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Abstract
Parkinson's disease (PD) has been linked to chronic exposure to environmental
(e.g. heavy metals and pesticides)

and immunological

toxins. In particular,

epidemiological studies show an increased prevalence of PD associated with exposure to
pesticides; particularly, the herbicide, paraquat. Moreover, chronic exposure to paraquat
has been reported to induce a loss of dopamine (DA) neurons within the substantia nigra
pars compacta (SNc) of rodents (as occurs with PD). Accumulating evidence also
indicates that chronic neuroinflammation (i.e. microglia-dependent inflammatory and
oxidative processes) may mediate and/or enhance the neuropathological effects of
environmental toxins. Hence, the following dissertation sought to assess the involvement
of neuroinflammatory cascades in the neurodegenerative affects of paraquat in mice.
We presently demonstrated that pre-treatment with an immunological insult
[lipopolysaccharide (LPS)] promoted neuroinflammatory cascades that sensitized DA
neurons to the impact of subsequent paraquat exposure. However, this effect was
dependent upon the timing between exposure to the two insults and the morphological
state of microglia. Our current findings also suggested an important role for the proinflammatory cytokine, interferon-gamma (IFN-y), in mediating the impact of paraquat
upon DA neurons, and again, microglial cell alterations were related to the
neurodegenerative cascade. Specifically, genetic ablation of IFN-y prevented the
paraquat-induced activation of microglial and subsequent elevation of pro-inflammatory
cytokines, inflammatory signalling factors and pro-oxidative factors, as well as the
suppression of SNc trophic factors.
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Finally, administration of the trophic cytokine granulocyte macrophage colony
stimulating factor (GM-CSF) treatment had neuroprotective consequences in LPS primed
mice that also received paraquat exposure. Importantly, this trophic cytokine was able to
impart such protective effects when administered either centrally or peripherally. GMCSF administration reversed the paraquat induced reduction of brain derived
neurotrophic factor (BDNF) and was associated with a modulation of microglial state.
In summary, the present dissertation supports the hypothesis that a pre-existing
neuroinflammatory state may enhance the adverse consequences of later toxin
exposure(s). We also demonstrate that IFN-y is a critical mediator of SNc neuron loss
following toxin exposure and likely involved in the orchestration of microglial-dependent
inflammatory and oxidative processes. Conversely, we provide evidence that GM-CSF
can inhibit the neurodegenerative process following toxin exposure. Ultimately, these
data should have important implications for understanding how environmental events can
affect DA neurons and contribute to the development of novel strategies for treating PD.
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Chapter 1
General Introduction to the Neuroinflammatory Mechanisms of Parkinson's disease
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Background
Parkinson's disease (PD) is the second most common neurodegenerative disease
after Alzheimer's (Nagatsu and Sawada, 2005). Less than 10% of all PD cases are caused
by a known genetic mutation and the remaining cases are of unknown origin. Idiopathic
PD affects approximately 1% of the population over the age of 65, with the first signs of
motor impairments becoming evident around 60 years of age (Tanner and Goldman,
1996). A recent large scale twin study was conducted in order to determine the genetic
and the environmental risks involved in both types of PD. Not surprisingly, this study
found that environmental risk factors do not play an important role in familial PD,
whereas the incidence of idiopathic PD was correlated with exposure to environmental
toxins found in certain areas, such as agricultural centers and industrial manufacturing
plants (Landrigan et al., 2005; Logroscino, 2005; Nagatsu and Sawada, 2005).
The clinical signs of the disease stem from a dysregulation of the basal ganglia
motor loop. Essentially, the major input area of the basal ganglia, the caudate-putamen
nuclei (collectively referred to as the striatum in rodents) receives excitatory projections
from most cortical areas, as well as midbrain dopamine (DA) producing neurons of the
substantia nigra pars compacta (SNc). Degeneration of the dopaminergic neurons in the
SNc represents the primary pathological hallmark of PD. The motoric deficits will appear
following approximately 50% loss of SNc DA neurons, which corresponds to
approximately 80% reduction of DA being released into the striatum (Toulouse and
Sullivan, 2008). This neuronal loss is associated with a series of hallmark motor deficits
including bradykinesia (slowness of movement), muscular rigidity (stiffness of limbs),
postural instabilities and gait abnormalities (Blandini et al., 2000). As the disease
progresses more of the nigrostriatal region will degenerate, which corresponds
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exaggeration and worsening of the symptoms (Toulouse and Sullivan, 2008). Neuronal
loss is not isolated to the nigrostriatal pathway, in fact, post-mortem analysis of PD brains
reveal a substantial loss of norepinephrine (NE) producing neurons in the locus coeruleus
along with the loss of neocortical and hippocampal cells (Scatton et al., 1982). In addition
to the nigrostriatal degeneration, a definitive PD diagnosis requires the presence of a
significant number of Lewy bodies (Schulz-Schaeffer, 2010). Lewy Bodies are insoluble
protein aggregates forming fibrils, composed mainly (but not exclusively) of the protein
a-synuclein (Rochet et al., 2004).
The clinical symptoms of PD ultimately arise from dysregulation of the basal
ganglia motor circuitry. Although the SNc is technically not a part of the basal ganglia,
its DA projections do strongly innervate post-synaptic Dl and D2 receptors in the
striatum. Essentially, the striatum forms the major basal ganglia input and ligation of its
DA receptors regulates the activity of downstream output nuclei (globus pallidus and
substantia nigra pars reticulata) of this system. This, in turn, modulates thalamic output
which is finally sent to the motor cortex (Blandini et al., 2000; DeLong and Wichmann,
2007). Activation of the Dl receptors promote signalling through the so called, 'direct'
basal ganglia pathway, which essentially facilitates movement by relieving tonic
inhibitory control of the thalamic projections to the motor cortex. In contrast, activation
of the activation of the D2 receptors in the striatum results in stimulation of the 'indirect'
pathway which leads to an overall inhibition of movement by facilitating inhibitory
signals to the thalamus and motor cortex (Blandini et al., 2000; DeLong and Wichmann,
2007). In the case of PD, disturbances of the direct pathway results in excessive
inhibition of the major output nuclei; hence, leading to reduced thalamo-cortical activity.
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Likewise, disturbances of the indirect pathway that occur in PD result in diminished
stimulation of the motor cortex (Blandini et al., 2000). Dysregulation of these two
pathways ultimately results in the classical motor deficits associated with PD.
Although the mechanisms underlying dopaminergic cell death have yet to be fully
elucidated, familial forms of the disease do account for a small number of cases (less than
5%) (Betarbet et al., 2002; Kelada et al., 2006). Despite their extremely low penetrance, 6
causative genetic mutations have been linked with familial forms of PD (Morris, 2005).
Specifically, genetic mutations coding for Leucine-rich repeat kinase 2 (LRRK-2),
PARK3, and a-synuclein account for the majority of autosomal dominant forms of
Mendelian PD, while Parkin, PINK-1 and DJ-1 account for the autosomal recessive
forms of the disease (Funayama and Hattori, 2007; Klein and Lohmann-Hedrich, 2007;
Tan and Skipper, 2007; Thomas and Beal, 2007) Of course, there is the possibility that
some yet to be identified genetic factors will emerge over time and explain a larger
proportion of PD cases. However, it seems more likely that a combination of an intrinsic
genetic vulnerability may act in a synergistic manner with environmental exposures to
jointly influence the emergence of PD pathology.
Besides genetic alterations being of potential importance in the provocation of
PD, accumulating evidence also points to environmental factors being involved.
Specifically, epidemiological reports revealed a higher incidence of PD in areas with
prominent agro-chemical usage or industrial areas with high levels of organic and heavy
metal pollutants (Abbott et al., 2003; Baldi et al., 2003; Dick et al., 2007; Gorell et al.,
2004; Hunot et al., 2004; Sherer et al., 2002a; Tanner and Goldman, 1996) Although
there has yet to be agreement on any particular naturally occurring toxin that maybe
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responsible for PD, the pesticides rotenone and paraquat, as well as a number of heavy
metals, including manganese, iron and lead have been implicated in the progression of
PD-pathology (Peng et al., 2007; Priyadarshi et al., 2001; Ritz and Yu, 2000; Tanner and
Goldman, 1996). Indeed, case-control studies and meta-analyses have unveiled
significant correlations between PD and prolonged occupational exposures to pesticides
and heavy metals (Abbott et al., 2003; Gorell et al., 2004; Priyadarshi et al., 2001). In
particular, the herbicide, paraquat, has emerged as a pesticide highly correlated with PD.
Indeed, a Taiwanese cohort study found that exposure to paraquat had a greater
association with PD in comparison to other pesticides (Liou et al., 1997). As will be
discussed more fully in subsequent sections, paraquat can promote pathological features
resembling PD-like syndrome in rodents, however, its long-term histopathological
consequences in humans are presently unknown.
In spite of the overwhelming data discussed in this thesis supporting a role for
pesticides in the provocation of PD, there is very little evidence to support any individual
pesticide alone as a causative factor for the onset of the disease (Brown et al., 2006) and
there are even a few epidemiological reports that have failed to find a link between
pesticide exposure and PD (Costello et al., 2009). This inconsistency may be owing to
several factors including methodological limitations (relying on self-reports), which can
result in biases. To overcome such limitations, one recent study attempted to assess the
long term effects of paraquat and the fungicide maneb using a new evidence based
model, which allowed the researchers to more accurately determine exposure rates to
these pesticides (and eliminate self-report biases) in a rural Californian community
(Costello et al., 2009). Interestingly, this is the first epidemiological report that clearly
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identified paraquat and maneb to be risk factors for developing PD. Furthermore, they
also demonstrate that multiple toxin exposures over a person's lifetime can increase the
chances for developing PD and the timing (specifically early life exposure) to these
pesticides will increased the likelihood of developing PD later in life. Hence, it has
become clear that environmental toxins (in particular paraquat) can influence the onset of
PD and as will be discussed shortly, may even interact too synergistically with other
insults to increase the risk of disease.
In addition to environmental agents, immunological insults of viral or bacterial
origin may also contribute to the development of PD. This may be especially true for
patients that develop a PD-like syndrome following encephalitis (Jang et al, 2008). It has
been postulated that a subset of PD patients exposed to an infection prenatally or early in
life may bring about the disease later in life (Takahashi and Yamada, 1999). For instance,
documented cases of a PD-like syndrome were reported years following von Economo
encephalitis and the influenza epidemic of 1918 (Casals et al., 1998; Dickman, 2001).
Moreover, rodents exposed to the Japanese encephalitis virus undergo a few of the
pathological features associated with PD, including reduced number of DA neurons and
marked gliosis coupled with PD-like behavioural symptoms such as bradykinesia (Ogata
et al., 1997).
In addition to viruses, prenatal or early life exposure to a bacterial pathogen may
also be implicated in the disease onset. Recent animal studies have revealed that rats
prenatally exposed to LPS displayed substantially less DA neurons within the SNc
(Carvey et al., 2003). Along these lines, rodents exposed to low concentrations of
pesticides early in life were more susceptible to DA neurotoxins later in life
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(Thiruchelvam et al., 2000b). Therefore, it remains possible that early life exposure to
immunological toxins may provoke a modest neuroinflammatory response that over a
prolong period of time can initiate neurodegeneration or perhaps make the DA neurons
more vulnerable to neurotoxic insults later in life (Hayley and Anisman, 2005).
Nonetheless, regardless of the type of toxin (immunological or environmental),
the chronicity, concentration and/or pattern of exposure may ultimately be important in
shaping the progression of PD. Although acute toxin exposure is likely handled by
detoxification systems without damage to nearby tissue, repeated exposure may disturb
central nervous system (CNS) homeostasis, resulting in maladaptive responses (e.g.
prolonged activation of neuroinflammatory and oxidative cascades) and culminate in
neuronal degeneration.
The present thesis will focus primarily upon the contribution of immune factors in
the degeneration of SNc DA neurons using an environmental toxin-based model of PD.
Specifically, the involvement of pro- and anti-inflammatory cytokines, coupled with
growth factors and changes in the brain's own specialized immune cells (namely
microglia) will be assessed in the following chapters. Briefly, the thesis will discuss the
evidence indicating that chronically "hyper-reactive" microglia and associated cytokines
(in particular interferon-y) and oxidative factors may play a provocative role in PDpathology. In contrast, as we demonstrate in Chapter 3, a cytokine with growth factor
properties, granulocyte macrophage-colony stimulating factor (GM-CSF) can have
neuroprotective effects, owing to its immune modulatory and trophic effects. Overall, we
posit that chronic toxin exposure (e.g. the herbicide, paraquat) can promote a state of
chronic microglial activation, which in turn causes deleterious consequences in line with
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those observed in PD. To this end, finding novel means to counteract this
neuroinflammatory response might ultimately interrupt the pro-death processes and
promote recovery.
Toxin based animal models of PD
Three interrelated mechanisms are currently believed to be fundamental to the
neurodegenerative effects caused by the classical DA toxins l-methyl-4-phenyl-1,2,3,6tetrahydropyrimidine (MPTP) and 6-hydroxdopamine (6-OHDA), as well as the
pesticides rotenone and paraquat: (1) inhibition of complex I of the mitochondrial
respiratory chain, (2) activation of oxidative/apoptotic stress factors and (3) provocation
of neuroinflammatory cascades. Importantly, various combinations of these three
mechanisms likely contribute to the neuronal demise following differing toxin exposures.
As will be discussed shortly, it is also critical to note that these toxins differentially affect
pro-death processes. For instance, while MPTP and rotenone markedly inhibits
mitochondrial complex I, paraquat is not believed to have such an effect. However,
collectively all of the above mentioned toxins are known to induce signs of oxidative
distress and pro-inflammatory cascades, which of course, is a main focus of the present
thesis.
6-OHDA and MPTP are the most commonly employed toxins used in rodents and
primates to elicit PD-like pathology (Bergman et al., 1998; Blum et al., 2001; Bove et al.,
2005; Carrasco et al., 2005; German et al., 1996; Quintero et al., 2006; Salach et al.,
1984). 6-OHDA is a hydroxylated analogue of DA, which is capable of producing severe
peripheral and central lesions. Given that this DA toxin cannot penetrate the blood brain
barrier (BBB), it must be administered either directly into the striatum, SNc or ascending
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medial forebrain bundle. The exact mechanism by which 6-OHDA is taken up by DA
neurons is currently unknown; however, it is likely that the toxin is taken-up by the
dopamine transporter. It has been shown that cytosolic accumulation of 6-OHDA will
generate cytotoxic metabolites (e.g. quinones, superoxide radicals, hydrogen peroxide
and the hydroxyl radicals) in a manner similar to endogenous dopaminergic autooxidation upon encountering monoamine oxidase (Blum et al., 2001; Gomez-Lazaro et
al., 2008; Rodriguez-Pallares et al., 2007). In addition to 6-OHDA's ability to generate
free radicals, this toxin has also been associated with an up-regulation of the proapoptotic factor Bax. See Box 1 for a detailed description of apoptosis in PD. Essentially,
6-OHDA will promote translocation of Bax to the outer mitochondrial membrane,
resulting in the release of cytochrome C in to the cytoplasm and ultimately, apoptosis
(Gomez-Lazaro et al., 2008; Yang and Tiffany-Castiglioni, 2008).
There are clear limitations to using 6-OHDA as an animal model of PD; for one,
the requirement of administration of 6-OHDA directly into the nigrostriatal pathway.
Secondly and most importantly, the time course for 6-OHDA induced DA cell death is
very rapid. This clearly is not consistent with the very slow progressive nature of
pathology normally observed in PD (Bove et al., 2005). Lastly, 6-OHDA is unable to
cause the formation of Lewy body inclusions despite causing massive depletion of DA in
the nigrostriatal region.
Some of the drawbacks associated with the 6-OHDA toxin model can be
addressed by using the meperidine derivative, MPTP. This toxin is highly lipophilic and
easily crosses the BBB preferentially targeting several midbrain DA neuronal
populations, namely the A8 (retrorubral nucleus), A9 (substantia nigra), and A10 (ventral
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tegmental area) regions (German et al., 1996). Systemic exposure to MPTP has been
used over the past two and a half decades to provoke SNc dopaminergic degeneration
coupled with depletion of striatal dopamine in mice and primates (Bergman et al., 1998;
Boulet et al., 2008; Czlonkowska et al., 1996; Przedborski et al., 1996). Essentially,
MPTP is metabolized by monoamine oxidase B and converted into its active metabolite,
MPP+, which is taken up by the dopamine transporter and into dopaminergic terminals
(Nicklas et al., 1985). Early studies with MPTP determined that MPP+ is a particularly
potent mitochondrial complex I inhibitor, eventually culminating in decreased adenosine
triphosphate (ATP) levels, loss of mitochondrial membrane potential, faulty intracellular
calcium buffering and free radical generation (Blum et al., 2001).
More recent studies have demonstrated that MPTP can also induce an
inflammatory response that can be detrimental to DA neurons. Important for the present
thesis, numerous studies have demonstrated that MPTP induces robust microglial
activation and stimulation of inflammatory messengers (Barcia et al., 2004; Bolin et al.,
2005; Czlonkowska et al, 1996; Du et al., 2001; Feng et al., 2003; Hayley et al., 2004a;
Wu et al., 2002). Moreover, pharmacologically blocking the microglia response can
prevent MPTP induced degeneration of DA neurons (Wu et al., 2002). Unlike 6-OHDA,
non-human primate exposure to low doses of MPTP have been reported to cause a
Parkinsonian-like syndrome that mimics many of the clinical attributes of PD, including
bradykinesia and resting tremors (Bergman et al., 1998; Boulet et al., 2008; Mounayar et
al., 2007). Somewhat perplexingly however, long-term evaluation of MPTP has revealed
that some of the neurochemical (striatal DA levels) and behavioural deficits do normalize
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over time, probably resulting from compensatory mechanisms being eventually recruited
(Boulet et al, 2008; Mounayar et al., 2007).
Pesticides and Parkinson's disease
Substantial

epidemiological

data and meta-analyses

have revealed

that

geographical location and exposure to a range of environmental contaminants are
possible contributors to PD-pathology (Abbott et al., 2003; Cicchetti et al., 2009; Dhillon
et al., 2008; Dick et al., 2007; Tanner and Goldman, 1996). In particular, pesticide
exposures have consistently shown to increase the risk of developing PD, and this has
been further strengthened using animals studies (Gao et al., 2003a; Gupta et al., 2010;
Manning-Bog et al., 2002; McCormack et al., 2002; Mount et al., 2007; Peng et al., 2007;
Shimizu et al., 2003; Sindhu et al., 2005; Thiruchelvam et al., 2000a). As such, several
animal models administering different pesticides, including rotenone or paraquat, have
been shown to cause progressive loss of midbrain DA neurons and in some cases other
brains regions, including the locus coeruleus (Chen et al., 2010; Hoglinger et al., 2003).
Rotenone is a naturally derived compound that is widely used as an insecticide in
organic gardening and fishery management (Greenamyre et al., 2003). Interestingly,
rotenone like MPTP, is a highly lipophilic compound that easily crosses the BBB and
acts to inhibit mitochondrial complex 1 of the electron transport chain (Richardson et al.,
2005) resulting in diminished ATP production and the production of pro-apoptotic
factors. Despite the fact that rotenone inhibits mitochondrial complex 1 in many brain
regions midbrain dopaminergic neurons appear to be the most sensitive, suggesting, that
these neurons are intrinsically vulnerable (Sherer et al., 2003a). Moreover, free radical
accumulation has been attributed to rotenone-induced dopaminergic damage and this was
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supported by data which demonstrated that pre-treatment with an anti-oxidant (e.g. alphatocopherol) attenuated DA loss in mice normally induced rotenone (Sherer et al., 2003b).
Selective vulnerability of DA neurons may stem, in part, from interactions of DA
toxins with the vesicular monoamine transporter 2 (VMAT2), which is responsible for
uptake of cytosolic DA (Caudle et al., 2007). As previously mentioned, 6-OHDA can
cause abnormal accumulation of oxidative radicals and toxic DA-quinone products.
Indeed, a dysfunctional VMAT2 will prevent cytosolic DA from being properly taken up
into the vesicles, thus allowing cytosolic DA to auto-oxidize and produce these cytotoxic
products. Indeed, in vitro analysis revealed that rotenone can disrupt VMAT2 functioning
by promoting nitration of the transporter's tyrosine residues (Watabe and Nakaki, 2008).
Similarly, DA neurons are more vulnerable to sub-threshold levels of rotenone in the
presence of nitrative free radicals (Ahmadi et al., 2008).
In addition to promoting

