homologues across species tracing all the way to amoeba [66]. Oddly, 

despite this conservation, the promoter region of this gene is highly differentiated between species 

such that the protein is expressed to different amounts in different tissues and cells even in closely 

related animals such as rats and mice [67]. 

LRRK2 mutations are quite common and many often appear to be benign. Mutations in the 

ROC-COR and kinase domains seem to contribute to the risk of developing PD although 

paradoxically may be protective in several other diseases [63, 64, 68, 69]. Mutations in the 

remaining regions of the gene are fairly common but are not strongly linked to PD or detrimental 

outcomes in general [70]. The proportion of the population expressing mutant LRRK2 varies by 

population with up to 30% of individuals in North African Berber and Ashkenazi Jewish 

populations carrying the G2019S LRRK2 mutation to 5% of North Americans and Europeans 

carrying the allele and <1% of Asians [60, 61]. Despite this variable chance, it appears this 

mutation has arisen in three separate incidences and recent research has indicated it may play an 
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evolutionary important role in the protection of hosts from pathogens [71, 72]. Supporting this, 

LRRK2 mutations including G2019S and R1441G/C have low penetrance rates in young 

individuals which climb sharply with age. At 60 years of age the penetrance is approximately 30% 

and 15% rising to 75% by the age of 80 for these respective mutations [3, 73]. 

LRRK2 is found throughout the peripheral and central nervous systems in both model 

organisms and humans. In the periphery LRRK2 is most highly expressed in the spleen, kidneys 

and lungs as well as immune cells including monocytes, macrophages, B cells and dendritic cells 

[74–77]. The high expression of LRRK2 in the lungs and immune cells of the periphery strongly 

suggests a role for the protein in host defence and several researchers have found evidence for this 

hypotheses [71, 72, 78]. In the central nervous system expression has been detected in neurons, 

astrocytes and microglia [79], however, this expression appears to be disease linked, increasing in 

the proximity of Lewy bodies and in patients with PD [51, 79]. Interestingly LRRK2 levels appear 

to be 3-4 times higher in microglia compared to other CNS cells and unpublished data in our own 

lab has found higher expression of LRRK2 corresponding to inflammation [80, 81]. While LRRK2 

is found throughout the brain, protein levels and mRNA levels do not appear to correspond and so 

while expression has been consistently detected in the cortex and cerebellum data on expression 

in the hippocampus, striatum and SNc has thus far been inconsistent. Unsurprisingly given the 

length and complexity of the LRRK2 protein, its intracellular interactions include proteins 

associated with synaptic/transport vesicles, endosomes, and lysosomes as well as the mitochondria 

[82–85]. The emerging consensus in current literature is that LRRK2’s main mechanistic action is 

to regulate cytoskeletal dynamics involved in cellular migration, neurite outgrowth, vesicle 

trafficking and phagocytosis [86–88]. 
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Supporting the hypotheses of LRRK2 as an immune and cytoskeletal modelling protein, 

many studies have demonstrated that different LRRK2 variants are associated with Crohn’s 

disease, Alzheimer’s, Leprosy and cancer [57, 64, 89–93]. Indeed, in the case of leprosy, LRRK2 

appears to be protective from developing symptoms, however, patients are at much greater risk for 

an excessive pro-inflammatory response known as type-1 reaction which follows the cessation of 

disease treatment in some cases [64]. This reaction leads to damage in peripheral nerves and 

accounts for much of the sensory and motor impairments resulting from the disease [94]. Amongst 

the numerous disease associated with LRRK2 mutations, a common theme is the role of 

inflammation, spanning across disease states and organ systems. Interestingly, asymptomatic 

LRRK2 carriers have been reported to display increased levels of peripheral inflammation [95] 

and LRRK2 levels are found to be altered in peripheral immune cells in idiopathic PD patients 

with WT LRRK2 genotype [51, 96].  

Thus far, evidence has supported these findings in both cell culture and animal models of 

inflammation and PD [97]. Microglial and bone derived macrophages exposed to stimuli such as 

LPS and IFN-γ in vitro results in upregulation of LRRK2 protein and consequent microglial 

morphology and motility alterations [98–100]. A gene screen using drosophila discovered LRRK2 

strongly interacts with SCAR a homologue of the mammalian Wiskott-Aldrich syndrome protein 

2 (WAVE2) [101]. WAVE2 regulates the WAVE complex which regulates cytoskeletal 

remodeling via Arp2/3, this remodeling is vital for cell motility and underlies the ability of 

microglia and other immune cells to migrate to the site of injury [102]. Following LPS 

administration into the striatum [57] similar effects of LRRK2 are found and stab wounds induced 

greater migration in LRRK2 knockdown mice but less so in G2019S mice [100]. Further work 

from the lab of Andrew West has demonstrated that the LRRK2 G2019S mutation enhances 
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microglial response and leads to increased dopaminergic cell loss following LPS administration in 

rats and that pharmalogical inhibition of LRRK2 can prevent this [57, 103] Interestingly LRRK2 

has also been found to interact with alpha synuclein in double-mutant models and alpha synuclein 

fibril models leading to increased markers of inflammation and dopaminergic cell death [104, 105]. 

Levels of LRRK2 and its mutations have further been shown to alter the intrinsic responses of 

microglia to inflammatory stimuli by altering transcription in the NF-κB pathway, which is linked 

to a variety of pro-inflammatory consequences [74, 97, 104, 106]. Similar research has also found 

LRRK2 to aid in the regulation of pro-inflammatory transcription factor, NFAT, which 

translocates to the nucleus when active and induces the transcription of cytokines such as IFN-γ 

and IL-6 [80, 86, 107–109]. Taken together, these studies have clearly linked LRRK2, in particular 

the G2019S mutation, to enhanced inflammatory activity at both the cellular and systems level. 

 

1.4 Alpha-Synuclein Hypothesis 

 One of the key diagnostic measures utilized in PD is the presences of alpha-synuclein 

inclusions typically found in post-mortem histology [110, 111]. Alpha-synuclein (α-syn) is a 

relatively small protein consisting of 140 amino acids and is produced by the SNCA gene [112]. 

In the CNS α-syn is primarily expressed in pre-synaptic terminals of neurotransmitter pathways 

including the dopamine system [112]. High levels are also found in red blood cells and in the 

gastrointestinal tract supporting the idea that α-syn protein has multiple functions [113]. 

Interestingly, while α-syn has been implicated in several diseases such as Lewy body dementia 

(LBD) and multiple system atrophy (MSA) [113], aberrant α-syn effects typically occur only in 

some areas of the CNS [114]. These areas notably include the SNc in PD as well as cholinergic 

neurons in LBD and are thought to be vulnerable to α-syn dysregulation and accumulation due to 
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factors including: heightened metabolic rate [35] – resulting in part from pacemaker activity in the 

SNc and in part due to the enhanced activity of dopaminergic neurons discussed earlier – increased 

Ca2+ concentrations [114], and DAT expression [113, 115]. Interestingly, α-syn has been found to 

enhance DAT levels in DA neurons and reducing the expression of DAT protects from MPTP 

administration in vitro [115]. In both the CNS and the periphery, α-syn spontaneously converts 

between monomeric and oligomeric states, however, in PD α-syn is also commonly found in fibrils 

and plaques making up lewy bodies [116]. Several studies have attempted to define homeostatic 

α-syn forms, however, given the flexible nature of the protein, no study has yet ascertained which 

in vivo forms of α-syn are toxic [113]. Increasing evidence suggests that toxicity may be linked to 

location [117] with α-syn monomers able to disrupt protective cell pathways in vitro [118].Despite 

this, most models have focused on examining oligomeric and fibril forming α-syn as effects have 

been reproduced both in vitro and in vivo in many model systems [119, 120].  

While the full functions of α-syn have yet to be elucidated, evidence has found that it is 

physiologically present at the pre-synaptic terminals and demonstrates functions associated with 

chaperonins and aids in vesicle trafficking across the membrane [113]. In addition to this, α-syn 

appears to further play a role in the regulation of DA essential proteins including DAT, SNARE 

and VMAT2. Interestingly, despite the pre-synaptic location of α-syn, and its wide distribution 

throughout the body, knockout of the α-syn protein is not lethal and produces very subtle 

phenotypic alterations [121, 122]. Indeed some evidence suggests that α-syn may even play a 

protective role. Menges et al in their 2017 study found that α-syn expression prevented apoptosis 

and mitochondrial dysfunction under oxidative stress conditions in vitro [123]. These data taken 

together suggest that α-syn may primarily be important during periods of inflammation, stress or 

rapid neurotransmitter turnover.  
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 As the exact toxic form of α-syn is not currently known, much research focuses of 

differentiating monomers, oligomers, phosphorylated α-syn and fibril α-syn from each other [112, 

113, 117]. However, this is quite complex as normal western blots are denaturing and thus alter 

conformation and split apart oligomers while the normal extended conformation of physiologic α-

syn means that running non-reducing westerns produce monomeric bands at where dimers or 

tetramers would be expected [113]. One recent method used to separate α-syn is examining soluble 

vs insoluble protein following a serial extraction procedure [124]. In this procedure homogenates 

are extracted using buffers of increasing detergent strength, insoluble protein in each buffer is spun 

down with an ultracentrifuge and then resuspended in the next buffer [124]. By comparing the 

ratios of more-soluble to less-soluble α-syn an idea of the physiological state can be obtained [124, 

125].  

 In addition to the aggregation of α-syn, there is also interest in the manner in which 

different forms may be cleared within the CNS and whether alterations in these mechanisms may 

play a role in neurodegenerative processes. Clearance of extra-cellular α-syn is mediated chiefly 

by microglia and astrocytes, however, these pathways are relatively understudied given the lower 

abundance of α-syn outside of the neuron (ie in the interstitial fluid and CSF) [126]. Extracellular 

accumulation of α-syn has been shown to cause increased inflammation and astrocytic expression 

of α-syn is associated with neurodegeneration [127, 128]. Recent research has found that KO of 

LRRK2, an important inflammatory protein in the CNS, leads to greatly increased clearance of α-

syn through upregulation of endosome formation [129] and that LRRK2 KO in rats also slows 

neurodegeneration in an α-syn model of PD [130]. Intra-cellular clearance occurs through three 

main pathways: 1) autophagy, 2) the ubiquitin/proteasome system (UPS) and 3) cellular excretion 

[131, 132]. Autophagy typically targets aggregated α-syn through interaction with the autophagic 
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protein LAMP-2A on lysosomal membranes within the cell [133] triggering the upregulation of 

chaperone-mediated autophagic pathway proteins such as LC3 and HSC70 which can be found 

co-localized with lewy bodies in vivo [133]. Excretion of α-syn accounts for relatively little of the 

total α-syn volume, however, following the Braak hypothesis the excretion of mis-folded α-syn 

may be one of the main mechanisms through which pathology spreads [134]. Interestingly, 

inhibition of autophagy within the neuron results in an increase in excretion of α-syn and 

preventing cell death in an in vitro model of PD  suggesting that α-syn excretion may serve to 

compensate for abnormal cellular processes [135].  

  

1.5 Environmental Hit PD Modeling 

 In order to examine the causative factors underlying PD-related neurodegeneration many 

animal models have been created including; 1) toxicant based models, 2) genetic models, and 3) 

combinatorial models [136]. Toxicant models include both direct toxicants such as 6-OHDA and 

MPTP and indirect toxicants such as LPS, paraquat and rotenone [136]. Direct toxicants are taken 

up directly by DA producing neurons and have a rapid, pathological impact which recapitulates 

neuroinflammation and DA loss but fail to replicate synucleopathies, many non-motor symptoms, 

or the progressive nature of the disease [136, 137]. In contrast, indirect toxicants typically require 

multiple treatments and can lead to off-target effects, however, they allow researchers to more 

closely explore selective neurodegeneration over time and investigate mechanisms external to DA 

neurons [138]. These models more closely replicate human PD conditions including 

synucleopathies, DA loss and non-motor symptoms, however, they take more time and are 

frequently more variable than direct mechanisms [136–138].   
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The present thesis experiments seek to investigate the pesticide, paraquat, either alone or 

in combination with the inflammatory endotoxin, LPS.  Previous work in our laboratory has 

substantially explored these models, and found them to elicit highly reproducible PD-like 

behavioral and biological pathology [42, 48, 50, 139–141]. Meta-analyses and epidemiological 

studies primarily conducted on agricultural communities have demonstrated a strong link between 

pesticides and PD in humans [142–144]. Interestingly, several compelling lines of evidence 

suggest a role for specific pesticides, including the organic insecticide, rotenone, and the non-

selective herbicide, paraquat, as major risk factors for disease development [143]. These 

epidemiological findings are supported by a plethora of animal studies (both primate and rodent) 

demonstrating the ability of these toxins to dose-dependently induce PD-like pathology. Other 

researchers have demonstrated the ability of paraquat to induce the loss of dopamine neurons in 

the SNc in a dose dependent manner reminiscent of that which occurs in PD [145–147]. Further, 

these studies have recapitulated other behavioural and neuropathological features of the disease 

including motor behavioural disturbances, reduction in striatal fibre density, microglia activation, 

oxidative stress, and aggregated protein inclusions [139, 148–150].  

  Paraquat provides an especially useful model of PD as in rodent models it is found to 

penetrate the BBB in an age-dependent manner [151, 152]. Using microdialyses in combination 

with high performance liquid chromatography (HPLC) and the peripheral administration of amino 

acids the lab of Shiono was able to determine that in rats the neutral amino acid transporter is able 

to allow paraquat to cross the BBB [152].  Once taken up into the CNS, paraquat shows no 

appreciable selectivity for brain region and is detected relatively evenly across areas including the 

prefrontal cortex, hippocampus, striatum, and SNc [56]. Paraquat functions as a general oxidative 

stressor in a limited fashion, converting between its monovalent and divalent form [153–155]. 
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Interestingly, studies have determined that interactions with the NADPH complex on microglia 

and other immune cells greatly enhances this REDOX cycling and thus organs with a high immune 

cell content such as the lungs and CNS, more so the SNc, show more reactivity to paraquat [37, 

153, 154]. Of further interest, case-control studies have found individuals with dopamine 

transporter (DAT) mutations have a greater susceptibility to PD following paraquat exposure 

[156]. Another study found that conversion to its monovalent form by interaction with NADPH, 

PQ+ was able to enter dopaminergic neurons through DAT and, with less affinity, enter other 

nigro-striatal neurons through the Oct-3 transporter [157]. Inside cells, paraquat interacts with the 

electron transport chain to increase the generation of ROS and increases mitochondrial membrane 

permeability leading to apoptotic factor release [158]. While primarily implicated in ROS 

production and electron transport chain dysfunction, paraquat has also been found to damage 

vesicles, induce endoplasmic reticulum stress, and react with basal levels α-synuclein, although 

notably this is not enhanced by overexpressed levels of alpha synuclein [153, 157, 159–164]. 

Taken together, these various findings strongly support the use of paraquat as a robust model of 

PD both at the cellular and epidemiological level. 

Currently, a plethora of animal models including paraquat currently exist to replicate 

various aspects of human pathology, however, there is still no single model that adequately reflects 

the entire human disease process [136–138]. This is due in part to the large variance in symptoms 

and their severity which manifest in PD as well as the challenge in replicating a disease 

hypothesized to develop over 30-40 years in animals with a 1-2 year lifespan [136]. While the 

view of PD as a complex genetic disease has gained traction in review literature many researchers 

are still using cell culture or animal models based solely on one factor [37, 165–169]. Several 

researchers have begun to explore the disease process using a combination of genetic factors and 
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environmental toxicants [48, 50, 170–174], however, there has yet to be wide uptake of these 

combinatorial studies as evidenced by the large number of studies, especially in non-human 

primates, utilizing 6-OHDA and MPTP [166, 168, 169, 175, 176]. Rising genetic evidence has 

demonstrated that many PD genes have low penetrance increasing with age suggesting that PD is 

both progressive and that PD pathology may be triggered by environmental exposures in 

vulnerable individuals. In the face of these concerns it is essential to investigate the myriad of 

factors currently linked to PD and explore how they may interact. 

 

1.6 Influence of the gut on PD 

 While many studies have utilized injections of environmental toxicants such as rotenone 

and paraquat, recent literature has begun to examine how internal alterations to the gut microbiome 

may lead to PD [177, 178]. The microbiome consists of the diverse array of bacteria, fungi, viruses 

and bacteriophages found on the surface of the body as well as in the oral cavity and the blood 

[179]. Within this, the gut microbiome contains the highest concentration of these factors and 

interacts directly and indirectly with many systems within the body [179]. The composition of the 

gut is largely believed to be inherited from the mother during birth and is extremely fluid early in 

life [180, 181]. Exposure to different diets and environments has some effect on composition, 

however, after the introduction to solid foods age and disease appear to be the largest modulators 

of gut composition [181, 182]. Various factors including illness and antibiotic use [183] can 

temporarily alter the microbiome, however, new evidence suggests the appendix acts as a protected 

reserve and may repopulate the gut following these events [184]. Other researchers have 

investigated repopulation of the gut following diarrhea and found that repopulation can take close 

to a month and follows a serial succession to re-establish the complex communities and thus 
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therapeutics that enhance this reestablishment may help relieve symptoms or reduce recovery 

times [185]. 

 Despite the microbiome being made up of bacteria and other organisms, it contributes to 

development and maintenance of many health related systems including the immune system [186, 

187] and the BBB [188]. Interestingly, germ-free mice raised in a sterile environment do not form 

a natural BBB, however, exposure to either gut bacteria or their metabolites early in life leads to a 

partial formation of the BBB [188]. Indeed disruption of gut homeostasis, termed dysbiosis, has 

been found in a variety of disease states including: irritable bowel disease (IBS) [189], Crohn’s 

disease [190], Parkinson’s disease [21], asthma [191, 192], allergies [193, 194], obesity and viral 

infections [195]. In normal circumstances the gut microbiota is isolated from direct contact with 

the intestinal wall by a thick layer of mucous produced by goblet cells in the small intestine and 

colon [196]. In the small intestine this layer is loose and allows for growth of bacteria and passage 

of nutrients to the villi while the colon has both a thick-bacteria free layer against the cells as well 

as a loose layer for colonization, most of the gut bacteria are found in the colon [197, 198]. This 

mucous layer is mediated by the MUC2 protein mucin and animal models of colitis suggest that 

loss of this protein or components of the mucous leads to greatly enhanced inflammation and gut 

permeability [198]. One downstream consequence of increased intestinal permeability and thinner 

mucosal layers is the alteration of immune signalling by dendritic cells in the gut. Dendritic cells 

(DCs) constantly sample the gut microenvironment, modulate response to the gut microbiota and 

are sensitive to compositional changes [199, 200]. During homeostasis these cells recruit and 

activate T regulatory cells (Treg) which serve an anti-inflammatory role and repress immune 

responses against an individual’s microbiota [199, 200]. As the mucosal layers thin or pathogenic 

bacteria populate the gut DCs recruit further immune cells including other DCs and T helper 1 
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cells (Th1) which recruit macrophages and promote a pro-inflammatory state [27, 200]. While DCs 

are largely non-motile and remain in the gut tissues, the Th1 recruitment and pro-inflammatory 

signals can freely circulate and thus may “prime” other locations in the body that have not been 

directly exposed to bacterial products [201–203]. 

 In the case of PD, numerous studies over the past five years have demonstrated in a variety 

of populations that the gut microbiota is significantly altered in patients compared to age-matched 

healthy controls [21, 204, 205]. Tracking human PD patients through regular fecal samples has 

demonstrated that total bacterial diversity in the intestine decreases with disease progression [206]. 

The gut is one of the few organs within the body that are directly exposed to the environment and 

thus represents a potential source for gene-environment interaction both with the microbiota itself 

and with ingested toxicants. Further evidence of a link between the gut and PD comes from two 

studies which examined PD prevalence if the vagal nerve, a direct path between the gut and CNS, 

was severed. They found truncal vagotomy reduced future incidence of PD, however, partial 

vagotomy did not [207, 208]. These data tie in with clinical reports which have found 

gastrointestinal difficulties enhance PD risk and typically precede PD symptoms by up to ten years. 

More recently, several labs have begun to investigate whether α-syn aggregation in the periphery 

may be influenced by microbiome alteration and whether these aggregates may impact the vagal 

nerve [209–211]. On this note, other researchers have also investigated gut α-syn as a potential 

biomarker for PD in human patients and found significantly more PD patients displayed aggregates 

than controls [212]. 

One of the main interests in studying the microbiota is the potential for novel therapeutics. 

Given that the gut is accessible both orally and rectally numerous studies have begun examining 

the potential to modulate gut homeostasis using pre- and pro-biotics [213–216]. Due to the 
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complexity and sheer number of organisms making up the microbiome relatively little is 

understood about many of the components specifically the viruses, fungi and bacteriophages and 

thus research has focused on bacteria, the best characterized organisms in the gut [217]. While 

many pre and pro-biotics have been trialled, two products or techniques are notable in their 

success. The first, faecal transplantation or synthetic stool transplantation is the process through 

which donations from healthy volunteers are collected, purified and rapidly administered in order 

to supplant existing microbiota or colonize a new microbiome in individuals suffering from C. 

difficile infections or high dose antibiotic treatments [218]. The second is the probiotic cocktail 

VSL #3. VSL #3 is a formulation of 8 lactic acid producing bacteria [219] which are thought to 

reduce gut permeability and thus lower gut inflammation and promote a health microbiome [220]. 

Indeed, both animal and human studies using chronic oral administration of VSL#3 have found 

significant effects in preventing remission in IBS and ulcerative colitis patients [221–223]. 

Interestingly, some rodent studies have also implicated VSL#3 as having CNS effects, notably in 

a model of memory deficits and in a separate study examining multiple sclerosis [224, 225]. 

Although thus far human trials have met with limited success, promising data from animal models 

and a growing understanding of the gut may allow for future PD interventions. 
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Research Objectives 

It is now widely accepted that sporadic PD cases emerge from exposure to a constellation 

of environmental insults over the course of one’s lifetime that act together with inherent genetic 

vulnerabilities and aging processes [226, 227]. Hence, this thesis comprises four major 

experiments that collectively address the role of specific environmental (paraquat, LPS) and 

genetic (G2019S LRRK2 mutation) factors on the emergence of PD-like pathology. In brief, Study 

1 focuses upon the impact of paraquat as a function of age. Indeed, there is a paucity of studies 

that actually utilize mice of advanced age. Study 2 then focuses upon the role of the microbiota in 

the inflammatory and neurodegenerative effects of paraquat alone and in conjunction with LPS 

administration. Study 3 moves on to assess whether the LRRK2 transgenic G2019S mutation 

affects the impact of paraquat and finally, Study 4 further evaluates the role of G2019S knock-in 

in the context of our LPS and paraquat dual-hit model. This last experiment will (by using a highly 

specific and temporary microglial depleting drug) also involve a more specific assessment of 

microglia and their plasticity in relation to PD-like pathology.   

In brief, we hypothesized that: 1. Advanced age would augment the impact of paraquat and 

that dopamine neuronal loss will tend to be asymmetrical (will be assessed with MRI), 2. Pro-

inflammatory changes in the microbiome would disturb BBB permeability and enhance the 

neuroinflammatory impact of LPS and paraquat, 3. G2019S transgenic mice would have altered 

paraquat induced neurotransmission but not inflammatory pathology and finally, 4. G2019S 

knock-in mice would show an augmented neurodegenerative profile but that temporary microglial 

depletion will reverse this effect.        
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Chapter 2: 

 

Tracking the protracted effects of paraquat in a murine model of 

Parkinson’s disease: A neurophysiology and imaging study 
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Abstract 

  The primary motor symptoms of Parkinson’s disease (PD) result from the degeneration of 

dopamine producing neurons of the substantia nigra pars compacta (SNc) and often the loss is 

asymmetrical resulting in unilateral tremor presentation. Notably, age is the primary risk factor for 

PD and it is likely that the disease ultimately stems from the impact of environmental factors which 

interact with the aging process. Recent research has focused on the role of microglia and pro-

oxidative responses in dopaminergic neuronal death. In this study, we sought to examine the 

neurodegenerative, inflammatory and stress effects of exposure to the etiologically relevant 

pesticide, paraquat, over time (up to 6 months following injections). We also were interested in 

whether a high resolution 7 Tesla rodent MRI would be sensitive enough to detect the degenerative 

impact of paraquat. We found that paraquat induced a significant loss of dopaminergic SNc 

neurons and activation of microglia that was stable for at least 6 months following the last 

injection. Similarly, long lasting reduction in body weight and alterations in organ (lung and heart) 

weight were evident, which reflect the peripheral impact of the toxicant. The microglial pro-

inflammatory actin-remodelling factor, WAVE2, along with the inflammatory transcription factor, 

NFkB, and cytokine, IL-6 were also elevated. Remarkably, the stress hormone, corticosterone, was 

still significantly elevated one month following paraquat, whereas the inflammasome factor, 

caspase-1, and antigen presentation factor, MFG-E8, both displayed delayed rises after the 6-

month time. However, even with exceptional quality imaging, we were unable to detect any 

hemispheric changes in ventricles, the hippocampus or nigrostriatal pathway using MRI although 

we did find enlarged ventricles in paraquat treated animals. In brief, these data suggest that 

paraquat induces permanent neurodegeneration and long-lasting inflammatory changes and the 



23 
 

stress and trophic/apoptotic effects appear to either increase with the passage of time or are evident 

for at least one month. 
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Background 

 Accumulating evidence has suggested a multi-hit hypothesis for Parkinson’s disease (PD), 

in which the onset and progression of the disease likely involves the collective contribution of a 

spectrum of risk factors (e.g. psychological, immune, age, chemical) over time, which likely also 

interact with genetic vulnerabilities [18, 19]. Genetically induced alterations to biological systems 

(e.g. trophic support, blood brain permeability, and glial processes), may modulate nigrostriatal 

vulnerability to environmental insults.  Among the environmental factors, epidemiological studies 

have reported that exposure to the herbicide paraquat increases the risk of PD [144, 228, 229]. 