oxidative

stress, rotenone

can

cause

other

histopathological features resembling PD that are not observed with 6-OHDA or MPTP.
In particular, rotenone can cause the formation of a-synuclein positive Lewy body
inclusions (Betarbet et al., 2006b; Sherer et al., 2002b), which are believed to reflect
disturbances of protein folding, among other pathological processes occurring in PD
brains. However, like the more classical DA toxins, rotenone also induces and heightened
microglial activation (Zhou et al., 2007), which is associated with the production of
reactive oxygen species (ROS) and inflammatory mediators. As we will discuss shortly,
numerous studies revealed that microglial released pro-inflammatory and oxidative
factors are key mediators of DA cell death in PD.
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Similar to rotenone, the herbicide paraquat can also promote pathological features
that are believed to resemble those in idiopathic PD. This herbicide can provoke
histopathological and behavioural changes reminiscent to PD (Brooks et al., 1999;
Cicchetti et al., 2005; Fernagut et al., 2007; Litteljohn et al., 2009; Litteljohn et al., 2008;
Mangano and Hayley, 2009; Ossowska et al., 2005b; Thiruchelvam et al., 2000a;
Thiruchelvam et al., 2003). In this regard, paraquat is the third most commonly used
pesticide in the world. Thirteen countries (which are largely within the European Union)
have recognized the dangerous side-effects of both direct and indirect exposure to
paraquat and have thus banned the use of this herbicide; curiously, Canada and the
United States are not included in this list (Cicchetti et al., 2005).
Paraquat is chemically similar to the active metabolite of MPTP, MPP+ and can
reliably provoke a progressive loss of nigrostriatal DA neurons (Andersen, 2003b;
McCormack et al., 2002; Ossowska et al., 2005b; Peng et al., 2004; Peng et al., 2007;
Purisai et al., 2007; Richardson et al., 2005; Somayajulu-Nitu et al., 2009; Yang et al.,
2007; Yang and Tiffany-Castiglioni, 2008). Although the degree of neuronal loss induced
by paraquat is less than that induced by MPTP (-30% versus 50%); like rotenone,
paraquat can provoke the formation of Lewy body inclusions (Mak et al., 2010;
Manning-Bog et al., 2003; McCormack et al., 2002).
In addition to these pathological hallmarks, paraquat can trigger behavioural
disturbances reminiscent of PD. In particular, we have previously shown that mice
chronically treated with paraquat experienced a loss of striatal DA coupled with reduced
locomotor activity, which was evident by impaired vertical forelimb and hindlimb
coordination (Li et al., 2005; Litteljohn et al., 2009; Litteljohn et al., 2008). Similarly,
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aged mice (5 or 18 months) concomitantly exposed to paraquat and the fungicide maneb
experienced robust motor deficits, which remained stable even 3 months following toxin
exposure (Ossowska et al., 2005b; Thiruchelvam et al., 2003). In addition, paraquat
treatment can also trigger non-motoric behavioural disturbances, including diminished
performance on a forced swim test and open field (Chen et al., 2008; Litteljohn et al.,
2009; Litteljohn et al., 2008), which is often taken to reflect affective disturbances.
Presently, the underlying mechanism responsible for paraquat induced DA cell death
remains unknown. However, our own work and that of others suggest that activation of
neuroinflammatory cascades, along with the production of oxidative radicals plays an
important role.
Like rotenone, paraquat has been shown to cross the BBB using a specific amino
acid transporter (system L-carrier) and accumulate in the nigrostriatal pathway without
compromising the integrity of the barrier (McCormack and Di Monte, 2003; Shimizu,
2001). Administration of the neutral amino acid L-valine (a competitive reuptake
inhibitor) prior to paraquat treatment attenuated DA loss in the SNc by preventing
paraquat from accumulating in the brain (McCormack and Di Monte, 2003). Upon entry
into the brain, the mechanism by which paraquat elicits its neurotoxic effects appears to
be different from that of MPTP and rotenone. Indeed, paraquat does not inhibit
mitochondrial complex 1 of the electron transport chain; but rather it acts as a redox
cycling agent, ultimately promoting

free

radical

accumulation,

coupled

with

neuroinflammation and mitochondrial dysfunction (McCormack et al., 2005; Richardson
et al., 2005). Such effects are linked to the fact that paraquat has two positively charged
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ions allowing it to generate large quantities of ROS upon contact with molecular oxygen
(Richardson et al., 2005).
Immune toxins and Parkinson's disease
The neurodegenerative effects of PD may be enhanced if superimposed with
several risk factors including, advanced age, exposure to a previous toxin, as well as
mutations of the a-synuclein gene (Manning-Bog et al., 2003; Thiruchelvam et al., 2003).
As will be discussed in detail in Chapter 2 of this thesis, priming the SNc with an
immunological toxin (lipopolysaccharide; LPS) prior to paraquat exposure or
concomitant exposure of paraquat with the fungicide maneb greatly augmented the
degree of DA cell death in the SNc (from ~ 30 to 50% DA cell loss) (Mangano and
Hayley, 2009; Purisai et al., 2007). Similarly, exposure to a sub-toxic dose of iron
synergistically augmented the effects of paraquat on SNc DA neurons and this was
related to both a reduction in number of available anti-oxidants and an increase in the
pro-apoptotic transcription factor c-Jun N-terminal kinases (JNK). Accordingly, pretreatment with a synthetic superoxide dismutase/catalase mimetic, EUK-189 or
pharmacological inhibition of JNK prevented DA cell death later caused by iron and
paraquat (Peng et al., 2007).
It might be the case that insults which occur during development have delayed
consequences on the nigrostriatal system only becoming evident with increased age and
exposure to subsequent insults. Alternatively, a developmental insult may accelerate the
normal loss of DA neurons across a person's life, whereby pathology only becomes
evident if a critical threshold of DA loss has been surpassed. Indeed, studies assessing the
long term affect of immune insults upon DA functioning demonstrated that early life
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exposure to challenges such as LPS, increased the vulnerability of developing PD-like
pathology later in life. For instance, prenatal exposure to LPS at embryonic day 10.5
resulted in fewer overall number of SNc dopaminergic neurons in adult rats and elevated
levels of the pro-inflammatory cytokine tumor necrosis factor (TNF-a) in the striatum
(Ling et al., 2002). In addition to the overall reduction in DA neurons, prenatal LPS
exposure exacerbated the impact of later toxins including rotenone, 6-OHDA or supranigral injection of LPS. Specifically, re-exposure to a subsequent toxin resulted in greater
microglial activation in the SNc as well as an up-regulation of TNF-a in the striatum
(Ling et al., 2004a; Ling et al., 2006; Ling et al., 2004b).
Similar to the prenatal studies using LPS, early-life exposure to environmental
toxins such as paraquat alone or when combined with maneb sensitized DA neurons
further to the deleterious actions of subsequent nigrostriatal insults (Cory-Slechta et al.,
2005). Specifically, exposure to paraquat or paraquat + maneb at postnatal days 5-19
enhanced the loss of SNc DA neurons and motor impairment when re-exposure to these
insults occurred month's later (Thiruchelvam et al., 2005). It is conceivable that ongoing
neuroinflammation following such challenges may sensitize neurons to the degenerative
consequences of subsequent environmental insults.
As already mentioned, neuroinflammatory processes are likely fundamental for
the oxidative damage provoked by DA toxins (Czlonkowska et al., 2002; KurkowskaJastrzebska et al., 1999a). In this respect, it is important to underscore that each of the
environmental agents discussed thus far have been shown to induce signs of
neuroinflammation. This is not surprising given that a primary role of inflammatory
immunological functioning is to rid the body of such neurotoxins. Accordingly, it is our
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contention that excessive activation of central and peripheral immune factors (such as
cytokines) stimulated by these challenges may contribute to neuronal tissue damage
evident in PD.
Peripheral and central inflammation in Parkinson's disease
Prolonged activation of pro-inflammatory factors within the CNS is a common
feature of most neurological conditions, including PD, Alzheimer's disease (AD),
multiple sclerosis (MS), and cerebral stroke. Neuroinflammation is characterized by the
presence of hyper-reactive microglia, often coupled with infiltration of adaptive cells
such as T-lymphocytes (Re and Przedborski, 2006). It is well documented that once
activated microglia are capable of inducing a self- self-sustaining pro-inflammatory state
that can be detrimental to the CNS (Block et al., 2007). However, the primary initiator(s)
of such a response in PD are not well understood. Speculation surrounding the possibility
that an adaptive immune response, most notably infiltration of effector T-lymphocytes
and macrophages, could initiate the central microglial response has begun to gain
momentum in recent years. Yet, the traditional "neurocentric" view of PD has continued
to favour a central location for the genesis of the toxic processes that take place in PD.
The innate immune system (predominantly macrophages, granulocytes, natural
killer cells and microglia) acts as a first line of defence removing any unwanted antigens,
while at the same time surveying for pathogens within the periphery. Upon detection of
unwanted pathogens within the CNS, innate immune cells will recruit members of the
adaptive immune system (i.e. effector T lymphocytes) by releasing pro-inflammatory
cytokines and chemokines. Subsequently, resident immune cells (astrocytes and
microglia) will up-regulate adhesion molecules on the BBB and promote CNS infiltration
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of peripheral immune factors see Figure 1.1. It is essential that this neuroinflammatory
response remain tightly regulated otherwise there is the potential that an excessive
number of peripheral immune cells can gain access to the CNS and promote the release
of neurotoxic factors from resident glial cells. In the case of PD, it is unclear if
neuroinflammation is primarily responsible for initiating neuronal death or rather if it is a
secondary reaction activated in response to dead or dying DA neurons.
Blood brain barrier and its importance in Parkinson's disease
The CNS is protected from the periphery by a three layer encasing: the dural
membrane (outer), the arachnoid membrane (middle) and the pial membrane (inner). A
combination of vasculature (blood vessels and smooth muscle cells) and central
components (consisting of endothelial cells, neurons and astrocytes) work together as a
unit to nourish the brain; collectively this is referred to as the neurovascular unit, see
Figure 1.2
Recent reports have demonstrated that the integrity of the BBB is disrupted in PD
patients (Zlokovic, 2008). Essentially, the BBB monitors exchanges between the brain
and periphery and prevents a range of potentially harmful substances (e.g. environmental
toxins) from gaining access to the brain. In detail, the BBB consists of a unique
monolayer of endothelial cells held together by tight junctions (Hawkins and Davis,
2005). At irregular intervals vascular cells called pericytes are embedded between the
endothelial cells, which maintain the stability of the cerebral microvessels and modulate
cerebral blood flow (Bell and Zlokovic, 2009; Dore-Duffy, 2008). Together with the
endothelial cells, pericytes are enclosed by a basement membrane (also referred to as the
basal lamina extracellular matrix) that connects with the astrocytic end-feet and nearby
microglia. Permeability of the BBB may stem from a variety of complications including
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malformation of blood vessels, dysfunctional transporter mechanisms or incomplete
formation of tight junctions. P-glycoprotein is one of many transporters located on the
BBB involved in the transport of specific lipid-soluble molecules into the brain and has
recently been implicated in degeneration of DA neurons (Dutheil et al., 2010; Westerlund
et al., 2009).
Transport across the BBB against a concentration gradient requires facilitated
transporters and thus ATP. Of all the transporters, P-glycoprotein was the first Multidrug
Resistant protein identified; it is highly expressed on the luminal side of BBB where it
transports a large number of xenobiotics from the brain back into the blood (Bemacki et
al., 2008; Juliano and Ling, 1976; Terasaki and Hosoya, 1999). Interestingly,
polymorphisms in the P-glycoprotein gene have been identified in PD patients
(Westerlund et al., 2009). Paralleling these findings, chronic neuroinflammation induced
by LPS can also influence the integrity of BBB by disrupting P-glycoprotein (Salkeni et
al., 2009).
Very little is known about the effects of normal aging on the BBB; using brain
imaging techniques few studies have demonstrated that the BBB becomes more
permeable as a healthy brain ages (Farrall and Wardlaw, 2009). For instance, the
xenobiotic transporter P-glycoprotein is significantly down-regulated in specific brain
regions of aged humans (Bartels et al., 2009). Given that P-glycoprotein removes
detoxified substrates from the brain any disruptions in this transporter can lead to a build
up of toxic material within the brain. Upon analysis of PD patients, this transporter
appears to be disrupted in during the later stages of the disease (Bartels et al., 2008a;
Bartels et al., 2008b). Given that this impairment does not occur early during the disease
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suggests that any disruptions in P-glycoprotein may not be the initial cause of DA cell
death. Nonetheless, it may further any ongoing degeneration preventing the removal of
toxic by-products.
Furthermore, a dysfunctional

BBB transport system could magnify the

accumulation of neurotoxic material within the brain over time. For example, a
combination of polymorphisms in the ABCB1 gene, which are associated with altered Pglycoprotein function and occupational exposure to organochlorine insecticides were
reported to interact and increase the risk of PD (Dutheil et al., 2010). This is in line with
a recent report which showed that P-glycoprotein participates in the extrusion of amyloid
beta from brain parenchyma (Kuhnke et al., 2007; Westerlund et al., 2009). To this end, it
remains possible that a disruption in P-glycoprotein (or any other BBB transporter) would
increase brain exposure to neurotoxins normally excluded by these xenobiotic
transporters.
Increased permeability of the BBB has been associated with both neuroprotective
and pathological infiltration of peripheral immune cells (de Boer and Gaillard, 2006;
Zlokovic 2008). Microglial cells localized close to the BBB are sensitive to changes in
the brain homeostasis and can react by releasing factors that influence the permeability of
the BBB. Upon recognizing any central disturbances microglia can induce the expression
of cell-surface antigens and up-regulate cytokines and chemokines in an attempt to recruit
innate and adaptive immune cells to an area of injury in order to re-establish homeostasis
(Zlokovic 2008).
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Several reports have suggested that the pro-inflammatory cytokine, TNF-a, can
regulate the permeability of the BBB and extravasation of leukocytes into the CNS by
promoting the expression of adhesion molecules [i.e. intracellular adhesion molecule-1
(ICAM-1)] on the endothelium (Dickstein et al., 2000; Dobbie et al., 1999; Wong and
Dorovini-Zis, 1992). This is in line with post-mortem reports that have demonstrated an
increase in TNF-a in the brains of PD patients (Mogi et al., 1994). However, the
involvement of TNF-a in the regulation of BBB permeability has been contested by
recent reports using transgenic mice lacking TNF-a receptors (Phares et al., 2007). We
and others postulate that microglia-dependent release of TNF-a can affect the
permeability of the BBB indirectly by activating other microglial-dependent processes. In
particular, TNF-a can promote the accumulation of peroxynitrite indirectly, which can
directly affect the permeability of the BBB (Hooper et al., 2000; Kean et al., 2000).
The pro-inflammatory cytokine, IFN-y, which is also linked to PD pathology
(Mount et al., 2007) can modulate the permeability of the BBB by stimulating the
production of the highly toxic radical, peroxynitrite, by activating either eNOS directly
on the endothelium or microglia-dependent processes (Gupta et al., 2010; Mander and
Brown, 2005; Phares et al., 2007). Despite that fact that the exact mechanism responsible
for modulating the permeability of the BBB is not clear, a chronic state of inflammation
can enhance long term permeability of the BBB; and combined with chronic exposure to
environmental toxins and a genetic vulnerability may render some individuals more
susceptible to the impact of neurotoxins.
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It is also important to mention that systemic infections can also induce a central
immune response. Indeed, various regions of the brain are not encased by BBB rather
they are highly vascularized, allowing large molecules to diffuse into the CNS (Rivest,
2009). These regions are referred to as circumventricular organs and are located in
various regions all around the brain, including organum vasculosum of the lamina
terminalis, the subfornical organ, the median eminence and the area postrema (Rivest,
2009). Circulating immune cells (e.g. effector T cells or macrophages) or pathogens /
toxins can easily enter in the brain parenchyma and induce a central immune response.
Therefore, understanding how a state of chronic neuroinflammation induced either by
microglia or the periphery can influence the integrity of the BBB may provide insight as
to immune responses influence CNS-pathologies.
Entry of peripheral immune cells into the CNS: Role in Parkinson's disease pathology
The inflammatory response within the CNS differs from peripheral mediated
inflammation not only because of the BBB but also the absence of a true lymphatic
drainage system, and minimal endogenous antigen presenting cells (Man et al., 2007). In
non-pathological conditions, leukocyte populations (mainly CD4+ T-lymphocytes)
routinely migrate into distinct CNS compartments. This process of extravasation
(infiltration) is tightly controlled by chemokines, adhesion molecules and their respective
receptors located predominantly at the post-capillaries venules, see Figure 1.1 (Butcher,
1991; Springer, 1994; Weninger and von Andrian, 2003). Essentially, effector Tlymphocytes migrate across tightly regulated areas of the CNS for immunosurveillance
purposes, patrolling and searching for antigen presenting cells expressing corresponding
antigen fragments. Despite the beneficial functions, leukocyte trafficking of CD4+ T-
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lymphocytes into the CNS may contribute to a leaky BBB by promoting the release of
peroxynitrite from eNOS (Phares et al., 2007).
Microglial release of pro-inflammatory cytokines can act on the BBB
endothelium and stimulate an up-regulation of the adhesion molecules: ICAM-1 and
vascular cell adhesion protein-1 (VCAM-1) (de Boer and Gaillard, 2006; Neumann et al.,
1998). This up-regulation can promote the recruitment and extravasation of circulating Tlymphocytes and monocytes that express their counter receptors, lymphocyte functionassociated antigen-1 (LFA-1) and very late antigen-4 (VLA-4), respectively (Neumann et
al., 1998). It has been postulated that ICAM-1 and LFA-1 are essential for facilitating the
extravasation of peripheral immune cells into the CNS. Indeed, ICAM-1 and its receptor,
LFA-1 are over expressed in SNc PD patients; in addition, humans as well as non-human
primates exposed to MPTP revealed intense ICAM-1 immunostaining in areas of
extensive DA cell loss (Miklossy et al., 2006).
The role of the adaptive immune system (T and B lymphocytes) in PD remains a
controversial topic, despite the fact that post-mortem analysis of PD brains revealed
extensive infiltration of CD4+ and CD8+ T-lymphocytes (Brochard et al., 2009). These
infiltrating immune cells, particularly CD4+ T-lymphocytes can only cause an immune
response following the interaction with an appropriate antigen-presenting cell (e.g.
macrophages, dendritic cells and microglia). Prior to the interaction with an effector Tlymphocyte an antigen-presenting cell must first recognize a foreign pathogen, digest it,
and then display fragments of the antigen on its own surface. Bound to this antigen
fragment is a major histocompatibility complex (MHC) molecule that will attract the
effector T-lymphocytes. Once a T-lymphocyte with the correct receptor fits the 'antigen-
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MHC complex', the T-lymphocyte will bind to it and stimulate the antigen-presenting
cell to secrete pro-inflammatory cytokines that are required for T-lymphocyte activation
(Villadangos et al., 2005).
Highly reactive microglial cells increase the expression of the membrane protein
referred to as MHC class II, which allows microglia to readily present antigen to
lymphocytes. Given that MHC class II expression is elevated on microglia within the
SNc of PD patients (Villadangos et al., 2005), it is possible that microglial-lymphocyte
interactions are abnormally enhanced in PD (Teismann et al., 2003). Indeed, MPTP
caused infiltration of CD4+ and CD8+ T lymphocytes, along with enhanced microglial
staining and transgenic mice lacking only CD4+ (not CD8+) T-lymphocytes were
protected from the toxic effects of MPTP (Brochard et al., 2009; Kurkowska-Jastrzebska
et al., 1999a). Thus, it was posited that MPTP induced DA cell death may be partially
mediated by CD4+ T lymphocytes. This appears to be in sharp contrast to other studies
showing that adoptive transfer of co-polymer-1 vaccine protected DA neurons against
MPTP by generating non-encephalitic CD4+ T-lymphocyte infiltration (Benner et al.,
2004). Furthermore, this infiltration was associated with suppression of microglia activity
and a subsequent increase of GDNF release from astrocytes within the SNc (Benner et
al., 2004).
Neuroinflammatory mediated neurodegeneration: Role for microglia
Presently there is an ongoing debate as to the role microglia and perivascular
macrophages play in PD, whether they are primarily responsible for DA degeneration or
a secondary reaction acting to remove the dead/dying neurons. In reality, it is likely that
microglia provide some beneficial support to neurons, as well as release toxic by-
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products as a consequence of the respiratory burst. As will be discussed shortly, the
various stages of the disease, as well as other factors such as the degree of cellular
distress could result in a "waxing and waning" of microglial response.
Microglia and perivascular macrophages are similar: they are both of monocytic
origin and primarily act as phagocytes. However, they do differ from each other in many
ways i.e. anatomical location, phenotypic expression and functionality. Microglia can be
found strictly within the brain parenchyma, functioning as immunomodulatory cells,
whereas, perivascular macrophages are generally only found circulating within the
cerebrospinal fluid of the perivascular space (Audoy-Remus et al., 2008). During nonpathological conditions microglial cells detect and react to modifications of the local
environment (Davalos et al., 2005; Nimmerjahn et al., 2005).
In the case of injury or disease, communication between neurons and microglia,
endothelial cells and circulating leukocytes are thought to occur through ATP gradients
and the release of heat shock proteins from sick/dying cells (Matzinger, 2002; Popovich
and Longbrake, 2008). As neurons succumb to metabolic stress, they release ATP into
the extracellular space, inducing the propagation of calcium waves in nearby astrocytes
which in turn causes the release of more ATP. Subsequently, microglial cells will
recognize these ATP gradients and migrate along these gradients to facilitate the removal
of these sick / dying cells (Cotrina et al., 2000; Davalos et al., 2005; Koizumi and
Fujishita, 2007). In this regard, microglia perform an essential neuroprotective
housekeeping function (Popovich and Longbrake, 2008; Streit et al., 2005). In the case of
PD, these 'danger' signals (e.g. ATP or heat-shock proteins) released from injured and
dying cells may be subtle and occur over a prolonged period of time (Popovich and
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Longbrake, 2008). Perivascular macrophages are thought to have differing functions,
wherein their close proximity with blood vessels and glia limitans place then in an ideal
position to regulate angiogenesis, and promote stabilization of blood vessels,
phagocytosis and antigen presentation (Harling-Berg et al., 1999).
Post-mortem analysis of PD brains demonstrated profound microgliosis in the
SNc and to a lesser extent the striatum (McGeer et al., 1988). This was supported by
Langston et al, 1999 who showed that humans exposed to MPTP displayed heightened
microglial activation within the SNc 16 years following MPTP exposure (Langston et al.,
1999). Initially it was thought that microglia were evenly distributed in the brain;
however, Lawson et al 1990 showed that there seems to be a particularly high
concentration of microglia in the SNc, olfactory telencephalon, basal ganglia, and
hippocampus, which coincidently are regions are most affected by PD and AD,
respectively. In this regard, the high concentration of microglia may explain why these
brain regions are preferentially targeted in the aforementioned diseases. The fact that the
SNc contains a higher density of microglial cells then the cortex and other brain regions
is one explanation as to why the SNc may be especially vulnerable to immunological and
environmental toxic insults (Kim et al., 2000).
The reactivity state of microglia varies along a spectrum ranging from resting to
hyperactive and is under the strict control of several regulatory proteins. Whether
microglia take on a more Ml (a state associated with the respiratory burst and the release
of pro-inflammatory cytokines) or M2 (basal state often associated with the release antiinflammatory and neuroprotective factors) phenotype depends on the signals they receive
(Michelucci et al., 2009). For the most part, microglia take on a M2 phenotype, acting as
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sentinels slowly proliferating and removing any debris by a means of phagocytosis
(Davalos et al., 2005; Kumar and Jack, 2006; Nimmerjahn et al., 2005). In contrast to
perivascular macrophages, "resting" microglia (M2) are ramified; meaning thin processes
extend from the cell body into the surrounding microenvironment. The immunological
phenotype (e.g. surface receptor expression) of this state is characterized by low
expression of MHC proteins, CD45, CD14 and CDllb receptors (Aloisi, 2001;
Kreutzberg, 1996).
Together

with

astrocytes,

microglia

work

to

maintain

a

homeostatic

microenvironment within the brain, responding to changes in the CNS such as
neurotransmitter imbalances as well as infiltrating peripheral immune cells (Bessis et al.,
2007). Compelling evidence suggests that microglial cells in a M2 state perform
neuroprotective functions in PD, at least in the short term, by secreting trophic factors
such as nerve growth factor (NGF), neurotrophin (NT)-3 and brain derived neurotrophic
factors (BDNF) (Baquet et al., 2005; Peterson and Nutt, 2008). However, as the disease
progresses, cytotoxic substances promoted by DA cell death (e.g. enhanced extracellular
debris, oxidative stress and pro-inflammatory cytokine release) cause microglia to
undergo changes in their activational state whereby increasing both activation markers
and cell adhesion molecules, resulting in a more hyper-reactive state, characteristic of the
Ml phenotype (Gao and Hong, 2008). Despite that fact that microglia will undergo
functional changes with "normal" aging (heightened activation and reduced proliferative
ability) the degree of activation in age-dependent neurodegenerative diseases appear to be
substantially different (Conde and Streit, 2006a; Conde and Streit, 2006b). Indeed, in the
case of PD, microglial cells can undergo extreme morphological changes and adopt an
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Ml phenotype, wherein their processes retract inward and the cell adopts an amoeboidlike appearance, eventually becoming phagocytic, akin to the perivascular macrophage.
Paralleling these morphological changes, these hyper-active microglia enhance the
expression of ICAM, MHC class II, complement receptors while at the same time release
IL-ip, IL-6, IFNs and TNF-a in an attempt to combat infections (Glezer et al., 2007;
Hirsch et al., 2005; Przedborski et al., 1996)
An Ml microglial phenotype has been implicated in the progression of toxininduced degeneration of the nigrostriatal pathway (Barcia et al., 2004; McGeer et al.,
2003) and are likely responsible for enhancing DA neuronal loss especially following an
immunological insult such as LPS. Indeed, priming the SNc with LPS augmented the loss
of DA neurons provoked by paraquat and this effect appeared to be dependent upon the
manifestation of an Ml phenotypic state of microglial (Mangano and Hayley, 2009).
Corroborating these findings, blocking the induction of a Ml microglial state using antiinflammatory drugs such as minocycline, dexamethasone, 3-hydroxmorphinan and
NSAIDs protected SNc DA neurons in various animal models of PD (Cassarejos et al.,
2006; Du et al., 2001; Kurkowska-Jastrzebska et al., 2004; Quintero et al., 2006; Wu et
al., 2002). Thus, in contrast to the beneficial effects M2 microglia, hyper-reactive Ml
microglia can produce excessive amounts of inflammatory mediates that can be
neurotoxic and lead to neurodegeneration (Block et al., 2007; McGeer et al., 2005)
It is important to mention that, regulatory mechanisms encompassing both antiinflammatory cytokines (IL-4 and IL-10) and inhibitory proteins such as inhibitor KBa
(LBa) MAP kinase phosphatase-1 (MKP) and suppressors of cytokine (SOCs) signalling
are responsible for suppressing microglial-dependent inflammatory pathways (Glezer et
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al., 2007). Deficiencies in these anti-inflammatory mechanisms can potentially result in
aggravated neuronal injury and synaptic dysfunction by altering neurovascular blood
flow, BBB permeability, nutrient supply, secretion of matrix molecules, or even by
preventing clearance of toxic molecules. Essentially, under non-pathological conditions,
the brain is thought to be under constant immunosuppression by IL-10, IL-4 and
neurotrophins (e.g. tumor growth factor, and NGF), as well as BDNF (Neumann et al.,
1998; Soulet and Rivest, 2008). In fact, IL-4 and IL-10 can promote a M2 microglial
phenotype that favours neuronal survival and is associated with increased expression of
chemokine (C-C motif) receptor 2 (CCR2) and scavenger receptors, as well as the release
of growth factors (Sozzani et al., 1998; Sulahian et al., 2000). Moreover, electrically
stimulated neurons (in vitro) have also been reported to suppress MHC expression on
microglia through the modulation of the p75 receptor (Neumann et al., 1998).
Disturbances of such immunosuppressive processes could lead to chronic inflammation
and breakdown of the BBB.
Oxidative stress in PD-pathology: Role for pro-inflammatory cytokines
Upon contact with sick/dying neurons, innate immune cells such as microglia and
macrophages typically release ROS (superoxide and nitric oxide; NO) to initiate the
removal of these cells (Gao and Hong, 2008). Provided that these immune cells are only
transiently activated, the release of ROS is generally not detrimental to nearby neurons
(Gao and Hong, 2008). In addition, several endogenous anti-oxidant systems (e.g.
superoxide dismutase, glutathione peroxidase, and catalase) typically neutralize
circulating ROS and prevent these free radicals from damaging healthy neurons.
However, if microglia are chronically activated, endogenous anti-oxidant systems can
become overwhelmed by the accumulation of ROS (Hald and Lotharius, 2005). Indeed,

Proinflammatory cytokines and Parkinson's disease, 30
post-mortem analyses have revealed a reduction in anti-oxidants (e.g. glutathione) and
high levels of lipid peroxidation (indicative of ROS induced oxidative stress) in the SNc
of PD patients (Alam et al., 1997; Dexter et al, 1989; Dexter et al., 1994). Furthermore,
animal models of the disease have consistently demonstrated that damaged DA neurons
are associated with augmented levels of pro-oxidant factors (Anrather et al., 2006; Gao et
al., 2002a; Gupta et al., 2010; Mander and Brown, 2005; Pawate et al., 2004; Prasad et
al., 2007). Indeed, rodents over expressing superoxide dismutase or glutathione
peroxidase are protected against pesticides paraquat and maneb (Thiruchelvam et al.,
2005). As such, PD patients may be more susceptible to oxidative stress because they
possess basally lower levels of SNc anti-oxidants in comparison to non-PD patients
(Bharath et al., 2002).
The primary oxidant producer, NADPH oxidase, is a membrane-bound enzyme of
the innate immune system designed to kill microbes, it is highly expressed in
granulocytes, macrophages and even microglia (Anrather et al., 2006). NADPH oxidase
will catalyze the reduction of molecular oxygen into superoxide by acting as an electron
donor. Superoxide has the potential to be dangerous because it is a ROS intermediate,
acting as the starting material for generating a variety of highly toxic oxidants including
hydrogen peroxide, hydroxyl radicals, singlet oxygen and peroxynitrite (Anrather et al.,
2006). Chronically activated microglia can produce large quantities of superoxide via
NADPH oxidase in response to variety of toxins including immunological (e.g. LPS)
and/or environmental toxins. Over-activation of this enzyme has been postulated to
increase the oxidant load to nearby DA neurons (i.e. accumulation of quinolinic acid,
ROS, NO) (Mosley et al., 2006).
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Under basal conditions, NADPH oxidase remains inactive, as the core
components (p40PHOX, p47 PHOX and p67 PHOX) reside in the cytosol. In order to activate
NADPH oxidase, p47 PHOX is phosphorylated and stimulates the migration of all three
cytosolic subunits to the outer membrane of the microglial cell surface, where they bind
with nucleotide-binding proteins RaclA and Rac2. Collectively, these will activate the
catalytic subunit gp91, which is located on the outer surface of the microglia, catalyzing
the reaction of oxygen with NADPH oxidase to form ROS (Mosley et al., 2006). Postmortem analysis of PD brains revealed an up-regulation of gp91 within the SNc,
suggesting that NADPH oxidase may be chronically activated in these patients (Gao et
al., 2003b; Wu et al., 2003). Similarly, MPTP induced DA neuron death occurred
concomitantly with microglial-induced NADPH oxidase production of ROS (Gao et al.,
2003b; Wu et al., 2003) and pharmacological inhibition or genetic deletion of NADPH
oxidase subunits protected DA neurons from several DA toxins, including paraquat
(Purisai et al., 2007).
It is important to mention that the majority of superoxide is produced by NADPH
oxidase and can react rapidly with iNOS produced nitric oxide to form the highly
dangerous and stable oxidant peroxynitrite. Unlike superoxide, this free radical
compound can easily penetrate the outer membrane of DA neurons and cause nitration of
tyrosine residues (3-nitrotyrosine) on cellular proteins resulting in structural and
functional alterations of nearby neurons (Ischiropoulos and Beckman, 2003). Indeed an
up-regulation of iNOS was reported within the SNc of PD patients (Knott et al., 2000)
and markers of oxidative stress including 8-hydroxy-2-deoxyguanosine (a marker of
DNA damage caused by peroxynitrite) and malondialdehyde (the final marker for lipid
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peroxidation induced by free radicals) are both are elevated that in the plasma of PD
patients (Chen et al., 2009). Therefore, it is highly likely that free radicals such as nitric
oxide and peroxynitrite contribute to the demise of DA neurons. Moreover, rodent studies
using transgenic mice lacking a functional NADPH oxidase enzyme or those deficient in
iNOS all displayed significantly less DA neuronal loss following either 6-OHDA, MPTP,
rotenone, or paraquat (Cheret et al., 2008; Davalos et al., 2005; Gao et al., 2003a; Gao et
al., 2003b; Knott et al., 2000; Purisai et al, 2007; Vila et al., 2001; Wu et al., 2002; Wu
et al., 2005)

The role of pro-inflammatory cytokines and their downstream signalling factors in
Parkinson's disease
Cytokines have been implicated in acute and chronic neuronal demise (Anisman
et al., 2008). Clinical studies revealed augmented levels of several pro-inflammatory
cytokines (TNF-a, IL-6, IL-ip, IFN-y) in post-mortem brain as well as in the blood
and/or cerebrospinal fluid of patients with stroke, head injury, MS, AD and PD (Basic
Kes et al., 2008; Brodacki et al., 2008; Goodman et al., 2008). In particular, a recent
study found that PD patients had elevated basal and LPS-induced blood levels of
numerous pro-inflammatory cytokines, including MCP-1, RANTES, MlP-la, IL-8, IFNy, IL-ip and TNF-a; and significant correlations were observed between cytokine levels
and the severity of Parkinsonism (Reale et al., 2009). Although many of these findings
have been recapitulated in animal models, it is still uncertain whether these cytokines
primarily play a neuroprotective or neurodestructive role. It may be that relatively low
endogenous cytokine levels act in a protective capacity to buffer against damage related
to death processes, whereas relatively high levels of these factors contribute to neuronal
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damage (Bruce et al., 1996). Indeed, low levels of cytokines can provoke the release of
potentially beneficial trophic factors (BDNF, GDNF) and free radical scavengers, but
elevated levels can activate oxidative-inflammatory cascades or even induce apoptotic
death (Rogers et al., 2001; von Boyen et al., 2006). For instance, mice genetically lacking
TNF-a receptors (thereby removing the influence of low endogenous levels of TNF-a)
were more susceptible to ischemic injury (Bruce et al., 1996); yet, administration of
exogenous TNF-a at the time of ischemia exacerbated neuronal death (Barone et al.,
1997). Likewise, administration of the endogenous IL-1 antagonist, IL-lra, reduced
infarct size in response to middle cerebral artery occlusion and prevented the
accumulation of inflammatory infiltrates within the area of damage (Barone et al., 1998),
suggesting a prominent destructive role for IL-1 in acute cerebrovascular insults. In
effect, the concentration as well as timing of cytokine exposure likely determines whether
primarily protective or deleterious consequences arise from these immunotransmitters.
Interleukins and tumor necrosis factor-a in Parkinson's disease
Caspase-1, cleaves the precursor, pro-IL-1, to form the mature and biologically
active IL-la and IL-ip cytokines (Thornberry et al., 1992). A portion of the synthesized
IL-1 is secreted in a soluble form, but a portion is retained within the cell membrane
(Dinarello, 1988). Both the soluble and membrane-bound forms of IL-1 are biologically
active, particularly with respect to lymphocyte activation (Dinarello, 1988). Although IL1 is a potent pro-inflammatory agent, it also has many other actions, including appetite
regulation, insulin secretion and neuronal phenotype development (Plata-Salaman, 1994).
IL-1 signalling is dependent upon its type I receptor and the IL-1 receptor accessory
protein, which are located on adjacent portions of the membrane (Rothwell and Hopkins,
1995).
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Based upon its involvement in the wasting syndrome (cachexia) often seen in
cancer patients, the pro-inflammatory cytokine TNF-a was previously referred to as
cachectin. Interestingly, this cytokine was at one point considered to be a promising
treatment for some types of cancer (e.g., melanoma) (Bennani-Baiti and Davis, 2008).
Much like IL-ip, TNF-a is a pleiotropic cytokine, which exerts a wide array of actions on
numerous cell types. For instance, it has physiological actions on bone osteoclasts
(important for rheumatoid arthritis), mononuclear and polymorphonuclear blood cells,
fibroblasts, skin keratinocytes, insulin sensitive adipocytes, as well as brain neurons and
glial cells (Eigler et al., 1997). Like other cytokines, TNF-a typically acts locally at the
site of generation; however, small amounts of the cytokine are found circulating in the
bloodstream.
Mounting evidence suggests a role for ILs and TNF-a in PD. Specifically, postmortem analyses of PD brain tissue revealed increased expression of TNF-a and its
related Fas receptor, as well as the cytokines IFN-y, IL-ip and IL-6 (Nagatsu et al.,
2000). Likewise, in animals, MPTP induced alterations of pro-inflammatory cytokine
genes, including those encoding IL-lp and TNF-a (Bian et al., 2009; Mandel et al.,
2000b); similarly, 6-OHDA increased levels of these cytokines within the SNc and
striatum (Jin et al., 2008). Indeed, an increasing number of studies are beginning to assess
the impact of cytokine manipulations on PD-like pathology. In this regard, both systemic
and central administration of IL-ip was reported to affect SNc DA neuronal survival.
Indeed, pharmacological inhibition of IL-1 P attenuated the loss of DA neurons provoked
by intra-SNc infusion of LPS together with 6-OHDA injection (Koprich et al., 2008).
Moreover, direct application of IL-lp augmented the neurodestructive effects of 6-
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OHDA upon cultured midbrain neurons (Pott Godoy et al., 2008). However, somewhat
surprisingly chronic adenoviral induced expression of IL-1 p in the striatum also induced
a loss of SNc DA neurons (Pott Godoy et al., 2010), suggesting that the cytokine can
exert damaging effects upon DA terminals that results in the retrograde destruction of
upstream soma. Importantly, the IL-ip induced loss of neurons was associated with
motor impairment and an enhanced microglial response; and anti-inflammatory treatment
prevented these effects (Pott Godoy et al., 2010). Yet, older studies reported that central
infusion of IL-ip protected DA neurons from 6-OHDA and MPTP toxicity and induced
dendritic branching from residual neurons following SNc lesion (Saura et al., 2003;
Wang et al., 1994). The discrepancies between the studies remain to be explained but
likely stem from dose and timing considerations, since, as already mentioned, some
cytokines might have both protective and deleterious effects depending on their
concentration and the state of the microenvironment in which they act.
Involvement of TNF-a in PD, like IL-ip, is somewhat controversial, with two
conflicting reports indicating that TNF-a deletion either protected striatal terminals and
normalized DA levels in MPTP-treated mice (Ferger et al., 2004; Sriram et al., 2002) or
increased DA metabolism, without necessarily affecting neuronal survival (Rousselet et
al., 2002). Interestingly, in one study there was no effect of intra-SNc infusion of TNF-a
or IL-ip either alone or together upon neuronal survival (Castano et al., 2002), but the
source for this outcome is uncertain. More recently, adenoviral vector mediated longterm expression of TNF-a within the SNc was reported to provoke a progressive loss of
DA neurons over 28 days that was associated with irreversible akinesia (De Leila Ezcurra
et al., 2010). Likewise, over-expression of a dominant negative TNF-a protein (inhibits
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endogenous TNF-a) in the SNc ameliorated the loss of DA neurons and motor
impairment induced by 6-OHDA treatment (McCoy and Tansey, 2008).
The cytokines IL-ip and TNF-a typically influence central processes through
NFKB,

a transcription factor that plays a critical role in the regulation of innate and

adaptive immune reactions, including the mobilization of inflammatory chemokines and
lymphocyte proliferative responses following infection or traumatic injury (Lucas et al.,
2004; Poynter et al., 2004). Indeed,

NFKB

signalling occurs ubiquitously throughout the

brain, and IL-ip infusion into the lateral ventricles induced the translocation of NFKB to
the nucleus at several brain regions distal to the site of infusion, including the choroid
plexus, ependymal cells, cerebral vasculature and meninges, as well as at the basolateral
amygdala (Konsman et al., 2000).
NFKB

is composed of five subunits, together with a nuclear localization signal,

which are normally held in an inactive state by an endogenous inhibitory factor, IKB.
However, exposure to inflammatory stimuli triggers the phosphorylation and consequent
degradation of

IKB,

resulting in the translocation of

NFKB

to the nucleus where it

promotes gene expression (Lucas et al., 2004). Immunological insults may initiate this
NFKB

cascade through the provocation of cytokines, particularly IL-ip and TNF-a,

which, after binding to their cell surface receptors, stimulate kinases that target IKB for
ubiquitination and subsequent proteasomal degradation (Lucas et al., 2004). As well,
these cytokines may also affect CNS processes by stimulating NFKB signalling cascades.
To this end,

NFKB

appears to have potent effects upon CNS processes important

for neuronal survival and plasticity. In terms of functional outputs,

NFKB

is readily
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activated in response to excitatory neurotransmission and is believed to play an important
role in learning and memory (Mattson, 2005). The transcription factor may also have a
neuroprotective role through the induction of anti-apoptotic proteins, such as Bcl-2 and
the antioxidant enzyme, manganese superoxide dismutase (Mattson, 2005). Yet,

NFKB

signalling may also result in the synthesis or up-regulation of inflammatory cytokines and
enzymes, ROS, and excitotoxins that can contribute to neurodegeneration (Aoki et al.,
2009; Pahan et al., 2001). For instance, iNOS expression within microglia and astrocytes
is readily provoked by

NFKB

activation following exposure to cytokines, such as IL-ip

or IL-12 (Hartlage-Rubsamen et al., 1999; Pahan et al., 2001). Similarly, stressor
exposure may contribute to neurological pathology by affecting NFicB-mediated
production of oxidative radicals given that restraint stress was shown to promote neuronal
excitotoxicity in rats that was associated with enhanced TNF-a release and

NFKB

mediated activation of iNOS and COX-2 (Madrigal et al., 2006). Ultimately, a host of
factors, including the chronicity and type of inducing stimulus, likely influence whether
NFKB

activation has protective or detrimental effects upon neuronal survival or

functioning.
Emerging evidence for a role of IFN-y signalling in Parkinson's disease
The T-helper type 1 (Thl) pleiotropic pro-inflammatory cytokine, IFN-y, has also
been implicated as an important player in PD-like pathology. In fact, our own work and
that of others revealed that PD patients incurred significantly higher levels of IFN-y in
serum and the nigrostriatal pathway when compared to aged matched controls (Gribova
et al., 2003; Mount et al., 2007). Paralleling these human studies, genetic ablation of IFNy attenuated the neurodegenerative effects of MPTP on the nigrostriatal system in mice
and blunted the neuroinflammatory response engendered by the toxin (Mount et al.,
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2007). Similarly, in vitro co-cultures consisting of midbrain neuronal + microglia were
protected from rotenone's toxicity when microglial cells were taken from mice deficient
for the receptor for IFN-y, suggesting that the cytokine is likely originating from and
acting through microglia (Mount et al., 2007).
Although IFN-y is virtually undetectable in the healthy brain, central levels of the
cytokine are apparent following acute traumatic injury, as well as in association with
autoimmune conditions, such as MS (Mana et al., 2006). Indeed, it is well established
that IFN-y is produced in the periphery by lymphoid cells (mainly CD4+ lymphocytes and
natural killer cells) and these cells can infiltrate the nigrostriatal system following
sufficient challenge (Mount et al., 2007). Moreover, emerging evidence indicates that
IFN-y may also be produced by resident brain microglia, albeit in low concentrations
(Kawanokuchi et al., 2006; Mount et al., 2007). In fact, a recent study reported IFN-y in
the supernatants of immune challenged microglia, even in the absence of T cells (Wang
and Suzuki, 2007).
Neurotoxicity caused by IFN-y may be directly attributed to its ability to promote
transcription of several pro-oxidative factors such as iNOS and gp91 [rate-limiting
catalyst required for nicotinamide adenine dinucleotide phosphate-oxidase (NADPH)
oxidase activation] (Kakar et al., 2005). As well, IFN-y if co-administered with LPS can
also enhance the production of several pro-inflammatory cytokines from microglia
including IL-6 and TNF-a (Lafortune et al., 1996). This is particularly important given
that chronic activation of TNF-a can exaggerate a neuroinflammatory responses and
enhance DA neuronal loss via p55 TNF-R1 mediated apoptosis (Hayley et al., 2004a).
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Binding of IFN-y to its receptor (IFN-y-R) on microglia can induce a series of
events that are mediated by JAK/STAT. Essentially IFN-y-R will remain inactive until
IFN-y catalyzes the activation of the enzymes JAK1 and JAK2, which are linked to the
cytoplasmic tail of the receptor. Thereafter, two STAT molecules are recruited and bind
to the paired docking sites on the activated receptor complex located on the JAKs
(Thomson and Lotze, 2003). During this activation process, the STAT molecules are
phosphorylated and dissociate from the IFN-y-R in order to form homo- or hetero-dimers.
The activated STATl homodimers or STAT1-STAT2 heterodimer will translocate to the
nucleus and promote the transcription of several genes including MAP kinases, CREB,
and iNOS (Planas et al., 2006; Thomson and Lotze, 2003).
Prolonged activation of JAK-STAT signalling following an immune challenge is
likely caused by concerted actions of several cytokines besides IFN-y, including IL-6 and
IL-10 (Arimoto et al., 2006; Bolin et al., 2002; Bolin et al., 2005; Goodwill et al., 2007;
Qian et al., 2006). Indeed, these cytokines promote a wide range of effects mediated
through JAK/STAT, wherein their concentration and timing of exposure appear to dictate
the type of response. Finally, it is important to mention that potential cross-talk between
JAK-STATs and any other related pathways that might be coincidentally activated.
Indeed, besides the typical aforementioned cytokines that induce JAK-STAT signalling,
several other cytokines, such as IL-ip and TNF-a, that act through alternative pathways
(e.g.