Accordingly, many animal studies now utilize the paraquat model of PD which uses multiple 

exposures of this etiologically relevant pesticide in order to induce the loss of dopamine producing 

neurons in the substantia nigra pars compacta (SNc) [49, 145, 230].  

 Paraquat is a general oxidative stressor which is selectively taken up into dopamine cells 

through the Oct-8 and dopamine transporters [157] and through interaction with the NADPH 

complex on and microglia, switches to its divalent form, which generates reactive oxygen species 

(ROS) [150, 231]. In general, the impact of toxicant exposure is increased in aged animals and this 

could be related to age-dependent changes in blood brain barrier (BBB) permeability, energetic 

alterations and deficits in neuroplasticity [232–234]. It is well known that aging also produces 

many transcriptomic and protein phenotypic changes in microglia and that this fuels accumulated 

inflammatory changes [235]. In fact, the disease processes in PD likely begin decades prior to the 

emergence of motor symptoms. It may be that exposure to toxicants, such as paraquat, in early 

adulthood could lead to sustained changes that may alter the aging trajectory. Since aging is the 

number one unequivocal risk factor for PD provocation, it is important to evaluate the impact of 
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toxicants, like paraquat, not in isolation, but over time to better understand and translate the 

multiple toxicant and immune events occurring in the human population. 

 In the current study, we sought to determine the impact of exposure to paraquat on 

dopaminergic neuronal death, inflammation and stressor related pathways over 6 months following 

cessation of paraquat exposure. It was also of interest to assess whether neuronal damage would 

be permanent (and possibly asymmetrical), as occurs in human PD, and to determine whether high 

resolution MRI imaging can detect such changes. We found that paraquat did indeed provoke a 

loss of SNc dopamine neurons that did not change in the six months following cessation of 

treatment. Similarly, the toxicant treatment activated SNc microglia and induced marked time-

dependent increases in inflammatory factors, WAVE2 and NFkB, along with circulating levels of 

corticosterone and IL-6. Time-dependent changes in inflammatory MFG-E8 and caspases also 

occurred and reinforced the protracted nature of paraquat changes. However, the MRI analyses 

were unable to detect any significant hemispheric changes although we did find enlarged ventricles 

following paraquat treatment. Collectively, these data indicate that paraquat induced a permanent 

neurodegenerative response that is accompanied by a unique inflammatory signature that might 

have relevance for illuminating potential targets of disease.        
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Methods 

General Study Design 

Animals 

108 male C57Bl6 mice were purchased from Charles River Laboratories and arrived at the 

University of Ottawa Barrier Facility at 8-10 weeks of age. Upon arrival all animals were placed 

on a normal 12 hour light cycle, given ad libitum access to water and Harlan Labs 2014 rodent 

chow. Animals were randomly assigned to receive either 6 paraquat or 6 saline intraperitoneal 

injections and be sacrificed 1 hour, 1 month or 6 months following the final injection. 

 

 

Figure 2.1: Experimental timeline in weeks, animals were assessed daily for weight and sickness 

outcomes during the first three weeks then bi-weekly afterwards. 

 

Behavioral analyses  

Weights 

Animals were weighed the morning of each injection as well as one month and six months 

after receiving the last injection.  

 

Home-cage locomotor activity 

Baseline

PQ1, PQ2, PQ3

PQ4, PQ5, PQ6

PQ7 + Immediate Sacrifice

1 Month Sacrifice 6 Month Sacrifice
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Inflammation and Aging Timeline
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Spontaneous home cage locomotor activity was measured over a complete 12 hour 

light/dark cycle using our Micromax (MMx) infrared beam-break apparatus (Accuscan 

Instruments, Columbus, OH, USA), as previously described. Spontaneous home cage locomotor 

activity assessment was completed following a 30 minute acclimation period in our behavioural 

testing room post nestlet removal, measurements of home-cage locomotor activity occurred once 

at baseline (Day 0), then again the evening of the 2nd and 5th injection. 

 

Brain dissection and tissue extraction 

On the day of sacrifice each treatment group was divided into three with one set of animals 

from each being sacrificed by perfusion, rapid decapitation or CO2 asphyxiation. Perfused animals 

were intraperitoneally administered 0.15mL of sodium pentobarbital (200mg/kg) and blood was 

flushed using 5mL of saline through the left ventricle to the right atrium followed by 40mL of 4% 

paraformaldehyde to fix the tissue. 24 hours later the brains were transferred to 10% sucrose and 

then transferred to 30% sucrose 48 hours after sacrifice.  

In the rapid decapitation peripheral organs including the heart, lungs, spleen and liver were 

excised and weighed. The brains of these mice were extracted, sectioned on a matrix with 0.5mm 

blade spacing and the SNc was dissected out for magnetic isolation of microglia within 3 minutes 

of decapitation. 

The final group were sacrificed via CO2 asphyxiation and then taken to the University of 

Ottawa’s imaging core and processed in the MRI (as described in the next section). Following the 

MRI procedure animals were decapitated post-mortem, brains were extracted, sections and SNc 
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and striatal sections were punched with a hollow needle and flash frozen for Western blotting. This 

entire process was completed within 25 minutes of death. 

 

MRI 

T2 weighted images of the mouse brain were obtained from four mice per group one hour 

after final paraquat injection, one month after final paraquat injection and six months after final 

paraquat injection. MRIs were performed at the University of Ottawa pre-clinical imaging core 

using a 7 Tesla GE/Agilent MR 901. Briefly, mice were asphyxiated with CO2, placed on the MRI 

arm and secured in place with masking tape. A 2D fast spin echo sequence (FSE) pulse sequence 

was used, with the following parameters: slice thickness=0.7mm, field of view=2cm, 

matrix=256x256, echo time=27ms, repetition time=4000-6500ms, echo train length=8, 

averages=6, fat saturation.  Both axial (transverse) and coronal plane images were acquired for a 

total scan time of 23 minutes. Analyses were performed by a trained neuroradiologist who 

examined MRI images for volumetric and hemispheric changes as well as density alterations. 

These qualitative analyses were followed up by area measurements of hippocampi, the 3rd ventricle 

and the SNc at the same distance from Bregma in imageJ by a blinded investigator. 

 

Circulating factors 

In order to determine the concentration of various cytokines and glucocorticoids in 

circulation plasma collected during sacrifice was used in both ELISA and Luminex multiplex 

assays. Briefly, corticosterone levels were assessed using a Corticosterone ELISA kit (Enzo, ADI-

900-097) following the kit instructions. Plates were read on a Spectramax 190 (Molecular Devices, 

San Jose, CA) and concentrations determined using MyAssay software (MyAssay). IL-1B, IL-10, 



29 
 

IL-6 and TNF-α were assessed using a Procarta 4-plex (Invitrogen, Carlsbad, CA) prepared 

following kit instructions and read on a Luminex Magpix (Luminex, Austin, TX). Concentrations 

of each cytokine were evaluated using Luminex Xponent software (Luminex, Austin, TX). 

 

Immunohistochemistry 

In order to examine microglial reactivity sections were stained with ionized calcium-

binding adapter molecule 1 (IBA1), a microglial marker found across the membrane. To asses 

dopamine cells we used tyrosine hydroxylase (TH). Brains were sliced into 40um thick sections 

on our Shandon AS620 cryostat (Fisher Scientific) and sections were immediately placed in a 

0.1M PB solution containing 0.1% sodium azide (pH 7.4). Every third section was selected for 

each stain (i.e. ST TH; SNc TH; SNc IBA1). For SNc TH staining, slices were washed in phosphate 

buffer saline (PBS) (pH 7.4) three times for 5 minutes each, followed by a 30 minute incubation 

in 0.3% hydrogen peroxide in PBS. Slices were then washed in PBS three times five minutes each 

and a 1 hour incubation in blocking solution containing 5% normal goat serum (NGS), 0.3% triton-

X, with 0.1 M PBS (pH 7.2). Blocker was removed and the slices were then incubated overnight 

in primary antibody solution (5% NGS, 0.3% triton-X, 0.3% bovine serum albumin (BSA) in 0.1 

M PBS) with 1:2000 anti-mouse TH (Immunostar, Hudson, WI). The following day the primary 

antibody solution was removed and sections were washed in PBS three times for a period of 5 

minutes each. Following the washes, antibodies in secondary solution (1.6% NGS, 0.16% Triton 

X, 0.3% BSA, in 0.1M PBS) were applied to striatum (anti-mouse IgG; 1:500) for a period of 2 

hours, and to SNc (anti-mouse HRP; 1:200) sections for 4 hours. Following this, three times five 

minute washes were applied to the striatum which was then incubated again in secondary solution 

with HRP (1:1000) for an additional 2 hours. All sections were given three times five minutes PBS 
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washes and sequentially exposed to a DAB reaction containing Tris-HCl, DAB and 0.6% hydrogen 

peroxide in dH20 for visualization. Sections were washed in PBS three times five minutes each 

following DAB exposure and all sections were then slide mounted and set to dry overnight. 

Sections were dehydrated using a series of alcohol and clearene washes and subsequently cover-

slipped using DPX. All incubations occurred at room temperature. 

 

To label IBA1 processed ST and SNc slices were washed in PBS (pH 7.2) three times for 

5 minutes each, followed by a 1 hour incubation in blocking solution (5% NGS, 0.3% triton-X, in 

0.1M PBS). Following removal of the blocker, slices were then placed in anti-rabbit IBA1 (Abcam, 

Cambridge, MA) at a dilution of 1:1000 in primary solution (5% NGS, 0.3% triton-X, 0.3% BSA 

in 0.1 M PBS) for a period of 2 hours. Sections were then washed in 0.1M PBS three times for a 

period of 5 minutes each and reacted with either 1:1000 of anti-goat Alexafluor 594 or 647 

antibody in primary solution (5% NGS, 0.3% triton-X, 0.3% BSA in 0.1 M PBS). The signal was 

visualized with immunofluorescence microscopy using Microbrightfield image acquisition 

software on a Zeiss axioimager2 microscope. All slices were selected and compared between 

animals at the same distance from bregma. 

DAB stained TH+ cells were analyzed using the optical fractionator workflow in Stereoinvestigator 

(MBF, Williston, VT, USA) as previously described [139]. A total of six slices between bregma levels -

3.08 and -3.52 were counted by a blind observer under a 63X oil immersion lens. 

 

Western blot 
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Brain tissue punches and organs were collected to detect levels, MFG-E8, Caspase 1, 

Caspase 3, BDNF, CX3CR1, NFκB p65, pNFκB p65 and WAVE2, as described previously. 

Briefly, whole cell lysates were homogenized in Radio Immuno Precipitation Assay (RIPA) buffer 

[50 mM Tris (pH 8.0), 150 mM sodium chloride, 0.1% sodium dodecyl sulphate (SDS), 0.5% 

sodium deoxycholate and 1% Triton X-100] mixed with 1 tablet of Complete Mini 

ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor (Roche Diagnostics, Laval, QC, 

Cat #11 836 170 001) per 10 mL of buffer.  On day one of analysis, proteins were separated using 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). In order to determine 

total protein, membranes were incubated in REVERT total protein solution for a period of 5 

minutes followed by placement into a REVERT wash solution (6.7% Glacial Acetic Acid, 30% 

Methanol, in water) two times 2 minutes each. Membranes were then quickly rinsed with distilled 

water and imaged on our LI-COR Odyssey imaging system on the 700 channel for an exposure 

period of 2 minutes. Membrane incubation with rabbit anti- MFG-E8, Caspase 1, Caspase 3, 

BDNF, CX3CR1, NFκB p65, pNFκB p65 and WAVE2 (1:1000) for a period of 60 minutes in 

0.05% fish gelatin in TBS with 0.1% tween followed by one hour in infrared anti-rabbit conjugate 

at a concentration of 1:20 000 in 0.5% fish gelatin solution containing 0.2% tween and 0.01% 

SDS. Any unbound antibody was removed using 15 mL of TBS-T/membrane and membranes 

washed and read on our Licor Odyssy system at the appropriate wavelength for 6 minutes.   

 

Statistical analysis 

All data was analyzed by 3 (Time post injection 1 hour vs. 1 month vs 6 months) X 2 

(Injection; saline vs. paraquat) two-way ANOVA with significant interactions further analyzed by 

means Fisher’s LSD planned follow up comparisons (p < 0.05) where appropriate. Data is 
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presented in the form of mean ± standard error mean (mean ± SEM). All data was analyzed using 

the statistical software StatView (version 6.0) and differences were considered statistically 

significant when p < 0.05. 
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Results 

Peripheral toxicity: paraquat induced an acute failure to gain weight and lasting alterations 

in peripheral organ weight. 

Following paraquat treatment animals displayed modest but significant weight loss at one 

hour following the last paraquat injection (F(1,33)=5.368, p=0.02) (Figure 2.2A); however, this 

effect was absent by one month. Interestingly paraquat also induced changes of individual organ 

weights that persisted for six months for the heart (F(1,30)=4.153, p=0.05) and one month for the 

lung (F(1,30)=5.096, p=0.03) (Figure 2.2B-D). Other organs such as the liver and spleen were 

unaffected by paraquat treatment (F(1,30)=0.922, p>0.05). 
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Figure 2.2: Animals were weighed at baseline and again prior to each injection and sacrifice 

timepoint and organs were extracted and immediately weighed at sacrifice. Animal weight and 

organ weights in all organs except the spleen increased over time. Paraquat treatment reduced 

overall body weight in animals 1 hour after the last injection, but this effect was absent by six 

months. Paraquat increased heart weight during the entire experiment, whereas lung weight was 

increased up to the one-month time. No changes in splenic weight were observed.  *p<0.05, 

relative to the respective saline treated animals at each time; **p<0.05, relative to all mice at the 

one-hour time point. 

 

 

Neurodegeneration: Paraquat treatment induces permanent TH+ cell loss in the SNc. 

 

Stereological assessment of the SNc revealed that mice displayed a robust loss of TH+   

neurons when treated with paraquat (F(1,15)=53.155, p<0.001) (Figure 2.3). This loss persisted 

throughout through six months following the last paraquat injection and in fact, did not 

significantly differ over time.  
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Figure 2.3: Stereological TH+ cell counts were conducted in the SNc revealed that the total 

number of TH+ neurons were reduced by paraquat treatment (p<0.001), but no interaction with 

time following final injection was evident. ***p<0.001 compared to saline treated mice. 

 

Neuroinflammatory effects: Paraquat treatment results in persistent altered microglial 

phenotypes 

Paralleling the dopaminergic cell loss, paraquat induced significant (albeit somewhat 

modest) changes in ratings of SNc microglial cell morphology which was detected using IBA-1 

labelling.  Indeed, IBA-1+ cells within the SNc were assessed using our previously validated rating 

scale. This revealed a significant increase in paraquat treated animals (F(1,22)=22.288, p<0.001) 

(Figure 2.4) and this effect was maintained and did not change over the six month period after 

stopping paraquat injections. Importantly, although significant, the current morphological changes 

were far less dramatic than what we typically observe with LPS alone or LPS in conjunction with 

paraquat [48, 236]. 
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Figure 2.4: Microglial reactivity was assessed using a morphological rating scale on IBA-1 stained 

tissue. Paraquat treatment increased microglial morphological ratings in the SNc throughout the 

six-month time following injection, and age alone appeared to increase ratings at six months post 

injection but this was not significant. ***p<0.001 compared to respective saline treated animals. 
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Further markers of inflammation, phagocytosis and cell death are increased following 

paraquat administration. 

We assessed WAVE2, a component in the actin-cytoskeleton remodeling complex which 

is strongly expressed in microglia and is critical for morphological re-organization of these cells. 

Again paralleling the increased rating scale results, paraquat elevated levels of WAVE2 within the 

SNc, (F(1,27)=8.626, p=0.006) (Figure 2.6A) and this elevation remained for the entire six-month 

period. The ratio of the activated (phosphorylated) form of the pro-inflammatory transcription 

factor, NFκB-p65 subunit, and its non-phosphorylated subunit was found to be elevated in the SNc 

by paraquat treatment, but only at the one-month time (F(1,27)=4.357, p=0.04) (Figure 2.5B). 

Interestingly, caspase- 1 and the MFG-E8 were elevated by paraquat but this time, only at the six-

month time (F(5,29)=2.847, p=0.05) (Figure 2.5C,D). 



38 
 

 

Figure 2.4: WAVE2 levels within the SNc were elevated by paraquat at all timepoints (A), 

whereas pNF-κB ratio elevations were confined to the 1 month time following final paraquat 

injection (B).  Caspase 1 and MFG-E8 elevations in the SNc only reached significance by six 

months following paraquat (C and D). *p<0.05 relative to age saline control, **p<0.01 relative to 

respective saline treatments. 

 

Indices of stress: circulating corticosterone and striatal BDNF were elevated by paraquat. 

 Corticosterone, a stress related glucocorticoid was significantly elevated following 

paraquat treatment and remained so for at least one month following cessation of treatment 

(F(1,30)=5.649, p=0.024) (Figure 2.6A). Most circulating inflammatory cytokines were not 

detectable following paraquat treatment, however, consistent with previous results, IL-6 

expression was detected using a Luminex multiplex assay, however, while this effect was observed 

only one hour following the last injection, it was not statistically significant (F(1,30)=0.905, 
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p>0.05) (Figure 2.5B). Interestingly, paraquat treatment provoked increased striatal levels of 

BDNF (F(1,27)=13.707, p<0.001) (Figure 2.6C).  This effect peaked after one month but was 

still upregulated six months later (p=0.02).  

 

Figure 2.6: Assessment of circulating stress hormone, corticosterone, revealed a significant 

increase which persisted at least one month following final paraquat treatment (A, p<0.05). 

Circulating IL-6 was found to be unaltered following paraquat treatment (B, p>0.05). Striatal 

BDNF levels in paraquat treated animals increased one- and six-months following treatment (C, 

p<0.05). **p<0.01 relative to age matched control animals, *p<0.05 relative to 1 hour animal 

groups. 
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MRI tracking of pathology: gross volumetric alterations were detected in ventricle but not 

hippocampal or SNc volume, no hemispheric alterations found. 

 Immediately following sacrifice, a subset of animals were imaged using a 7T MRI in order 

to assess potential hemispheric or gross regional differences following paraquat administration. 

Images were first analyzed by a trained neuroradiologist and assessments thereafter, were 

quantified using regional area of interest (ROI) assessments in conjunction with image J software. 

The neuroradiologist (Dr. Carlos Torres, University of Ottawa) found no gross alterations 

whatsoever, with paraquat treated brains being essentially indistinguishable from saline treated 

controls. Further volumetric quantification of ROIs yielded no significant hemispheric differences 

in either the SNc, hippocampus or lateral ventricles (F<1; p>0.05 for all groups) (Figure 2.7 

A,B,C). When evaluating total size of the same regions, no significant alterations were observed 

in the SNc or Hippocampus (Figure 2.7 D,F), however, ventricles were significantly enlarged over 

time (F(2,15)=61.253, p<0.001) and following paraquat treatment (F(1,15)=175.037, p<0.001)  

(Figure 2.7 E). 
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Figure 2.7: Left/right hemisphere comparisons as well as treatment differences were assessed by 

a trained neuroradiologist who found no significant difference. Analyses were confirmed using 

imageJ to evaluate 7T MRI images to determine if there were differential hemispheric effects in 

ventricle, hippocampus or SNc size following paraquat treatment. No statistically significant 

alterations in hemisphere size were observed in any regions (A,B,C, p>0.05 for all groups). 

Assessments of total area found no alteration in hippocampal or SNc size (D,F, p>0.05 for all 

groups), however, the 3rd ventricle was enlarged following paraquat treatment and with age (E, 

p<0.001). G, H and I illustrate show representative images of tracing on MRI images for each 

region.  
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Discussion 

 Given that PD likely has a protracted prodromal state, tracking of brain pathology and 

finding clues for early biomarkers of disease is critical. Similarly, it is important to track the long-

term effects of environmental toxicants that have been implicated in PD and its co-morbid features.  

We sought to assess the relatively long-term impact of paraquat (6 months following cessation of 

a 3-week injection regimen). The paraquat induced loss of SNc dopamine neurons and associated 

microglial inflammatory morphological changes peaked after the 3 weeks of treatment and did not 

further progress during the six-month period. This suggests a relatively stable non-progressive 

lesion. Importantly, the neurodegenerative impact of paraquat was associated with dramatic 

motoric behavioral deficits, indicating potential clinical significance. Unfortunately, however, we 

were unable to detect gross volumetric changes in the brain using a rodent MRI, suggesting that 

widespread gross tissue loss was not induced by the paraquat regimen. This is likely owing to the 

limited size of the lesion and suggests that there was not a frank loss of tissue area and likewise, 

was not an obvious accumulation of sizeable inflammatory infiltrates. Despite this, we did observe 

significantly enlarged ventricles in paraquat treated animals, previous reports modelling chronic 

neuroinflammation, autoimmune encephalitis, and intrauterine inflammation have also reported 

this same feature suggesting the recruitment of microglia and peripheral immune cells following 

paraquat administration may have induced these alterations [237–239]. We further found marked 

time-dependent changes in inflammatory, trophic and soluble stress factors that collectively, 

suggest some interesting processes that might reflect protracted or even permanent re-organization 

of brain circuits.    

Very few studies have assessed long durations following toxicant exposure in models of 

PD, nor has there been sufficient assessment of non-motor elements of the disease.  These are 

important as PD is a heterogenous disease with many changes in peripheral factors and a host of 
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co-morbid features. Similarly, there is some contention regarding the permanence of some of the 

neurodegenerative changes following toxicants, such as 6-OHDA and MPTP [240–242]. Our 

findings indicate that paraquat does appear to induce a permanent loss of nigral dopamine neurons 

and that this is coupled with enduring changes in microglial reactivity (morphology and WAVE2 

levels). The fact that these changes were stable over 6 months following paraquat cessation 

indicates that although not a progressive lesion, a relatively permanent change in the SNc 

microenvironment was induced. Interestingly, these brain changes were paralleled by later 

occurring elevations of pNF-kB p65 and then MFG-E8 and caspase-1within the brain.  

 At least some of the effects of paraquat are likely related to its stimulatory effects on 

immune cells, such as macrophages/microglia or alternatively, may have arisen secondarily from 

tissue injury. Indeed, patients with lung injury had elevated IL-6 mRNA and a single paraquat 

injection in mice caused lung damage that was associated with elevated systemic IL-6 [243, 244]. 

Importantly, we did find that paraquat induce increases in lung (and heart) weight, which could 

reflect pathology owing to cellular derangement or infiltration, as was previously reported with 

paraquat poisoning [245, 246]. Further, direct application of paraquat onto cultured RAW264.7 

macrophages induced an elevation of IL-6 that accompanied the release of reactive oxidative 

species [247].  The NF-kB rise within the striatum after 1 month is interesting in that this is a 

primary inflammatory transcription factor that regulates IL-1b and TNF-a signaling. Moreover, 

mutant a-synuclein was reported to stimulate microglia, in part, through NF-kB signalling [248].  

The delayed rise of caspase-1 and MFG-E8 within the striatum at 6 months indicates that 

protracted brain signaling changes occur following paraquat exposure. In particular, caspase-1 is 

a critical component of the inflammasome, which promotes IL-1b and IL-18 production and the 

induction of pyroptosis, or programmed lytic cell death, raising the possibility that further cell 
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death might have been observed after even further time intervals. Similarly, the MFG-E8 elevation 

is suggestive of a delayed immune response within the striatum. MFG-E8 is critical for the 

phagocytosis of apoptotic cells [249], wherein it binds to phosphatidylserine (“eat me signal”), 

which is exposed on the surface of apoptotic cells and helps with the opsonization and 

phagocytosis of these cells. The MFG-E8 elevation could possibly be in response to early stage 

cell pathology associated with caspase-1 expression. Indeed, besides peripheral macrophages, 

microglia also express MFG-E8 which acts as a tether to attach the apoptotic cell and trigger 

engulfment of the cell [250]. In fact, neuronal loss induced by LPS, β-amyloid or by Brucella 

abortus infection was mediated by activated microglia and MFG-E8 causing the induction of 

phagocytosis [251–253]. At the very least, these data suggest multiple neuroimmune processes are 

engaged over time following toxicant exposure.   

It was particularly remarkable that while the paraquat induced elevation of corticosterone 

was maximal one hour following the last paraquat injection, it still remained significantly and 

substantially elevated one month later. This is rare for any stressor and suggests that long term 

changes were induced that impacted upon the HPA axis. It could be related to ongoing oxidative 

stress cascades and associated damage that would be expected to have been induced by paraquat. 