NFKB,

MAP kinases) following a variety of immune challenges. Ultimately, the

neuronal outcomes provoked will depend upon the overall "sum" of each of these
seemingly disparate pathways.
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Therapeutics of Parkinson's disease: past, current and future
Recent neuroimaging studies have suggested that the preclinical stage for PD is
approximately 4-5 years prior to symptom onset and the rate of DA cell loss is roughly
10% each year during the early stages of the disease (Dunnett and Bjorklund, 1999).
Based on the multiple aforementioned

mechanisms implicated in nigrostriatal

degeneration (e.g. accumulation of oxidative factors, chronic inflammation, apoptosis and
mitochondrial dysfunction), different stages of the "neurodegenerative cycle" may offer
potential for diverse neuroprotective strategies. In this regard, neurotrophic, antiinflammatory and anti-apoptotic factors may offer beneficial effects at different stages of
disease progression.
The most commonly prescribed treatment option for PD is

L-DOPA

(oral

administration of the precursor for DA) because it can easily cross the BBB and
immediately compensate for DA loss. Despite the fact that L-DOPA is effective at
alleviating akinesia (inability to initiate movement) and rigidity during the early and midstages of the disease (Dunnett and Bjorklund, 1999), a tolerance to L-DOPA develops
during the late stages of PD. As well as a series of unwanted side-effects, such as
dyskinesia (controlled involuntary motor gestures) also eventually emerge with this
treatment. Chronic fluctuations of DA levels associated with L-DOPA treatment itself
might actually accelerate neurodegeneration, owing to the high rate of oxidative
metabolites generated with excessive DA concentrations (Marsden and Parkes, 1977).
Hence, patients are often forced to reduce or halt treatment during the later stages of the
disease (Marsden and Parkes, 1977).
Newer drug treatment options have recently been explored, which are not
accompanied by such debilitating side effects. For instance, DA agonists, inhibitors of
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catechol-O-methyltransferase and monoamine oxidase B, as well as antioxidants and
DAT blockers have recently been employed (Dunnett and Bjorklund,
Unfortunately, like

L-DOPA,

1999).

the efficacy of these treatments also decline with disease

progression. More recently, neurosurgical approaches such as thalamotomy and deep
brain stimulation have been shown to successfully reduce the core symptoms caused by
PD such as tremors. Like most therapeutic treatments of PD, surgical procedures do not
halt disease progression; they merely alleviate the core motor symptoms (Bronstein et al.;
Marsden et al., 1997). The clinical benefit from such surgical interventions is also
relatively short lived (lasting 4-5 years) (Rodriguez-Oroz et al., 2005).
Several anti-oxidative treatment options or adjunct therapies have been explored
for PD, including ongoing clinical trials involving vitamin E and deprenyl. Other drugs,
such as glutathione-enhancing agents and ion chelators are also presently being explored
in animal models to determine their neuroprotective effects against DA toxins (Dunnett
and Bjorklund, 1999). Besides pharmacological approaches, new genetic technologies,
particularly siRNA, may also provide the opportunity to selectively manipulate different
pro-death mechanisms in PD.
One exciting new avenue for treating PD involves the use of trophic factors in an
attempt to stabilize neuronal viability and even promote some degree of recovery
following long standing disease. Indeed, recent studies have revealed that there is a
reduction of the trophic cytokine, BDNF within the SNc of PD patients (Mogi et al.,
1999; Salehi and Mashayekhi, 2009). Given those receptors for BDNF have been found
on SNc DA neurons (Murer et al., 2001), a reduction in trophic support to these neurons
may increase their vulnerability to later toxin exposures. In addition to providing trophic
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support to DA neurons, it is hypothesized that BDNF also dampens inflammatory and
oxidative pathways through the activation of its receptor, tyrosine kinase receptor B
(Murer et al., 2001). For example, BDNF can promote the survival and differentiation of
mesencephalic DA neurons as well as protect against MPTP and 6-OHDA insults in vitro
(Murer et al., 2001). Other studies show that infrastriatal injection of BDNF prevents 6OHDA induced loss of SNc DA neurons and normalizes apomorphine-induced rotation,
which is a measure of asymmetrical DA functioning resulting from unilateral DA loss
(Shults et al., 1995). Therefore, numerous studies support the use of neurotrophic factors,
such as BDNF as a treatment option for PD patients (Peterson and Nutt, 2008).
Another neurotrophic factor, glial derived neurotrophic factor (GDNF) belongs to
the TGF-P superfamily and has emerged as a potential candidate for neuroprotection in
PD patients. GDNF is produced primarily by astrocytes, although microglial cells do
contribute low levels of GDNF. Despite that fact that post-mortem studies have indicated
that GDNF is unchanged in the PD brain (Mogi et al., 2001), the appeal to using GDNF
as a therapeutic agent is based on recent studies reporting that the factor has both
neuroprotective and neurorestorative properties. In fact, central infusion of GDNF (either
intra-SNc or intra-striatal) has been shown to be neuroprotective against virtually all
animal models of PD (Ai et al., 2003; Fox et al., 2001; Gash et al., 1998; Gash et al.,
1996; Kearns et al., 1997; Tomac et al., 1995). In particular, a central infusion of GDNF
not only attenuates the destructive effects of MPTP by restoring DA levels and fibre
density, but also promotes motor recovery (Tomac et al., 1995). Importantly, GDNFinduced restoration of DA functioning persists months after trophic support was
terminated (Grondin et al., 2002; Kirik et al, 2004; Maswood et al., 2002).
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Due to the success of GDNF in rodent and non-human primate models of PD, the
growth factor has been used in several clinical trials. Indeed, direct infusion of GDNF
into the putamen induced significant improvements in motor symptoms as early as three
months after commencing the treatment and was associated with minimal side effects
(Gill et al., 2003; Patel et al., 2005; Slevin et al., 2005). However, upon closer
investigation, the improvements in dopamine storage were restricted to the immediate
area surrounding the catheter used during the growth factor infusion (Gill et al., 2003;
Love et al., 2005). These latest findings are consistent with findings from non-human
primates that reported similar clinical efficacy, coupled with axonal sprouting, following
GDNF infusion into the basal ganglia (Gill et al., 2003). However, a randomized placebocontrolled study was unsuccessful at replicating these beneficial effects (Lang et al.,
2006). In addition, a few patients developed antibodies against the infused GDNF
peptide, which may interfere with the therapeutic benefits and others appeared to be more
vulnerable to opportunistic infections (Gill et al., 2003; Lang et al., 2006). The
discrepancies in the data may be due, in part to variations in the catheter design and
positioning, as well as drug dosage.
Given the inconclusive beneficial effects coupled with the side-effects associated
with GDNF delivery, several new techniques are presently being developed to get around
the fact that GDNF do not cross the BBB. These include newer generation viral vectors
that temporarily disrupt the BBB to allow central infiltration (Doolittle et al., 2000),
implantation of trophic factor secreting neural progenitor cells (Behrstock et al., 2006),
encapsulating trophic factors to facilitate BBB penetration (Juillerat-Jeanneret and
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Schmitt, 2007; Pardridge, 2002), as well as breaking trophic factor into small bioactive
fragments to again enhance their infiltration (Peleshok and Saragovi, 2006).
Alternatively, finding novel neurotrophic factors that can cross the BBB would be
desirable. In this regard, granulocyte-macrophage colony stimulating factor (GM-CSF) is
a hematopoietic cytokine with well documented trophic actions in the periphery that has
been shown to infiltrate the CNS and accumulate in reasonable levels within the brain
(Franzen et al., 2004; McLay et al., 1997; Thomson and Lotze, 2003). Its basic function
is to promote the differentiation and maturation of peripheral innate immune cells,
including neutrophils and dendritic cells. Indeed, GM-CSF is routinely administered to
cancer patients to reduce febrile neutropenia (fever response) by accelerating formation
of neutrophils from granulocyte progenitors (Dale, 2002).
GM-CSF receptor is a heterodimer consisting of a ligand-binding epitope and a
signal transduction subunit that interestingly enough, in humans is shared with the IL-3
and IL-5 receptors (Whetton and Dexter, 1989).

GM-CSF is mainly produced by

peripheral immune cells (T lymphocytes, macrophages, and NK cells) and to a less
degree central astrocytes and microglia (Malipiero et al., 1990; Thomson and Lotze,
2003). As the name suggests, this cytokine acts to rapidly mobilize and stimulate the
proliferation and maturation of myeloid progenitors, precursors of neutrophils,
monocytes, macrophages, and eosinophils to contend with infectious or traumatic insults
(Reddy et al., 2009). Recently GM-CSF receptors were discovered on neural progenitor
cells, suggesting that GM-CSF may also stimulates the maturation of neurons (Ha et al.,
2005; Kim et al., 2004). Such an effect may be one of many mechanisms through which
GM-CSF can improve neurological performance following acute CNS injuries such as
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spinal cord injury and cerebral ischemia (Kawada et al., 2006; Nakagawa et al., 2006;
Yoon et al., 2007). However, the therapeutic effect of this trophic cytokine in
neurodegenerative diseases is unclear.
In addition to its pro-inflammatory effects, GM-CSF has recently been shown to
have potent growth factor-like properties within the CNS. In fact, systemic exposure to
GM-CSF induced spontaneous axonal regeneration and promoted functional recovery
from traumatic spinal cord injury (Bouhy et al., 2006; Ha et al., 2005; Huang et al., 2007)
and reduced infarct volume and improved neurological function following ischemia
(Nakagawa et al., 2006; Schabitz et al., 2008). Moreover, GM-CSF activation of
microglia/macrophages can result in vascular proliferation and increase collateral blood
flow in patients suffering from coronary artery disease (Nakagawa et al., 2006).
Paralleling these findings, GM-CSF has also been shown to protect CNS from
injury by counteracting apoptotic cell death. Specifically, GM-CSF has anti-apoptotic
effects, as indicated by its ability to inhibit the pro-apoptotic proteins, p53 and Bax, while
increasing levels of the anti-apoptotic factor, Bcl-2; subsequently inducing the
proliferation and differentiation of neural stem cells following spinal cord injury (Huang
et al., 2007). Similarly, GM-CSF attenuated the neurodegenerative effects of MPTP both
in vivo and in vitro by promoting the expression of Bcl-2 and down-regulating the
expression of Bax (Kim et al., 2009a). The neuroprotective properties associated with this
trophic cytokine are beginning to gain momentum and in the future GM-CSF may
become a potentially useful treatment option for PD.
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Research Objectives
PD has emerged as a multifaceted disease, wherein intermittent exposures to
various environmental (e.g. pesticides, heavy metals, infections) and immunological
toxins are proposed to take a toll on the CNS. That said, it is likely that some genetic
predisposition might play a role in at least a subset of PD cases. It is our contention that
although relatively low levels of environmental toxins might not have obvious immediate
consequences, collectively these agents set in place a series of inflammatory changes that
eventually culminates in CNS pathology. Specifically, accumulation of free radicals and
other factors caused by prolonged pesticide exposure will eventually overwhelm the
nigrostriatal system and give rise to a chronic pro-inflammatory state, as indicated by an
up-regulation of pro-inflammatory cytokines and pro-oxidant mediators. Given the
complex aetiology of PD and substantial evidence implicating multiple converging prodeath pathways (pro-apoptotic, pro-oxidative, and neuroinflammatory) in the disease, it is
not unreasonable to suggest that a combination of drug therapies may be clinically
efficacious in preventing ongoing neurodegeneration. The proposed studies of this
dissertation characterized the involvement of microglia and the pro-inflammatory
cytokine, IFN-y, in contributing to the neurodegenerative effects of LPS and paraquat. As
well, we also assessed the neuroprotective consequences of the trophic cytokine GMCSF. The general discussion section following the specific chapters puts our findings in
perspective and seeks to integrate in an overall model how the inflammatory and trophic
cytokines might come to influence neuronal survival.
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The aims of this dissertation sought to assess
1. The temporal effects of paraquat exposure on the nigrostriatal system.
2. The role of IFN-y in paraquat-inducted toxicity and elucidate the involvement of
IFN-y induced microglial-dependent processes in the demise of DA neurons
3.

Whether central administration of LPS can sensitize or de-sensitize SNc DA
neurons to the effects of paraquat.

4. Whether the trophic cytokine, GM-CSF, can protect DA neurons from the effect
of LPS and paraquat.
5. The effectiveness of GM-CSF administration when administered either centrally
or systemically.
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Figure LI Extravasation. The process of leukocyte extravasation across vascular walls and into
tissue, including the brain requires interaction between several adhesion and signalling molecules
on both the circulating leukocytes and the vascular wall. Circulating lymphocytes regularly make
transient contact with the vascular epithelium, a process referred to as tethering. Up-regulation of
a selectins on the leukocytes will allow the leukocytes to reduce their velocity and roll along the
endothelium surface (A). The leukocytes search for chemotactic factors present on the
endothelium (B), which in turn increase the avidity by allow the integrins (i.e.VLA-4 and LFA1) present on the leukocytes to bind to adhesion molecules (C). This enhanced avidity will allow
the leukocytes to adhere to the vascular endothelial wall and promoting diapedesis of leukocytes
(D).
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Iadecola, C. (2004) Nature 5:349

Figure 1.2 Anatomy of the Neurovascular Unit. The brain is divided into three layers, the dura
(outer), the arachnoid (middle) and the pial (inner) each layer is richly supplied with blood
vessels and in close proximity to neuronal processes. The cerebral arteries branch into smaller
pial arteries, they run along the surface of the brain. As these arteries penetrate into the brain
they are separated from the brain parenchyma by the perivascular space, which is filled with
cerebrospinal fluid. As the arterioles penetrate deeper into the brain, perivascular space becomes
smaller and eventually the perivascular space disappears. The vascular basement membrane of
the arterioles comes in contact with the astrocytic end-feet, forming the capillary. The
Intracerebral arterioles and capillaries are also closely associated with neural processes that
originate within the CNS. Collectively, the perivascular neurons, astrocytes, and vascular cells
constitute a functional unit referred to as the neurovascular unit. The main purpose of the unit is
to maintain the homeostasis of the cerebral microenvironment. The neurovascular unit also acts
as a defence against deleterious effects of brain injuries.
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Box 1.1 Apoptotic cell death in PD-like pathology.
There are two different ways to achieve apoptosis; using the extrinsic (top left) or intrinsic (bottom right) pathway. Both
pathways converge on effector caspases and eventually destroy the cell by cutting cellular and nuclear substrates. In the extrinsic pathway
utilizes a trimerization of death receptors activated by death ligands. Subsequently, this will to the activation of proteolytic regulatory
caspases, such as caspases-8, and eventually caspases-3. The intrinsic pathway involves activation of pro-apoptotic proteins (Bax or Bak)
by p53, which will cause the formation of large mitochondrial pores and the subsequent release of cytochrome c. This in turn activates
regulatory caspases, usually involving caspases-9, and eventually caspases-3.
Unlike necrosis which involves swelling and cell lysis, which has profound affects upon neighbouring cells, apoptosis is an
active process of programmed death that does not markedly affect the extracellular space (Vila and Przedborski, 2003). The crucial
mediators of apoptosis are proteolytic enzymes referred to as caspases, which cleave their substrates after becoming activated in response to
intracellular signalling pathways. Upon activation, initiator caspases (caspases 2,8,9, and 10) cleave effector caspases (caspases 3,6, and 7),
which are ultimately responsible for mitochondrial damage, nuclear membrane breakdown, DNA fragmentation and inevitably cell death
(Vila and Przedborski, 2003). Typically, the cell begins to shrink due to a breaking down of the chromatin in the nucleus (nuclear
condensation). Although these cells do not readily spill their contents into the extracellular space, local microglia are mobilized in order to
engulf and remove these compromised cells.
In some cases, extrinsic signals such as the pro-inflammatory cytokines, Fas and TNF-a, bind to their cell surface receptors
(which are located on DA neurons) and promote apoptotic cell death. Essentially, activation of these surface receptors is associated with
particular adaptor proteins which contain 'death effector domains' that recruit the initiator caspases-8. Therefore, apoptosis may come about
either from exposure to exogenous pro-apoptotic insults or following intrinsic signals that are produced following cellular stress, such as
growth factor deprivation.
Enhancing mitochondrial permeability appears to be a common event in all forms of apoptotic cell death. The pro-apoptotic
factors Bax, Bad and Bak can promote mitochondrial leakage by increasing outer membrane permeabilization. The formation of these large
pores in the mitochondrial outer and inner membranes will cause leakage of mitochondrial toxic factors into the cytosol (Gomez-Lazaro et
al., 2008). Essentially, Bax and Bad will translocate to the mitochondria, promoting the release of cytochrome C into the cytosol (via these
large pores in the mitochondrial membrane). Cytoplasmic cytochrome C coupled with then interacts with two cytosolic proteins; apoptotic
protease-activating factor and caspase-9, which leads to activation of caspase-3 and ultimately, apoptosis
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Chapter 2
Interferon-y plays a crucial role in paraquat-induced neurodegeneration involving
oxidative and pro-inflammatory pathways.
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Abstract
Exposure to environmental contaminants, particularly pesticides, may be an
important etiological factor in Parkinson's disease (PD) and evidence suggests a role for
microglia dependent inflammatory and oxidative processes in nigrostriatal pathology
induced by such toxins. Yet, the events mediating microglial activation and their effects
are not fully known. To this end, we hypothesized that the pro-inflammatory cytokine,
interferon-gamma (IFN-y), may be a prime factor in the pathogenesis of PD, given its
critical role in regulating microglial responses to pathogens. Indeed, the present
investigation demonstrated that genetic deletion of IFN-y protected substantia nigra pars
compacta (SNc) dopamine (DA) neurons from the toxic effects of the pesticide, paraquat,
and normalized changes in inflammatory and oxidative factors within this brain region.
Specifically, IFN-y knockout prevented the paraquat-induced morphological signs of
microglial activation and expression of key NADPH oxidase subunits, while also
preventing time-dependent changes in pro-inflammatory enzymes (iNOS, COX-2),
cytokines (IL-lp, TNF-a), and signalling factors (JNK, p38, STATl,

NFKB).