Along these lines, the elevation of striatal BDNF at 1 and 6 months could conceivably be a 

compensatory mechanism attempting to counter such pathology. Also, is the possibility that a 

continued presence of paraquat in the brain might have chronically stimulated the HPA axis. In 

fact, while the half-life for paraquat is reported in both human plasma and mouse liver to be 

approximately 84 hours [254, 255], it was reported to be 28 days within the mouse brain following 

a single 10mg/kg I.P. injection [255]. Hence, our administration likely resulted in lasting paraquat 

accumulation in the brain at least until the one-month timepoint.   
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 In addition to the brain, paraquat is toxic to a range of organs, particularly the heart and 

lungs. In fact, paraquat is known to cause contractile dysfunction of the heart [256] and 

inflammatory congestion of the lungs [257, 258]; both of which can be fatal. Paraquat exposure 

enlarged myocardial left ventricular and systolic diameter and interestingly, TLR4 ablation 

prevented the cardiac contractile anomalies [259].  Similarly, TLR4 knockout reduced paraquat-

induced cardiac intracellular Ca2+ derangement and changes in autophagy factors [260]. Thus, the 

presently observed paraquat induced increase in heart weight might reflect inflammatory cell 

infiltration, together with enlargement or thickening of myocardial tissue. It is interesting to note 

that the NFkB elevation in the striatum might also suggest TLR4 signalling changes in the brain, 

as this is the primary transcription factor affected by the TLR [261]. The increase in lung weight 

we observed is likely resulted from similar inflammatory and tissue derangements induced by 

paraquat. Indeed, paraquat increased connective tissue growth factor and collagen expression in 

lung fibroblasts [262] and lung weight increased over time following paraquat exposure, along 

with increased lung levels of TLR9, IL-1b, IL-6 and TNF-a [263]. Correspondingly, paraquat 

caused a remodeling of alveolar structure with increasing thickness septal structures resulting in 

impaired alveolar functioning [264].  

While we obtained exceptional resolution MRI images of the brains of paraquat exposed 

mice, we were unable to detect any significant volumetric differences between the groups. This is 

perhaps not too surprising given that the dopaminergic neuronal loss induced by paraquat wouldn’t 

be expected to result in gross volume changes. Indeed, the neuronal lesion is fairly discrete, but 

we have shown wide spread changes in neurotransmission with paraquat but it is unclear if these 

would be associated with any tissue loss. Yet, in the case of schizophrenia, there is widening of 

the lateral ventricles and enlargement of the global pallidus associated with the dopaminergic 
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alterations in neurotransmitters [265]. PD patients also displayed ventricular enlargement and this 

effect was found in early stages of the disease and correlated with later cognitive impairment which 

matches our MRI results from the lateral ventricles [266, 267].  Moreover, human MRI studies 

reported that PD patients had reduced hippocampal volume and this was asymmetrical (with left 

hemisphere most affected) [268]. The dorsal striatum was also diminished in PD patients and this 

effect was exacerbated in patients with excessive fatigue [269]. In contrast, while we did find 

enlarged ventricular size, we did not find any reduction of volume in the nigrostriatal pathway or 

hippocampus.     

 

Conclusions 

 In brief, we have provided evidence that paraquat promotes long-term and likely permanent 

nigrostriatal degeneration and microglial inflammatory changes. This was accompanied by time-

dependent activation of immune, pro-death and stress factors, along with organ abnormalities 

However, no structural brain abnormalities were observed using MRI imaging procedures. We 

further observed that some of the paraquat induced alterations persisted many months following 

cessation of treatment and may indicate a greater vulnerability to further toxicants in aged animals 

previously exposed to environmental toxicants. Of note, some alterations appeared to recover, 

whereas others became progressively more apparent. Importantly, the paraquat induced loss of 

TH+ neurons was relatively stable over time and, unlike PD, not a progressive lesion. However, 

given the delayed elevation MFG-E8 and caspase 3 after six months (factors that are linked to 

apoptotic processes and cell removal), further aging may eventually lead to further neuronal 

degeneration. 
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Chapter 3: 

 

The impact of an inflammatory gut and probiotics in a murine 

model of Parkinson’s disease   
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Abstract 

Recent work has established that Parkinson’s disease (PD) patients have an altered gut 

microbiome, along with signs of intestinal inflammation. This could help explain the high degree 

of gastric disturbances in PD patients, as well as potentially be linked to the migration of peripheral 

inflammatory factors into the brain. We presently assessed whether the probiotic, VSL #3, or the 

inflammatory inducer, dextran sodium sulphate (DSS) would influence the PD-like pathology 

provoked by a dual hit toxin model using LPS and paraquat exposure. Indeed, while VSL #3 was 

reported to have anti-inflammatory effects, DSS is often used as a model of gastric colitis because 

of the gut inflammation and intestinal leakiness that it induces. We found that VSL#3 did not have 

any significant effects; however, the DSS treatment caused marked changes in the gut microbiome 

and was also associated with augmented behavioral and inflammatory outcomes. In fact, DSS 

markedly increased F. bacteroidceae and porphyromonadaceae but reduced F. rikencellaceae and 

S24-7 species and also provoked colonic pro-inflammatory cytokine expression, consistent with 

an inflamed gut. The DSS particularly increased the impact of LPS and paraquat upon microglial 

morphology, along with circulating lipocalin-2 (neutrophil marker) and IL-6. Yet, neither DSS nor 

VSL#3 influenced the loss of substantia nigra dopamine neurons that was provoked by the LPS 

followed by paraquat treatments. These data suggest that disruption of the intestinal integrity and 

the associated microbiome can interact with systemic inflammatory events to promote widespread 

brain-gut changes that could be relevant for PD and at the very least, suggest novel neuro-immune 

communication.         
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Introduction 

 Parkinson’s disease (PD) is characterized by a loss of substantia nigra pars compacta (SNc) 

dopaminergic neurons which project the basal ganglia, resulting in motor disturbances [35, 270]. 

It has become clear that both genetic and environmental factors interact to provoke the disease and 

furthermore, that neuroinflammatory factors have been implicated in such interactions [271, 272]. 

It could be that environmental stressors can act as triggers that induce a pro-inflammatory state 

and these include pesticide exposure [273], heavy metal exposure [274], viral and bacterial 

infections [275], and even chronic psychological stress [276]. Indeed, combinations of various 

genetic factors, including LRRK2 or the alpha synuclein A53T mutation, together with 

environmental factors such as immunogens, pesticides and other toxins are common models of PD 

[230, 277, 278]. Regardless of the model utilized, microglial cells, the resident immune cells of 

the central nervous system (CNS), have been repeatedly implicated in PD pathology [97, 128, 

279]. Likewise, accumulating evidence indicates that peripheral cells of the innate and adaptive 

immune system are critically involved in the spread of PD pathology. In fact, some suggest that 

initial PD pathology might actually originate outside the brain, possibly in the gut and associated 

cells [206, 207, 210]. Recent studies do report that PD patients have altered gut microbiota [205, 

280, 281] and the composition of the gut microbiota may be of special significance given its role 

in modulating peripheral immune cells.   

 While gastrointestinal difficulties have long been known to be common in PD, recent 

evidence suggests that an irritable bowel and constipation in middle age actually increases the risk 

of developing PD [23, 282]. Links between Crohn’s disease, irritable bowel syndrome and PD 

have also been recently uncovered with the gene, LRRK2, being suggested to be a common 

mechanistic inflammatory factor shared by these three seemingly disparate diseases [63, 283]. 
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Other studies have found increased alpha-synuclein load in the gut of PD patients [284, 285] and 

one clinical study found that truncal vagotomy reduced PD risk later in life [207]. Despite this 

growing pool of patient data, there has been relatively little work done in animal models. In 2016 

Sampson et al published a study demonstrating that germ free A53T showed reduced pathology at 

14 months, whereas A53T mice infected with bacteria isolated from PD patients showed earlier 

symptom onset and enhanced pathology [20]. One further study found that orally administered 

rotenone, a pesticide implicated in PD, altered the gut microbiota and led to early accumulation of 

alpha synuclein in the gut tissues [286]. 

 While many studies have examined the use of probiotics both as a prophylactic and as a 

potential therapy in several disease states, little widespread success has been found and indeed, 

striking differences are evident even with probiotics with the same formulation [287, 288]. VSL#3 

is a probiotic which is currently prescribed for irritable bowel syndrome and has been shown to 

reduce stressor-linked effects in animal models and can modulate intestinal permeability [222, 

225]. Two recent papers have also found that VSL#3 may play a protective role in visceral 

hypersensitivity [289] and renal ischemia injuries [290] by modulating immune cell phenotypes. 

In contrast to probiotics, agents that irritate the gut and cause inflammation are thought to 

negatively affect the microbiome and could possibly contribute to PD. Dextran sodium sulphate 

(DSS) which is used as a common model of colitis and irritable bowel has marked effects upon 

intestinal integrity and microbial constituents. DSS is known to particularly damage epithelial cells 

of the intestine and promote a leaky mucosal barrier [291].  The DSS treated mice lose weight and 

display marked infiltration and activation of inflammatory neutrophils, macrophages, T 

lymphocytes and other immune cells, together with elevations in circulating inflammatory 
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cytokines, including IL-6 [291, 292]. There is also an overall shift in the quantity and diversity of 

the microbiota species, with DSS destabilizing the microbiota [293].        

 To our knowledge, thus far no studies have attempted to alter the existing microbiome prior 

to the introduction of a toxin-based model of PD. Hence, we assessed the impact of pre-exposure 

to either a probiotic (VSL#3) or a known dysbiotic agent (DSS) upon outcomes induced by a multi-

hit LPS plus paraquat model of PD. We found that DSS, but not VSL#3, caused a marked shift in 

the microbiota and this was associated with an augmentation of the impact of LPS and paraquat 

upon behavioral disturbances and inflammatory outcomes (microglial morphology, IL-6, and 

lipocalin-2). However, the neurodegenerative effects LPS and paraquat were not influenced by 

either DSS or VSL#3. It appears that an inflamed intestine and accompanying changes in 

microbiota can have widespread effects upon inflammatory factors within the brain and blood, and 

behavioral symptoms, which could be relevant for a wide range of neurological and possibly even 

psychiatric disorders.   
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Methods 

General Study Design 

Animals 

86 C57Bl6/J male mice were purchased from Charles River laboratory at 8-10 weeks of 

age and single housed in standard cages upon arrival at Carleton University. All animals were fed 

Harlan Labs 2014 rodent chow ad libitum for the duration of the experiment and housed under a 

normal 12H light cycle. Upon arrival animals were randomly assigned into one of three groups 

based on drinking water composition (n=28): VSL #3, DSS, or tap water. Animals in the VSL #3 

group were given 3x108 CFU/mL of VSL #3 dissolved in tap water from day of arrival until 

sacrifice. Animals in the DSS group were given water for the first seven days followed by 

250mg/mL DSS for five days and then tap water for the remainder of the experiment. Animals in 

the tap water control group were given tap water freely throughout the experiment. 

 

 

Figure 3.1: Timeline of experimental treatments, behaviours, and sample collections. 
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Two weeks after arrival, at three months of age, all animals underwent stereotaxic surgery. 

Animals were anesthetized with 5% isoflourane then subcutaneously administered 0.3mL of saline 

and 20mg/kg of the analgesic Tramadol. Animals were secured in the Kopf Instruments Model 

940 stereotax frame using xylocaine (2% lidocaine hydrochloride topical anaesthetic, 

AstraZeneca) coated earbars. A small, 1 cm incision was made in the centre of the skull and a 

1.5mm diameter hole was drilled in the skull at x=1.2mm and y=3.14mm relative to bregma over 

the left hemisphere. A 22-gauge injector was used to infuse half of each group with 2μL of either 

saline or 1μg/μL LPS directly above the SNc and 4mm below the surface of the skull. A Harvard 

Apparatus picopump 11 double syringe pump was used to ensure a constant infusion over 4 

minutes. The injector was left in place for 5 minutes after the infusion to allow the LPS/saline to 

absorb into the tissue before slowly being removed. The hole in the skull was filled with Bone 

Wax® before suturing. The animals received 100% oxygen for 15 seconds once the surgery was 

complete before being removed from the stereotaxic instrument in order to speed recovery, then 

were placed into recovery cages situated half-on half-off a 37°C circulating water heating pad. 

Animals were under anesthesia at 1.5% isoflourane for approximately 25 minutes each and 

monitored for signs of distress for one hour after surgery. Animals were given hydrogel for 4 days 

after surgery and 20mg/Kg Tramadol sub-cutaneously twice a day for 3 days following surgery. 

 

Injections 

 Beginning 48 hours after surgery, each animal received either 10mg/kg of paraquat or an 

equivalent volume of saline through an intraperitoneal. injection. Animals who received LPS 

during surgery received paraquat, while saline animals again received saline. Paraquat was freshly 
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made each morning and these injections were given in the morning every 48 hours for 11 days 

totaling six injections. 

 

Sacrifice 

Animals were intraperitoneally administered 0.15mL of sodium pentobarbital and level of 

anesthesia determined by toe pinch. Blood was flushed using 5mL of saline through the left 

ventricle to the right atrium followed by 40mL of 4% paraformaldehyde to fix the tissue. 24 hours 

later the brains were transferred to 10% sucrose and then transferred to 30% sucrose 48 hours after 

sacrifice.  

In the rapid decapitation group, the animal’s trunk blood was collected into tubes 

containing 10ul of 10% EDTA, to prevent clotting immediately following decapitation. The blood 

was then spun in a pre-chilled centrifuge at 2,000g for 20 minutes and the resulting plasma 

collected and flash frozen to -80℃. The brains of these mice were extracted, sectioned and the 

hippocampus, anterior striatum and SNc were punched for western blotting within 3 minutes of 

decapitation. Concurrently the abdominal cavities were opened and the large intestine was 

removed and formed into a Swiss roll. This was cut in half, one side was paraffin embedded and 

one side was flash frozen for qPCR. 

 

Behavioral analyses  

Sickness scoring  
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Animals were weighed the morning of each injection as well as one month and six months 

after receiving the last injection. Sickness scores were taken according to Table 3.1 daily during 

the injection regime as well as one month, four months and six months after the final injection. 

Table 3.1: Criteria describing sickness scores assigned after analysis of each animal for 2 minutes. 

Score Symptoms 

1 Normal looking 

2 Slight lethargy, ptosis (droopy eyes) or piloerection (puffy fur) 

3 Very lethargic, ptosis and piloerection, curled body posture 

4 Very sick appearance, ptosis, piloerection, curled body posture, 

difficulty breathing, and general nonresponsiveness 

 

 

Home-cage locomotor activity 

 

Spontaneous home cage locomotor activity was measured over a complete 12 hour 

light/dark cycle using our Micromax (MMx) infrared beam-break apparatus (Accuscan 

Instruments, Columbus, OH, USA), as previously described [294]. Spontaneous home cage 

locomotor activity assessment was completed following a 30 minute acclimation period in our 

behavioural testing room post nestlet removal, measurements of home-cage locomotor activity 

occurred once at baseline (Day 0), then again the evening of the 2nd and 5th injection. 

 

Rotarod 

On day 27 animals began training on the rotarod (EzRod, Accuscan Instruments, 

Columbus, OH), which consists of a rubber beam 30cm above the ground. The rotarod spins at 
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either a fixed or variable speed, underneath which infrared beams which detect when an animal 

falls, are located. Animals received two days of training, on the first they were placed onto the 

beam for 5 minutes at 12 rpm and replaced every time they fell within the 5 minutes. This was 

repeated one hour later and an hour after that for a total of three training sessions on day one. On 

day 28 animals received their second rotarod training. The speed was increased to 22rpm and all 

other aspects were repeated. Test day occurred on day 29 when the animals were placed on the rod 

for 3 sessions an hour apart in which the speed of the rod increased from 2rpm to 44rpm of the 

course of five minutes. The speed and time at which each animal fell was recorded. During analysis 

the lowest score for each animal was excluded. 

 

Microbiome Sequencing 

 A subset of fecal samples were extracted using a Fecal DNA Extraction Kit (Norgen 

Biotek). These samples were quantified using a nanodrop to assess DNA yield and quality and 

sent to Dalhousie’s Integrated Microbiome Resource (Dalhousie University, Halifax, NS) for 16S 

V4-V5 ribosomal sequencing. 

 

Plasma corticosterone assay 

At the time of decapitation, trunk blood from all of the animals, was collected in tubes 

containing 10 μg EDTA. Samples were centrifuged (3000g for 8 min) and the plasma removed 

and stored in aliquots at −80 °C for later corticosterone determination with commercially available 

radioimmunoassay kits (ICN Biomedicals, CA, USA). Samples were assayed in duplicate within 

a single run to control for inter-assay variability; the intra-assay variability was less than 10%.  
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Plasma lipocalin assay 

Trunk blood was collected at time of decapitation and prepared as for the corticosterone 

assay in a separate aliquot at -80 ℃. Lipocalin-2 (LCN2) levels were determined by commercially 

available ELISA kit (R&D Systems, NE, USA, Cat #DY1857) following manufacturer’s 

instructions. Plasma samples were diluted 1:10,000 in assay buffer and assayed in duplicate within 

a single run. The intra-assay variability was less than 10%. 

 

Plasma determination of cytokines 

 Trunk blood was collected at time of decapitation and prepared as for the corticosterone 

assay in a separate aliquot at -80 ℃. IL-6, TNF-α, IL-1B and IL-10 levels were determined using 

a Luminex Immunoassay (R&D Systems, NE, USA) ran following kit instructions on a Luminex 

Magpix (Luminex Corporation, TX, USA). Samples were assayed in duplicate within a single run 

to control for inter-assay variability; the intra-assay variability was less than 10%. 

 

Assessment of intestinal cytokine mRNA 

RNA Isolation 

Approximately 50 mg of gut tissue was briefly homogenized using a Polytron PT1200 

homogenizer in 0.5mL of Trizol (Invitrogen, Carlsbad, CA, USA). Samples were sonicated for 30 

seconds before 200ul of chloroform were added and samples were centrifuged for 15min at 1200 

rpm at 4 ℃. The supernatant was transferred to microcentrifuge tubes and samples were mixed 
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with 500ul of isopropanol and left on ice for 10min to allow RNA precipitation. Samples were 

centrifuged for 15min at 1200 rpm at 4 ℃. The supernatant was discarded, and the pellets were 

washed with 1ml of 70% ethanol, after which the samples were centrifuged for 5 min at 7500 rpm 

at 4℃. The supernatant was aspirated. Pellets were air dried for about 15min and then resuspended 

in 25ul of RNase-free water. RNA concentration and quality were assessed by measuring the 

260/280nm ratio (>1.8) using a Take3 micro-volume quantification plate (BioTek) and a 

powerwave HT spectrophotometer (BioTek). Total RNA integrity was determined by running 

RNA isolates on a 1% agarose gel stained with SYBR Green and verifying the presence of sharp 

bands for 28S and 18S ribosomal RNA.  

 

cDNA Synthesis  

Oligo-dT primer ligation and reverse transcription was performed as described by [295]. 

In brief, first strand synthesis was performed using 1ug of total RNA diluted in autoclaved RNase-

free water to obtain a final volume of 10uL. 1 ul of 200ng/ul oligo(dT) (5′-

TTTTTTTTTTTTTTTTTTTTTV-3′; V = A or G or C; Sigma Genosys) was added to the samples, 

and samples were incubated in a thermocycler (Mastercycler Eppendorf) at 65 °C for 5 min, after 

which they were chilled on ice for 1 min. Samples were then incubated at 42 °C for 45-60 min in 

an Eppendorf thermocycler (Mississauga, ON, Canada) with 4 µL of 5× first strand buffer 

(Invitrogen, Carlsbad, CA, USA), 2 µL of 0.1 M DTT (Invitrogen, Carlsbad, CA, USA), 1 µL of 

10 mM dNTPs (BioShop, Burlington, ON, Canada), and 1 µL MMLV Reverse Transcriptase 

(Invitrogen, Carlsbad, CA, USA). Serial dilutions of the cDNA were prepared and stored at 4 °C 

until use. 
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qRT-PCR Amplification 

qRT-PCR assays were performed using a Bio-RAD MyiQ2 Detection System (BioRad, 

Hercules, CA, USA) following MIQE guidelines [296]. 20 µL reactions were used, each consisting 

of: 2 µL cDNA, 2 µL qRT-PCR buffer (100 mM Tris–HCl [pH 8.5], 500 mM KCl, 1.5% Triton 

X-100, 20 mM MgCl2, 2 mM dNTPs, and 100 nM fluorescein), 0.16 µL of 25 mM dNTPs, 4 µL 

of 1 M trehalose, 0.5 µL of 100% formamide, 0.1 µL of 100× SYBR Green diluted in DMSO, 0.5 

µL of 0.3 nmol/µL forward primer, 0.5 µL of 0.3 nmol/µL reverse primer, 0.125 µL of 5U/µL Taq 

Polymerase (BioShop, Burlington, ON, Canada), and 10.115 µL DEPC-treated water. The 

optimized PCR protocol consisted of an initial denaturing step at 95 °C for 2 min, followed by 60 

cycles of: 95 °C for 45 sec, 57 °C annealing temperature for 45 sec, and 72 °C for 45 sec; and a 

final step of 72 °C for 4 min. All PCR runs underwent melt-curve analysis and dilution curve 

testing to identify which amplified more than one PCR product or amplified non-mRNA products, 

as indicated by more than one melt curve or by no change in C t values between serial dilutions, 

respectively.  

 

Data Analysis 

Raw cycle threshold (Ct) values obtained from each PCR run were converted to a linear 

form using 2-C t calculations and were normalized against the reference gene, GAPDH. GAPDH 

was used as a reference gene as it exhibited stable expression levels in all conditions.  The Ct of 

each mRNA was therefore normalized to the Ct of GAPDH from the same sample. The 

comparative ΔΔCt method was used to quantitate relative expression of mRNA expression [297].  
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Western blot 

Brain tissue punches and organs were collected to detect levels of GFAP, WAVE2, NFkB 

p65, pNFkB p65, and SiRT6, as previously described previously [298]. Briefly, whole cell lysates 

were homogenized in Radio Immuno Precipitation Assay (RIPA) buffer [50 mM Tris (pH 8.0), 

150 mM sodium chloride, 0.1% sodium dodecyl sulphate (SDS), 0.5% sodium deoxycholate and 

1% Triton X-100] mixed with 1 tablet of Complete Mini ethylenediaminetetraacetic acid (EDTA)-

free protease inhibitor (Roche Diagnostics, Laval, QC, Cat #11 836 170 001) per 10 mL of buffer.  

On day one of analysis, proteins were separated using sodium dodecyl sulphate-polyacrylamide 

gel electrophoresis (SDS-PAGE). In order to determine total protein, membranes were incubated 

in REVERT total protein solution for a period of 5 minutes followed by placement into a REVERT 

wash solution (6.7% Glacial Acetic Acid, 30% Methanol, in water) two times 2 minutes each. 

Membranes were then quickly rinsed with distilled water and imaged on our LI-COR Odyssey 

imaging system on the 700 channel for an exposure period of 2 minutes. Membrane incubation 

with mouse anti-GFAP (1:2,000), NFkB p65 (1:500), pNFkB p65 (1:500), and WAVE2 (1:4,000) 

for a period of 60 minutes in 0.05% fish gelatin in TBS with 0.1% tween followed by one hour in 

infrared anti-mouse conjugate at a concentration of 1:20,000 in 0.5% fish gelatin solution 

containing 0.2% tween and 0.01% SDS. Any unbound antibody was removed using 15 mL of 

TBS-T/membrane and membranes washed and read on our Licor Odyssy system at the appropriate 

wavelength for 8 minutes.   

 

Immunohistochemistry 



61 
 

In order to examine microglial reactivity sections were stained with ionized calcium-

binding adapter molecule 1 (IBA1), a microglial marker found across the membrane. To assess 

dopamine cells we used tyrosine hydroxylase (TH). Brains were sliced into 40um thick sections 

on our Shandon AS620 cryostat (Fisher Scientific) and sections were immediately placed in a 

0.1M PB solution containing 0.1% sodium azide (pH 7.4). Every third section was selected for 

each stain (i.e. ST TH; SNc TH; SNc IBA1). For SNc TH staining, slices were washed in phosphate 

buffered saline (PBS) (pH 7.4) three times for 5 minutes each, followed by a 30 minute incubation 

in 0.3% hydrogen peroxide in PBS. Slices were then washed in PBS three times five minutes each 

and a 1 hour incubation in blocking solution containing 5% normal goat serum (NGS), 0.3% triton-

X, with 0.1 M PBS (pH 7.2). Blocker was removed and the slices were then incubated overnight 

in primary antibody solution (5% NGS, 0.3% triton-X, 0.3% bovine serum albumin (BSA) in 0.1 

M PBS) with 1:2000 anti-mouse TH (Immunostar, Hudson, WI). The following day the primary 

antibody solution was removed and sections were washed in PBS three times for a period of 5 

minutes each. Following the washes, antibodies in secondary solution (1.6% NGS, 0.16% Triton 

X, 0.3% BSA, in 0.1M PBS) were applied to striatum (anti-mouse IgG; 1:500) for a period of 2 

hours, and to SNc (anti-mouse HRP; 1:200) sections for 4 hours. Following this, three times five 

minute washes were applied to the striatum which was then incubated again in secondary solution 

with HRP (1:1000) for an additional 2 hours. All sections were given three times five minutes PBS 

washes and sequentially exposed to a DAB reaction containing Tris-HCl, DAB and 0.6% hydrogen 

peroxide in dH20 for visualization. Sections were washed in PBS three times five minutes each 

following DAB exposure and all sections were then slide mounted and set to dry overnight. 