Moreover,

paraquat transiently suppressed SNc expression of trophic and pro-neuroplastic factors
(CREB, BDNF), and IFN-y deficiency again reversed these effects. These data suggest
that IFN-y is required for paraquat-induced microglial activation and the subsequent
elaboration of oxidative and inflammatory cascades underlying SNc dopaminergic cell
loss, as well as the early pesticide induced reductions in trophic support that may render
neurons even more susceptible to toxin damage. Targeting IFN-y could thus have
therapeutic implications for PD and other neurodegenerative conditions that involve
multiple inflammatory pathways.
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Introduction
The neuropathological processes underlying Parkinson's disease (PD) are
characterized by, among other things, a progressive degeneration of dopamine (DA)
neurons of the substantia nigra pars compacta (SNc) and consequently a loss of DA
release in the striatum (Langston, 2006). Mounting evidence suggests that environmental
toxins contribute to PD, with numerous epidemiological studies implicating exposure to
heavy metals, infectious agents, and especially pesticides such as paraquat (Liou et al.,
1997; Peng et al., 2007; Dhillon et al., 2008; Elbaz et al., 2009). Administration of
paraquat (and other pesticides, e.g., rotenone) provoked a loss of SNc DA neurons while
inducing PD-like behavioral disturbances, coupled with oxidative and inflammatory
stress in nigrostriatal and limbic brain regions (Gao et al., 2003a; Sindhu et al., 2005;
Litteljohn et al., 2008; Somayajulu-Nitu et al., 2009; Chen et al., 2010). Beyond their
individual consequences, environmental toxins can further enhance neuronal death when
exposure occurs in the context of genetic vulnerability (Yang et al., 2007), or following a
pre-existing neuroinflammatory response, (Purisai et al., 2007; Mangano and Hayley,
2009).
Microglial-driven neuroinflammation and oxidative stressors appear to be
particularly important in the progression of PD (McGeer et al., 1988, 2008; L' Episcopo
et al., 2010). Indeed, activated microglia along with up-regulated expression of the
enzymes, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), have been observed within
the SNc of post-mortem PD brain, as well as in rodents treated with DA toxins (Hunot et
al., 1996; Liberatore et al., 1999; Knott et al., 2000; Gao et al., 2003a; Wu et al., 2003).
Correspondingly, genetic or pharmacological inhibition of these inducible enzymes
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conferred some degree of neuroprotection in rodents (Teismann and Ferger, 2001; Feng
et al., 2003; Wu et al., 2003; Vijitruth et al., 2006; Qian et al., 2007). The fact that
blocking

microglial

activity

using

anti-inflammatories,

such

as

minocycline,

dexamethasone or 3-hydroxymorphinan, attenuated the neurodegenerative impact of DA
toxins (Du et al, 2001; Wu et al., 2002; Kurkowska-Jastrzebska et al., 2004; Zhang et al.,
2006), along with findings showing that microglial activation precedes neuronal loss
(Kim et al., 2000; Purisai et ah, 2007; Huang et al., 2008), supports the notion that
microglia are primary pathological contributors to SNc neuronal loss.
The pro-inflammatory cytokine, interferon-y (IFN-y), is a critical regulator of
microglia, inducing the expression of both oxidative and inflammatory enzymes
(NADPH oxidase; iNOS, COX-2) (Eklund and Kakar, 1999; Delgado, 2003; Pawate et
al., 2004; Kawanokuchi et al., 2006) and promoting pro-inflammatory cytokine release,
many of which [e.g., tumor necrosis factor-a (TNF-a), interleukin-lB (IL-1B)] have been
implicated in PD (Mogi et al., 1994; Gribova et al., 2003; McCoy et al., 2006, 2007;
Koprich et al., 2008). Likewise, we found that IFN-y-deficient mice were resistant to the
impact of MPTP (Mount et al., 2007) and displayed attenuated neurochemical and
behavioral responses to paraquat (Litteljohn et al., 2009).
The mechanisms through which IFN-y might influence DA neuronal survival are
not well established, nor has its role been evaluated using an ecologically relevant toxin
model of PD. To this end, we hypothesized that IFN-y deficiency would prevent SNc DA
neuron loss following administration of the pesticide, paraquat, and that such an effect
would be stem from blunted microglial activity, coupled with a reduction of oxidative
and inflammatory mediators. Indeed, IFN-y deficiency was found to have neuroprotective
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consequences that were associated with a reduction of microglial activation (at least
morphologically) and oxidative (e.g. iNOS and NADPH) and inflammatory (e.g. TNF-a,
COX-2) factors. Moreover, paraquat was found to reduce trophic and pro-neuroplastic
(BDNF, CREB) factors early in the course of treatment and IFN-y deficiency prevented
this effect. These findings suggest that IFN-y may be a critical cytokine linking toxin
exposure to microglia-driven pathological process and hence be an important therapeutic
target in PD.
Materials and methods
Development of the IFN-y knockout (KO) mouse has been described previously
(Dalton et al., 1993). IFN-y KO and wild-type mice raised on a C57BL/6 genetic
background were obtained from Jackson Laboratory (Bar Harbor, ME, USA) and
interbred for successive generations. Homozygous wildtype and IFN-y KO littermates
were subsequently generated from heterozygous breeding pairs. Between 8-10 weeks of
age, males were single housed in standard polypropylene cages (27 x 21 x 14 cm), and
maintained on a 12-hour light/dark cycle. Water and Ralston Purina mouse chow (St.
Louis, MO) were provided ad libitum, and the room temperature maintained at 21 C. All
experimental test paradigms were approved by the Carleton University Committee for
Animal Care and adhered to the guidelines outlined by the Canadian Council for the Use
and Care of Animals in Research.

Experiment 1: Immunohistochemical assessment of SNc DA neuronal survival, as well as
microglial morphology and expression of NADPH oxidase subunits following chronic
paraquat exposure.
Intraperitoneal (i.p.) injections of paraquat (l,r-dimethyl-4,4'-bipyridinium
dichloride; Sigma-Aldrich, USA), at a dose of 10 mg/kg, or an equivalent volume of
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physiological saline (Sigma-Aldrich), were administered to male IFN-y KO and wildtype
mice (n = 10/group), times a week for 3 consecutive weeks (9 injections in total). This
dose of paraquat has been utilized previously with minimal systemic toxicity (Brooks et
al., 1999; Mangano and Hayley, 2009). Seven days following the final paraquat injection,
mice were euthanized and perfused using 4% paraformaldehyde (PFA). Excised brains
were post-fixed in 4% PFA for 24-hours and then cryoprotected for 3 days in a solution
comprising of 20% sucrose, 0.1 M PBS and 0.02%sodium azide (pH 7.4).

Immunohistochemical procedures
Frozen brains were cryostat-sectioned and coronal sections (20 urn) obtained
throughout the rostro-caudal axis of the SNc and mounted onto gelatin-coated slides.
Loss of DA neurons was assessed using anti-tyrosine hydroxylase (TH) antibody and
counterstained with 1% cresyl violet (Sigma-Aldrich). The primary antibody (TH) was
diluted in a solution containing 1% BSA, 0.5% Triton X-100, 0.05% Tween 20 and
0.05% sodium azide in 0.01M PBS, pH 7.3 and the sections were incubated overnight at
room temperature (1:3000, ImmunoStar, Hudson, WI,USA). The primary antibodies were
visualized using a biotin rabbit anti-mouse (1:500, Cedarlane) secondary and horseradish
peroxidase-conjugated streptavidin tertiary (1:500, Cedarlane). Sections were incubated
with diaminobenzidine (DAB; Sigma-Aldrich) for 10 minutes, counterstained with cresyl
violet (Sigma-Aldrich) and dehydrated with serial alcohol washes before cover slipping
with clearene (Surgipath).
Survival of SNc DA-producing cells was determined by way of serial section
analysis of the number of TH+ cells within the SNc, at bregma levels ranging from -2.70
to -3.88. Using a double blind procedure 8-10 animals were analyzed per group and the
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total number of TH+ cells was counted across multiple bregma levels. Midbrain sections
from each bregma level and animal were compared across treatment groups. The same
midbrain sections used to determine TH loss were used to validate TH loss. Specifically,
the total number of neurons stained with cresyl violet from each bregma level and animal
were averaged to determine total number of surviving neurons for each animal.
Changes in the cellular morphology of microglia, as indicated by differing
degrees of compaction of the soma and thickening of the normally thin varicose
processes, along with proliferative changes are taken to reflect a state of activation
(Nimmerjahn et al., 2005). To this end, the morphological state of microglia was assessed
using CD l i b (complement receptor marker present on microglia, which we previously
found to be a sensitive marker of microglial activation state; (Mangano and Hayley,
2009) anti-serum (1:1000; AbD Serotec, Raleigh, NC, USA; overnight incubation at
4°C). Thereafter, sections were washed with 0.01 M PBS and visualized by incubating
with the appropriate AlexaFluor secondary antibody for 2-hrs at room temperature
(1:200; Invifrogen, Carlsbad, CA, USA).

Confocal Analysis
Free-floating SNc sections (20 urn) were double-labelled with rat anti-CD l i b
(1:1000, Serotec) and rabbit anti-gp91PHOX or p67PHOX (1:200; BD Transduction,
Lexington, KY, USA). Enhanced expression of these NADPH oxidase subunits upon
CDllb + microglial should reveal the potential ability of these cells to release the
superoxide radical. Sections were washed 3 times with 0.01M PBS and blocked for 1-hr
at room temperature with a 10% normal serum solution containing 1% BSA, 0.5% Triton
X-100, 0.05% Tween 20 and 0.05% sodium azide in 0.01M PBS, pH 7.3. Sections were
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incubated with primary antibodies in the blocking solution overnight at 4°C. All
antibodies were incubated in a solution containing 1% BSA, 0.5% TritonX-100, 0.05%
Tween 20, and visualized using appropriate secondary AlexaFluro antibody
(1:200; Invifrogen) following 2-hrs incubation at room temperature. Co-localization was
determined using EZ-C1 software with a Nikon CI confocal system.

Experiment 2: Time-dependent changes in the expression of inflammatory, oxidative and
trophic factors induced by paraquat.
A separate time course was conducted to ascertain the temporal nature of paraquat
induced alterations of oxidative and inflammatory signalling factors thought to underlie
DA neuronal death, as well as select trophic factors (e.g. BDNF) hypothesized to
counteract such inflammatory and degenerative processes. IFN-y KO and wildtype
littermate mice were randomly assigned to paraquat (10 mg/kg; i.p.) or saline (n =
8/group) treatment groups. However, in this experiment, injections were administered 3
times per week for either 1 or 3 weeks. Animals were subsequently euthanized by rapid
decapitation 2-hrs following their final injection, the SNc and striatum were removed for
processing by quantitative real-time PCR. A 2-hr sacrifice interval was chosen in light of
our previous work showing that alterations in brain regional neurochemistry and
cytokines are most robust within this time frame (Litteljohn et al., 2009; Mangano and
Hayley, 2009).

Brain dissection technique
2-hrs after the final treatment (i.e. post-3rd or -9th injections), sequential coronal
slices were collected using razor blades and a chilled stainless steel microdissecting block
with adjacent slots arranged 1.0 mm apart. As previously described (Hayley et al.,
2004b), SNc and striatal nuclei were collected by micropunch, with reference to the
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mouse brain atlas of Franklin and Paxinos (1997). Tissue samples were stored at -80 °C
until later PCR processing.

Quantitative Real-time PCR array
A custom PCR array comprising 23 oxidative, inflammatory and trophic genes of
interest, 3 housekeeping genes, as well as several internal controls was purchased from
SABiosciences (Frederick, MD, USA). All of the genes assayed are listed in Table 1. All
primers were designed and optimized by SABiosciences. In order to ensure the purity and
quality of tissue samples, only those which met the genomic contamination criteria,
reverse transcription control, and positive PCR control set out by SABioscience were
used during the data analysis.
Unless specified, all reagents and kits were purchased from SABioscience;
detailed protocols can be found on the company's website at www.sabiosciences.com.
Briefly, Trizol (Invifrogen, Burlington, ON, Canada) was used to isolate RNA from SNc
and striatum tissue samples, according to the manufacturer's instructions. RNA was
subsequently purified by passing the samples through a series of spin columns and
treatment with DNAse (PA-001). The quality of the RNA was determined using
Experion™ RNA highSens Analysis kit (BioRad Laboratories, Hercules, CA, USA);
only samples with RNA quality indicator (RQI) values between 7.2 and 9.0 were used for
qPCR. After treating samples with a genomic DNA elimination mixture (to prevent
genomic contamination), a Nano PreAMP cDNA synthesis kit was used (C-06) to create
first strand cDNA. SYBR green mixture was used according to the manufacturer's
protocol for the qPCR, and samples were analyzed with a BioRad iQ5 real-time
thermocycler.
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The mRNA expression of each gene of interest was normalized by subtracting the
average of the Ct values of the housekeeping genes from the gene of interest's Ct [i.e.,
ACt = Ct (gene of interest) - Ct (housekeeping genes)]. The 2_AACt method was
subsequently used to convert ACt values to mRNA fold changes relative to the control
group, as described elsewhere (Livak and Schmittgen 2001; Schmittgen and Livak 2008).

Table 1. SA Bioscience Gene List
Gene Symbol
NCBI Reference Sequence #
Nbxl
. NM 172203
NM_0078O7
"gp9i PH0X """
ptTfHOX
NMJ01O877
PHOX
p47
NM_010876
;. NM007806
p22 PHOX
Noxal
NM 172204
^ NM 027988
Noxol
NM 010927
iNOS
GDNF
NM 010275
BDNF
NM 007540
TNF-a
NM_013693
" IL-lp
NM 008361
NM031168
it-6";:""
STATl
NM 009283
V . N M J33S28
CREB
JNK3
NM 009158
NFkB
NM_Ot09O7
p38
NM 011951 "
STAT3
"NM 011486
COX-2
NM 611198
HspWutil
NM008302
GAPDH
NM 008084
i^^ctin
NM 007393

SABioscience Catalogue #
PPM34199 .
PPM32951
PPM34419
PPM25068
PPM36419
PPM33634
PPM36220 x
PPM02928
PPM04315
PPM03006
PPM03I13
PPM03IH')
PPM0?»I5
PPM04n:^

pPMor-s:
1
PPM04" '
PPM02lH<
PPMO:^"S

PPMO'IM*
PPM0>l~
['I'M04S(i3
i'r\i"2iMf>
l'P\I02l>45

HPLC determination of paraquat accumulation
In order to determine whether genotype influenced the entry and accumulation of
paraquat in specific brain regions a separate set of wild type (n = 9) and IFN-y KO (n = 6)
mice were subjected to the same paraquat injection regimen of the previous studies.
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Following 3 weeks of paraquat dosing (3 times/week; 10 mg/kg; i.p.), brains were rapidly
removed after decapitation. Brains were placed cortex side down in a stainless steel brain
blocker and razor blades inserted to produce 2.0 mm coronal tissue sections. Thereafter,
striatal and SNc brain regions were collected by micropunch (as previously described in
Hayley et al., 1999; Hayley et al., 2004). All brain samples were taken with reference to
the mouse brain atlas of Franklin and Paxinos (1997) and were stored at -80 °C until
processing.
Paraquat accumulation within the brain was determined through highperformance liquid chromatography (HPLC) as previously described (Hayley et al.
1999). Briefly, several brain regions (cortex, hippocampus, striatum and midbrain) were
sonicated for 20 minutes in a solution containing 12% acetic acid (few seconds by sonic
dismembrator followed by 20 minutes in ultrasound water bath). The tissue samples were
further centrifuged for 10 minutes at 21 000 RCF and supernatant transferred to HPLC
/auto-sample vials. After centrifugation 50 pi of sample was injected into the HPLC
system and paraquat separation was carried at a flow rate of 1.5 ml/min through a system
equipped with a ZORBAX

SB-C8 column, a radial compression column (4.6um x

250mm; Agilant Technologies), using a UV detector (263nm). The mobile phase used for
separation comprised of 3.5 ml tri ethylamine, 1.0 ml 1-hexane-sulphonic acid, sodium
salt and Dl 800 ml H20 (HPLC grade) that had been filtered using 0.22-mm filter paper,
degassed, and the pH levels adjusted to 2.5 using ortophosphoric acid. Stock solution
containing 10 pg of paraquat dichloride (Fluca #36541) in 1ml 12% ace tic acid were
used to determine to total amount of paraquat accumulation within the brain.
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A Hewlett-Packard integrator determined the height and area of the peaks. The
protein content of each sample was measured using bicinchoninic acid with a protein
analysis kit (Pierce Scientific, Canada), and a spectrophotometer (Brinkman, PC800
colorimeter). Paraquat determination was based on protein levels.

Statistical Analyses
All data were analysed by ANOVA followed by Fisher's planned comparisons
where appropriate (unless otherwise stated). Data were evaluated using a StatView
(version 6.0) statistical software package available from the SAS Institute, Inc.
Results
IFN-y deficiency prevented dopamine neuron loss following paraquat treatment
Consistent with our hypothesized role of IFN-y in the neurodegenerative effects
of paraquat, the impact of the pesticide was abrogated in mice lacking the cytokine.
Specifically, the number of surviving TH+ neurons varied as a function of IFN-y deletion
and paraquat treatment at SNc levels corresponding to bregma levels -3.08, -3.16, and 3.28 {Fs,,24 = 44.46, 10.19 and 6.219, respectively,^ < 0.05}. As shown in Figure 1, the
three week paraquat regimen provoked a moderate (~ 35%) but statistically significant
reduction in TH+ neurons in wildtype mice across the three SNc levels (p < 0.05).
However, this effect was completely absent in the IFN-y deficient mice (Figure 2.1). In
order to ascertain whether the loss of TH+ staining reflects an actual loss of neurons or is
simply a phenotypic suppression of the enzyme, we quantified counterstained cresyl
violet TH+ and TH" neurons within the SNc. To this end, we found that paraquat
provoked a selective loss of TH+ cresyl violet stained SNc neurons (in wildtype animals),
whereas no difference was observed in TH" cresyl violet neurons (data not shown).
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However, the overall number of cresyl violet neurons within the SNc was reduced,
indicating that there was a genuine neuronal loss induced. Moreover, the fact that
paraquat only influenced TH+ cresyl violet counterstained neurons indicates that this
cellular population is selectively vulnerable to the neurodestructive effects of the
pesticide.

Insert Figure 2.1 about here

Accumulation of paraquat within the brain
Accumulation of paraquat was measured within the striatum and midbrain of wild
type and IFN-y KO mice to determine if genetic deletion of the cytokine differentially
affected the central accumulation and regional distribution of the herbicide. To this end,
mice exposed to paraquat 3x/ week for 3 weeks had comparable levels of paraquat within
the two brain regions analyzed. Specifically, the mean values of paraquat accumulation
within the striatum and SNc were 3.689 ± 0.472 and 4.58 ± 0.57 ng/mg tissue,
respectively (n = 9) for the wild type mice and 4.933 ± 0.58 and 4.93± 0.41 ng/mg tissue,
respectively (n = 6) for the IFN-y KO mice. These were not significantly different in
either case (t-tests, p > 0.05). Thus, IFN-y deletion clearly did not affect midbrain
accumulation of paraquat and the very slight (but not significant) elevation in paraquat in
the striatum of knockout mice should certainly not explain the neuroprotective
consequences observed in these animals.
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Paraquat increased morphological signs of microglial reactivity and pro-inflammatory
cytokine expression in wild-type but not IFN-y null mice
As previously observed (Mangano and Hayley, 2009), paraquat increased staining
of the microglial cell marker, CDl lb, within the SNc of wildtype mice. These microglial
cells displayed morphological characteristics indicative of an intermediately activated
state, including short, thickened dendritic processes and a bushy rounded soma (see
representative photomicrographs in Figure 2.2). In contrast, no differences were observed
between paraquat treated IFN-y KO mice and their saline-treated counterparts with
respect to CDl lb + staining. In all instances, CDl lb + cells from IFN-y KO mice displayed
thin, highly ramified branching patterns and fine, less obvious soma indicative of a
microglial "resting" state (Nimmerjahn et al, 2005). Hence, the morphological state of
microglia, which is intimately linked to the inflammatory potential of these cells, was
clearly associated with the degree of degeneration observed within the SNc.

Insert Figure 2.2 about here

Pro-inflammatory cytokines may contribute to the neurodegenerative response
induced by paraquat by promoting a heightened state of microglial reactivity and
inducing the release of oxidative species. In the present investigation, paraquat timedependently provoked changes in the expression of several pro-inflammatory cytokines
within the SNc. As shown in Figure 2.2, the pro-inflammatory cytokines, TNF-a and FLIP, displayed similar temporal expression patterns. Specifically, a transient albeit nonsignificant reduction in cytokine mRNA was evident after 1 week (data not shown). In
contrast, at week 3, separate ANOVAs revealed a significant Genotype x Treatment

Proinflammatory cytokines and Parkinson's disease, 66

Saline
Paraquat

TNF-a
ir

c
o
</>

(0
4>

o

l_

a
x
a>

i

Wildtype

IFN-y KO

IL-1 (3

E
(0
4)
O)

c
(0

o
o

Wildtype

IFN-yKO

IL-6

lr"iB r-il
Wildtype

IFN-'KO

Figure 2.2 IFN-y deficiency prevented paraquat induced activation of microglia.
Representative photomicrographs of CDl lb immunostaining within the SNc of wildtype (WT)
and IFN-y knockout (KO) mice exposed to either saline or paraquat are depicted on the left.
Arrows indicate microglial cells with morphological changes typical of a state of intermediate
level reactivity. The right hand bar graphs reveal the quantification of expression of TNF-a, IL-6
and IL-ip mRNA measured using q-PCR from a separate group of saline or paraquat treated WT
and IFN-y KO mice. Results are mean ± SEM, 2-way ANOVA * p < 0.05.
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interaction for both TNF-a and IL-ip {Fs117 = 5.369 and 5.587, respectively, p < 0.05}.
As shown in Figure 2.2 and confirmed by the follow-up comparisons, paraquat markedly
increased TNF-a and IL-ip expression within the SNc of wildtype animals after 3 weeks
(p < 0.05). However, mice lacking IFN-y were entirely protected against these lateroccurring pesticide-induced effects. In contrast to TNF-a and IL-ip, mRNA expression
of IL-6 was not significantly altered after 3 weeks of paraquat treatment among mice of
either genotype. Yet, as shown in Figure 2.2, there was a definite trend towards an
elevation of IL-6 expression; and, once again, this effect (albeit non-significant) was
largely restricted to the wildtype mice.
Relative to the SNc, the striatum appeared to be far less susceptible to the impact
of paraquat on brain cytokine mRNA expression levels, at least at the time-points (and
sacrifice intervals) assayed. Indeed, the ANOVAs failed to reveal any significant main
effects of or interactions between Genotype and Treatment for any of the cytokines at
either of the experimental time-points (data not shown).
IFN-y deficiency attenuated NADPH oxidase activation following paraquat exposure
Paraquat time-dependently increased the SNc mRNA expression of several
subunits of the pro-oxidant enzyme, NADPH oxidase. This complex inducible enzyme is
located on the outer membrane of microglia and requires cytosol-to-membrane
translocation of a subset of the enzymatic subunits to generate superoxide radicals (Qian
et al., 2009; Qian et al., 2008). At the end of week 1, no changes were detected in mRNA
expression of the subunits making up either the phagocytic (gp91PHOX, p47PHOX and
p67PHOX) or non-phagocytic (Noxol, Noxl and Noxal) isoforms of NADPH oxidase
among wildtype or IFN-y KO mice (data not shown). However, by week 3, all of the
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subunits varied as a function of paraquat treatment, and most of these effects were
influenced by IFN-y deficiency.
Indeed, at week 3, paraquat caused robust IFN-y-dependent changes in the mRNA
expression of each of the phagocytic NADPH oxidase subunits assayed (Figure 3, leftmost panel). Specifically, the ANOVAs revealed a significant Genotype x Treatment
interaction for both membrane-bound (p22 and gp91PHOX) and cytosolic (p47PHOX,
p67PHOX) enzymatic subunits {Fsi, \i = 4.28, 19.25, 2.75 and 11.43, respectively, p <
0.05}. In each case, mRNA concentration was significantly elevated in the SNc among
wildtype mice following pesticide treatment (p < 0.05). Conversely, as shown in Figure
3, the IFN-y KO mice were completely resistant to these paraquat-induced effects. It is
important to underscore that the elevations of these oxidative subunits only occurred at
week 3, paralleling paraquat's maximal neurodegenerative effects. Indeed, we found that
paraquat did not provoke a significant loss of TH+ SNc neurons at earlier time-points
(e.g., after 1 week of treatment).

Insert Figure 2.3 about here

Consistent with the fact that NADPH oxidase is robustly expressed within
microglia, both the catalytic (gp91PHOX) and inducible cytosolic (p67PHOX) subunits were
found to be co-localized in CDllb + cells within the SNc (Figure 2.3). Paralleling the
mRNA data, immunohistochemical analyses revealed that the enzymatic subunits were
selectively increased in CDllb + microglia within the SNc of paraquat-treated wildtype
but not IFN-y KO mice (Figure 2.3).
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Figure 2.3 Paraquat elevated the expression of several NADPH oxidase subunits within
the SNc of wild type (WT) but not IFN-y knockout (KO) mice.
The bar graphs shown on top panels (A) reveal mRNA for cytosolic (P67PHOX, P47PHOX,
Noxal, Noxol) and membrane-bound (P22PHOX, gp91PHOx, Noxl) subunits of NADPH
oxidase was measured by q-PCR in wildtype and IFN-y KO mice after 3 week exposure
to either saline or paraquat. The data depict mean fold changes ± SEM relative to
housekeeping genes. *p < 0.0001, 2-way ANOVA. The bottom representative
photomicrographs display staining for the microglial marker, CDl lb (green) and either
the gp91PHOx (top panel) or P67PHOX (bottom panel) NADPH oxidase subunits (red).
Paraquat treatment induced gp91PHox and P67PHOX staining in WT mice (panels D and E,
respectively) and these subunits were clearly co-localized upon microglia (yellow region
of overlap indicated by arrows). In contrast, IFN-y KO mice treated with paraquat (panels
H and I) had virtually undetectable levels of the NADPH oxidase subunits and were
indistinguishable from either saline treated WT (panels B and C) or IFN-y KOs (panels F
and G).
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With respect to the non-phagocytic subunit isoforms of NADPH oxidase (i.e.,
Noxol, Noxl and Noxal), similar patterns of SNc mRNA expression was comparable to
the aforementioned phagocytic NADPH oxidase. Indeed, while Noxol, Noxl and Noxal
were not altered by the experimental manipulations at the early time-point (week 1); by
week 3, paraquat differentially influenced mRNA expression levels of these subunits
among wildtype and IFN-y KO animals. Specifically, the ANOVA revealed a significant
Genotype x Treatment interaction for Noxol {Fi, 16= 7.313 p < 0.05}, such that paraquat
increased levels of this cytosolic subunit within the SNc of wildtype mice (p < 0.05), but
not among the IFN-y KO (Figure 3). Similarly, by week 3, mRNA expression for both the
catalytic membrane-bound subunit, Noxl (gp91PHOXhomolog), and the cytosolic Noxal
subunit (p67PHOX homolog) were significantly augmented following paraquat treatment
{Fsi, le = 6.74 and 5.945, respectively/? < 0.05}. Although the ANOVAs failed to reveal
a significant interaction effect of Genotype with Treatment for the SNc mRNA levels of
these two subunits, the paraquat-induced mRNA changes appeared to be largely restricted
to wildtype animals. Indeed, as shown in Figure 3, IFN-y deficiency clearly attenuated
the rise in Noxl and Noxal evident in the SNc of wildtype mice (p < 0.05).
As was the case for the cytokine variations, very few changes in NADPH oxidase
subunit mRNA expression were detected within the striatum (data not shown). In fact,
only p47PHOX was significantly affected by the pesticide {F,,23 = 4.487/? < 0.05}, such that
striatal mRNA expression levels of this subunit were elevated following 3 weeks of
paraquat treatment, irrespective of IFN-y deficiency.
Paraquat-induced changes in MAP kinase expression were prevented by IFN-y knockout
The MAP kinases, p38a and JNK3 have been implicated in toxin-induced
neurodegeneration (Choi et al., 2010; Newhouse et al., 2004; Peng et al., 2004). Here, we
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report that paraquat induced robust time- and- IFN-y-dependent variations of MAP kinase
expression in the SNc but not striatum. In this regard, within the SNc, neither of the MAP
kinases was significantly affected by paraquat at week 1, although the IFN-y KOs
appeared to display increased JNK3 levels at this early time-point (Figure 2.4).
Contrastingly, at week 3, separate ANOVAs revealed that SNc mRNA expression of both
p38a and JNK3 significantly varied according to the interaction of Genotype with
Treatment {Fs,, ,7 = 5.360 and 5.959, respectively, /? < 0.05}. While paraquat increased
mRNA expression of both MAP kinases in wildtype animals (p < 0.05), these effects
were absent among the IFN-y KO mice (Figure 2.4). Thus, p38a and JNK3 not only
followed similar SNc expression patterns over time in response to the paraquat treatment
and IFN-y deletion, but also varied analogously with the aforementioned proinflammatory cytokine and NADPH oxidase subunit expression levels within this same
brain region.

Insert Figure 2.4 about here

Paraquat provoked time- and- IFN-y-dependent variations of inflammatory transcription
factors and their downstream enzymes
In addition to changes in MAP kinase expression, it was of interest to determine
the time-dependent influence of paraquat on several key transcription factors involved in
inflammation and/or IFN-y signalling. In this regard, the pesticide robustly affected SNc
expression of both STATl (a primary mediator of IFN-y-regulated transcription) and
NFKB

(but not STAT3), and once again, these changes were further influenced by time

(i.e., week 1 vs. week 3) and IFN-y deletion.
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With respect to STATl, separate ANOVAs revealed that paraquat significantly
affected SNc mRNA levels of the transcription factor after both 3 (week 1) and 9
injections week 3; and IFN-y KO differentially modified these effects {F,,2„= 3.342 and
Fi, n = 7.478, respectively, p <0.05}. As shown in Figure 2.5 and confirmed by the
multiple comparisons, at week 1, paraquat (somewhat surprisingly) increased STATl
expression within the SNc among IFN-y KOs but not wildtype mice (p < 0.05). Yet, by
the end of week 3, levels of the IFN-y-activated transcription factor normalized among
the paraquat-treated IFN-y deficient mice. Moreover, at this later time-point, wildtype
mice treated with the pesticide displayed robustly elevated STATl expression (p <0.05).

Insert Figure 2.5 about here

Unlike STATl, SNc mRNA expression of NFKB was not influenced by paraquat or IFNy deletion at the early week-1 time-point (data not shown); however, by week 3,

NFKB

levels were found to vary. Indeed, the ANOVA revealed a significant Genotype x
Treatment interaction for

NFKB

{F117= 5.81,/? < 0.05}, such that paraquat increased SNc

expression of this transcription factor, but once again, only in wildtype mice (p < 0.05).
In contrast, SNc expression of STAT3, which is a primary mediator of IL-6 signalling
(Murray, 2007), was completely unaffected by IFN-y deletion and paraquat treatment, at
either of the time-points tested (data not shown).
The inflammatory enzymes, COX-2 and iNOS, which are downstream targets of
STAT land

NFKB

(Bolli et al, 2003; de Prati et al, 2005; Tsatsanis et al, 2006), play a

role in the degenerative process in toxin-based animal models of PD
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Figure 2.5 Paraquat-induced elevations in the transcription factors, STATl and NFkB,
as well as the inducible enzymes, iNOS and COX-2 are modulated by IFN-y deficiency.
The top and bottom series of bar graphs display mRNA changes (after 1 and 3 weeks,
respectively) in wildtype and IFN-y KOs after treatment with either saline (white bars) or
paraquat (black bars). Data presented are mean fold changes ± SEM relative to that of
housekeeping genes. * p < 0.05, 2-way ANOVA.
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(Okuno et al., 2005; Wang et al., 2009; Gupta et al., 2010). Perhaps not surprisingly then,
in the present study, both COX-2 and iNOS varied time-dependently in the SNc as a
function of IFN-y deletion after paraquat treatment, although the enzymes displayed
somewhat divergent expression patterns over time (again, no significant effects were
observed in the striatum). In this regard, while no between-groups differences were
observed for week-1 iNOS levels, COX-2 expression varied significantly at week 1 as a
function of the interaction between Genotype and Treatment {F,,20 = 4.88,/? O.05}. Much
like STATl, the follow-up comparisons revealed that paraquat caused an elevation of
COX-2 among IFN-y-deficient (p < 0.05), but not wildtype mice (see Figure 2.5).
In contrast, by the end of week 3, separate ANOVAs revealed that paraquat and
IFN-y deletion jointly influenced mRNA expression of both COX-2 and iNOS {Fs, „ =
5.816 and 4.958, respectively, /? < 0.05}. As shown in Figure 2.5 and confirmed by the
multiple comparisons, paraquat-treated wildtype mice displayed markedly enhanced
COX-2 and iNOS expression relative to control animals (p < 0.05); however, IFN-y KO
mice were completely unaffected by the pesticide treatment.
Paraquat time-dependently diminished CREB and BDNF levels within the SNc among
wildtype but not IFN-y null mice
Besides oxidative and inflammatory mechanisms, there is reason to believe that
reductions of trophic factors, stemming from alterations in cell survival signalling, may
play a role in PD and animal models of the disease (Nagatsu et al, 2000; Parain et al,
1999). Accordingly, we assessed the impact of paraquat and IFN-y deletion on the CREB
transcription factor and its downstream target, BDNF, within the SNc and striatum. Once
again, no changes were observed within the striatum at either of the time-points assayed
(data not shown).
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However, within the SNc, separate ANOVAs revealed that, at the early 1 week
time-point, both CREB and BDNF varied significantly as a function of the interaction
between Genotype and Treatment {Fs,, 17 = 5.515 and 5.366, respectively, /? < 0.05}.
Indeed, after 1 week of injections, paraquat-treated wildtype mice displayed diminished
mRNA expression levels of both CREB and BDNF (p < 0.05, relative to saline-treated
wildtype controls), whereas IFN-y KO mice were completely resistant to such changes
(Figure 2.6).

Insert Figure 2.6 about here

Unlike the majority of the pro-inflammatory and pro-oxidant factors assayed,
CREB and BDNF mRNA expression levels were not significantly affected by the
paraquat treatment at week 3 among mice of either genotype (/? > 0.05). Indeed, as shown
in Figure 2.6, the (transient) paraquat-induced week 1 reduction of SNc CREB and
BDNF in wildtype animals had completely normalized by the end of week 3.
Discussion
Accumulating evidence has implicated neuroinflammatory cascades in the death
of midbrain DA neurons in PD patients and animal models of the disease (Hunot et al.
1999; Block and Hong, 2005; Miller et al., 2009). In this regard, numerous studies have
demonstrated that SNc DA neurons are particularly vulnerable to the impact of
inflammatory insults, such as LPS, as well as other toxins (e.g., MPTP, paraquat, and
rotenone) that have been shown to stimulate inflammatory factors (Gao et al., 2003b;
Thomas et al., 2008; Mangano and Hayley, 2009).
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Figure 2.6 Paraquat-induced reductions of SNc mRNA for CREB and BDNF in the SNc
are absent in IFN-y deficient mice.
Changes in mRNA expression for CREB and BDNF were measured by qPCR in wildtype
and IFN-y KO mice following 1 (top panels) or 3 (bottom panels) week exposure to
either saline (white bars) or paraquat (black bars). Results are presented as mean fold
changes ± SEM relative to that of housekeeping genes. * p < 0.05, 2-way ANOVA.
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The fact that microglial activation appears to occur prior to the loss of DA
neurons following toxin exposure (Kim et al., 2000; Purisai et al., 2007), and attenuation
of microglial responses using anti-inflammatory agents often results in neuroprotective
consequences (Du et al., 2001; Sugama et al., 2009; Radad et al., 2010), suggests a
primary role for microglial-driven inflammation in PD-like pathology. Corroborating
these findings, we demonstrate that the pesticide, paraquat, provoked a loss of SNc DA
neurons that was associated with microglial activation and alterations of numerous
oxidative, inflammatory and trophic factors. Moreover, all of these effects were
prevented by IFN-y deficiency, indicating that the pro-inflammatory cytokine may be a
primary mediator of microglial-dependent processes in PD (see Fig. 7 for conceptual
model). That said, it is important to note that paraquat also reduced SNc expression of the
trophic factor, BDNF, along with CREB, prior to the neurodegenerative and proinflammatory/oxidative changes. The fact that IFN-y deficiency also prevented this early
paraquat effect underscores the importance of the cytokine not only in the evolution of
inflammatory changes over time (which could conceivably be primarily linked to the
neurodegenerative process or alternatively be secondarily recruited by ongoing cell loss),
but also early pathological changes that could place neurons in an especially vulnerable
state.

Insert Figure 2.7 about here
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Figure 2.7 Model of potential role of IFN-y on the pathways to pathology following
paraquat exposure.
Paraquat acts as a potent inducer of oxidative distress by liberating superoxide (O2-) and
nitric oxide (NO) via NADPH oxidase and inducible nifric oxide (iNOS) enzymes on
microglia. These can then combine to form the highly reactive and deleterious ONOOradical which can directly damage dopamine (DA) neurons. At the same time, the proinflammatory cytokines, tumor necrosis factor-a (TNF-a) and interleukin-ip (IL-ip), as
well as the inflammatory enzyme, cyclooxygenase-2 (COX-2), also likely play a role in
perpetuating the pro-death process in DA neurons through their impact upon oxidative
and pro-apoptotic factors (e.g. the MAP kinase, JNK and BAX) and disturbances of
mitochondrial functioning. The present data indicate that the cytokine, interferon-y (IFNy), plays a crucial role in regulating microglia and these pro-death processes following
paraquat exposure. It is posited that IFN-y acts through STATl, NFkB and p38 to
promote many of these effects. Given that paraquat reduced cyclic AMP response
element binding protein (CREB) and brain derived neurotrophic factor (BDNF)
expression prior to DA neuronal loss, it is possible that diminished trophic support from
astrocytes rendered DA neurons vulnerable to the ongoing inflammatory and oxidative
effects of paraquat.
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Previous reports indicate that circulating and nigrostriatal levels of IFN-y are
increased in PD patients (Hunot et al., 1999; Ciesielska et al., 2003; Gribova et al. 2003;
Mogi et al., 2007); and mice lacking IFN-y were resistant to the neurodegenerative
effects of MPTP (Mount et al., 2007). The present study extends these findings by
showing that genetic ablation of IFN-y prevented the loss of DA neurons associated with
paraquat exposure. This is particularly important as multiple epidemiological studies
have correlated pesticide exposure in general, and a few have further implicated paraquat
itself, with an increased incidence of PD (Liou et al., 1997; Dhillon et al., 2008; Costello
et al., 2009; Gatto et al., 2009).

It is also important to note that, besides being a

commonly used pesticide, paraquat provokes histopathological changes, including asynuclein accumulation, which more closely resemble PD than those provoked by MPTP
or 6-hydroxydopamine (Manning-Bog et al., 2002; Fernagut et al., 2007; Mak et al.,
2010).
Among the pro-inflammatory factors, IFN-y is well established as having potent
stimulatory effects upon microglia, affecting the expression of surface receptors, such as
MHC and TLR4, necessary for antigen presentation and responding to pathogens (Okuno
et al., 2005; Kawanokuchi et al., 2006; Moran et al., 2007). Upon stimulation by IFN-y,
microglial up-regulate expression of several key enzymes involved in the generation of
the oxidative burst and other inflammatory responses (Twig et al., 2005; Kawanokuchi et
al., 2006). Accordingly, the present data reveal that IFN-y is a critical mediator of the
effects of paraquat upon SNc microglial expression of NADPH oxidase (both phagocytic
and non-phagocytic subunits), iNOS and COX-2. At the same time, paraquat increased
SNc expression of the pro-inflammatory cytokines, IL-ip and TNF-a, as well as their
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primary downstream transcription factor,
STATl, which, along with