Sections were dehydrated using a series of alcohol and clearene washes and subsequently cover-

slipped using DPX. All incubations occurred at room temperature. 
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To label IBA1 processed ST and SNc slices were washed in PBS (pH 7.2) three times for 

5 minutes each, followed by a 1 hour incubation in blocking solution (5% NGS, 0.3% triton-X, in 

0.1M PBS). Following removal of the blocker, slices were then placed in anti-rabbit IBA1 (Abcam, 

Cambridge, MA) at a dilution of 1:1000 in primary solution (5% NGS, 0.3% triton-X, 0.3% BSA 

in 0.1 M PBS for a period of 2 hours. Sections were then washed in 0.1M PBS three times for a 

period of 5 minutes each and reacted with either 1:1000 of anti-goat Alexafluor 594 or 647 

antibody in primary solution (5% NGS, 0.3% triton-X, 0.3% BSA in 0.1 M PBS). The signal was 

visualized with immunofluorescence microscopy using Microbrightfield image acquisition 

software on a Zeiss axioimager2 microscope. All slices were selected and compared between 

animals at the same distance from bregma. 

DAB stained TH+ cells were analyzed using the optical fractionator workflow in Stereoinvestigator 

(MBF, Williston, VT, USA) as previously described [139]. A total of six slices between bregma levels -

3.08 and -3.52 were counted by a blind observer under a 63X oil immersion lens. 

 

Statistical analysis 

All data was analyzed by 3 (Water; Water vs. DSS vs. VSL#3) X 2 (Injection; saline vs. 

LPS and paraquat) two-way ANOVA with significant interactions further analyzed by means 

Bonferroni follow up comparisons (p < 0.05) where appropriate. Additionally, analysis of total 

home cage locomotor activity, sickness scores, and nestlet building behavior was completed using 

appropriate repeated measures ANOVA’s followed by post-hoc analysis. Data is presented in the 

form of mean ± standard error mean (mean ± SEM). All data was analyzed using the statistical 
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software StatView (version 6.0) and differences were considered statistically significant when p < 

0.05. 
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Results 

 

DSS significantly altered gut microbiota composition but LPS and paraquat combination 

treatment did not. 

 V4-V5 sequencing was carried out on fresh fecal samples collected at animal arrival to 

facility and immediately prior to sacrifice. DSS treatment significantly altered microbial 

composition of the gut (Figure 3.2), notably significantly decreasing the following families: 

Rikkencellaceae (p<0.01) and S24-7 (p<0.001), as well as increasing the proportion of the 

following families: Bacteroidceae (p<0.001), Porphyromanadaceae (p<0.001), 

Verrucomicrobiaceae (p<0.001) and unclassified Clostridaceae (p=0.036). VSL #3 administration 

also did promote a significant increase in Streptococceae family bacteria (p<0.001); however, no 

statistically significant increases in Lactobacillaceae or Bifidobacteriaceae, the two constituent 

families of VSL #3 was observed (p>0.05). No statistical differences were observed at the class, 

order or family level following LPS and paraquat treatment (p>0.05).   

  

 



65 
 

 

Figure 3.2: Microbiota Sequencing revealed that LPS and paraquat treatment did not alter the 

composition of the gut microbiome. However, VSL#3 administration increased levels of 

Streptococcaceae family bacteria but had no other impact, whereas DSS treatment had the biggest 

effects. Specifically, DSS significantly increased levels of the verrucomicrobaceae, 

bacteriodaceae, clostirdiaceae and porphyromonadaceae families and decreased levels of the S24-

7 and rikencellaceae families, relative to cornstrach treated controls. 

 

 

DSS led to transient weight loss and decreased survival, whereas VSL #3 prevented the LPS 

and paraquat induced reduced weight gain. 

 Over the duration of the experiment, DSS treated mice displayed considerable signs of 

illness and reached endpoint significantly more often than the control or VSL #3 treated animals 

(Figure 3.3A). Following the five days of DSS treatment and 2 days of washout, the DSS treated 

animals also demonstrated significant weight loss compared to baseline (F(2,77)=23.012, 

p<0.001) (Figure 3.3B). By the end of the experiment, there were significant differences in weight 

that varied as a function of the LPS-paraquat/saline x water/VSL/DSS treatments (F(2,70)=3.203, 
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p=0.04). Specifically, the LPS and paraquat treated mice lost considerably more weight than 

controls (p<0.05), but this effect was prevented by the VSL #3 (Figure 3.3C). 

 

 

Figure 3.3: Weight changes and survival through the experiment, A demonstrates that DSS 

treatment led to reaching endpoint in the seven days following cessation of DSS treatment. B 

shows that DSS treated animals lost weight 48 hours after cessation of DSS treatment (pre-surgery 

weight) (p<0.001) and C shows that by the end of the experiment, the VSL#3 treated animals 

recovered, while LPS and paraquat treatment reduced weight gain in control and DSS administered 

mice (p<0.01). **p<0.01 compared to controls. ***p<0.001 compared to other water treatment 

groups. 
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DSS affected motor coordination and home-cage activity. 

 The average time spent on the rotarod apparatus following three discrete trials was 

significantly affected by the treatment mice had in their water (F(2,77)=4.997, p<0.01) (Figure 

3.4A). Specifically, DSS reduced the time that mice were able to stay on the rotating drum 

(p<0.05). The DSS treatment was also found to reduce overnight home cage locomotor activity as 

measured by a micromax beam break apparatus (F(2,80)=23.06, p<0.001) (Figure 3.4B). By the 

final paraquat injection; however no DSS effect was observed. But the LPS and paraquat 

combination treatment did reduce home-cage locomotor activity at this final test point 

(F(2,67)=4.413, p<0.05) (Figure 3.4C). 

 

Figure 3.4: Behavioral motor disturbances were observed in the DSS and LPS + paraquat treated 

animals. As shown in panel A all DSS treated exhibited reduced time spent on rotarod on the final 

day of the experiment while, panel B illustrates reduced home-cage locomotor activity following 
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DSS treatment prior to LPS and paraquat administration and panel C illustrates that by the end of 

the experiment home-cage locomotor activity was significantly diminished by the LPS-paraquat 

treatment. *p<0.05 compared to pure control. ***p<0.001 compared to other water treatment 

groups. 

 

LPS and paraquat combination treatment reduces TH+ cell count in the SNc. 

 

 Stereological assessment conducted using DAB stained sections, revealed that the LPS and 

paraquat treatment significantly decreased neuronal TH+ counts in SNc (F(1,18)=50.539, 

p<0.001) (Figure 3.5). This effect however, was not at all influenced by the DSS and VSL #3 

treatments. 
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Figure 3.5: Stereological counts of TH+ cells in the ipsilateral SNc revealed significantly fewer 

TH+ neurons in LPS and paraquat combination treatment animals, but no difference was observed 

between the VSL#3 and DSS treated animals. ***p<0.001 compared to saline treated animals. 
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morphological ratings (F(1,27), (2,27)=7.052 and 10.07, p<0.05) (Figure 3.6). However, the 

largest effect was apparent in mice that received both the DSS pre-treatment followed by LPS and 

paraquat, relative to those that only received one of these treatment (p<0.05). The VSL3# treatment 

however, had no significant effect.  
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Figure 3.6: Microglial activation was quantified using a validated rating scale for morphology on 

20x images of IBA-1 (Red) and TH (Green) stained SNc sections. The DSS treatment alone 

significantly increased activation scoring (p<0.001) as did LPS and paraquat combination 

treatment (p=0.013). *p<0.05 compared to saline treated animals ***p<0.001 compared to control 

water intake groups.  
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DSS treatment increased intestinal TNF-α and IL-1β mRNA expression   

Oral administration of DSS resulted in lasting mRNA alterations in the colon. Notably, 

DSS treatment increased both TNF-α mRNA (F(2,27)=6.297, p<0.01) (Figure 3.7A) and IL-1β 

mRNA (F(2,27)=4.060, p=0.02) (Figure 3.7B). There was no effect of VSL#3 and the only effect 

of LPS plus paraquat was a paradoxical reduction in DSS treated mice, but this did not reach 

significance.  

 

Figure 3.7: mRNA expression in the colon was quantified by QT-RT PCR and normalized against 

GAD-DH expression. Both TNF-α (p=0.005) and IL-1β (p=0.028) levels were found to be elevated 

in DSS treated mice following sacrifice. *p<0.05 compared to control water intake animals. 

 

 

Circulating immune factors were increased by LPS and paraquat combination treatment, as 

well as by DSS administration. 

The plasma level of lipocalin-2 (LCN2), a neutrophil activation marker, were found to be 

increased by DSS administration (F(2,22)=13.881, p<0.001) (Figure 3.8A). In the case of 

circulating IL-6, the LPS and paraquat treatment increased circulating IL-6 (F(2,24)=4.791, 

p=0.03) (Figure 3.8B), but this effect was particularly evident in the LPS-paraquat mice that were 

previously treated with DSS, such that levels in this group exceeded all other groups (p<0.05).  
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However, levels of IL-1β and IL-10 showed no significant alterations with any treatment, albeit 

there was a variable increase again in the DSS and LPS plus paraquat treated mice (Figure 

3.8C,D). 

 

Figure 3.8: As shown in panel A, plasma LCN-2 levels were significantly elevated by DSS 

treatment, whereas panel B shows that circulating IL-6 levels significantly increased in LPS and 

paraquat treated mice. Both IL-1β (p=0.30) and IL-10 (p=0.26) levels were modestly but not 

significantly elevated in DSS treated mice that also received LPS + paraquat. *p<0.05 compared 

to control animals, ***p<0.001 compared to other water treatment groups. 

 

LPS and paraquat administration altered proteins involved in inflammation, astrogliosis and 

cell motility. 

 Irrespective of VSL#3 and DSS treatment, GFAP, an astrocyte marker, was found to be 

significantly upregulated by LPS and paraquat treatment (F(1,16)=11.134, p<0.01) (Figure 3.9A) 
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and similarly, WAVE2, a marker of actin cytoskeleton remodeling, was also upregulated by the 

same treatment (F(1,16)=5.661, p<0.03) (Figure 3.9B). The ratio of phosphorylated NF-kB p65 

to total NF-kB p65 was significantly decreased by the LPS and paraquat treatment (F(1,16)=6.117, 

p<0.05) (Figure 3.9C), while total levels of SiRT 6, an immune and mitochondrial protein, were 

not altered (F(1,16)=1.625, p=0.07) (Figure 3.9D).  

 

 

Figure 3.9: Western blot assessment of SNc tissue revealed increased levels of GFAP (A) and 

WAVE2 (B) in LPS and paraquat treated mice. Conversely, the pNF-kB ratios were significantly 

reduced in LPS and paraquat treated animals (C), while levels of SiRT6 were not affected by any 

of the treatments (D). *p<0.05 compared to saline treated animals, **p<0.01 compared to control 

animals.  
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Discussion 

 Microglia, the innate immune cell of CNS, are thought to be highly important in a broad 

range of neurological diseases. Importantly, microglia can have both neuroprotective and 

neurodegenerative processes, depending upon their activation state and secreted factors. In PD, 

microglia are thought to generally adopt a broadly pro-inflammatory state, with a larger cell body 

and short, thick processes and these cells secrete a variety of proinflammatory and oxidative stress 

factors [79, 299]. Post-mortem studies have found that these activated microglia are preferentially 

located around the SNc [300], indeed, to examine the activity of microglia Kim et al. administered 

LPS to a variety of brain regions and found that neuronal degeneration was most apparent when 

the LPS was injected into the SNc and that this degeneration appeared to be mediated by the 

number and reactivity of microglia [301]. Recent in vitro evidence suggests that the dopaminergic 

cells of the SNc may be particularly vulnerable to oxidative stress even compared to the relatively 

similar dopamine producing neurons of the ventral tegmental area, due to a variety of factors 

including activity, axonal length and mitochondrial density [35]. 

 While the concept that microglial activation and inflammation play an important role in the 

genesis and progression of PD has been accepted, little is currently known about how these cells 

are actually activated in PD. In vivo evidence suggests that both single and multiple exposures to 

immunogens and toxins can promote activation states or alterations that persist for months to years 

[232, 302], however, how these factors influence patient populations is difficult to confirm as in 

most cases these exposures likely occur decades before symptoms. Additionally, relatively little 

work has explored the role of age and the microglia following toxicant administration. Post-

mortem tissue analyses of pre-symptomatic patients and the onset of non-motor symptoms appear 

to support the idea that a prodromal form of PD may exist at least 10-20 years prior to motor 
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symptoms [303, 304]. Relatively recently following the implication of gut microbiome alterations 

in several disease states, Scheperjans et al. became the first to publish human PD data supporting 

an alteration of gut bacterial species in PD patients compared to age-matched controls [280]. 

Several studies have followed this in different populations confirming that these alterations are 

fairly consistent across cultural and ethnic borders [204, 205, 286, 305]. Despite these findings, it 

is still unknown whether gut microbiome precede or contribute to the disease or if the 

gastrointestinal symptoms which typically are displayed prior to motor symptoms in PD patients 

may drive these bacterial alterations. To assess if prior alterations in the gut microbiome could 

either protect, or predispose individuals to develop PD using a murine model of intra-SNc LPS 

and i.p. paraquat injections we administered DSS, a toxin commonly used to model Crohn’s 

disease model, or VSL #3, a probiotic previously shown to have both anti-inflammatory and anti-

stress responses in mice, prior to our multi-hit model of PD. 

 We found that VSL#3 treatment did not significantly alter the gut microbiota of the mice, 

while DSS significantly altered the prevalence of several species, reducing families associated 

with good health and increasing other populations associated with disease states. Interestingly at 

the end of the experiment, the LPS and paraquat treated animals in both the control and DSS groups 

failed to gain weight, while VSL #3 administration prevented this effect. Further, DSS clearly 

increased the activation state of microglia in the SNc, while VSL #3 prevented these morphological 

changes. These effects clearly differed from the neurogenerative effects that indicated VSL3# had 

absolutely no effect.  

 DSS treatment led to mortality beginning 48 hours following its final administration. 

Additionally, DSS induced acute weight loss but this recovered over the course of the experiment. 

DSS led to upregulation of pro-inflammatory factors in the colon including IL-1B and TNF-α, 
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however, surprisingly, LPS and paraquat treatment did not significantly alter these factors. Plasma 

levels of LCN2, a marker of activated neutrophils, was elevated by DSS treatment and the pro-

inflammatory cytokine IL-6 was increased by LPS paraquat treatment. While not significant, both 

of the measures as well as circulating levels of IL-1B and IL-10 appeared to be enhanced in LPS 

and paraquat treated animals which also received DSS.  

 Our work was primarily guided by the hypothesis that alterations in the gut could influence 

the state of the microglia prior to LPS and paraquat administration either augment or diminish TH+ 

neuronal loss. Data on modulating the gut microbiota is key to understanding the factors that lead 

to the development of PD for two key reasons. 1) If altered gut microbiota can predispose 

individuals towards PD later in life it may be possible to identify at-risk individuals prior to 

neuronal degeneration and 2) Given the relative ease at which bacteria and other factors can be 

introduced to the gut if pre or pro-biotics can reduce the chances of PD there may be opportunity 

for use as a prophylactic treatment. Moreover, the ease at which samples from the gut can be 

obtained from potential patients is important [306, 307]. VSL #3 is commonly prescribed for 

individuals suffering from ulcerative colitis and irritable bowel syndrome, and previous reports 

have found that it reduces peripheral inflammation through decreasing intestinal permeability. In 

this current study we found that VSL #3 treatment had negligible effects on most outcomes. 

Notably the VSL #3 did however protect mice from LPS and paraquat induced weight loss and 

microglial activation, however, these had no functional impact on TH+ cell loss or on locomotor 

activity the two central outcomes of our PD model. While several studies have found beneficial 

effects of VSL #3 treatment in murine models [222, 223, 289] the models have been generally 

quite potent and proximal to the intestine including using MUC2 deficient mice and DSS [222, 

308]. Interestingly, a similar study to our own was conducted using male Wistar rats and 
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administered VSL#3 daily for two weeks prior to the induction of renal ischemia reperfusion injury 

[290]. This study did not examine changes in the microbiota; however, the researchers analysed 

several of the same factors including IL-1B, IL-6 and found generally lowered levels of myeloid 

cell activation, reduced pro-inflammatory signalling and reduced tissue damage following renal 

ischemic re-perfusion [290]. These findings stand in stark contrast with our own, perhaps 

suggesting a difference in the physiology of C57BL/6 mice compared to Wistar rats, or more 

likely, could be related to the different toxins used in the present study. It could be that PD involves 

very different microbial elements than are apparent with ischemia. Intriguingly, another study that 

examined the reaction to VSL#3 in healthy C57BL/6 mice compared to BALB/C did find no 

alterations in C57BL/6 mice but quite a marked upregulation in anti-inflammatory proteins, 

including fraktalkine receptor and decreased T cell expression [309]. Our lack of strong anti-

inflammatory changes following VSL#3 treatment may also be due to the repeated nature of our 

model. Central LPS followed by peripheral paraquat injections likely interacts directly with 

immune cells throughout the body, especially in the CNS which are distant from the site of VSL#3 

action.  

 DSS had markedly different responses from VSL#3 treatment. We saw substantially 

altered gut microbiota composition following treatment, similar to previously reported data [310, 

311]. Most notable was a drastic increase in the Bacteriodaceae family and a decrease in the S24-

7 family. Accompanying these alterations we found DSS treatment induced an acute sickness 

response characterized by rapid weight loss, diarrhea and reduced locomotor activity similar to 

previous experiments using the same model [312]. These effects were quite severe and led to a 

large proportion of animals reaching humane endpoints following DSS washout. Surviving 

animals recovered and DSS alone did not show any lasting behavioural responses at time of 
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sacrifice other than decreased performance on the rotarod.  DSS further resulted in an increase in 

IL-1B and TNF-α mRNA in the intestine, however, these levels were not affected by LPS and 

paraquat treatment. Interestingly, these data correlate with our microglial scoring in the SNc where 

DSS significantly increased activation score underlining the previous research which has found 

DSS can induce heterogeneous neuroinflammation in the CNS [313]. As discussed earlier, one 

potential mediator of this connection could be the vagal nerve [207], and another route could be 

alterations in circulating immunity. To assess the second we analysed blood plasma for LCN2 and 

cytokines. We found DSS treatment increased circulating LCN2 levels, however, LPS and 

paraquat did not significantly influence LCN2 levels. Previous reports have found DSS increases 

LCN2 in both plasma and feces [312, 314], while LCN2 mRNA was not induced in WT mice 

treated with paraquat [315]. Similarly we saw increased IL-6 following LPS and paraquat 

administration, as we and others have previously reported [298, 316], however, no effect of DSS 

was observed on this measure contrary to previous reports in the gut [317]. In addition, we further 

found no alteration in IL-1B or IL-10 with either DSS or LPS and paraquat treatment. Despite this, 

all four measures consistently appear to be augmented in DSS and LPS paraquat treated animals 

suggesting that another time point could potentially see an interaction in blood-plasma 

inflammatory signalling. 

 LPS and paraquat treatment has previously been shown to induce TH+ cell loss in the SNc 

and lead to microglial activation [48]. Interestingly DSS pre-treatment significantly enhanced this 

activation while VSL#3 treatment trended to prevent this. Despite this, TH+ cell loss was not 

impacted by these microglial alterations which is surprising given the literature thus far examining 

the role of microglia in paraquat models of PD [150, 153, 247, 316]. Given the increase we 

observed in GFAP expression following LPS and paraquat treatment, our TH+ cell loss may 
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additionally be due to alteration in astrocyte function that may not be influenced by VSL#3 or DSS 

treatment. We found overall that VSL#3 had limited effects on our toxicant model of PD despite 

previous experiments suggesting that inflammatory signalling in both the CNS and circulation 

would be reduced. On the other hand, DSS treatment drastically impacted many signalling 

pathways and appeared to augment LPS and paraquat induced inflammation both in the blood-

plasma and the SNc although this was not significant. This data suggest that pathological 

alterations in the microbiome may occur prior to disease onset or contribute to the peripheral 

inflammation found in PD patients. Overall these data support a role for the microbiota in both 

peripheral and central immune responses but fail to demonstrate impacts on PD as measured by 

TH+ neuronal loss.  
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Chapter 4: 

 

Leucine-rich repeat kinase-2 (LRRK2) modulates paraquat-

induced inflammatory sickness and stress phenotype 
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Preface: 

 This chapter is based upon the published manuscript “Leucine rich repeat kinase-2 

(LRRK2) modulates paraquat induced inflammatory sickness and stress phenotype” published in 

the Journal of Neuroinflammation by co-first authors Dr. Christopher Rudyk and Zachary 

Dwyer. The manuscript consists of two complimentary experiments, the first, treatment of aged 

LRRK2 KO mice with paraquat was conducted by Dr. Rudyk while the second experiment, 

treatment of aged LRRK2 G2019S overexpressing mice with paraquat was conducted by 

Zachary Dwyer.  
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Abstract 

Background 

Leucine rich repeat kinase 2 (LRRK2) is a common gene implicated in Parkinson’s disease (PD) 

and is also thought to be fundamentally involved in numerous immune functions. Thus, we 

assessed the role of LRRK2 in the context of the effects of the environmental toxicant, paraquat, 

that has been implicated in PD and is known to affect inflammatory processes. 

Methods 

Male LRRK2 knockout (KO) and transgenic mice bearing the G2019S LRRK2 mutation (aged 6-

8 months) or their littermate controls, were exposed to paraquat (2 times per week for three weeks) 

and sickness measures, motivational scores, and total home-cage activity levels were assessed. 

Following sacrifice, western blot and ELISA assays were performed to see whether or not LRRK2 

expression would alter processes related to plasticity, immune response processes, or the stress 

response.    

Results  

Paraquat induced signs of sickness, inflammation (elevated IL-6) and peripheral toxicity (e.g. 

organ weight) that were completely prevented by LRRK2 knockout. In fact, LRRK2 knockout 

dramatically reduced not only signs of illness, but also the motivational (nest building) and home-

cage activity deficits induced by paraquat. Although LRRK2 deficiency did not affect the striatal 

BDNF reduction that was provoked by paraquat, it did blunt the corticosterone elevation induced 

by paraquat, raising the possibility that LRRK2 may modulate aspects of the HPA stress axis. 

Accordingly, we found that transgenic mice bearing the G2019S LRRK2 mutation had elevated 

basal corticosterone, along with diminished hippocampal 5-HT1A levels. 
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Conclusion 

 We are the first to show the importance of LRRK2 in the peripheral neurotoxic and stressor-like 

effects of paraquat. These data are consistent with LRRK2 playing a role in the general 

inflammatory tone and stressor effects induced by environmental toxicant exposure.   
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Background 

 Virtually all neurological diseases have an inflammatory component that in some regard is 

associated with the manifestation of a range of primary and/or co-morbid symptoms. Parkinson’s 

disease (PD) is no exception having a prominent neuroinflammatory element, along with range of 

behavioral and autonomic symptoms, in addition to primary motor deficits [318, 319]. Among the 

genes implicated in both PD and its inflammatory processes, leucine rich repeat kinase 2 (LRRK2), 

and in particular its G2019S mutation has received considerable attention [320–322]. In fact, the 

highest levels of LRRK2 were found in peripheral lymphocytes and monocytes of PD patients 

[323] and LRRK2 mutations have been associated with microglial reactivity and pro-inflammatory 

cytokine production in the brain and periphery [278, 324–326]. Moreover, typical inflammatory 

agents, such as lipopolysaccharide (LPS), as well as chemical toxicants like MPTP, that are used 

to model PD pathology, have been shown to influence processes linked to LRRK2 [104, 140, 327]. 

Accordingly, LRRK2 may be a critical general mediator of inflammatory pathology associated 

with a range of environmental insults.  

 Numerous reports have implicated environmental toxicants in the development of PD and 

in particular, increased incidence of PD has been associated with exposure to various pesticides 

[328–331]. Indeed, animal studies have confirmed that the herbicide and oxidative stress 

generating chemical, paraquat, provokes a loss of midbrain dopamine neurons, coupled with a 

range of behavioral symptoms [139, 146, 332, 333]. Strikingly, the impact of pesticide exposure 

may be modified by genetic background [273, 334, 335]. Given the highly variable penetrance of 

LRRK2 mutations [271, 336], it is likely that environmental stressor exposure of some sort may 

be required in the context of LRRK2 mutation to provoke a disease state. This is in keeping with 

the idea that multiple hits give rise to PD; in effect, LRRK2 mutation could "set the stage" or 
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essentially act as the first of such hits over one’s lifetime. Further still, endogenous LRRK2 could 

underlie the impact of numerous environmental hits by virtue of its role as a modulator of 

inflammatory immune processes.  

 The most common LRRK2 mutation linked to PD is the G2019S mutation that is not only 

associated with the familial form of the disease, but also might act as a risk factor for the idiopathic 

form of the disease [72,73]. This mutation is thought to cause a gain of function for the kinase 

activity of LRRK2 and mice bearing this mutation were reported to show alterations in dopamine 

levels and enhanced sensitivity to MPTP treatment, as well as increased a-synuclein inclusions 

[12, 75]. Yet, the literature is mixed with some reports finding no differences in neurodegeneration 

in G2019S mutants [74]. Interestingly, the G2019S mutation might also increase inflammatory 

myeloid cell responses to lipopolysaccharide (LPS)[76].  

 The present focus was on the impact of LRRK2 deficiency and G2019S mutation in 

response to paraquat.  Since paraquat induced sickness symptoms and behavioral features akin to 

what is often evident with immune challenges, such as those induced by LPS or TNF-a [236], we 

sought to evaluate whether LRRK2 knockout (KO) and G2019S transgenic expression would 

affect the impact of the pesticide on these outcomes. Similarly, it was also of interest to assess 

whether paraquat provokes alterations in hormonal (corticosterone), neurotransmitter (5-HT1A), 

trophic (BDNF) and inflammatory (CX3CR1, WAVE2) factors and again whether LRRK2 plays 

a role. Indeed, we previously found paraquat to reduce BDNF levels [27, 31, 36] and a recent 

report linked LRRK2 mutations to depressive-like symptoms that were correlated with 5-HT1A 

changes [32]. Members of our group also recently found that the actin-regulatory factor, WAVE2, 

controls macrophage inflammatory response through LRRK2 [55]. Hence, it was expected that the 

paraquat would not only induce brain changes, but would also have systemic consequences that 
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would involve changes in peripheral inflammatory factors (IL-6) and possibly at the organ level. 

We presently found that LRRK2 KO prevented motor impairment and signs of peripheral 

toxicity/stress, including sickness, weight loss, corticosterone and IL-6 elevations, as well as organ 

changes in paraquat treated aged mice. Furthermore, transgenic G2019S overexpression basally 

altered striatal BDNF, hippocampal 5-HT1A and corticosterone levels, consistent with a "stress 

phenotype". Thus, it appears that LRRK2 is an important regulator of paraquat provoked 

peripheral and central effects and may be relevant for neuroimmune toxicity in general.       
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Methods 

General Study Design 

Briefly, two parallel studies were conducted on (6-8 month old) LRRK2 KO (JAX# 

012444) or BAC transgenic G2019S (JAX #012467) mice along with their respective wild type 

(WT) littermate controls, that were obtained from our in-house breeding colony. Prior to the 

commencement of the study, baseline home-cage activity was carried out as described below. Mice 

were then randomly assigned to one of the four experimental conditions in each of the two studies: 

Study 1: (WT/Saline vs WT /Paraquat and KO/Saline vs KO/Paraquat) and Study 2: (WT/Saline 

vs WT/Paraquat and G2019S/Saline vs G2019S/Paraquat). These were analyzed as two separate 

2-way ANOVAs. Saline and paraquat injections (10 mg/kg; 1,1′-dimethyl-4,4-bipyridinium 

dichloride; Sigma Aldrich, St Louis, MO, USA) began one day after baseline locomotor 

measurements and were given every other day for a total of 6 injections. Motor behaviour 

alterations assessing home-cage locomotor activity, and fine movement coordination were carried 

out at various time points as described below. At the end of the experimental paradigm, all animals 

were rapidly decapitated 1 hour following the final injection. 

 This study used mice that were relatively older (6-8 months), than what we typically use 

(2-3 months), in order to determine whether LRRK2 is important for the toxic effects of paraquat 

exposure in slightly older animals. Prior to the main study presented, we initially sought to utilize 

our dual-hit PD model [48]; however;  an initial study revealed profound sickness and mortality in 

6-8 month old mice that received intra-substantia nigra (SNc) infusion of LPS (2 ug) followed two 

days later by 9 injections of paraquat (10 mg/kg 3 times per week). Remarkably, however, this 

toxicity was greatly diminished in LRRK2 KO mice. Owing to the enhanced mortality, we decided 

to omit the LPS infusion and curtail the number of injections down to 6 for the paraquat treatment 
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in these mice in order to explore in detail the role of LRRK2 in pathology. Indeed, the 

mortality/sickness was typically observed by the 6th injection and this regimen allowed us to 

ascertain whether LRRK2 KO and/or overexpression of the most common mutation G2019S might 

impact paraquat toxicity and stressor-like effects.    

 

Figure 4.1: Timeline in days for experiment 3, injection days are indicated by vertical bars above 

the axis while behavioural assessments are indicated below the axis. 

 

Animals 

C57BL/6N-Lrrk2tm1.1Mjff/J KO and B6.Cg-Tg(Lrrk2*G2019S)2Yue/J transgenic mice were 

purchased from Jackson Laboratories concurrently with C57Bl/6J mice at 6 weeks of age. All 

animals were fed Harlan Labs 2018 rodent chow and housed under a normal 12-hour light dark 

cycle. Males were each mated with 3 females in a harem breeding arrangement until pregnant. At 

21 days of age male pups were ear punched for identification, were placed on Harlan labs 2018 

diet and had tail snips taken for genotyping. A total of 48 males from each transgenic line were 

group housed with littermates and enrichment in individually ventilated cages until 10 weeks of 

age when they were transferred into an experimental room and group housed until 6-8 months of 

age at which point they entered the experiment. 
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For all mice, DNA was extracted from 0.25cm long tail snips collected at 21 days of age using the 

Qiagen DNEasy blood and tissue kit. For LRRK2 KO mice, animal genotype was determined via 

gel electrophoresis following DNA amplification. For G2019S transgenic mice, extracted DNA 

was analyzed using a BioRad CFX qPCR machine and the recommended Jackson Labs protocol 

to separate WT animals and heterozygous transgenics based on melt curve data. Pure WT products 

resulted in melt peaks at 80°C and heterozygous and homozygous transgenic amplicon products 

resulted in melt peaks at 84°C. 

 

Behavioral analyses  

Spontaneous home cage locomotor activity assessment was completed following a 30-

minute acclimation period in our behavioural testing room, measurements of home-cage locomotor 

activity occurred once at baseline (Day 0), then again the evening of the 2nd and 5th injection. 

 

Sickness scoring  

Sickness symptoms (e.g. ptosis, curled body posture, piloerection) were assessed daily 

throughout the injection regimen, as previously described [337]. Briefly, animals were assessed 

for the presence of the following symptoms: ptosis (drooping eyelids), piloerection, curled body 

posture, and diminished locomotion and/or exploratory behaviour. Upon assessment, a score based 

on the number of symptoms present (0 = no sickness symptoms, 1= one symptom, 2= two 

symptoms, 3 = three symptoms) was applied. Ratings were scored by an observer blind to all 

experimental conditions. 
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Nestlet test 

In order to assess goal-directed behaviour alterations involving fine motor coordination 

skills in mice, the nestlet test was used, as previously described [338].  Briefly one day following 

the 2nd and 5th injection mice were placed into a new standard polypropylene cages (27 × 21 × 14 

cm) containing one fully intact nestlet (Ancare, Bellmore, NY) beginning at 08:30. Mice nestlet 

building behaviour was then examined based on the quality of nest built at 1, 3, 5 and 24 hours by 

an investigator blind to all experimental conditions. All scoring was based on the nestlet likert 

rating scale whereby scores range from 0 (untouched intact nest) – 6 (perfectly developed nest) 

[338].  

 

 

Home-cage locomotor activity 

 

Spontaneous home cage locomotor activity was measured over a complete 12 hour 

light/dark cycle using our Micromax (MMx) infrared beam-break apparatus (Accuscan 

Instruments, Columbus, OH, USA), as previously described [294]. Spontaneous home cage 

locomotor activity assessment was completed following a 30 minute acclimation period in our 

behavioural testing room post nestlet removal, measurements of home-cage locomotor activity 

occurred once at baseline (Day 0), then again the evening of the 2nd and 5th injection. 

 

Brain dissection and tissue extraction 
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Half the animals were intraperitoneally administered 200 mg/kg of sodium pentobarbital 

and perfused with 4% paraformaldehyde. Twenty four hours later the brains were transferred to 

10% sucrose and then transferred to 30% sucrose 48 hours after sacrifice. The remaining animals 

were sacrificed via rapid decapitation and trunk blood, brains and organs were extracted and flash 

frozen at -80℃. 

Following rapid decapitation, brains were excised and sectioned into sequential coronal 

slices using razor blades and a chilled stainless steel microdissecting matrix with adjacent slots 

spaced ~ 0.5 mm apart. Hollow biopsy needles were then used to collect the dorsal striatum, 

hippocampus and SNc. The tissue was immediately frozen upon dissection and was stored at -

80oC until processing. Additionally, for the LRRK2 KO study, immediately following sacrifice 

the animals left lung, spleen, and liver were extracted from the cavity and any excess fat was 

removed and organs were promptly weighed. The organs were then weighted and stored on dry 

ice and stored at 80oC until processing.  

 

Plasma corticosterone assay 

At the time of decapitation, trunk blood from all of the animals, was collected in tubes 

containing 10 μg EDTA. Samples were centrifuged (3000g for 8 min) and the plasma removed 

and stored in aliquots at −80 °C for later corticosterone determination with commercially available 

radioimmunoassay kits (ICN Biomedicals, CA, USA). Samples were assayed in duplicate within 

a single run to control for inter-assay variability; the intra-assay variability was less than 10%.  

 

Plasma determination of IL-6 
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 Trunk blood was collected at time of decapitation and prepared as for the corticosterone 

assay in a separate aliquot at -80 ℃. IL-6 levels were determined using a Luminex Immunoassay 

(R&D Systems, NE, USA) ran following kit instructions on a Luminex Magpix (Luminex 

Corporation, TX, USA). Samples were assayed in duplicate within a single run to control for inter-

assay variability; the intra-assay variability was less than 10%. 

 

Western blot 

Brain tissue punches and organs were collected to detect levels of BDNF (R&D Systems, 

MAB248), 5-HT1A (Genetex, GTX104703), CX3CR1 (Sigma-Aldritch, SAB3500204), and 

WAVE2 (Cell Signaling Technology, 3659), as described previously. Briefly, whole cell lysates 

were homogenized in Radio Immuno Precipitation Assay (RIPA) buffer [50 mM Tris (pH 8.0), 

150 mM sodium chloride, 0.1% sodium dodecyl sulphate (SDS), 0.5% sodium deoxycholate and 

1% Triton X-100] mixed with 1 tablet of Complete Mini ethylenediaminetetraacetic acid (EDTA)-

free protease inhibitor (Roche Diagnostics, Laval, QC, Cat #11 836 170 001) per 10 mL of buffer.  

On day one of analysis, proteins were separated using sodium dodecyl sulphate-polyacrylamide 

gel electrophoresis (SDS-PAGE). In order to determine total protein, membranes were incubated 

in REVERT total protein solution for a period of 5 minutes followed by placement into a REVERT 

wash solution (6.7% Glacial Acetic Acid, 30% Methanol, in water) two times 2 minutes each. 

Membranes were then quickly rinsed with distilled water and imaged on our LI-COR Odyssey 

imaging system on the 700 channel for an exposure period of 2 minutes. Membrane incubation 

with rabbit anti-BDNF, WAVE2, 5-HT1A and CX3CR1 (1:1000) for a period of 60 minutes in 

0.05% fish gelatin in TBS with 0.1% tween followed by one hour in infrared anti-rabbit conjugate 

at a concentration of 1:20 000 in 0.5% fish gelatin solution containing 0.2% tween and 0.01% 
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SDS. Any unbound antibody was removed using 15 mL of TBS-T/membrane and membranes 

washed and read on our Licor Odyssy system at the appropriate wavelength for 6 minutes.   

 

Statistical analysis 

All data was analyzed by 2 (Genotype; WT vs. KO or WT vs G2019S) X 2 (Injection; 

saline vs. paraquat) two-way ANOVA with significant interactions further analyzed by means of 

Bonferroni follow up comparisons (p < 0.05) where appropriate. Additionally, analysis of total 

home cage locomotor activity, sickness scores, and nestlet building behaviour was completed 

using appropriate repeated measures ANOVA’s conducted with Time as the 3rd independent 

variable followed by post-hoc analysis. Data is presented in the form of mean ± standard error 

mean (mean ± SEM). All data was analyzed using the statistical software StatView (version 6.0) 

and differences were considered statistically significant when p < 0.05. 
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Results 

LRRK2 KO prevented paraquat and LPS + paraquat induced sickness behavior and 

mortality 

A preliminary study showed that by the 9th paraquat injection, a significant degree of 

mortality was observed in 6-8 month old WT but not LRRK2 null mice (Figure 4.2A). Indeed, 

significantly more WT mice that received paraquat treatment became moribund and hence reached 

endpoint compared to LRRK2 KOs or saline treated mice (p < 0.05). This striking finding 

suggested that LRRK2 might have a fundamental role in processes aligned with inflammatory 

toxicity and hence, we reduced our paraquat injection regimen from 9 to 6 injections. This allowed 

for better survival and determination of the impact of LRRK2 with regards to behavioral and 

systemic outcomes normally associated with immune and stress challenges. To this end, LRRK2 

deficient and WT littermates between 6-8 months of age received paraquat (10 mg/kg; ip) or 

vehicle injection twice a week for three weeks. Moreover, a parallel study using 6-8 month old 

transgenic mice overexpressing LRRK2 G2019S (which displays enhanced LRRK2 kinase 

activity) was also conducted using an identical paraquat injection regimen.  

In agreement with the mortality finding, LRRK2 KO also prevented paraquat induced signs 

of illness. Specifically, the repeated measures two-way ANOVAs revealed a Genotype X Injection 

interaction for scores of sickness (F(4,128) = 10.642, p < 0.001) and animal weights (F(5, 160) = 

8.319, p < 0.001) (Figure 4.2 B and D). Follow up analyses revealed that beginning one day after 

the 5th injection, WT mice treated with paraquat had significantly lower weight and displayed 

higher sickness scores, relative to their saline exposed littermates (p < 0.05), as well as with respect 

to LRRK2 null mice exposed to the toxin (p < 0.05). Correspondingly, the paraquat treatment 

promoted significant differences in weight (F(1,57) = 21.482, p < 0.001) and sickness ratings 
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(F(1,52) = 13.05, p < 0.05) between the groups in the parallel G2019S study (Figure 4.2 C and 

E). However, in this case, the paraquat induced signs of illness were not affected by the G2019S 

genotype. Indeed, the G2019S mutant mice appeared identical to their WT counterparts in their 

sickness response to paraquat. These findings suggest a role for endogenous LRRK2 in basic 

processes aligned with the development of sickness but that enhancement of its kinase activity 

does not add to such pathology.  

 

 

Figure 4.2: An initial study that involved intra-SNc LPS (2 μg) infusion followed by paraquat 

administration (10 mg/kg; ip) revealed that wild-type (WT) mice displayed signs of extreme 

sickness, with a significant number (6/9) of mice either died outright or had to be euthanized 

(owing to moribund presentation) by the ninth injection. In contrast, the mortality rate was reduced 

in LRRK2 knockout (KO) mice, such that only 1/6 reached end state following the LPS + paraquat 

regimen. (A) The follow-up study showed that in the absence of LPS and with a reduced paraquat 

injection regimen, paraquat-treated WT mice still displayed significant (albeit less) pathological 

signs in terms of ratings of sickness (B,C) and weight loss (D,E) by their sixth paraquat injection. 

Importantly, once again this effect was prevented by LRRK2 KO (B,D). However, the G2019S 

(GS-Tg) transgenic mice did not significantly differ from WT animals in terms of either sickness 

(C) or weight loss (E). Sickness was calculated as a composite score by blind raters including 

ptosis, piloerection, lethargy, and curled body posture. *p < 0.05, relative to respective controls 
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LRRK2 KO prevented paraquat induced home-cage motor activity and nestlet building 

deficits 

A Genotype X Injection interaction was observed for home-cage motor activity after the 

5th paraquat injection (F(3,25) = 3.196, p < 0.05). Indeed, paraquat treated WT mice displayed 

significantly less home-cage activity over a 24 hr period (p < 0.05), but LRRK2 KO prevented this 

motor reduction (Figure 4.3A). We also assessed nestlet (cage material used to construct a nest) 

building behavior, as this requires fine motor skills and is also linked to motivational processes 

that are typically disrupted by stressors. The repeated measures two-way ANOVA revealed a 

Genotype X Injection interaction (F(3,31) = 4.846; p < 0.05). As borne out by the follow up 

comparisons, by the 5th injection WT paraquat treated mice had significantly lower nestlet building 

scores relative to all other groups (p < 0.05; Figure 4.3B). Once again, the parallel G2019S 

experiment confirmed the paraquat induced reduction in home-cage activity F(1,58) = 7.60, p < 

0.05 and nestlet building score F(1,108) = 26.41, p < 0.05 in WT mice but found that the transgenic 

G2019S mutation had no influence on these parameters (Figure 4.3 C,D).   
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Figure 4.3: Wild-type (WT) mice displayed a significant reduction in home-cage activity by the 

fifth paraquat injection (10 mg/kg; ip), and this effect was reversed by LRRK2 knockout (KO) (A) 

but unaffected by G2019S (GS-Tg) transgenic overexpression (C). As a measure of nesting 

behavior, which requires fine motor skills and is influenced by stress, nestlet building was assessed 

in the 24 h following the fifth paraquat injection. Paraquat treatment markedly reduced nest 

building in WT mice, whereas LRRK2 KO prevented this deficit (B) but was unaffected by 

G2019S mutation (D). *p < 0.05, relative to respective controls. 

 

LRRK2 KO blunted corticosterone elevations but not BDNF or 5-HT1A changes in paraquat 

exposed mice 

Plasma corticosterone was assessed as an index of general “stress state” of mice and is also 

a useful measure that usually correlates with inflammatory sickness profiles. Once again, a 

significant Genotype X Injection interaction was evident (F(1,32) = 3.883, p = 0.05). Paralleling 

the sickness syndrome, Figure 4.4 shows that paraquat clearly had a stressor-like effect as reflected 
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by markedly elevated plasma corticosterone levels in WT mice, relative to saline injection; 

however, this effect was dramatically blunted in the LRRK2 KOs (p < 0.05; Figure 4.4A).  The 

transgenic G2019S study confirmed a significant main effect of paraquat (F(1,20) = 8.67, p < 0.05) 

and genotype (F(1,20) = 24.44, p < 0.05) on plasma corticosterone (Figure 4.4B). Indeed, as 

shown in Figure 4.4A,B, paraquat once again significantly increased corticosterone levels (p < 

0.05), but most strikingly the G2019S overexpressing transgenic mice displayed further elevated 

levels of the stress hormone. In fact, G2019S mice even had significantly elevated basal levels of 

corticosterone, relative to their WT counterparts (p < 0.05).  

In addition to the stressor-like effects of paraquat on corticosterone, similar alterations were 

observed with regards to levels of the trophic factor, brain derived neurotrophic factor (BDNF), 

within the striatum (Figure 4.4C,D). Indeed, striatal levels of BDNF were found to be reduced by 

paraquat treatment in both the LRRK2 KO (F(1,22) = 4.76, p < 0.05) and G2019S (F(1,15) = 5.81, 

p < 0.05) studies. Moreover, G2019S mice had basally reduced striatal BDNF levels (F(1,15) = 

6.72, p < 0.05).  However, LRRK2 deficiency did not further impact levels of the growth factor, 

but the transgenic G2019S mutation did significantly further reduce BDNF within the striatum, 

relative to their WT counterparts (p < 0.05). In contrast to the striatum, no significant changes in 

SNc levels of BDNF were evident in either of the studies. 

As a further measure of potential role of LRRK2 on stress related processes, we assessed 

5-HT1A levels in the hippocampus, which has been implicated in depression and anxiety that 

accompany PD [339]. To this end, although neither paraquat nor LRRK2 KO affected hippocampal 

5-HT1A levels of the receptor were altered by the G2019S mutation (F(1,15) = 30.03, p < 0.05; 



100 
 

Figure 4.4E,F). Specifically, as shown in Figure 4.4F, basal 5-HT1A levels were significantly 

increased in the G2019S transgenic mutants, relative to their WT littermates (p < 0.05).      

 

Figure 4.4: The paraquat treatment regimen (black bars) induced an elevation of plasma 

corticosterone levels, relative to saline treatment (white bars), and this elevation was significantly 

blunted in LRRK2 knockout (KO) mice (A). The G2019S (GS-Tg) transgenic mutation alone 

induced a significant corticosterone elevation that was similar to that induced by paraquat in non-

transgenic mice (B). In both the LRRK2 KO and G2019S studies, paraquat significantly reduced 

striatal levels of BDNF in the absence of any effect of genotype (C,D). While hippocampal 5-

HT1A levels were not affected by paraquat or LRRK2 KO (E), the G2019S mutation did elevate 

5-HTIA, relative to saline treatment (F). *p < 0.05, relative to respective saline-treated 

controls, +p < 0.05, difference between genotypes 

 

LRRK2 KO but not G2019S overexpression increased fraktalkine expression in the SNc 

  Finally, the chemokine receptor, CX3CR1, was assessed as an index of inflammatory cell 

changes. Indeed, engagement of the CX3CR1 receptor on microglia by its ligand, fractalkine, has 

been reported to maintain a basal microglial phenotype and in fact, might act in an anti-

inflammatory capacity [340]. To this end, SNc levels of the chemokine receptor, CX3CR1 (which 
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is found on microglia and infiltrating macrophages), did vary as a function of genotype (F(1,17) = 

6.99, p < 0.05; Figure 4.5A). Although paraquat had no effect on CX3CR1, levels of the 

inflammatory regulator were basally elevated by LRRK2 KO (p < 0.05; Figure 4.5A). Hence, 

endogenous LRRK2 may act to restrict fractalkine signaling. In contrast, G2019S had no 

significant influence on SNc CX3CR1 levels (Figure 4.5B).  

 

Figure 4.5: Substantia nigra (SNc) levels of the chemokine receptor, CX3CR1, which is 

selectively found on microglia were significantly increased in LRRK2 knockout (KO) mice (A), 

but were unaffected by the G2019S (GS-Tg) transgenic mutation (B). In no case did paraquat 

administration affect SNc levels of CX3CR1. *p < 0.05, difference between genotypes 

 

LRRK2 KO prevented the pathological effects of paraquat within the periphery 

An additional study was conducted to assess peripheral organ changes and this experiment 

was restricted to LRRK2 KOs, given that G2019S had few effects on parameters of paraquat 

toxicity. This study sought to assess whether the sickness changes induced were associated with 

changes in the periphery; namely, circulating IL-6 and changes in organ weight (indicative of 

atrophy) and inflammatory factor expression (WAVE2 and CX3CR1; indicative of inflammatory 

cell migration and potential tissue remodeling). Accordingly, paraquat injection parameters 
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identical to the aforementioned studies were utilized in 6-8 month old mice. Moving from the brain 

into the periphery, we took gross measures of organ weight of the liver, lungs, and spleen.  These 

yielded significant Genotype X Injection interactions for the liver (F(1,32) = 6.381,  p < 0.05; 

Figure 4.6A) and lungs (F(1,32) = 4.369, p < 0.05; Figure 4.6C). In the liver, paraquat reduced 

organ weight in WT animals (p < 0.05; Figure 4.6A) and LRRK2 KO prevented this effect. In the 

lung, paraquat increased organ weight (p < 0.05) and again, this effect was prevented by LRRK2 

ablation (Figure 4.6C). The former effect could be related to liver atrophy, whereas the latter effect 

could be attributable to LRRK2 preventing the expected infiltration of immune cells and pneumatic 

inflammation that characterizes paraquat’s typical lung toxicity. No significant differences were 

observed for the spleen.  

Surprisingly, in no case did levels of CX3CR1 organ levels vary as a function of the 

treatments (data not shown). Yet interestingly, levels of the actin regulatory factor, WAVE2, which 

is crucial for immune cell migration and phagocytotic responses did vary within the lungs as 

function of a Genotype x Injection interaction (F(1,12) = 5.752, p < 0.05; Figure 4.6D). In this 

case, paraquat reduced WAVE2 levels in the lungs of WT mice but had no effect in the LRRK2 

KOs, which already has basally suppressed levels of WAVE2 (p < 0.05). Within the liver, paraquat 

modestly (albeit not significantly) raised WAVE2 levels; but again a dramatic effect was evident 

as a function genotype (F(1,12) = 4.703, p < 0.05; Figure 4.6B), such that LRRK2 null mice 

displayed lower levels relative to their WT counterparts (p < 0.05; Figure 4.6B). No significant 

differences were noted within the spleen, indicating some degree of specificity in the paraquat and 

LRRK2 KO effects at the organ level.   

Finally, we assessed plasma cytokine levels and found significant variations in IL-6 as a 

function of a Genotype X Injection interaction (F(1,29) = 5.267, p < 0.05). The follow up 
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comparisons confirmed that circulating IL-6 was significantly elevated in paraquat treated WT 

mice (p < 0.05), but that this effect was completely absent in the LRRK2 null mice (Figure 4.6E).   

 

 

Figure 4.6: Assessment of gross organ weight revealed that paraquat reduced liver weight (A), 

while increasing lung weight (C) in wild-type (WT) mice, but these changes were completely 

absent in LRRK2 knockout (KO) mice. Levels of the inflammatory actin regulator protein, 
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WAVE2, were reduced in the liver of LRRK2 null mice, relative to WT animals (B). Whereas 

WAVE2 levels in the lungs were reduced by paraquat in WT mice, no such effect was apparent in 

LRRK2 KOs (D). Finally, paraquat provokes a significant elevation of plasma IL-6 in WT mice, 

but LRRK2 KO prevented this effect (E). *p < 0.05, relative to respective saline-treated 

controls; +p < 0.05 differences between genotypes. 
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Discussion 

LRRK2 is a large and complex gene that has been implicated in not only PD, but also other 

diseases that have an inflammatory component [341, 342]. It is thought to have fundamental 

immune functions, such as the regulation of monocyte and lymphocyte trafficking [278, 326] and 

a couple of reports indicate that LRRK2 is important for the neurodegenerative effects of toxicants, 

such as MPTP and rotenone [271, 327]. Yet, the role of LRRK2 in the context of paraquat exposure 

has not been explored, nor is it known how the gene might affect general inflammatory toxicity 

and stress processes. This is an important overlooked issue since PD and in fact, virtually all 

neurological conditions are typically associated with marked stress and behavioral comorbidity 

and the same environmental toxins that have been linked to PD also cause inflammatory toxicity. 