NFKB,

NFKB

and the IFN-y transcription factor,

are capable of regulating iNOS and COX-2 gene

expression (Paik et al., 2002; Jung et al., 2010). Since IFN-y deficiency abrogated
virtually all of these paraquat-induced effects (as well as frank neuronal loss), these
findings provide compelling evidence in support of the required nature of the cytokine for
the microglial-associated oxidative and inflammatory responses underlying paraquatinduced neurodegeneration.
Paraquat-induced elevations of pro-oxidant enzymes, cytokines and key
intracellular inflammatory signalling factors all paralleled the temporal pattern of SNc
DA neuron loss (i.e., cell death present after 3 but not 1 week(s) of paraquat). This profile
clearly suggests that a pro-inflammatory and pro-oxidative environment evolves over
time following paraquat. Indeed, this slowly developing pro-death (or survival-limiting)
state might be related to the time required for the inflammatory response to "ramp up"
(possibly involving priming of peripheral immune cells) or conversely, might reflect the
cumulative effects of paraquat, as the toxin is known to accumulate in the nigrostriatal
brain regions over very long periods of time (Prasad et al., 2007, 2009). This contrasts
with the more rapid microglial response that we and others have observed following
intra-SNc infusion of the bacterial endotoxin, LPS (Kim et al., 2000; Ling et al., 2006;
Mangano and Hayley, 2009). Yet, previous work demonstrated that when paraquat was
administered at a time of heightened LPS-induced microglial response (after 2 but not 7
days), these cells maintained a morphologically active state over a month later and were
associated with an enhanced neurodegenerative effect (Mangano and Hayley, 2009).
Thus, the timing of the SNc neuroinflammatory response appears to depend upon the
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nature of the eliciting insult and once microglia are engaged, a prolonged response may
be maintained, which might result in a sensitized response of these cells to subsequent
challenges, and this could be translated into augmented damage to local DA neurons.
As already mentioned, microglial are an important source of oxidative species and
mice lacking the gp91 PHOX catalytic subunit of NADPH oxidase or those deficient in
iNOS displayed significantly less DA neuronal loss following MPTP challenge
(Liberatore et al., 1999; Wu et al., 2002, 2003). Similarly, IFN-y deficiency presently
blocked the elevation of iNOS and NADPH oxidase subunits and neuronal loss provoked
by paraquat. Although these enzymes are present in astrocytes and neurons, their
expression is generally markedly more robust on microglia (Dringen, 2005; Sorce and
Krause, 2009). Indeed, we found that p67PHOX and gp91 PHOX were localized in microglia
of wildtype mice following paraquat exposure. These findings are consistent with the
limited in vitro data showing that exposure to LPS and IFN-y together increased NADPH
oxidase and iNOS activity in glial cells (Pawate et al. 2004) and reduced DA neuron
survival in midbrain cultures (Jeohn et al., 2000; Shibata et al., 2003). Given that
paraquat induced the expression of iNOS and gp91 PHOX , along with the other NADPH
subunits within the SNc but only the p47PHOX subunit (which must interact with p67PHOX
or gp91 PHOX to be effective) within the striatum, suggests that most of damaging effects
of the herbicide likely occur upstream at the level of SNc DA soma. These data are
consistent with reports indicating that the impact of paraquat is appreciably less on
striatal DA terminals, compared to SNc soma (McCormack et al., 2002; Ciccetti et al,
2005).
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Although downstream oxidative or inflammatory effects of IFN-y would
presumably stem from gene regulation through its main transcription factor, STATl
(Kakar et al. 2005), the cytokine can also act through STAT-independent postfranslational mechanisms and, like IL-lp and TNF-a, can affect parallel MAP kinase
pathways (Chesler et al., 2004). Importantly, these factors are fundamentally linked to
oxidative processes; indeed, JNK or p38 antagonists blocked oxidative radical production
by interfering with the translocation of NADPH oxidase subunits (Yamamori et al., 2002;
Dang et al., 2003; Brown et al., 2004; Niwa et al., 2004; Kuan et al., 2005; Peng et al.,
2004, 2007). Hence, the fact that STATl expression was modulated by paraquat and IFNy deficiency in a manner identical to JNK and p38 once again supports an integral role for
IFN-y in a complex multi-pathway regulation of DA neuronal survival (see Figure 7).
Besides oxidative and inflammatory factors, PD has been associated with
alterations of trophic factors, such as GDNF and BDNF (Howells et al., 2000; Chauhan et
al., 2001; Masaki et al., 2003; Guerini et al., 2009). Indeed, virtually all animal models of
PD have demonstrated some degree of neuroprotection following GDNF administration
(Eslamboli et al., 2005; Zheng et al., 2005; Huang et al., 2010). Similarly, BDNF has
well documented pro-survival effects and is found in within the DA neurons of the SNc
(Seroogy et al., 1994; Zhang et al., 2007). Although GDNF expression was below
detection in the present study, we did find that paraquat reduced BDNF and its upstream
regulator, CREB, within the SNc; and once again, IFN-y deficiency prevented this effect.
Interestingly, BDNF and CREB reductions occurred at week 1 of the paraquat regimen,
in contrast to the later occurring elevations of the aforementioned oxidative and
inflammatory factors. In effect, the diminished trophic support presumed with the BDNF
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and CREB reductions early in the regimen could engender a vulnerability to the oxidative
and inflammatory stressors that were later promoted by paraquat administration.
In short, the present findings support an integral role of IFN-y in mediating
multiple interconnected pathways leading to neurodegeneration following paraquat
exposure (Figure 7). It is our contention that paraquat enhanced the vulnerability of SNc
DA neurons by dampening BDNF support prior to a loss of DA neurons and IFN-y
deficiency prevented this early reduction in trophic support. Subsequent exposure to
paraquat-induced production of free radicals promoted the release of microglialdependent pro-oxidant and pro-inflammatory factors. Chronic exposure to this pesticide
can cause these microglial cells to assume a chronically hyperactive state characterized
by the excessive production of oxidative and inflammatory factors. These changes,
together with reductions of trophic factors (BDNF and CREB) might favour a state of
diminished resiliency and plasticity of SNc neurons. We further posit that IFN-y is the
critical inflammatory mediator that shifts microglia into a prolonged state of activation
and release of toxic factors, eventually resulting in the death of DA neurons. These
findings further the scope of inflammatory processes linked to PD to include IFN-y as a
potentially important therapeutic target.

Proinflammatory cytokines and Parkinson's disease, 88
Chapter 3
Inflammatory priming of the substantia nigra influences the impact of later
paraquat exposure: Neuroimmune sensitization of neurodegeneration
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Abstract
Activation of microglia along with the release of inflammatory cytokines and
oxidative factors often accompanies toxin-induced degeneration of substantia nigra pars
compacta (SNc) dopamine (DA) neurons. Multiple toxin exposure may synergistically
influence microglial-dependent DA neuronal loss and, in fact, pre-treatment with one
toxin may sensitize DA neurons to the impact of subsequent insults. Thus, we assessed
whether priming SNc neurons with the inflammatory agent, lipopolysaccharide (LPS),
influenced the impact of later exposure to the pesticide, paraquat, which has been
reported to provoke DA loss. Indeed, LPS infusion into the SNc sensitized DA neurons to
the neurodegenerative effects of a series of paraquat injections commencing 2 days later.
In contrast, LPS pre-treatment actually protected against some of neurodegenerative
effects of paraquat when the pesticide was administered 7 days after the endotoxin. These
sensitization and de-sensitization effects were associated with altered expression of
reactive microglia expressing inducible immunoproteasome subunits, as well as
variations of fibroblast growth factor and a time-dependent infiltration of peripheral
immune cells. Circulating levels of the inflammatory cytokines, interleukin (IL)-6, IL-2,
tumor necrosis factor-a and interferon-y were also time-dependently elevated following
intra-SNc LPS infusion. These data suggest that inflammatory priming may influence DA
neuronal sensitivity to subsequent environmental toxins by modulating the state of glia
land immune factors, and these findings may be important for neurodegenerative
conditions, such as Parkinson's disease (PD).
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Introduction
Parkinson's disease (PD) stems from degeneration of the dopamine (DA) neurons
of the substantia nigra pars compacta(SNc), resulting in reduced DA release from
terminals of the striatum (Blandini et al, 2000; Hirsch et al, 1988; Langston, 2006).
Although a few rare familial forms of PD exist (Dawson and Dawson, 2003; Smith et al,
2005), most cases are idiopathic and probably arise from exposure to a constellation of
environmental factors, probably in conjunction with a genetic vulnerability (Betarbet et
al., 2006a; Betarbet et al., 2000; Kelada et al., 2006). In this regard, epidemiological and
animal studies have linked PD with exposure to several commonly used pesticides, such
as paraquat and rotenone (Andersen, 2003a; Cicchetti et al., 2005; Thiruchelvam et al.,
2000b; Wu et al., 2003). These pesticides provoke a loss of DA neurons, alterations of
DA metabolism, and induce the formation of a-synuclein containing Lewy bodies in
rodents (Betarbet et al., 2006a; Sherer et al., 2007). Moreover, exposure to multiple
toxins, such as paraquat and the fungicide, maneb, may synergistically increase the risk
of PD (Andersen, 2003a; Cicchetti et al., 2005; Thiruchelvam et al., 2000a).
Neuroinflammatory processes may be one major mechanism through which
environmental toxins contribute to neurodegeneration in PD (Carvey et al, 2003;
Dickman, 2001; Koustilieri et al, 2002). Indeed, post-mortem PD brain tissue and
common animal models of the disease (exposure to MPTP or 6-OHDA) activated
microglia coupled with increased expression of oxidative factors, as well as proinflammatory cytokines, including tumor necrosis factor-a (TNF-a) and interleukin-ip
(IL-lp) (Depino et al., 2003; Mandel et al, 2000a; Mogi et al., 1996; Mogi et al., 1994;
Nagatsu et al., 2000; Nagatsu and Sawada, 2005). Similarly, paraquat, rotenone and the
gram-negative bacterial endotoxin, lipopolysaccharide (LPS), stimulate microglial release
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of superoxide free radicals (Kim et al., 2000; Le et al., 2001; Qian et al., 2006; Qin et al.,
2004) and co-administration of LPS with either pesticide synergistically augmented DA
loss through a microglial-dependent mechanism (Gao et al., 2002a; Gao et al., 2003a;
Gao et al., 2003c; Liu et al., 2003; Purisai et al., 2007). In addition to glial variations,
alterations of interferon-y (IFN-y) producing T lymphocytes were reported in PD patients
and following MPTP treatment (Baba et al., 2005; Czlonkowska et al., 2002; KurkowskaJastrzebska et al., 1999b). Peripheral immune cells could influence neurodegeneration by
affecting microglial activity or the production of neurotrophic growth factors, such as
glial derived neurotrophic factor (GDNF) or fibroblast growth factor (FGF) (Benner et
al, 2004; Laurie et al, 2007; Le et al, 2001; Walker et al, 1998).
Other elements of the immune system, including the immunoproteasome, which
are involved in antigen processing, might also be activated by environmental toxins.
Exposure to immunogenic antigens (e.g. LPS) normally induces the catalytic subunits,
low molecular mass polypeptide (LMP)-2 and LMP-7, which replace constitutive
proteasome subunits (Marques et al., 2004), resulting in the formation of a functional
immunoproteasome (Groettrup et al, 2001). Although substantial evidence indicates that
PD patients have a dysfunctional 20S proteasome (Doherty et al, 2002; McNaught et al,
2002; Nakamura et al, 2006), little is known regarding immunoproteasome functioning
in PD. However, altered expression of the LMP-2 and LMP-7 subunits were reported
within the cortex and striatum of Huntington's and Alzheimer's disease patients (DiazHernadez et al, 2003; Mishto et al, 2006) and impaired motor performance was found in
LMP-2 deficient mice (Martin et al, 2004). As already mentioned, LPS exposure may
synergistically enhance neuroinflammatory and neurodegenerative processes when co-
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administered with a DA toxin (Gao et al, 2002a; Gao et al, 2003a; Gao et al, 2002b;
Gao et al, 2003b). Moreover, LPS pre-treatment (priming) enhanced the behavioral and
neurochemical effects of a cytokine or neurogenic stressor, when these challenges were
given some time later (cross-sensitization) (Hayley et al, 1999; Hayley et al, 2001;
Schmidt et al, 1995). Hence, it was hypothesized that intra-SNc infusion of LPS would
sensitize inflammatory processes, enhancing the neurodegenerative effects of later
exposure to the DA toxin, paraquat (cross-sensitization). Furthermore, as sensitization
effects related to inflammatory processes may vary over time (Cunningham et al., 2005;
Hayley and Anisman, 2005), it was of particular interest to establish whether such effects
were dependent upon the timing between exposure to the endotoxin and the pesticide.
Indeed, previous studies using animal models of stroke, indicated that immune
challenges, such as LPS or TNF-a, may sensitize or de-sensitize (protect) neurons to the
impact of ischemia, depending upon the timing of exposure to the two challenges (Hayley
and Anisman, 2005; Rosenzweig et al., 2004). Finally, we assessed whether changes in
inflammatory immune factors (LMPs, cytokines), the growth factor, FGF, and activation
of microglia or infiltrating peripheral immune cells were associated with any individual
or sensitizing neurodegenerative effects of the LPS and paraquat treatments.
Materials and methods
Single housed, male, C57BL/6 mice obtained from Charles River Laboratories
(Laprairie, Quebec, Canada) at 9-10 weeks of age were acclimated to the vivarium for 2
weeks prior to experimental procedures being initiated. Mice were maintained on a 12-h
light/12-h dark cycle in a temperature (21°C) controlled room with an ad libitium diet of
Ralston Purina mouse chow and water.
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Overall experimental rationale
Two experiments were conducted to determine, firstly, the temporal profile of
cytokine and inflammatory cellular changes provoked by direct infusion of relatively low
doses of LPS into the SNc, and secondly, whether administration of paraquat at certain
intervals following the endotoxin resulted in augmented or diminished neurodegenerative
responses associated with distinct inflammatory changes.
Surgery and LPS infusion
All mice (10-12 weeks of age) underwent stereotaxic surgery wherein indwelling
cannulae (26-gauge stainless steel) were implanted above the SNc (bregma anteroposterior -3.16 mm; lateral ±1.2 mm; ventral -4.0 mm) and given a 6-day convalescence
period prior to commencement of experimentation. Thereafter, an infusion of either
saline or LPS (0.1 or 3.0 pg) was given in 2 pi of fluid delivered into the SNc over a 5
minutes period from polyethylene tubing connected to a Hamilton micro-liter syringe
driven by a Harvard Apparatus Pico Plus syringe pump. In contrast to studies involving
resfraint of rodents during central infusions, mice in the present study were able to freely
move about in their home cages, thereby minimizing the stress associated with this
procedure.
Experiment 1: intra-SNc LPS time course
At either 90 minute, 2- or 7-days following intra-SNc infusion of saline or LPS,
half of the mice (n = 8-10/group) were rapidly decapitated and the SNc and striatal nuclei
collected by micro-punch and the remaining half underwent transcardial perfusion.
Specifically, using a biopsy needle (1.0 mm diameter) tissue was micro-punched from
coronal sections (0.5 mm) of the SNc (bregma -2.92 to -3.88) and striatal (bregma 0.38 to
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1.10) nuclei (Hayley et al, 2004a; Hayley et al, 2001), following the Atlas of Franklin
and Paxinos (1997).
Brain punches were then stored at -80°C until they were ready to be processed for
cytokine protein concentrations using a Luminex multiplex laser-based bead assay.
Plasma was also exfracted from trunk blood for cytokine determinations. Briefly, blood
was collected in EDTA treated tubes and then centrifuged for 10 min at 3600 rpm and
supernatant removed. The remaining mice were perfused with 10 ml of cold saline
followed by 4% PFA; brains were removed and post-fixed for an additional 24-hr. Brains
were then cryo-protected in a 20% sucrose solution with 0.1M PBS and 0.02% sodium
azide (pH 7.4) for at least 3 days before immunohistochemical assessment of glial and
immune cell activation.

Experiment 2: LPS-paraquat sensitization
Two or seven days following intra-SNc infusion of saline or a low dose of LPS
(0.1 pg/2ul), mice (n = 10/group) were administered either saline or paraquat (10 mg/kg;
i.p.) three times a week for a 3 week period. Mice were then sacrificed 5 days following
their last paraquat or saline injection and perfused (as described for Experiment 1) for
immunohistochemical analyses of glia, FGF and quantification of DA neuronal loss by
TH and FluoroJade B immunohistochemistry.
Multiplex Luminex procedure
The Luminex 100 is a suspension based bead array system that can detect up to
100 different analytes in a single 50 pi sample. Sets of microspheres (5.6 pm beads) are
internally dyed with different ratios of fluorophores, each conjugated to a different
capture probe (cytokine specific antibody). Following incubation, a classification laser
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identifies the particular cytokine bound and a second reporter laser quantifies the signal
present. We utilized a custom multiple cytokine detection kit (Beadlyte Mouse MultiCytokine Detection System, Upstate Cell Signalling Solutions) to detect circulating and
brain levels of IL-2, IL-6, IFN-y and TNF-a at three different times following LPS
infusion (Experiment 1). In recent studies using this procedure, we have reliably observed
distinct patterns of elevations of these cytokines in response to several insults, ranging
from middle cerebral artery occlusion to chronic psychological stressors.
To determine cytokine concentrations, brain punches were homogenized and
assayed for protein while plasma was treated with a serum diluent (Upstate Cell
Signalling, Cat#43-007); apart from these distinctions all samples underwent the exact
same process. Following three brief washes, 60 pi of lysis buffer was added to the
samples and they were immediately homogenized, centrifuged at 6000 rpm for 10 min at
4°C and 50 pi of the supernatant was collected for use in the Luminex analysis. To
prepare standards for Luminex analysis, 5000 pg of Multi-Cytokine 2 standard was resuspended in 1ml serum diluent and vortexed at a medium speed for 15 s, following
which serial dilutions were prepared. After 25 pi of Beadlyte Cytokine Assay Buffer was
added to the wells, plates were vortexed and a vacuum manifold applied to remove
excess liquid. For serum samples, 25 pi of serum diluent and 25 pi of sample were added
to each well. Following 20 min incubation on a shaker, the anti-mouse multi-cytokine
beads were vortexed, sonicated and 25 pi of the bead solution added to the wells.
Following a brief vortex, plates were then incubated overnight at 4°C. Thereafter,
samples were re-suspended in 50 pi of Beadlyte Cytokine Assay Buffer and the vortex
and washing procedures repeated. Finally, 25 pi of biotin conjugated cytokine beads were
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added for 90 min incubation in the dark. Just prior to the end of the incubation period, the
Beadlyte Sfreptavidin-PE was diluted (1:25) and 25 pi was added to each well for the
final 30 min incubation. The assay was then halted using 25 pi of Beadlyte Stop Solution.
Filter plates were then read in a Luminex 100 instrument, fitted with a five-parameter
logistic regression curve using QT Masterplex software (MiraiBio, Hitachi, CA) (Hulse
et al, 2004).

Immunohistochemistry
Brains were cut using a Shandon AS620 Cryotome (Fisher Scientific, Ottawa,
ON) and coronal sections (14 pm thick) were obtained from every 6th section of the
striatum and every 4th section of the SNc between the aforementioned bregma levels.
Sections were then incubated with primary antibodies (0.01M PBS, 0.3% Triton X-100)
overnight at 4°C and following two washes with 0.01M PBS, were incubated with
secondary antiserum for 2-hr at room temperature. Thereafter, slides were cover-slipped
with anti-fade and stored at -20°C.
Experiment 1, glial activation within the SNc was evaluated using primary
antibodies specific for microglia (rat anti-mouse CDl lb; 1:1000, Serotec) and astrocytes
(rabbit anti-mouse GFAP, 1:500, Dako). To assess the possibility that LPS may have
influenced the infiltration of peripheral immune cells around the meninges adjacent to the
SNc, CD3immunoreactivity (rat anti-mouse 1:400, Serotec) was used as a marker for Tlymphocytes and CDl lb as a marker for peripheral macrophages.
As well, to determine the impact of LPS upon central immunoproteasome activity, antiLMP-2 (rabbit anti-mouse 1:400, Serotec) and anti-LMP 7 (rabbit anti-mouse 1:400,
Serotec) immunostaining was conducted across multiple levels of the SNc. Donkey anti-
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rat and anti-rabbit CY3 conjugated secondary anti-sera (1:200, Jackson Laboratories) was
used for visualization of these glial and immune cell markers. In cases of double
labelling, anti-LMP and anti-CD l i b or anti-mouse TH were co-incubated, as already
described, and visualized using anti-rabbit CY3 (1:200, Jackson) and anti-rat or antimouse FITC (1:100, Jackson).
Microglial reactivity was semi-quantitatively evaluated by two blind raters (>90%
inter-rater reliability) that assessed the degree of morphological change using a 0-3 rating
scale, with a rating of 0 referring to resting glial state (highly ramified with thin
processes), 1 reflecting an intermediate reactive state in which less than 10 cells/SNc
could be considered moderately activated (thickened, short processes with a compact
soma), a rating of 2 was given when the majority of cells were intermediately activated
with occasional highly activated cells (these essentially have an amoeboid, macrophagelike appearance, being spherical in shape and lacking processes) and a rating of 3 was
given when a large number of cells displayed the most highly activated amoeboid shape.
Survival of DA neurons in Experiment 2 was assessed by counting the number of
TH+ (1:1000, ImmunoStar) neurons present through the rostral-caudal axis of the SNc
and making between group comparisons at specific bregma levels. Briefly, at least 2
sections were obtained from each animal representing each of five levels from -3.08 to 3.40 relative to bregma. Sections from each level/animal were averaged for the number of
TH+ neurons with a total of 8-10 animals/group analyzed. As previously described
(Hayley et al, 2004a), density of the TH+ terminals within the striatum was quantified
using a software program available for free download from the University of Texas,
UTHSCSA (Image-Tool, Version 3.0). In all cases, analyses were performed by an
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individual unaware of the experimental treatments and each tissue sample was quantified
relative to its own non-stained background and then compared to the other treatment
groups.
Additionally, FluoroJade B, immunohistochemistry was used to assess whether
ongoing neurodegeneration may have been occurring in any survival neurons following
the treatments. Briefly, slides were incubated with 0.0001% FluoroJade B (Vector) for 30
min after sequential immersion in 1% NAOH, alcohol (80% followed by 70%) and
0.06% potassium permanganate.
Finally, some sections were double labelled with mouse anti-TH (1:800,
ImmunoStar) and the mature neuronal marker, rabbit anti-NeuN (1:800, Chemicon) and
visualized using anti-TH Texas Red (1:150, Vector) and anti-rabbit FITC (1:100, Vector).
The number of surviving TH+ and TH" neurons (NeuN+) were then quantified using a
Nikon CI Confocal system. Thus, we assessed whether the LPS-paraquat treatment
selectively affected DA neurons (TH+/NeuN+) or induced a global loss of these plus nonDA neurons (TH7NeuN+) within the vicinity of the SNc.

As described for Experiment

1, microglial (CDl lb) and astrocyte (GFAP) immunohistochemistry was performed on
SNc and striatal sections. As well, FGF-2 immunoreactivity within the striatum was
determined using the primary antibody (rabbit anti-mouse 1:100, Santa Cruz), together
with biotinylated goat anti-rabbit anti-serum (1:100, Vector) and visualized with
streptavidin conjugated Texas Red (1:50, Vector).

Western blot
Western blot analyses of tissue punches from the striatum were conducted to assess
changes in astrocyte expression that may be associated with the LPS and paraquat elicited
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loss of TH+ terminals. Specifically, the primary antibody GFAP (1:5000, Dako) was used
and P-actin (1:20,000, Sigma) applied as a loading control. Following our previous
procedures (Hayley et al, 2004a), striatal tissue punches were diluted in an extraction
buffer (5.0M NaCl, 0.5M EDTA,100mM EGTA, 1M DTT, 50% glycerol, 0.1M
PMSF,10 mg/ml leupeptin, 5 pg/ml aprotinin, 1M glycerol-phosphate, 0.5M NaF, and
lOOmM Na-orthovanadate), sonicated, centrifuged at 14,000 rpm, (15 min) and
supernatant assessed for protein concentration using a BioRad protein assay. Thereafter,
30pg of protein was analyzed by SDS/PAGE followed by western blot.