In fact, we are interested in not only PD-like motor effects but also general sickness responses and 

the possibility that LRRK2 could be a mediator of fundamental body reactions to environmental 

stressors, particularly those that elicit oxidative and inflammatory distress, as paraquat does.     

Our previous work showed that 2-3 month old mice treated with paraquat displayed modest 

sickness behaviors which resolved rapidly, but these mice went on to display PD-like motor 

impairments [139, 343]. However, a small subset (~10-15%) of mice often do not fully recover 

and hence, are removed from the experiment. In the present study, using moderately older mice 

(6-8 months), we found a much greater (~70%) mortality rate which became apparent after the 6th 

paraquat injection. Markedly, LRRK2 null mice were protected from this enhanced mortality, 

raising the possibility that the gene is involved in general toxicity. Hence, we reduced the number 

of paraquat injections with an aim of assessing whether LRRK2 is critical for the systemic stress 

and inflammatory toxicity of paraquat in older animals.  
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Consistent with our previous findings [141], paraquat acted as a systemic stressor, as 

evidenced by its elevation of plasma corticosterone and IL-6, provocation of sickness behavior 

and disturbances in nesting and motor behaviors. Indeed, we and others have shown that paraquat 

induced increased pro-inflammatory cytokine levels in the brain, as well as in the lungs and in 

serum [139, 236, 344–346]. We know that collectively these cytokines and corticosterone can act 

additively or even synergistically to provoke behavioral disturbances and neurochemical 

alterations and at high enough concentration can cause cellular death [347, 348]. Accordingly, 

paraquat presently induced peripheral changes indicative of inflammatory pathology. Just as was 

the case for the mortality, LRRK2 KO prevented these outcomes. Hence, indicating for the first 

time LRRK2 involvement in toxicant induced sickness and stress factor responses and raising the 

possibility that it might influence brain circuits that are crucial for prototypical illness (e.g. 

shivering, fever, piloerection, ptosis) and stressor-relevant social species-specific behaviors [349, 

350]. In effect, LRRK2 might be an important mediator of general inflammatory tone and brain-

immune dialogue in the face of environmental insults.     

Bi-directional communication between peripheral organs and the brain involving immune 

factors, such as cytokines or through neural fibers has been well established. Indeed, cytokines can 

activate brain regions through vagal afferents or infiltration of the parenchyma through saturable 

transport mechanisms [351, 352]. For instance, nigral-vagal communication, which has been 

implicated in the gastrointestinal alterations in PD patients, may serve as a route for the spread of 

pathology, such as a-synuclein aggregates [134, 353]. In fact, direct stimulation of substantia nigra 

neurons was shown to activate the dorsal vagal complex, which in turn, regulated gastrointestinal 

functioning and this communication was disrupted by paraquat administration [354].  As well, 

LRRK2 could play a role in gastric pathology in PD patients given that the LRRK2 MUC19 
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mutation confers risk of Chron's disease [355] and that LRRK2 R1411G mutant mice display early 

gastrointestinal disturbances [356].  

 Besides the brain, the main target organ for paraquat is the lung, with the toxicant causing 

considerable pulmonary fibrosis and accumulation of inflammatory immune infiltrates [244, 346].  

The increased lung weight presently observed with paraquat treatment is consistent with the edema 

and accumulation of immune cell infiltrates that has previously been reported with paraquat 

intoxication [357]. Moreover, the reduction in WAVE2 lung levels we observed might reflect 

general damage to tissue, or alternatively, variations in cell trafficking. WAVE2 is known to be 

crucial for the actin re-modelling in immune cells that are required for trafficking and processes 

such as phagocytosis [99, 358]. Indeed, LRRK2 was reported to control phagocytic immune cell 

responses through the actin regulatory factor, WAVE2 [99], which also may be fundamental for 

basic inflammatory cell trafficking and inflammatory phenotype [358, 359]. The fact that LRRK2 

knockout mice had lower overall basal organ levels of WAVE2 is consistent with a role for LRRK2 

in  regulating WAVE2-dependent inflammatory processes [99, 358]. Specifically, WAVE2 would 

be expected to underlie phenotypic shifts in the activation state of inflammatory cells (particularly 

macrophages) and if this is regulated by LRRK2, then it’s deficiency would limit inflammatory 

cell migration into organs. Yet, the reduction in lung WAVE2 induced by paraquat in wild type 

mice is hard to reconcile; it conceivably could reflect an increased migration of inflammatory 

immune cells from out of the lung into the circulatory or lymphatic system. Alternatively, alveolar 

macrophages are particularly vulnerable to paraquat toxicity and the reduction in WAVE2 could 

actually reflect a loss of these cells [77]. Interestingly, levels of the fractalkine receptor, CX3CR1, 

were not affected in the lung or other peripheral tissues but were basally elevated in the SNc of 

LRRK2 KOs. Emerging evidence suggests that CX3CR1 can act as a distress signal that mobilizes 
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immune cells [360], as well as a regulator of basal immune cell "housekeeping functions” [361–

363]. Our findings suggest clearly contrasting roles for WAVE2 and fractalkine and is consistent 

with the notion that the former is aligned with pro-inflammatory responses, and the latter may 

foster more of an anti-inflammatory or "normal" homeostatic phenotype for microglia and 

peripheral immune cells.  

 Brain-lung interactions readily occur in the context of inflammatory pathology. For 

instance, direct inflammation of the lung via monocrotaline (used to induce pulmonary 

hypertension) causes microglial activation within the brain and this effect was reversed by anti-

inflammatory (minocycline) treatment [364]. Similarly, brain pathology induced by traumatic 

brain injury provoked lung pathology characterized by neutrophil infiltration, alveolar thickening 

and fibrin deposition [365]. Also, in addition to the lung, we found that paraquat reduced liver 

weight, which is consistent with organ atrophy from repeatedly dealing with detoxification and 

excretion of the toxicant. Of course, an important caveat of this study is that organ histology was 

not performed, so it is unclear as to the extent to which paraquat might have directly damaged the 

tissues.  

It was particularly interesting that the G2019S transgenic mutation did not affect overall 

toxicity, but that these mice did show signs of enhanced basal stress tone. Specifically, 

corticosterone levels and hippocampal 5-HT1A were basally increased, and also simply injecting 

the saline vehicle reduced home-cage activity levels in transgenic G2019S animals (compared to 

their WT littermates). The fact that the LRRK2 deficiency reduced the corticoid response, but the 

G2019S mutation increased it suggests a clear divergence in the role of endogenous LRRK2 vs. 

the increased kinase activity that occurs with G2019S mutation. LRRK2 is a complex protein with 

kinase activity, as well as non-kinase functions that involve its facilitation of protein-protein 
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interactions. The G2019S mutation increases kinase activity but should not affect non-kinase 

mechanisms, suggesting a possible selective role for kinase mediated actions in promoting 

corticoid responses (possibly by phosphorylating CRH or by stimulating p38 or JNK).  

Alternatively, knockout of endogenous LRRK2 clearly blunted the HPA response and this could 

stem from reduced kinase activity, as well as potential reductions in protein signaling pathways, 

most notably, p38, JNK, interferon-gamma, as well as a number of RAB proteins that control 

vesicular trafficking, autophagy and lysosomal functioning [78].   We and others did find that 

G2019S overexpression markedly altered basal and immune challenge evoked dopaminergic 

activity within the striatum [366–368]. But again, these transgenic mice did not show changes in 

pathology or inflammatory parameters, including sickness behaviors or circulating cytokines. 

Hence, forced G2019S overexpression clearly has functional effects but not necessarily those that 

would be obviously aligned with inflammatory damage or neurodegeneration.  

The stress phenotype of the G2019S mice is intriguing in that it raises the possibility that 

the mutation could specifically favor the development of psychiatric disturbances, which are 

commonly co-morbid with PD [368–370]. Indeed, the basal elevation of 5-HT1A we observed in 

G2019S mutants is consistent with a recent report that also found these mice to display anxiety 

and depressive-like behaviors [339]. The LRRK2 BAC G2019S mice also showed decreased 

dopamine release [366], which could certainly contribute to behavioral disturbances. Similarly, 

the basally increased corticosterone we observed in the G2019S mice could conceivably have been 

modulating behaviors. It is important to note that unlike these 6-8 month old animals, we recently 

found that 2-month-old G2019S overexpressing mice had no such basal behavioral or corticoid 

differences [368], suggesting that age is critical for the manifestation of the "stress" phenotype. 
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There is reason to believe that the G2019S mutation has a modulatory role with regards to 

neuroplasticity. For instance, it was reported that aged (8-9 months) G2019S over-expressing mice 

had impaired plasticity of medium spiny striatal neurons [371]. The G2019S mutation was also 

linked to altered hippocampal LTD [372], along with diminished adult hippocampal neurogenesis 

and dendritic arborization and spine numbers in newly generated neurons [373]. Yet, although 

paraquat did reduce BDNF, the present results found that neither LRRK2 KO nor the G2019S 

mutation affected hippocampal or striatal levels of the growth factor.  

It is important to underscore the differences between bacterial artificial chromosome 

(BAC) G2019S transgenic over-expressers (as presently used) and targeted G2019S knock-in 

mice. Of course, with BAC G2019S overexpression, mutant LRRK2 levels are artificially induced 

plus there is still some expression of WT LRRK2. Hence, interactions between the two could 

conceivably take place and we are essentially looking at the combined effects of ~6-8 fold over-

expression of the mutant G2019S transgene in the context of the normal expression of WT LRRK2. 

In contrast, the knock-in form of G2019S entirely replaces the WT form and elicits more “normal” 

levels of the gene.  
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Conclusions 

We found that 6-8 month old mice had marked sickness and behavioral disturbances in 

response to paraquat and LRRK2 knockout totally prevented these effects. Although it is likely 

that immune cells and/or inflammatory factors played a role in these outcomes, the elevation of 

corticosterone may also be important since it is known to modulate inflammatory processes and 

recovery from sickness [374]. Of course, the fact that the paraquat induced cytokine changes (IL-

6) could actually be driving the corticosterone response makes it difficult to disentangle the 

individual effects of cytokines vs hormonal changes.  Whatever the case, endogenous LRRK2 

appears to be critically involved in paraquat provoked widespread pathology and is specifically 

modulating the downstream effects at multiple targets. Curiously, overexpression of the G2019S 

transgene did not affect paraquat toxicity but did appear to convey a "stress-like" phenotype, at 

least with regards to corticosterone, hippocampal 5-HT1A and home cage activity. These data 

clearly suggest a novel role for LRRK2 in modulating general inflammatory and sickness profiles 

in response to a systemic environmental stressor. Not only is this important from a mechanistic 

prospective, but also clinically given that LRRK2 inhibitors are already being explored. 

Ultimately, endogenous LRRK2 appears to be important for processes aligned with toxicological 

threats and sickness responses, whereas the G2019S mutation may modulate basal stress state.  
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Chapter 5: 

 

Microglia depletion prior to lipopolysaccharide and paraquat 

treatment differentially modulates behavioral and neuronal 

outcomes in wild type and G2019S LRRK2 knock-in mice 
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Abstract 

Substantial data have implicated microglial-driven neuroinflammation in Parkinson’s 

disease (PD) and environmental toxicants have been long expected as triggers of such 

inflammatory processes. Of course, these environmental insults act in the context of genetic 

vulnerability factors and in this regard, leucine rich repeat kinase 2 (LRRK2), may play a 

prominent role. We used a double hit, lipopolysaccharide (LPS; endotoxin) followed by paraquat 

(pesticide toxicant) model of PD in mice with the most common LRRK2 mutation G2019S, 

knockin mice and wild type littermates. In order to assess the contribution of microglia, we 

depleted these cells (through 14 days of the CSF-1 antagonist, PLX-3397) prior to LPS and 

paraquat exposure. We found that the G2019S mice displayed the greatest behavioral changes, but 

that the PLX-3397 induced microglial depletion at the time of LPS exposure diminished toxicity 

and weight loss and blunted the reduction in home-cage activity with subsequent paraquat 

exposure. However, neither the PLX-3397 treatment nor the G2019S mutation affected the loss of 

substantia nigra pars compacta (SNc) dopamine neurons or elevations of circulating IL-6 or 

corticosterone. Intriguingly, microglial morphological ratings were enhanced in G2019S mice and 

the PLX-3397 pre-treatment reversed this effect. Moreover, PLX-3397 pre-treatment selectively 

elevated soluble a-synuclein and SIRT3 levels, while reducing SNc Caspase-1 and 3, along with 

CX3CR1.  Hence, the re-populated “new” microglia following cessation of PLX-3397 (i.e. on the 

day after LPS infusion) clearly had an altered phenotype or were immature at the time of sacrifice 

(i.e. after 11 days). Collectively, these findings suggest that G2019S knock-in and PLX-3397 

microglial depletion at the time of LPS exposure affects behavioral but not neurodegenerative 

responses to subsequent environmental toxin exposure.  
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Introduction 

  Parkinson’s disease (PD) is a progressive neurodegenerative disease in which the main 

risk factor is age, with epidemiological and experimental studies also implicating environmental 

and inflammatory insults as potential triggers [148, 229, 329]. Similar to the peripheral immune 

system, the brain’s specialized immunocompetent cell, microglia, have surveillance processes to 

detect and eliminate pathogens or other threats within their microenvironment [38]. However, 

there is now substantial evidence demonstrating that microglia driven inflammation when chronic 

and excessive can also contribute to the progression of PD [375]. Accordingly, augmented 

microglial reactivity and levels of pro-inflammatory cytokines have been observed PD patients 

[42, 43, 375] and systemic infections may exaggerate behavioral changes [376, 377]. We and 

others have demonstrated that exposure to the bacterial endotoxin, lipopolysaccharide (LPS), 

augmented dopamine neuron loss in mice that were subsequently exposed to the pesticide paraquat 

(which has been linked to PD as a relevant environmental toxicant) and that this effect was related 

to microglial hyperactivity [48, 378]. 

 Of course, environmental insults act within the context of genetic vulnerabilities and in this 

regard the most commonly mutated gene in both sporadic and familial PD is Leucine-rich-repeat 

kinase 2 (LRRK2). Specifically, the Gly2019Ser (G2019S) mutation is most common and is 

approximately 30% penetrant at the age of 70, indicating that further environmental factors may 

modulate its impact [379, 380]. The G2019S mutation causes an approximate 3-fold increase in 

kinase activity and its main identified interactors are Rabs and WAVE2, both proteins being 

heavily involved in cell motility and phagocytosis [99, 381, 382]. Further, recent studies 

demonstrated that the highest levels of LRRK2 is in immune cells, including circulating B 

lymphocytes, dendritic cells and macrophages [76, 96]. LRRK2 was also recently shown to 
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regulate macrophage and microglial motility and phagocytosis is a target gene induced by 

interferon-gamma [383], which we previously implicated in the inflammatory and 

neurodegenerative response elicited by either MPTP or paraquat treatment [236, 384]. Thus, 

LRRK2 could be critical for the inflammatory responses to PD relevant toxins, such as paraquat, 

as well as typical bacterial insults, as mimicked by LPS. 

 Given the postulated role of microglia in PD, it was of interest to assess how transient 

microglial depletion at the time of LPS and paraquat exposure impacts behavioral and neuronal 

outcomes and whether the G2019S mutation differentially affects these outcomes. Accordingly, 

pharmacological inhibition of the colony stimulating factor-1 (CSF-1) receptor using the drug, 

PLX-3397 has recently proven effective in depleting microglia. Indeed, its daily administration 

(>7 days) leads to a >90% depletion of microglia and macrophages which appears to mostly 

recover within 1-2 weeks following PLX-3397 cessation [385]. We presently found that PLX-

3397 induced depletion of microglia blunted the impact of intra-SNc LPS infusion and subsequent 

paraquat exposure on behavioral outcomes, but had no effect on the loss dopamine neurons or 

elevation of cytokine or corticosterone levels that was induced by LPS and paraquat combination 

treatment. The phenotype of the re-populated microglia following PLX-3397 cessation may have 

been altered, since levels of soluble a-synuclein, SIRT3, CX3CR1 and Caspases 1 and 3 were all 

changed in mice previously treated with the drug. Finally, the G2019S knockin mutation 

augmented behavioral toxicity and appeared to have basally elevated changes in microglial 

morphology, but otherwise had little influence on any of the other outcomes. In short, we provide 

evidence that the G2019S mutation might augment toxicity of LPS and paraquat and that transient 

microglial depletion can blunt this; however, the basic neurodegenerative process was not affected.  
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Methods 

Animals 

96 male LRRK2 G2019S knock-in mice [386] (Novartis; a kind gift from the lab of Dr. 

David S. Park)  and WT littermates were generated via heterozygote-heterozygote pairings. All 

animals were group housed in individually ventilated cages on a 12H light cycle and received ad 

libitum access to tap water and either AIN-76 or AIN-76 with incorporated PLX-3397 rodent 

chow. Until 3 months of age, animals additionally had access to environmental enrichment (red 

nicram houses and nestlets). They were then individually housed for one week with only a nestlet 

after which time they entered into the experimental conditions.  

 

Figure 5.1: Timeline in days for chapter 5, injection days and treatments are indicated by vertical 

bars above the axis while behavioural assessments are indicated below the axis. 

 

PLX-3397 Treatment 

 Mice in the AIN-76 control group received AIN-76 ad libitum for the course of the 

experiment. Mice in the PLX-3397 treatment groups received PLX-3397 incorporated in AIN-76 

rodent chow from Research Diets Inc. (New Brunswick, NJ, USA) as previously reported [385]. 
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Stereotaxic surgery: LPS infusion 

At three months of age, all animals underwent stereotaxic surgery. Following 5% 

isoflourane anesthetic and 20mg/kg of the analgesic tramadol, mice were secured in a Kopf 

Instruments Model 940 stereotaxic frame and a small, 1cm, incision was made in the centre of the 

skull and a 1.5mm diameter hole was drilled in the skull at x=1.2mm and y=3.14mm relative to 

Bregma over the left hemisphere. A 22-gauge injector was used to infuse half of each group with 

2μL of either saline or 1μg/μL LPS directly above the SNc (at 4mm below the surface of the skull). 

A Harvard Apparatus picopump was used to ensure a constant infusion over 4 minutes. The 

injector was left in place for 5 minutes after the infusion to allow the LPS/saline to absorb into the 

tissue before slowly being removed. The hole in the skull was filled with Bone Wax® before 

suturing. The animals then received 100% oxygen for 15 seconds and were placed into recovery 

cages situated half-on half-off a 37°C circulating water heating pad. Animals were given hydrogel 

for 4 days after surgery and 20mg/kg tramadol subcutaneously twice a day for 3 days following 

surgery. 

 

Paraquat injections 

At two days following LPS/saline infusion, animals who received intra-SNc LPS also 

began receiving i.p. paraquat injections, whereas animals infused with saline received further i.p. 

saline injections. Hence, each animal received either 10mg/kg of paraquat or an equivalent volume 

of saline. Paraquat was freshly made each morning and these injections were given every 48 hours 

for 11 days for a total six injections.  
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Behavioral analyses  

Animals were weighed each morning prior to PLX-3397 administration as well as twice 

daily for the first 4 days after surgery and finally in the morning of each paraquat/saline injection 

until sacrifice. 

 

Home-cage locomotor activity 

 

Spontaneous home cage locomotor activity was measured over a complete 12 hour 

light/dark cycle using a Micromax (MMx) infrared beam-break apparatus (Accuscan Instruments, 

Columbus, OH, USA), as previously described [294]. Spontaneous home cage locomotor activity 

assessment was completed following a 30-minute acclimation period in our behavioural testing 

room post nestlet removal, measurements of home-cage locomotor activity occurred on the nights 

of days 1, 13, 21 and 25 of the experiment. 

 

Brain dissection and tissue extraction 

Half the animals were intraperitoneally administered 200 mg/kg of sodium pentobarbital 

and perfused with 4% paraformaldehyde. Twenty-four hours later the brains were transferred to 

10% sucrose and then transferred to 30% sucrose 48 hours after sacrifice. The remaining animals 

were sacrificed via rapid decapitation and trunk blood, brains and organs were extracted and flash 

frozen at -80℃. 

Following rapid decapitation, brains were excised and sectioned into sequential coronal 

slices using razor blades and a chilled stainless-steel microdissection matrix with adjacent slots 
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spaced ~ 0.5 mm apart. Hollow biopsy needles were then used to collect the dorsal striatum (ST) 

and SNc. The tissue was immediately frozen upon dissection and was stored at -80oC until 

processing. 

 

Plasma corticosterone assay 

At the time of decapitation, trunk blood from all of the animals, was collected in tubes 

containing 10 μg EDTA. Samples were centrifuged (2000g for 20 min) and the plasma removed 

and stored in aliquots at −80 °C for later corticosterone determination with commercially available 

ELISA kits (Enzo, NY, USA #ADI-900-097). Samples were assayed in duplicate within a single 

run to control for inter-assay variability; the intra-assay variability was less than 10%.  

 

Plasma determination of cytokines 

 Trunk blood was collected at time of decapitation and prepared as for the corticosterone 

assay in a separate aliquot at -80 ℃. IL-1b, IL-6, IL-10 and TNF-a levels were determined using 

a Luminex Immunoassay (R&D Systems, NE, USA) run following kit instructions on a Luminex 

Magpix (Luminex Corporation, TX, USA). Samples were assayed in duplicate within a single run 

to control for inter-assay variability; the intra-assay variability was less than 10%. 

 

Alpha Synuclein ELISA 

The amount and classification of alpha-synuclein in the posterior striatum was assessed 

through ELISA following serial protein extraction. Briefly, samples were suspended in TSS buffer 
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(140mM NaCl, 5mM Tris-HCL, in water) with a Roche EDTA-free proteinase inhibitor. Samples 

were then homogenized on ice using 50 strokes of a Wheaton tissue deuce. Homogenates were 

placed in a 4℃ chilled micro ultracentrifuge (Sorvall, Waltham MA) and spun for 30 minutes at 

130,000 RCF. The supernatant was then removed which constituted the soluble fraction, and the 

pellet was suspended in TSS buffer with 1% SDS. The suspension was allowed to sit at room 

temperature for 10 minutes then centrifuged at 10℃ and 130,000 RCF for a further 30 minutes. 

The supernatant was again removed as the insoluble fraction and following BCA quantification 

samples were frozen at -80℃ until processed.  These samples were then analysed using a sandwich 

ELISA as previously described [125].  

 

Immunohistochemistry 

In order to examine microglial reactivity sections were stained with ionized calcium-

binding adapter molecule 1 (IBA1) and to asses dopamine cell survival, we used tyrosine 

hydroxylase (TH). Brains were sliced into 40um thick sections on our Shandon AS620 cryostat 

(Fisher Scientific) and immediately placed in a 0.1M PB solution containing 0.1% sodium azide 

(pH 7.4). Every third section was selected for each stain (i.e. ST TH; SNc TH; SNc IBA1). For 

SNc TH staining, slices were washed in phosphate buffer saline (PBS) (pH 7.4) three times for 5 

minutes each, followed by a 30-minute incubation in 0.3% hydrogen peroxide in PBS. Sections 

were then washed in PBS three times five minutes each and a 1-hour incubation in blocking 

solution containing 5% normal goat serum (NGS), 0.3% triton-X, with 0.1 M PBS (pH 7.2). 

Blocker was removed and the slices were then incubated overnight in primary antibody solution 

(5% NGS, 0.3% triton-X, 0.3% bovine serum albumin (BSA) in 0.1 M PBS) with 1:2000 anti-

mouse TH (Immunostar, Hudson, WI). The following day the primary antibody solution was 
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removed and sections were washed in PBS three times for a period of 5 minutes each. Following 

the washes, antibodies in secondary solution (1.6% NGS, 0.16% Triton X, 0.3% BSA, in 0.1M 

PBS) were applied to striatum (anti-mouse IgG; 1:500) for a period of 2 hours, and to SNc (anti-

mouse HRP; 1:200) sections for 4 hours. Following this, three times five-minute washes were 

applied to the striatum which was then incubated again in secondary solution with HRP (1:1000) 

for an additional 2 hours. All sections were given three times five minutes PBS washes and 

sequentially exposed to a DAB reaction containing Tris-HCl, DAB and 0.6% hydrogen peroxide 

in dH20 for visualization. Sections were washed in PBS three times five minutes each following 

DAB exposure and all sections were then slide mounted and set to dry overnight. Sections were 

dehydrated using a series of alcohol and clearene washes and subsequently cover-slipped using 

DPX. All incubations occurred at room temperature. 

To label IBA1 processed ST and SNc slices were washed in PBS (pH 7.2) three times for 

5 minutes each, followed by a 1-hour incubation in blocking solution (5% NGS, 0.3% triton-X, in 

0.1M PBS). Following removal of the blocker, slices were then placed in anti-rabbit IBA1 (Abcam, 

Cambridge, MA) at a dilution of 1:1000 in primary solution (5% NGS, 0.3% triton-X, 0.3% BSA 

in 0.1 M PBS) for a period of 2 hours. Sections were then washed in 0.1M PBS three times for a 

period of 5 minutes each and reacted with either 1:1000 of anti-goat Alexafluor 594 or 647 

antibody in primary solution (5% NGS, 0.3% triton-X, 0.3% BSA in 0.1 M PBS). The signal was 

visualized with immunofluorescence microscopy using Microbrightfield image acquisition 

software on a Zeiss Axioimager2 microscope. All slices were selected and compared between 

animals at the same distance from bregma. 

DAB stained TH+ cells were analyzed using the optical fractionator workflow in 

Stereoinvestigator (MBF, Williston, VT, USA) as previously described [139]. A total of six slices 
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between bregma levels -3.08 and -3.52 were counted by a blind observer under a 63X oil 

immersion lens. 

 

Western blot 

Brain tissue punches were collected to detect levels of SIRT 3, Caspase 1 and 3, CX3CR1, 

and GFAP as described previously [298]. Briefly, whole cell lysates were homogenized in Radio 

Immuno Precipitation Assay (RIPA) buffer [50 mM Tris (pH 8.0), 150 mM sodium chloride, 0.1% 

sodium dodecyl sulphate (SDS), 0.5% sodium deoxycholate and 1% Triton X-100] mixed with 1 

tablet of Complete Mini ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor (Roche 

Diagnostics, Laval, QC, Cat #11 836 170 001) per 10 mL of buffer.  On the first day of analysis, 

proteins were separated using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE). In order to determine total protein, membranes were incubated in REVERT total protein 

solution for a period of 5 minutes followed by placement into a REVERT wash solution (6.7% 

Glacial Acetic Acid, 30% Methanol, in water) two times 2 minutes each. Membranes were then 

quickly rinsed with distilled water and imaged on our LI-COR Odyssey imaging system on the 

700 channel for an exposure period of 2 minutes. Membrane incubation with rabbit anti- SIRT 3 

(1:1000), Caspase 1 and 3 (1:1000), CX3CR1 (1:2000), and GFAP (1:4000) for a period of 60 

minutes in 0.05% fish gelatin in TBS with 0.1% tween followed by one hour in infrared anti-rabbit 

conjugate at a concentration of 1:20 000 in 0.5% fish gelatin solution containing 0.2% tween and 

0.01% SDS. Any unbound antibody was removed using 15 mL of TBS-T/membrane and 

membranes washed and read on our Licor Odyssy system at the appropriate wavelength for 6 

minutes.   
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Statistical analysis 

All data was analyzed by 2 (Genotype; WT vs. KI) X 2 (Diet; AIN-76 vs. PLX-3397) X 2 

(Toxin: Vehicle vs LPS-paraquat) ANOVA with significant interactions further analyzed by means 

Bonferroni follow up comparisons (p < 0.05) where appropriate. Data is presented in the form of 

mean ± standard error mean (mean ± SEM). All data was analyzed using the statistical software 

StatView (version 6.0) and differences were considered statistically significant when p < 0.05. 
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Results 

PLX-3397 pre-treatment protected mice from LPS induced weight loss and locomotor 

deficits. 

 LRRK2 G2019S KI mice demonstrated significant mortality when treated with LPS and 

paraquat, but this effect was prevented in animals treated with PLX-3397 (Figure 5.2A). Central 

LPS injection induced weight loss in mice regardless of genotype; however, treatment with PLX-

3397 again ameliorated this effect (F(1,84)=19.145 p<0.001) (Figure 5.2B). Following LPS and 

paraquat treatment, just prior to sacrifice, significant weight loss was still observed, irrespective 

of genotype, but this was blunted in mice previously treated with PLX-3397 (Treatment: 

F(1,90)=67.222, p<0.001, Diet: F(1,90)=9.448, p<0.01) (Figure 5.2C). Mean home-cage 

locomotor activity was significantly decreased by the LPS and paraquat treatment and this effect 

was especially pronounced in the G2019S KI mice. Once again, pre-treatment with PLX-3397 

totally prevented this effect in WT mice and also blunted it in the G2019S mutants (F(1,54)=5.040, 

p<0.05) (Figure 5.2D,E). 
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Figure 5.2: The day that animals reached humane endpoint during the experiments was recorded 

(A) in addition to the animals weight (B,C). Clearly, LPS-paraquat treated G2019S mice displayed 

highest mortality.  The intra-SNc LPS injection treated animals showed a decrease in weight and 

this effect was blunted by PLX-3397 administration (B). Moreover, at the time of sacrifice further 

weight loss was observed in LPS and paraquat treated animals (C). Mean locomotor activity was 

also found to be significantly decreased in the LPS and paraquat treated animals (D, E), PLX-3397 

treatment trended towards blunting this response but this missed significance (D,E, p=0.09) but 

the G2019S KI did significantly enhance the response (D, E). *p<0.05 compared to control groups, 

**p<0.01 compared to control groups. 
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LPS and paraquat combination treatment leads to TH+ neuronal loss in the SNc in both WT 

and G2019S KI mice. 

 Stereological counts of TH positive SNc cells revealed an obvious statistically significant 

loss of neurons in mice that received the LPS plus paraquat treatment (F(1,24)=30.833, p<0.001), 

Figure 5.3).  In particular, the LPS and paraquat treatment resulted in an approximate 30-40% 

lesion in WT and 15-20% in the G2019S mutants. That said, there was no significant effect of 

genotype and similarly, the number of surviving TH+ neurons were unaffected by the PLX-3397 

treatment (p>0.05 for both genotype and diet, Figure 5.3). 
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Figure 5.3: Stereological TH+ cell counts revealed a significant los of dopamine neurons in all 

mice treated with LPS and paraquat over the experimental timeline (p<0.01), irrespective of 

genotype or PLX-3397 treatment. 

 

LPS and paraquat treatment increased microglial activation, as does the LRRK2 G2019S 

genotype and this treatment effect is reduced by PLX-3397 administration. 

 Microglial morphological state (as an index of activation) was assessed by 

immunofluorescent IBA-1 staining by a blind rater using a validated microglial rating scale [50]. 

As expected, the LPS and paraquat exposure significantly increased microglial morphology ratings 

(F(1,35)=15.692, p<0.001) (Figure 5.4). Most strikingly however, the LRRK2 G2019S mutant 

mice had very marked microglial changes and this was evident even in the absence of the toxin 

treatments (F(1,35)=12.320, p=0.001) (Figure 5.4). Pre-treatment with PLX-3397 did 

significantly blunt the microglial ratings, however, this effect was admittedly modest 

(F(1,35)=4.527, p<0.05) (Figure 5.4). 
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Figure 5.4: Morphological analyses using a microglial rating scale found that LPS and paraquat 

combination treatment increased microglial cell morphology in the SNc, the G2019S mutation 

was also found to significantly enhance microglial activation; however the effect was blunted in 

mice pretreated with PLX-3397. 
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LPS and paraquat combination treatment increases circulating corticosterone and 

cytokines. 

  All mice treated with LPS and paraquat, irrespective of genotype or PLX 3397 treatment, 

displayed a similar magnitude and statistically significant rise in circulating corticosterone 

(F(1,38)=12.775, p<0.001) (Figure 5.5A). Animals treated with LPS and paraquat were also 

found to have elevated levels of the pro-inflammatory cytokine, IL-6 (F(1,39)=4.793, p<0.05) 

(Figure 5.5B) and again, there was no effect of either genotype or PLX 3397.  In contrast, the anti-

inflammatory cytokine, IL-10, was unaffected by LPS and paraquat but was significantly elevated 

in the G2019S mutant mice (F(1,39)=8.066, p<0.01) (Figure 5.5C). No statistically significant 

differences were detected in circulating TNF-α; however, a modest non-significant rise was 

detected in the LPS and paraquat treated groups (F(1,39)=2.877, p=0.09) (Figure 5.5D). 
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Figure 5.5: Blood plasma levels of circulating factors were analysed using ELISA and Luminex 

multiplex technology. The LPS and paraquat treatment resulted in increased levels of 

corticosterone (A) and IL-6 (B) and this was similarly evident in wild type (WT) and G2019S 

mutants. The G2019S KI increased levels of IL-10 (C), however, no statistically significant effects 

were found in TNF-α levels (D; p=0.09). In no case did the PLX-3397 treatment induce any 

significant changes. *p<0.05 compared to control animals. 
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p<0.001, C F(1,33)=36.230, p<0.001, and D F(1,40)=11.505, p<0.01). In contrast, levels of the 

mitochondrial anti-oxidant inducer, SiRT3, were significantly increased by the PLX-3397 

treatment (F(1,40)=23.187, p<0.001) (Figure 5.6B). Intriguingly, the LPS and paraquat treatment 

did not influence any of these factors and nor did genotype.  

 

 

Figure 5.6: Western blots of SNc protein were assayed for apoptotic and immune signalling 

factors. Levels of the fracktalkine receptor were found to significantly decrease following PLX-

3397 administration (A) while levels of SiRT3 increased (B). Levels of both the apoptotic markers 
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Caspase 1 (C) and Caspase 3 (D) were found to decrease following PLX-3397 treatment. In no 

instance, did the PLX-3397 or genotype affect these outcomes. 

 

Markers of astrogliosis are increased following LPS and paraquat administration while pre-

treatment with PLX-3397 led to further GFAP increases. 

 The astrocytic marker, GFAP, was significantly elevated within the SNc by the LPS-

paraquat treatment (F(1,33)=10.196, p<0.01) (Figure 5.7). Moreover, this effect was greater still 

in the G2019S mutant mice Curiously, pre-treatment with the CSF-1 inhibitor, PLX-3397, also 

resulted in increased in nigral GFAP levels and this was selectively observed in the G2019S 

mutants (F(1,33)=9.228, p<0.01) (Figure 5.7). 

 

 

Figure 5.7: Western blots probing for expression of the astrocytic marker, GFAP, found 

significantly increased SNc levels following LPS and paraquat administration in both wild type 

(WT) and G2019S mutants. Interestingly however, this marker was also increased by PLX-3397 

administration but this effect appeared to be confined to the G2019S mutant mice **p<0.01 

compared to WT control animals. 
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PLX-3397 administration leads to increased soluble alpha synuclein in the striatum. 

 Alpha synuclein levels were evaluated by both western blot and ELISA in order to 

determine alterations in total and serially extracted protein in the striatum. Total alpha-synuclein 

as assessed by western blot on RIPA-buffer extracted striatum samples showed significantly 

elevated striatal levels following pre-treatment with PLX-3397 (F(1,33)=31.940, p<0.001) 

(Figure 5.8A). Subsequent ELISAs run on serially extracted striatal samples found that the soluble 

alpha synuclein proteins levels were increased following PLX-3397 treatment, but no significant 

difference was observed for insoluble levels of the protein (F(1,33)=16.136, p<0.001 Figure 

5.8B,C). 
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Figure 5.8: Total alpha Synuclein levels were quantified in the ipsilateral striatum via western 

blotting (A) and were found to significantly increase with PLX-3397 treatment. The same region 

was also extracted with a detergent free and SDS containing buffer and soluble and insoluble levels 

of alpha-synuclein were analysed via ELISA (B,C) and found that soluble alpha synuclein 

increased in PLX-3397 treated animals while insoluble did not. ***p<0.001 compared to AIN-

76A control animals. 
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Discussion 

 PD results from the highly complex interaction between environmental insults and 

underlying genetic vulnerabilities. Despite late symptom onset, there is strong evidence supporting 

the idea that the pathophysiology of PD may develop over a number of years with a long prodromal 

phase [1, 387], which of course could provide time for intervention when appropriate mechanisms 

are targeted. While the precise pathophysiology of PD has not yet been fully elucidated, it is now 

commonly accepted that immune cells (e.g. microglia) play a very important role in promoting the 

degeneration of SNc dopamine neurons [40, 59, 388]. Microglia are a unique cell derived from 

primitive yolk-sac macrophages and engage both neuroprotective and inflammatory processes to 

maintain homeostasis [389]. During their normal surveillance state, these cells have highly 

ramified processes that constantly monitor their environment and upon activation undergo 

structural changes that allow for responses to the potential insult [390]. However, it has been 

posited that in PD the homeostatic balance of microglial cells is shifted towards an inflammatory 

phenotype which contributes to the cell death of dopamine neurons in the face of driving factors 

[391]. Further, accumulating evidence implicates the LRRK2 gene, most likely in conjunction with 

environmental stressor exposure, as playing a role in shaping the inflammatory milieu present in 

PD [80, 99, 100]. Indeed, besides familial PD, the G2019S LRRK2 mutation may be a 

vulnerability factor for the idiopathic form of the disease. Moreover, LRRK2 was found to be 

present in high levels in peripheral lymphocytes and monocytes of PD patients [392] and LRRK2 

mutation provoked a peripheral innate interferon cytokine response that was related to enhanced 

brain inflammation in response to LPS [278]. 

 To assess the role of microglia and LRRK2 in PD we transiently depleted microglia via 

pharmacological inhibition of the colony stimulating factor-1 receptor, using PLX-3397, in the 
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context of LPS plus paraquat exposure in G2019S LRRK2 mutants and wild type littermates.  We 

presently found that microglial depletion at the time of intra-SNc LPS infusion did indeed block 

the sickness, weight loss and mortality, which was in fact, most prominent in the LRRK2 G2019S 

mutant mice. Likewise, the reduced home-cage activity that was apparent following the paraquat 

regimen in the G2019S mice was also blunted in PLX-3397 treated mice. The PLX-3397 treatment 

was also associated with marked changes in several signaling factors within the SNc, including 

Sirt3 and caspases 1 and 3, as well as CX3CR1 and it also increased soluble levels of a-synuclein. 

However, the PLX-3397 pre-treatment did not influence the loss of SNc dopamine neurons that 

was provoked by LPS and paraquat administration. Similarly, the G2019S knock-in mutation also 

did not influence neuronal loss. The G2019S mutation did however influence microglial 

morphological state and interestingly, this was blocked by the previous PLX-3397 treatment.  

 This work was primarily guided by two hypotheses: 1. Depleting microglia at the time of 

initiation of a dual hit LPS-paraquat regimen would prevent PD-like pathology and conversely, 2. 

That the G2019S knock-in mutation would augment PD-like pathology. It is important to 

underscore that microglia are only transiently depleted at the start of the experimental treatments, 

such that at the time of LPS infusion there should be <<10% remaining and hence, few TLR4 

bearing cells for LPS to actually stimulate. During the subsequent week and a half of paraquat 

exposure, the microglia will be expected to be re-populating. Based on previous studies re-

population beings as early as 3 days and is complete sometime between 7-14 days [385], 

suggesting that the repopulation process should be almost complete by the time of sacrifice. This 

allows for evaluation of the very novel questions as to whether the neurodegenerative process is 

altered in the face of a depleted microglial population that is undergoing renewal. One study that 

was recently published using MPTP found that PLX-3397 treatment prior to (for 3 weeks) and 
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during the entire toxicant injection period (7 days) actually resulted in augmented neurotoxicity 

with an increased loss of SNc dopamine neurons [393]. Interestingly, increased infiltration of 

circulating leukocytes and pro-inflammatory cytokines were also observed with the 4 weeks of 

PLX-3397 treatment (and MPTP treatment) [393]. This suggests that a peripheral inflammatory 

signal may have been recruited in the face of microglial depletion, perhaps through astrocytic 

intervention.  Yet, it is important to underscore that microglia repopulation itself following PLX-

3397 appears to stem from local microglial progenitor cells and not infiltrating peripheral bone 

marrow derived monocytes [385, 394]. It is also important to note that PLX-3397 does not 

appreciably deplete peripheral macrophages or other immune cells, but is relatively selective for 

microglia [395]. This contrasts with older viral based studies that used intracerebroventricular 

ganciclovir treatment in CD11b-HSVTK mice, which concluded that microglia were re-populated 

from peripheral monocytes [396].   

 The few recent studies that have assessed microglial repopulation following PLX-3397 

have remarkably found that re-populating microglia are largely normal in physiology and 

functional phenotype [385].  That said, there are obvious morphological differences (including 

larger cell bodies) at intermediate stages before the re-population is complete [385]. Further, 

cortical microglia were found to display reduced branching complexity of processes at 14 days, 

but return to normal by 21 days. Yet, microglia appear to be less capable of re-population following 

repeated episode of depletion [397]. Hence, although these are extremely plastic cells, there do 

appear to be limits to their long-term resilience. Further consideration should be given to the fact 

that microglial re-population may also vary as a function of brain region as differences in re-

population rate and morphology were reported with the hippocampus and cortex [385]. For 

instance, while microglial re-population was complete in hippocampus after 14 days, it took 21 
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days to be fully restored in the prefrontal cortex [385]. Furthermore, the morphology of re-

populated microglia appeared to vary between brain regions, with the average diameter of 

microglial processes increased in the hippocampus but not the cortex [385].  

 While the mediators of microglial reactivity to immune priming are not clear, we 

hypothesize that LRRK2 plays a critical role favoring an enhanced inflammatory state. Indeed, 

among the alleles implicated in PD, polymorphisms in the gene LRRK2 are the most common and 

its incomplete penetrance (~30–70%) suggests a role for environmental and/or immune factors as 

“triggers” [73, 398]. While rapid-acting toxin-based models of PD such as MPTP and 6-OHDA 

have been extensively utilized in the context of LRRK2, relatively little work has yet examined 

more etiologically relevant models such as paraquat which act over time and with a less virulent 

lesion but more comprehensive range of PD-like pathology. Moreover, LRRK2 mutations were 

previously reported to enhance microglial reactivity and pro-inflammatory cytokine production in 

the brain and periphery [399–401]. In agreement with these findings, we did presently observe that 

G2019S knock-in mice had microglia morphology consistent with an “activated” state and this 

was evident even in the absence of the toxin treatments. Curiously, the G2019S mice also had 

basally elevated circulating IL-10 levels, but not that of pro-inflammatory cytokines (IL-1b, IL-6 

or TNF-a).  Although this finding seems paradoxical, it is consistent with a recent clinical trial that 

also showed elevated serum IL-10 levels in PD patients [131].  Of course, timing of sacrifice could 

influence the nature of cytokine changes observed, but since IL-10 is often observed much later 

than the initial pro-inflammatory cytokines following LPS challenge, this might reflect a shift 

towards a protective anti-inflammatory phenotype [402]. Indeed, viral or osmotic minipump 

facilitated administration of IL-10 has been reported to protect against LPS or 6-OHDA induced 

PD-like pathology, including neuronal loss and inflammatory state [403, 404].  
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 It is especially intriguing that while the changes in microglial morphology in wild type 

mice corresponded well with the loss of SNc dopamine neurons, this clearly was not the case in 

the G2019 mutants. Unlike their wild type littermates, G2019S knock-in mice had microglial 

morphology that was indicative of an “active” state irrespective of LPS and paraquat treatment 

and furthermore, PLX-3397 treatment reversed this effect. This suggests that G2019S mutation 

might (1) basally impart a change in microglial phenotype and (2) that such changes are not 

primarily involved or at least not causative in the SNc neurodegenerative processes.  This is 

actually in keeping with a recent report that found that G2019S mutant rats that were LPS treated 

had progressive long-term neuroinflammatory changes in the absence of any loss of SNc dopamine 

neurons [405]. Hence, it is possible that G2019S mutation promotes an alternatively activated 

microglial state (possibly IL-10 mediated) that is dissociable from that induced by LPS and 

paraquat.  

 A further layer of complexity but one which is exciting, is the fact that since the PLX-3397 

treatment was stopped the day after the LPS infusion, any microglia sampled at the time sacrifice 

(i.e. 11 days following cessation of PLX-3397 treatment) would have been new re-populating 

microglia. These new microglia (no more than 11 days old) were obviously differentially affected 

in the two genotypes. Indeed, the PLX-3397 treatment currently ablated the elevation in microglial 

morphology evident in G2019S mutants, while having no effects in wild type mice. Conceivably, 

G2019S could be modulating aspects of microglia that are more amendable to CSF-1 inhibition or 

alternatively, could be causing phenotype changes distinct from that induced by the LPS-paraquat 

toxin treatments. It is also possible that the G2019S mutation may have affected the microglial 

phenotype by modulating its re-population lifecycle. Indeed, the depletion and re-population 

processes itself could be important since it was in fact reported that re-populating microglia 
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initially expressed signs of an “activated” phenotype. Specifically, these microglia had increased 

expression of 196 genes, with many being pro-inflammatory cytokines (e.g. IFN-g), signaling 

factors (e.g. JAK-STAT) and pathogen detection factors (e.g. TLRs) [394, 397].  

 In summary, we found that G2019S augments behavioral but not the neurodegenerative 

effects of LPS and paraquat treatment and similarly, that microglial depletion prior to toxin 

exposure blunts the behavioral toxicity but not the loss of dopaminergic neurons. Both the G2019S 

mutation and initial microglial depletion elicited complex effects upon microglial morphology, 

along with numerous changes in the SNc inflammatory and pro-death factors. Also, of particular 

note was that microglial depletion elevated levels of soluble a-synuclein in the striatum, which 

could reflect deficiencies in phagocytic clearance mechanisms obviously stemming from a loss of 

microglia and supported by our finding reduced CX3CR1 levels. Finally, elevated circulating 

levels of the stress hormone, corticosterone, and inflammatory cytokine, IL-6, is consistent with 

general distress induced by LPS and paraquat but this was unaffected by PLX-3397 treatment or 

G201S mutation. Yet, the G2019S mutants had elevated basal IL-10 levels. These data collectively 

support the contention that microglia are fundamentally critical for sickness and behavioral 

changes in response to inflammatory-toxin exposure, but not for the neurodegenerative response. 

It is also clear that the G2019S mutation has complex effects on the inflammatory milieu but is not 

necessarily a causative factor in PD-like pathology in the face of environmental stressors.     
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Chapter 6: 

General Discussion 
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Over the past few decades it has become generally accepted that Parkinson’s disease is the 

result of interactions between genetic vulnerabilities and exposure to environmental toxicants over 

an individual’s lifespan. Relatively recent work has focused on characterizing genetic 

vulnerabilities for PD,  including the LRRK2, VSP35, PINK-1 and DJ-1 genes which have lower 

penetrance rates than dominantly inherited genes [406]. The data garnered from these studies has 

been used to inform larger epidemiological research such as investigations into the effects of 

pesticide use amongst agricultural workers as well as elucidating potential mechanisms through 

which interactors may influence penetrance [331, 333]. These studies, conducted in human 

populations, rodent models and in vitro work have implicated a variety of heavy metals, pesticides 

and infectious agents as common mediators of disease penetrance [48, 228, 271]. The goal of the 

current thesis was to further assess how environmental toxicants may influence genetic penetrance, 

aging and immunity in the context of Parkinson’s disease. The findings presented over the previous 

four chapters provide a significant contribution to the understanding of the effects of age on 

environmental toxicant exposures, as well as demonstrating that alterations in gut microflora or 

microglial populations alone are not enough to prevent dopaminergic degeneration and microglial 

activation in our PD models. 

 Chapter two investigated the impact of the environmental PD-linked toxicant, paraquat, 

over the course of six months following exposure in order to validate whether dopaminergic 

neuronal loss is progressive or stable and to investigate the activation of inflammatory and stressor 

linked pathways associated with the model. Chapter three aimed to investigate the role of 

microbiota alterations in the genesis of PD by combining the paraquat toxicant based model with 

a probiotic or dysbiotic manipulation of the gut. Chapter four sought to then understand how age 

and environmental toxicants interacted with the most common PD mutation, LRRK2 G2019S and 
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Chapter five further investigated the role of the LRRK2 G2019S mutation by temporarily depleting 

microglial populations during toxicant exposure (LPS and paraquat).  

These experiments used the etiologically relevant herbicide, paraquat, to examine 

interactions between various factors implicated in the development and progression of PD 

including the LRRK2 gene, the gut microbiota and age. Specifically, we found that sub-chronic 

paraquat administration provoked long-lasting neurochemical and neuroimmune alterations as 

well as resulted in a permanent loss of SNc dopaminergic neurons (chapter 2). These alterations 

when combined with LPS and gut alterations resulted in relatively few interactions between the 

LPS-paraquat treatment and the gut dysbiosis (chapter 3). Turning to the effects of paraquat on the 

most common LRRK2 mutation, G2019S, we found basal alterations in stressor related pathways 

but no neuroimmune alterations (chapter 4). Investigating a different genetic model with the 

G2019S mutation we found enhanced basal immune activation in G2019S mice as well as 

confirmed the neurodegenerative impacts of LPS and paraquat. Interestingly, the G2019S knock-

in mice were especially vulnerable to the toxic behavioural effects of the toxicant treatment but 

were not further vulnerable to the loss of dopamine neurons than wild type mice. Finally, the CSF-

1 inhibitory drug, PLX-3397, revealed that temporary depletion of microglia prevented the 

behavioral effects of LPS but did not influence the neurodegenerative effect of subsequent 

paraquat exposure (chapter 5). In all four of these data chapters (which are to be submitted for 

publication shortly), we find novel changes in inflammatory, oxidative, apoptotic and hormonal 

stress factors that could provide important clues for future PD therapeutic targets.   

 From the present data, it is not entirely clear how environmental toxicants and alterations 

in the gut microbiome and inflammatory milieu may contribute to PD or interact with genetic 

vulnerabilities such as LRRK2 mutations. However, we have identified several mechanisms that 
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may potentially play a role. 1) microglial phenotype, 2) peripheral immune factors and 3) immune 

senescence.  

 

Microglial phenotype alterations 

 As discussed previously, a growing body of evidence has strongly supported a role for 

microglial activation in the death of dopaminergic neurons in the SNc [59, 128, 401]. Based on in 

vitro experiments, this process appears to be mediated through direct cell to cell contact between 

microglia and neurons and on the activation state of microglia, as well as the intrinsic vulnerability 

of dopamine neurons [35, 301, 407]. While the selective vulnerability of TH+ cells in the SNc to 

oxidative stressors and immunogens has been established, toxicant exposure and interactions to in 

vivo microglia has been less well studied. Stereotypical activation of microglia is readily achieved 

following acute LPS treatment in both culture and animal experiments [150, 408, 409]. These 

activated microglia adopt a drastic phenotypic shift, wherein they adopt an amoeboid-like cell 

body and release pro-inflammatory and oxidative factors. In addition, they may directly interact 

with neurons and engulf and then phagocytose them [407]. This activation state essentially ranges 

along a gradient from completely ramified and protective to amoeboid and reactive depending on 

extrinsic interaction as well as internal expression of proteins. Previous work in our laboratory has 

hypothesized that this activation is detrimental to local dopamine neurons and that even small 

insults can synergistically interact with activated microglia to produce enhanced neuronal loss [48, 

50]. A central tenant of this hypothesis is that continued activation of SNc microglia will, over 

time, lead to increasing activation or death and may underlie the extensive prodromal phase of PD. 
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 Microglia populate the SNc at a particularly high concentration relative to the rest of the 

CNS and previous research has reported that these cells are especially reactive to exogenous insults 

[301, 410]. It is important to further understand the exact mechanisms driving SNc vulnerability 

and  the findings of this current thesis examine a range of toxicants and aggravating factors on 

these microglia and add to the existing evidence that microglial processes contribute to PD. 

Importantly, our data also show the importance of cellular and immune senescence in PD and 

suggest that more disease relevant results may be generated from models using aged animals or 

those occurring over extended periods of time. 

 In order for microglia to become activated they must actively rearrange their actin 

cytoskeleton to withdraw processes and migrate. Indeed, microglia are believed to first alter their 

morphology before they are capable of phagocytosis and release reactive oxygen species [411–

413]. One factor that our group  has implicated in this process of morphological re-modelling  is 

WAVE2, a protein in the ARP2/3 complex that serves to regulate the rearrangement of F-actin 

[414]. However, the literature available on the role of WAVE2 in immune responses is very sparse. 

Data being prepared for publication in our lab has shown that WAVE2 is a downstream target of 

LRRK2. Indeed, we found that genetic knockout of LRRK2 prevented the morphological and 

oxidative stress response in microglia [415].  We also found viral overexpression of WAVE2 

restored the normal microglial inflammatory response in LRRK2 knockout mice, further 

supporting a role for WAVE2 in this response. In the current thesis, we found that paraquat 

treatment caused lasting increases in SNc levels of WAVE2 and this was concomitant with an 

increase in microglial activation state (chapter 2). This same finding was replicated following LPS 

and paraquat treatment in our microbiota study, again concomitant with increases in microglial 

activation (chapter 3).   
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Our G2019S mutant mice had basally increased levels of WAVE2 in the striatum, as well 

as greatly increased microglial activation. Interestingly, however, WAVE2 levels were not altered 

in the SNc of these mice, suggesting brain-region specificity (data not shown). Previous work from 

the lab of Dr. David Park found that in vitro levels of WAVE2 were also basally increased in 

G2019S knockin microglia and bone marrow derived macrophages (BMDMs) and conversely, that 

microglia from LRRK2 deficient mice displayed diminished WAVE2 levels [99]. Given the 

postulated role of microglia in PD, understanding the interactions through which these WAVE2 

levels are altered may provide new insights into early disease progression. In this thesis we 

demonstrated that paraquat and LPS paraquat increased levels of WAVE2, however, 

understanding its activation and expression in different models remains important for moving 

forward with viable focused anti-inflammatory treatment strategies.  

 A primary goal of this thesis was the further understanding of microglial phenotypes with 

environmental toxicant exposure, as well as the role of other factors including senescence, LRRK2 

and the gut microbiota. In chapter 2 we examined the effects of age following exposure to paraquat 

and found that microglial activation persisted months after treatment stopped. This underlies the 

importance of microglial activation in neurodegenerative disease such as PD and Alzheimer’s, 

where degeneration is thought to occur over long periods of time. We further observed that six 

months after treatment, when mice were approximately 9 months of age that microglia activation 

was increased in the absence of toxicant exposure. This has been previously reported, with 

increasingly aged microglia adopting a more activated phenotype and expressing more pro-

inflammatory factors, and these cell deficits in their ability to clear debris and combating foreign 

invaders [416, 417]. Speaking to this, we found that levels of the fracktalkine receptor (CX3CX1) 

decreased following paraquat treatment as well as over time (chapter 2). In the CNS, fracktalkine 
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(CX3CL1) is primarily released by neurons, which then engages the receptor which is selectively 

expressed on microglia [31, 340]. This signalling is thought to be key for downregulating activated 

phenotypes in microglia. Indeed, activation of CX3CR1 on the microglial membrane has been 

shown to prevent the induction of pro-inflammatory cytokine production in response to LPS [418, 

419]. In human patients with AD, levels of CX3CL1 have been found to be significantly reduced 

in the CSF but not the blood plasma, indicating that CX3CL1 expression in the CNS differs from 

peripheral signalling [420]. While we did not assess CX3CL1 expression, we did measure its 

CX3CR1 receptor. In our transgenic G2019S mutants we saw no alterations with genotype or toxin 

treatment (chapters 4 and 5). Interestingly, the depletion of microglia through CSF-1 blockade by 

PLX-3397 did result in a marked reduction in CX3CR1 levels in repopulating microglia. While 

we initially thought that temporary microglial depletion would result in repopulation of naïve 

microglia that might actually be neuroprotective, we actually did not observe this. In fact, the 

decrease in CX3CR1 observed in the microglia suggests that these repopulated microglia may in 

fact be more reactive over time as opposed to less. Whatever the case, it appears that 

CX3CL1/CX3CR1 signaling is disrupted following exposure to environmental toxicant and 

further research investigating how these receptors are lost and what may increase their expression 

will be of great importance. 

 

Neuronal Vulnerability 

 In addition to microglial alterations, SNc TH+ neuronal loss is likely also induced by 

alterations of protective signalling pathways that impart vulnerability. Two such factors are the 

sirtuin family proteins, SiRT3 and SiRT6. Sirtuins are histone deacetylases which depend on 

activation by nicotinamide adenine dinucleotide (NAD+) which binds them directly to cellular 
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metabolism [421]. As such, these proteins play a role in the regulation of the electron transport 

chain, stress response and cell death processes [421]. SiRT3 in particular has previously been 

found to play a role in senescence and inflammation [422, 423], and additionally interacts with 

alpha synuclein mutations [424, 425]. One of the main outcomes of SiRT3 expression is the 

promotion of increased levels of the powerful anti-oxidant, SOD2 [426], and additionally has also 

been linked to increasing levels of FOXO3a and PINK-1 [427]. Interestingly, SiRT6, which also 

has a role in DNA repair, metabolic homeostasis and TNF-α release, has been found in increased 

levels in PD brains and is downregulated by nicotine consumption, potentially mediating the link 

between smoking and reduced PD risk [428–430]. In chapter 2 we found that SiRT3 levels were 

reduced and remained depressed for six months following paraquat administration. In chapter 3 

we found levels of SiRT3 were not impacted by LPS paraquat or DSS/VSL#3 treatment (data not 

shown); however, microglial depletion via PLX-3397 administration increased levels in chapter 5. 

These data appear to show that SiRT3 levels may be altered in the long-term by environmental 

toxicant exposures and an involvement of microglia in perhaps altering neuronal vulnerability by 

virtue of deficits in antioxidant defences.   

 

Environmental factors and continuing insults as a mediator of PD 

 Overall our findings continue to support a role for environmental factors in the genesis of 

PD, however, they support a model of additive rather than synergistic risk enhancements and 

suggest that timing of various environmental insults may be important for disease state. One of the 

most popular research streams currently is the influence that the gut microbiome has on disease 

state. While there is much evidence accumulating and dozens of papers being published, relatively 

few are seeking to modulate the gut directly or to examine the microbiota in animal models of 
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neurodegeneration. One reason behind this may be the costs and associated with a full microbiome 

sequencing and the care with which samples and animals must be handled to reduce the 

introduction of foreign bacteria, while another may be that there is less interest as the human gut 

microbiota composition is different from that of the mouse and indeed, even facility to facility and 

between strains there are large differences [431]. Despite this, it remains important to investigate 

potentially deleterious effects in animal models to inform future human studies. In chapter 3 of the 

current thesis we investigated the potential effects of a pro-biotic and a dysbiotic agent on several 

systems in a mouse model of PD.  

While we found relatively few effects of pre-treatment with the probiotic VSL#3 on our 

PD model, we found robust effects with our dysbiotic agent DSS. One of our key findings was that 

our LPS and paraquat model of PD did not influence the gut microbiota composition in anyway, 

suggesting that gut immunity may be isolated from the CNS and circulation through microbiota-

specific priming mechanisms. DSS did cause lasting microbiota alterations and increased the 

inflammatory status of the gut as measured by TNF-α and IL-1B mRNA production in the colon 

(chapter 3). These effects further potentiated the alteration of circulating LCN2, a neutrophil 

activation marker, and pro-inflammatory cytokines demonstrating that immune responses in the 

gut can further affect other components of the immune system. In the CNS we observed microglial 

activation in LPS and paraquat treated animals, as well as basally greater activation in DSS treated 

animals, however, this did not appear to impact SNc TH+ cell loss. Our results suggest that 

alteration of the gut microbiota to pro-inflammatory state can have consequences for immune 

activation in the CNS. Although we were unable to show whether this had functional interaction 

with our model of PD, it is possible that over our short time course we observed TH+ cell loss 

linked closely to direct paraquat toxicity rather than microglial driven neurodegeneration. Further 
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work investigating the long term effects of gut dysbiosis on murine PD models may clarify the 

role the gut plays in the CNS. 

Building on this idea, our results from chapter 2 where we found that elevated microglial 

activation persisted for months following paraquat administration and that changes in molecular 

pathways including anti-oxidants (SiRT3), immune activation (NF-kB ratios) and phagocytosis 

(MFG-E8) arose weeks to months past paraquat cessation support a potentially distal critical period 

for toxicant interaction. In chapter 3 we were the first to investigate the combination of DSS with 

an environmental toxicant model of PD in mice, although, DSS was previously investigated in a 

genetic model of PD through the Michael J. Fox foundation which found altered glial activation 

but did not publish their full results. Our current data combined from chapters 2 and 3 suggests 

that a more representative model of human PD could arise through the use of multiple 

inflammatory hits temporally separated. Our key finding in chapter 3 was that peripheral 

inflammation and alteration of the gut microbiota was able to substantially increase CNS 

microglial activation, although, this did not mediate SNc TH+ neuronal death. Previous work in 

our lab examining the effects of this “priming” in the CNS found that the optimal timepoint for 

interaction was 48 hours following intra-SNc LPS administration [48]. These current data suggest 

that different toxins may interact with the aging immune system and lead to lasting alterations 

which could theoretically increase TH+ cell vulnerability and microglial sensitivity later in life. 

 

LRRK2, microglia and inflammation 

 LRRK2 mutations are the number one genetic risk factor for PD [406]. These mutations 

have arisen independently at least three times and have been found in multiple studies to alter 
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inflammatory responses, perhaps protectively in the short-term [74, 399, 405]. In this current thesis 

we investigated two different LRRK2 G2019S mutant models, the first a transgenic overexpression 

of human LRRK2 G2019S protein (chapter 4) and the second a physiological knock-in of the 

G2019S mutation (chapter 5). Our experiments in chapter 4 found no evidence of altered 

inflammation in G2019S overexpressing mice, however, we did observe a series of stressor-related 

effects. These findings line-up with reports that these mice and their bacterially transfected 

G2019S overexpressing counterparts do not show inflammatory alterations [368]. Interestingly, 

our stressor linked findings were replicated in another overexpressing model [339], suggesting that 

overexpression of LRRK2 may play a role in some of the co-morbid features of PD, such as 

depression and anxiety. Following these findings using the more physiologically relevant G2019S 

knock-in mice in chapter 5, we found that these animals had a heightened vulnerability to sickness, 

weight loss and had decrease survival following LPS and paraquat treatment. This matches data in 

LRRK2 knockout animals previously exposed to paraquat which demonstrated protection from 

these same factors after exposure to either paraquat [298] or LPS and paraquat [415]. Additionally, 

these G2019S knock-in mice showed basally increased microglial activation, reinforcing the 

previous findings showing altered microglial motility, ROS production, and cytokine production 

[82, 100, 399]. Overall the findings of these two studies demonstrate that LRRK2 modulates 

microglial phenotype and CNS inflammation and levels and expression pattern of LRRK2 may be 

potentially more important. 

 In chapter 5 we additionally examined how pre-treatment with the CSF-1 inhibitor PLX-

3397 would influence inflammatory responses and the LRRK2 G2019S mutation. PLX-3397 can 

be administered orally [385]. Acute administration leads to decreased immune responses in both 

peripheral macrophages and microglia while extended administration depletes microglia in the 
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CNS [385]. This depletion is transient and following cessation of PLX-3397 treatment microglia 

repopulate with 7-14 days [385]. We found that PLX-3397 treatment prevented behavioural (LPS 

and paraquat induced) and neuroinflammatory consequences of the LRRK2 G2019S microglia, 

however, it did not prevent TH+ cell loss in the SNc. One other manuscript has so far examined 

PLX-3397 with a PD model. In their 2018 paper Yang et al. found that PLX-3397 treatment 

exacerbated the neuroinflammatory and neurodegenerative effects of MPTP treatment [393]. 

Using flow cytometry they found that while microglia were depleted by CSF-1 inhibition, 

recruitment of peripheral immune cells into the CNS was increased. Taking this further, they 

repeated the experiment in a Rag2 KO mouse (lacking B and T cells), and still found increased 

damage following MPTP and PLX-3397 treatment. This was determined to result from increased 

pro-inflammatory cytokine expression in astrocytes [393]. Indeed, in our own experiment we saw 

that both LPS plus paraquat and PLX-3397 led to increased GFAP expression (chapter 5), a protein 

commonly used as a marker of astrocytes [432, 433]. In an inflammatory state known as A1, 

astrocytes can surround damaged tissue and induce neuronal death [434, 435]. This state is 

typically induced through concomitant microglial expression of IL-1α, TNF-α and the complement 

protein, C1q [436]. It is possible that recruited peripheral immune cells responding to the LPS or 

paraquat treatment express higher levels of these cytokines, or alternatively, that repopulation of 

microglia during paraquat treatment induces the release of these same cytokines. While we clearly 

observed this effect in chapter 5, it is likely that to some extent astrogliosis and conversion to an 

A1 phenotype is occurring across our models. Indeed, normal aging alone has been shown to alter 

the state of these astrocytes [437]. Further, a recent paper from John Hopkins School of Medicine 

found that blocking the conversion of astrocytes to an A1 phenotype prevented SNc TH+ cell loss 

in an α-synuclein fibril model of PD [435]. Given the multitude of potential PD therapies, that 



153 
 

typically target a single disease processes, have failed, it is increasingly important to examine 

models of PD using a more holistic approach involving multiple cell types to determine the full 

set of interactions that may be contributing to TH+ cell death.  

 

Peripheral Immune Factors 

 Parkinson’s disease is typically considered a motor disease originated in the CNS and 

having peripheral effects. One key hypothesis currently under exploration is the Braak hypothesis 

which concerns the generation of α-syn aggregates in the gut or periphery which then spreads to 

the CNS in a prion-like fashion [134]. Various models and studies exist employing α-syn as a 

causative agent in PD, and yet, clear data does not yet exist as to whether α-syn drives the genesis 

and progression of sporadic PD or whether it is a secondary dysfunction in PD patients without 

SNCA mutations [116, 134]. Whether α-syn is responsible for the disease state or not, many papers 

using a variety of models, including our own LPS and paraquat toxicant models, suggest that the 

peripheral immune system plays a vital role [20, 48, 50, 137]. Environmental toxicants are known 

to increase the risk of developing PD [3, 15, 34, 56], and one obvious mediator between the 

environment and the CNS is the immune system. While environmental toxicants could potentially 

enter the body through a variety of routes, the most likely culprits are through the lungs, 

inhalational, and the gut, ingestion. Previous reports have implicated the gut microbiome as 

important mediators of α-syn pathology through the use of α-syn transgenic germ-free mice, 

demonstrating that reduction of gut microbiota reduces pathology while the bacteria from the guts 

of PD patients enhances it [20]. Preliminary data in human patients further supports the role of the 

gut, although, the exact mechanisms through which alterations effect the CNS are not yet known 

[207, 208]. In chapter 3 we demonstrated that alterations in the gut microbiota induced by DSS 



154 
 

treatment led to exacerbated CNS immune activation and enhanced circulating immune factors. 

While we did not attempt to explore the role of the vagal nerve in our model, circulating factors 

present another route that both the inflammation in the lungs or the gut may affect the inflammatory 

milieu in the CNS. 

 Peripheral injections of the immune stimulant LPS have been shown to induce robust and 

lasting neuroinflammation [405, 438]. These stimulants increase the circulating levels and 

activation of both adaptive and innate immune cells in the periphery. Indeed our gut dysbiosis 

experiment showed that DSS treatment could robustly increase circulating neutrophils (chapter 3). 

When activated these cells secrete pro-inflammatory cytokines such as IL-6, TNF-α, IFN-y and 

IL-1B [439, 440]. These cytokines serve to recruit further immune responses and have been shown 

to not only cross the BBB into the CNS, where they may activate microglia, but also can disrupt 

the BBB allowing for increased infiltration of peripheral immune cells [441, 442]. Interestingly, 

other data have found that cytokine administration alone can provoke microglial activation [443] 

and work in our own lab has demonstrated that some of these cytokines are required to mediate 

TH+ cell death following environmental exposures [236]. In the course of this thesis we examined 

circulating cytokines in chapters 2, 3 and 5. In all cases we found evidence of increased cytokine 

expression, notably IL-6, in our paraquat or LPS paraquat treated animals.  Human data has also 

implicated higher circulating pro-inflammatory cytokines with increased symptom scores in PD 

patients [444]. One issue with using cytokines as a bio-marker for PD is that they can become 

upregulated from many sources including acute illness, stress, infection or other degenerative 

diseases [445–447]. When considering PD as a neurodegenerative disease resulting from 

environmental interactions over a period of years, the role of peripheral immune factors in the 

blood and gut is especially important. Alterations in these systems from daily exposures likely 
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leads to modest immune increases which could either prime microglia as previously reported in 

our lab [48] or prevent return to a homeostatic state following larger insults. Either of these two 

routes may lead to increased oxidative stress in the SNc, a region already shown to house both 

increased concentrations and activated microglia as well as vulnerable cell populations [35, 301]. 

 

Immune Senescence 

 The greatest risk factor for PD and many other neurodegenerative diseases is age. During 

the normal aging process a variety of systems alter leading to decreased bone density, decreased 

anti-microbial immunity, slow wound recovery times and less control over malignant growths. In 

addition to this natural aging process, a variety of mutations in anti-oxidant and immune proteins 

has been linked to pre-mature aging as have chronic kidney and vascular diseases. Of particular 

interest in PD is the role of immune cells in the aging brain both in a decreased protective role (ie 

immune clearance) and as a source of increased oxidative stress. Immune senescence occurs in 

both the innate and adaptive immune systems through different mechanisms. Given our interest in 

PD we will focus on alterations specific to microglia and the innate immune system. 

 In human populations, RNA sequencing conducted on autopsy derived microglia found 

that microglia extracted from aged individuals showed differential gene regulation from younger 

individuals and that these alterations were prevented by the APOE e2 haplotype, a known 

polymorphism which reduces risk of Alzheimer’s disease [235]. Relatively little is currently 

known about the aging process in human microglial populations, however, fairly robust evidence 

demonstrates multiple alterations in murine microglia [448–450]. One such alteration is in the 

CX3CL1/CX3CR1 pathway. Both immune stimulation, ie LPS, and age have been shown to lead 
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to significant decreases of the CX3CR1 receptor [451]. This signalling pathway allows healthy 

neurons to downregulate pro-inflammatory behaviour in microglia. Reduced CX3CL1 expression 

in neurons is associated with a stressed state as are rapid releases. Reduction of CX3CR1 on 

microglia increases the reactivity and pro-inflammatory factor expression but decreases the 

sensitivity to neuronal distress. Indeed, we found even at the relatively young age of 9 months 

C57Bl6 mice do demonstrate reduced CX3CR1 levels (chapter 2). Given previous work in which 

we found older animals to be increasingly susceptible to paraquat administration [298] this 

CX3CR1 decrease could play a role. It would be interesting to temporarily reduce CX3CR1 levels 

in the absence of age or toxicant exposure to determine the contribution of CX3CL1/CX3CR1 to 

immune alterations with age.  

 Peripheral immune cells including macrophages also undergo phentotypic alterations with 

increased age. One such alteration common to both microglia and peripheral macrophages is 

increased MHC2 expression, a protein responsible for presentation of phagocytized particles to 

adaptive immune cells [452]. Additionally, these cells secrete basally increased levels of pro-

inflammatory cytokines [453] and do not respond as readily to anti-inflammatory signalling 

through roteins such as CD200 [454]. Together, these factors indicate that aged microglia and their 

peripheral counter-parts demonstrate a differential response to environmental toxicants and 

immunogens. Classically, an idealized microglial response would be a rapid detection and 

migration to site of insult followed by an increase in proinflammatory factors. Following this, 

release of anti-inflammatory factors should return microglia to a resting state and allow for the 

expression of cell growth and survival factors. Increasing evidence suggests that aged microglia 

do not return to a fully resting state and may continue to secrete pro-inflammatory factors with the 

potential to damage neuronal health [455]. Post-mortem studies of human patients with 
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neurological disease and murine models of neurodegeneration indicate that these aging processes 

likely play a role in disease state [455]. 

 In addition to this dysregulation of the CX1CL1/CX3CR1 pathway and alterations in other 

microglial pathways, total numbers of both microglia and astrocytes have been found to increase 

with age [456]. While astrocytes are not typical immune cells there is accumulating evidence that 

suggests that under certain circumstances these cells can transition to pro-inflammatory states 

leading to cell-death and the recruitment of other immune cells [59, 434, 435]. Interestingly, aging 

alone leads to the same conversion of astrocytes from neuro-protective A2 phenotype to the 

degenerative A1 [437]. Similar to microglia, these cells adopt a conformational change with 

shorter, thicker processes [457], and, with age, begin to express proteins typically found in 

microglia and innate immune cells including MFG-E8 (an opsin), MERTK (a component of 

phagocytosis) and components of MHC1 amongst others [437]. Concomitant with this 

morphological alteration, many papers have reported increased GFAP expression both in 

individuals cells and as a percentage of astrocytes expressing the protein [437, 458, 459]. One 

recent finding of particular interest is that astrocytic expression of the chemokine CXCL10, a 

chemoattractant for peripheral immune cells, can bind to the CX3CR1 receptor on microglia and 

suggests that glial cross-talk may increase with age [436, 460]. Despite these alterations in both 

astroglial and microglial populations, no such changes have been reported in neuronal populations 

[461] suggesting that glial cells and potentially infiltrating immune cells may be the causative 

agents in the aging process. Currently, researchers are using single cell RNA sequencing in human 

tissue autopsies as well as murine models in an attempt to uncover the cell specific alterations in 

normal aging, prodromal disease states and neurodegeneration [462]. Based on these emerging 

data it may be possible to elucidate targets in multiple cell types to reduce PD associated gene 
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expression while preserving essential glial functions or allow for earlier identification of 

individuals with high risk for neurodegenerative disease. 
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Conclusions 

 Our initial hypothesis centered around the view that inflammatory response to 

environmental toxicants altered microglial activation profiles and thus led to TH+ cell 

degeneration and behavioural outcomes. Logically following from this, we hypothesized that pre-

treatment to reduce gut permeability (probiotics, chapter 3) or deplete potentially activated 

microglia (PLX-3397, chapter 5) would act to prevent these outcomes. The evidence we gathered 

over these four experiments supported our first hypotheses, environmental toxicants and 

extraneous factors do modulate neuroinflammation including herbicides (chapters 2-5), ageing 

(chapter 2), dysbiosis (chapter 3) and genetic vulnerabilities such as LRRK2 G2019S (chapters 4 

and 5). We found that many of these factors influence or add to each other, however, we did not 

see synergistic effects or greatly altered effects when used in combination which could either mean 

that there are no strong interactions or, more likely that there is a critical window either very early 

or later on in which these factors may more meaningfully interact. In all of our studies we did not 

find a treatment that either reduced or enhanced of paraquat/LPS induce loss of SNc TH+ neurons, 

despite clearly observing both protective (chapter 5) and detrimental (chapter 3) impacts on 

behaviour and microglial morphology. This data along with increases observed in GFAP 

expression (chapters 3 and 5) with these same factors demonstrated that alteration of microglial 

populations alone is not sufficient to alter TH+ cell death outcomes in the paraquat and LPS 

paraquat models of PD. Our overall conclusions point to the involvement of environmental risk 

factors in neuroinflammation but suggest that non-microglial populations and/or mechanisms may 

be equally important in mediating cell death in PD. 
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