Behavioural analyses
All behavioural testing was conducted between 08:00and 11:00 h to minimize
influences of circadian variations. One hour following the final paraquat/saline injections
mice were assessed for PD-like symptoms as reflected by three qualitative indices of
motor impairment; posture, gait and muscle tone. Specifically, mice were placed in an
open area (30 cmx30 cmx30 cm) for 3 min, during which behavioural symptoms were
scored on a 3-point rating scale by two independent blind raters.
Individual ratings of these three symptoms were then compiled to create an
average, thought to reflect the overall motor impairment of the animal. Individual ratings
of posture were determined by assessing the hunched/arched appearance of the spine of
mice (a rating of 0 was assigned for normal posture, a 1 was assigned if an arched back
appearance became apparent within 3 minute of being placed in an open field, a rating of
2 was given to mice that immediately displayed a hunched appearance that lasted for the
entire 3 minute in the arena). In terms of gait, mice were evaluated on the style of stepby-step motion utilized in the arena. If the paw-placement appeared normal with a well
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coordinated gait a rating of 0 was assigned, whereas if the mouse displayed either
dragging the hind-paws in an uncoordinated manner or shuffling of the hind limbs
producing a "start-stop" movement, a rating of 1 was assigned. If both abnormal
behaviours were concomitantly present a rating of 2 was given. For muscle tone, mice
were briefly (10 seconds) suspended in the vertical position and hind-legs were
scrutinized for limb placement and struggling behaviour. Mice with a robust struggle
reflex in the vertical position and no signs of splayed limbs were given a normal rating of
0. Animals showing mildly splayed hind-paws with the absence of normal struggling in
the vertical position were assigned a rating of 1. Those that failed to show any sign of
struggle in the vertical position and had severe splayed hind-paws were given a rating of
2.
Statistical analyses
Data were analyzed by ANOVA, followed by Fisher's planned comparisons (p <
0.05) where appropriate. Data were evaluated using a StatView (Version 5) statistical
software package available from the SAS Institute, Inc.
Results
Experiment 1: LPS induced time-dependent SNc microglial activation
Both concentrations of LPS provoked a similar degree of activation of microglia, hence,
for the sake of clarity; photomicrographs are only presented for the lower dose of the
endotoxin (0.1 pg). As shown in Figure 3.1, intra-SNc LPS infusion provoked a robust
increase of SNc CDllb + immunoreactivity, peaking at the 2-day interval on the ipsilateral injection side. In contrast, CDllb + immunostaining within the contra-lateral noninjected SNc was not affected by the LPS treatments (data not shown). At 2-days
following LPS infusion, CDllb + microglia within the SNc, below the site of injection,
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displayed morphological characteristics indicative of a highly activated state, including
shortened thick dendritic processes and compact rounded soma. By contrast, saline
treated mice displayed thin, highly ramified branching patterns and fine, less obvious
soma characteristic of a microglial resting state.
Semi-quantitative ratings confirmed that CDl lb hyper-reactive microglial cells
were maximally activated 2-days after the endotoxin. At the 7-day interval, there were
some intermediately reactive cells, along with those that appeared to be in a resting state,
see Figure 3.1. The fact that CDl lb was still modestly elevated 7-days following LPS
freatment, suggests that a single exposure to the endotoxin had protracted effects upon
SNc microglial reactivity. Paralleling the changes in CDllb + immunostaining, a robust
elevation of LMP-2 and -7 immunoproteasome subunit staining was observed 2-days
after the endotoxin (Figure 3.1); moreover, these still remained elevated after 7-days,
particularly LMP-7. Within the SNc, both LMPs were largely co-localized with CDllb +
cells, thereby indicating the expression of these immunoproteasome subunits on
microglia. However, there was no evidence of either of the LMPs being expressed on
TH+ neurons within the SNc (data not shown).

Insert Figure 3.1 about here

Infiltration of peripheral immune cells: CDS, CDl lb and LMP 2 and 7 immunoreactivity
at the meninges
As shown in Figure 3.2, intra-SNc LPS infusion augmented CD3
immunoreactivity around the meninges just ventral to the SNc. Although there was only a
modest increase in the CD3 staining around the meninges after 2-days, a dramatic
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Figure 3.1 Intra-nigral LPS induced time-dependent changes in SNc microglia
immunoproteasome expression.
As indicated by the photomicrographs, microglial cells of saline treated mice (CDllb +
staining) were thin and highly ramified, characteristic of a resting state. Exposure to LPS
(0.1 pg) moderately influenced microglia activation after 90 min; however, 2-days
following LPS induced profound morphological changes, wherein microglial cells
displayed shortened thick dendritic processes and compact rounded soma. Microglia cells
remained modestly elevated at 7-days following LPS infusion. As depicted in the table, a
semi-quantitative rating scale confirmed that a single exposure to LPS caused a peak in
ratings of microglial reactivity 2-days following LPS infusion. Paralleling the CDllb +
immunostaining, variations in the immunoproteasome subunits LMP-2 and LMP-7 were
induced by a single LPS infusion. Specifically, saline treated mice displayed low levels
of LMP-2 and LMP-7 immunoreactivity within the SNc; however, both LMP-2 and
LMP-7 were greatly elevated 2-days following LPS. The photomicrographs shown on the
bottom right (see arrows) reveal that a 2-day delay between LPS+paraquat treatments
induced CDl lb immunoreactivity that was predominately co-localized with LMP-2 (the
same was true for LMP-7, not shown).
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elevation in the number of cells expressing the CD3 T-lymphocyte marker was evident 7days following the endotoxin (Figure 3.2). These cells were small, ovoid and consistent
with the appearance of T-lymphocytes that were previously shown to infiltrate the brain
parenchyma following TNF-a administration (Farkas et al, 2003). Paralleling these CD3
changes, LMP-2 and LMP-7 labelling of meningeal cells located ventral to the SNc
displayed an identical temporal pattern of labelling (Figure 3.2). In contrast, CDl lb
labelling of cells lining the meninges (which likely reflect macrophages) was markedly
elevated above control levels at both the 2- and 7-day intervals following LPS infusion
(Figure 3.2).
Finally, a pattern of CDl lb, CD3and LMP labelling that was identical to that
observed at the meninges, was also apparent around the third ventricle (data not shown),
suggesting that these immune cells were present throughout the meningeal and
ventricular lining of the brain.

Insert Figure 3.2 about here

Central and peripheral cytokine alterations following LPS
Infusion of LPS into the SNc provoked marked changes of several cytokines
within the SNc and striatum, as well as in peripheral circulation. In particular, two
prominent patterns of cytokine alterations emerged, an early cytokine elevation that
peaked after 90 min and a late occurring pattern, wherein levels were increased 7-days
following the endotoxin.
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Figure 3.2 Intra-nigral infusion of LPS provoked time-dependent elevation ofCD3, LMP-2 and
CDl lb labelling at the meninges.
As shown in the top photomicrographs, relative to saline treated mice enhanced immunostaining
for the T-lymphocyte receptor marker CD3 was observed in the meninges after 2-days.
Immunostaining for CD3 continued to dramatically increase by 7-days following LPS exposure.
Paralleling CD3, saline treated animals displayed minimal LMP-2 staining at the meninges.
However, a 2-day delay following LPS increased immunostaining of LMP-2 and this effect was
appreciably enhanced by the 7-day interval. In contrast, the most robust CDl lb + immunostaining
observed in the meninges was apparent 2-days after LPS but still moderately elevated by 7-days,
relative to saline treated controls.
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IL-6 and TNF-a
These two macrophage derived cytokines varied as a function of LPS treatment,
^S6,33 = 4.53 and 9.93, p < 0.001, respectively. As shown in Figure 3.3 and confirmed by
the follow-up comparisons, a significant and dramatic elevation of circulating TNF-a and
IL-6 (< 29 and 36-fold respective increases) was evident in mice that had received LPS
90 min earlier, relative to the remaining groups. Interestingly, the magnitude of these
cytokine elevations was greater following administration of the lower (0.1 pg) of the two
LPS doses. Paralleling the peripheral changes, a similar elevation of TNF-a and IL-6
occurred within the SNc, Fs6,70 - 4.72, 4.40, respectively, p < 0.01. As shown in Figure
3.3 and confirmed by the follow up comparisons, an elevation of TNF-a and IL-6 within
the SNc occurred 90 min following LPS infusion (p < 0.01).
The pattern of alterations of these cytokines within the striatum following LPS
exposure was clearly distinct from that evident within the SNc, such that concentrations
of TNF-a were not significantly affected, whereas IL-6 variations were apparent, ¥(,,2A 6.01, p < 0.001. Indeed, the follow up comparisons revealed elevated levels of IL-6
within the striatum, peaking after 90 min and remaining elevated 2 and 7 days following
the endotoxin.
IL-2 and IFN-y
The overall ANOVA indicated that plasma levels of IFN-y were influenced by the
intra-SNc infusions, F6,68 = 2.71, /? < 0.05. Although levels of IFN-y did not differ from
saline treated controls at the 90 min interval, the cytokine was significantly elevated 7days following the higher 3.0 pg dose of LPS (/? < 0.05). As shown in Figure 3.3, a
similar time dependent change was apparent for circulating IL-2, although the ANOVA
was just shy of significance F6,56 = 2.10, p = 0.06. Nonetheless, based upon previous

Proinflammatory cytokines and Parkinson's disease, 107
evidence indicating disturbed T-lymphocytes responses in PD (Baba et al, 2005), it had
been hypothesized that both of the Th-1 associated cytokines, IFN-y and IL-2, would be
altered by the intra-SNc LPS infusion. Based on the a priori hypothesis, follow-up
comparisons were conducted. These comparisons revealed that IL-2 was significantly
reduced 90 min following LPS infusion, but increased with the passage of time, such that
levels of the cytokine exceeded that of controls at 7-days following the high dose of the
endotoxin (p < 0.05; see Figure 3.3). In contrast to the peripheral variations, SNc and
striatal levels of IL-2 and IFN-y were not altered by intra-SNc LPS treatment.

Insert Figure 3.3 about here

Experiment 2: LPS sensitized or de-sensitized DA neurons to paraquat depending upon
timing of exposure.
Experiment 1 established some of the inflammatory immune changes provoked by
intra-SNc LPS that might influence neuronal vulnerability. For the present experiment,
we hypothesized that the inflammatory state of the SNc microenvironment would
determine whether DA neurons were more or less vulnerable to subsequent paraquat
exposure. Thus, mice were exposed to paraquat 2- or 7-days following intra-SNc LPS; at
times corresponding to robust microglial and immune cell responses.
The ANOVAs revealed that the number of TH+ neurons varied as a function of
the treatments, with a statistically significant LPS infusion * paraquat interaction at two
different SNc levels, Fsh35 = 4.18; 6.30, p < 0.05, bregma levels -3.08 and -3.40,
respectively. As shown in Figure 3.4, chronic systemic exposure to paraquat or acute
intra-SNc infusion of LPS caused a modest (<30%), yet statistically significant, reduction
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Figure 3.3 Intra-SNc LPS infusion provoked marked time-dependent elevations in
several pro-inflammatory cytokines.
LPS induced profound elevations in IL-6 (peaking after 90 min) relative to saline
treatment within plasma, SNc and striatum. Interestingly, the rise in IL-6 persisted for the
entire 7-day interval within the striatum, at least following the high dose of LPS.
Paralleling the IL-6 changes, LPS provoked a dramatic elevation of plasma and SNc
levels of TNF-a after the 90 min interval, with the 0.1 pg dose being somewhat more
effective. However, intra-SNc LPS infusion did not influence TNF-a level within the
striatum. Interestingly, the two T/NK cell derived inflammatory cytokines, IL-2 and IFNY, displayed similar patterns of elevation, wherein their levels were increased within
plasma only at the 7-day interval following the 3.0 LPS injection. In confrast to this later
elevation, both LPS doses reduced plasma IL-2 levels after 90 min, relative to saline
administration. The effects of LPS upon IL-2 and IFN-y appear to have been limited to
the periphery since levels of these cytokines within the SNc and striatum were not
affected by LPS. /? < 0.05, relative to intra-SNc saline infusion.

»
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in the number of TH+ cells across levels of the SNc, relative to saline treated controls (/? <
0.05).
However, animals that were pre-freated with the bacterial endotoxin 2-days prior
to receiving the paraquat injections were much more vulnerable to the impact of the
pesticide. Indeed, these mice displayed an additional 35-60% reduction of TH+ labelling,
such that the LPS pre-treatment resulted in a significantly greater loss of neurons being
induced by paraquat compared to animals that had received the pesticide in the absence
of the endotoxin (p < 0.05; Figure 3.4).
Corroborating the sensitized loss of TH+ neurons, the mice treated with LPS and
then paraquat also displayed FluoroJade B staining within the SNc (Figure 3.4). Presence
of this marker for dying neurons in this group, but not in any of the other treatment
conditions, suggests that an ongoing neurodegenerative process may be selectively
activated in the sensitized mice. In contrast to these sensitized effects after the 2-day
interval, LPS pre-treatment 7-days prior to paraquat exposure did not augment the impact
of the pesticide upon SNc neurons, suggesting that the effects of the inflammatory
endotoxin may have begun to dissipate after several days or that alternate factors were
induced (Figure 3.4).

Insert Figure 3.4 about here

In a subset of SNc tissue samples (n = 5/group), double labelling was conducted
to determine whether the LPS and paraquat induced loss of TH+ neurons was specific for
these neurons, rather than reflecting a global neurodegenerative response. In this regard,
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Figure 3.4 LPS time-dependently affected the sensitivity of SNc dopaminergic neurons to
the effects of paraquat.
Paraquat alone (i.p.; 10 mg/kg 3 times a week for 3 weeks) provoked a loss of TH+ SNc
neurons and this effect was considerably enhanced in mice that were pre-freated with
LPS (0.01 pg) 2-days prior to receiving paraquat. Moreover, as observed in the above
photomicrograph, the surviving neurons of mice treated with LPS + paraquat were
morphologically abnormal in appearance relative to animals that received saline.
Quantification of number of TH+ neurons, which is presented in the bar graphs at the
middle left, confirmed that LPS pre-treatment 2-days prior to paraquat resulted in a
greatly augmented loss of neurons at within the SNc. The far right photomicrographs
depict FluoroJade B immunohistochemistry of mice infused with LPS 2-days prior to
commencing paraquat. FluoroJade B immunostaining was only present in the ipsi-lateral
side of the brain, near the injection site. Finally, the bottom left confocal
photomicrograph (20 x magnification) depicts double labelled SNc sections from mice
pre-treated with LPS that received saline or paraquat 2-days later. The number of neurons
that co-expressed the NeuN (green) and TH (red) was reduced in the LPS-paraquat
treated mice (arrows give example of NeuN+/TH+ neurons). However, there was no
difference between the groups with respect to the population of NeuN+ neurons that did
not express TH (NeuN+/TH~; see arrowheads for example). The lower right bar graph
shows the quantification of these neuronal populations. * p < 0.05, relative to salinesaline treated controls.
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quantification of double labelled (TH+ and NeuN+) confocal images revealed a significant
reduction of TH+ neurons that co-express NeuN+ in LPS primed mice that received
paraquat treatment 2-days later, relative to mice that had received saline following the
endotoxin, F\ts= 14.23,/? < 0.01. However, there was no difference between these groups
in the number of NeuN expressing neurons that did not express TH (NeuN+/TH~),
suggesting that the LPS and paraquat treatments did not affect this sub-population. As
well, the surviving TH+ neurons of the LPS-paraquat treated mice appeared
morphologically impaired, often displaying intracellular vacuoles and poor cellular
definition, raising the possibility that these "sick" neurons may degenerate after more
protracted delays.
In addition to the SNc variations, paraquat treatment significantly reduced striatal
TH+ terminal density, Fi^i = 17.85, p < 0.05. Although there was no significant LPS
freatment main effect or interaction with the paraquat treatment, our a priori hypothesis
was that LPS pre-treatment would modify the impact of paraquat. Thus, we conducted
post-hoc comparisons of mice that received paraquat in the presence or absence of LPS
pre-treatment. Interestingly, as shown in Figure 3.5, LPS pre-treatment actually
diminished the impact of paraquat exposure 7-days later, indicating that the endotoxin
had a de-sensitizing effect at this interval.
Densitometry measures confirmed that TH+ terminal staining within the striatum
were significantly greater in LPS pre-treated mice that received paraquat 7-days later,
compared to those that received the pesticide following saline pre-treatment, p < 0.05;
< 46% elevation in LPS-paraquat 7-day animals, see Figure 3.5. In effect, the 7-day LPS
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pre-treatment interval appeared to preserve the striatal terminals, attenuating the impact
of paraquat, whereas no such effect was observed at the 2-day interval.

Insert Figure 3.5 about here

Inflammatory SNc glial changes that accompany the LPS-paraquat provoked
neurodegeneration
Enhanced SNc microglial reactivity was provoked by the individual LPS and
paraquat treatments. Specifically, among mice that received intra-SNc LPS infusions
CDllb + cells were more numerous than in animals that received saline infusion (Figure
3.6). It is noteworthy that these animals had received the LPS infusion more than a month
earlier, indicating that a single exposure to the endotoxin provoked long-term microglial
changes, albeit of a smaller magnitude than observed after shorter intervals (see
Experiment 1). Similarly, a modest elevation of CDl lb reactivity within the SNc was
observed following the 3 weeks of paraquat injections compared to mice that only
received saline (Figure 3.6). However, the most prominent changes in CDl lb
immunoreactivity occurred in intra-SNc LPS pre-treated mice that received paraquat 2days later. Indeed, these mice displayed microglial cells characteristic of a highly
activated state with shortened thick dendritic processes and compact round amoeboid-like
soma similar to that of peripheral macrophages (Figure 3.6). In contrast, CDllb +
labelling was not appreciably influenced by LPS pre-treatment 7-days prior to paraquat
administration, such that the microglial marker did not differ between these animals and
those that received the pesticide in the absence of the endotoxin. Thus, paralleling the
sensitized loss of TH+ neurons, LPS appeared to provoke a time-dependent sensitization
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Figure 3.5 Intra-SNc infusion of LPS and systemic paraquat time-dependently affected
striatal dopaminergic terminal.
The photomicrographs depict immunostaining of TH+ terminals within the striatum in
mice that received either saline or LPS (0.01 pg) followed by a 2- (top panels) or 7(bottom panels) day delay later prior to commencing saline or paraquat treatments (i.p.;
10 mg/kg three times a week for 3 weeks). Mice that received paraquat displayed reduced
TH+ terminal staining relative to their respective controls. In contrast, LPS followed by
saline 2- or 7- days later did not influence TH+ labelling of striatal terminals. Mice that
received paraquat 2-days following LPS pre-treatment displayed a diminution of TH+
staining comparable to that observed in animals exposed paraquat alone. However, LPS
pre-freatment 7-days prior to paraquat administration prevented TH+ reduction associated
with paraquat, such that immunostaining was now similar to that of controls.
Quantification of striatal density depicted in the bar graph at the bottom confirmed that
these findings. */? < 0.05.
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of SNc microglial reactivity to later paraquat exposure that was restricted to the 2-day
interval.
In confrast to the elevation of microglial staining provoked by paraquat freatment,
astrocyte expression within the SNc, as indicated by GFAP+ immunoreactivity, was
actually reduced in mice exposed to the pesticide (Figure 3.6). Moreover, mice that were
pre-freated with LPS 2-days prior to paraquat displayed an even greater reduction of
GFAP+ labelling, but no such effect was apparent after the 7-day interval (Figure 3.6).
Since the GFAP+ reduction was quite profound and not entirely expected, this finding
was further confirmed by Western blot analyses. As shown in Figure 3.6, the extent of the
GFAP+ reduction was so profound that the astrocyte marker was virtually undetectable in
the LPS primed mice that received paraquat 2-days later. Thus, it seems that a desensitization of astrocyte expression accompanied the LPS-paraquat sensitized microglial
response. However, it is underscored that reduced GFAP+ expression does not necessarily
imply that astrocyte functioning was impaired. Indeed, substantial heterogeneity of
astrocyte responses has been reported following several types of CNS injury, such as
stab-wounds, axotomy and ischemia. Moreover, besides GFAP+, assessment of other
phenotypic characteristics of reactive astrocytes, including morphological aspects and
expression of inflammatory factors would provide a more complete picture of the
functional state of these glia (Faulkner et al, 2004; Gordon et al, 1997; Krum et al,
2002; McKinnon and Margolskee, 1996).

Insert Figure 3.6 about here
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Figure 3.6 Intra-SNc infusion of LPS and systemic paraquat time-dependently affected
glial expression in the SNc.
The photomicrographs depict CDllb + and GFAP+ immunostaining within the SNc of
mice that received either saline or LPS (0.01 pg) followed by saline or paraquat
treatments (i.p.; 10 mg/kg 3 times a week for 3 weeks). Paraquat but not LPS treated
mice displayed modestly elevated CDllb + immunostaining, relative animals that
received only saline. However, marked SNc CDllb + immunostaining was evident in
mice that received paraquat 2-days after LPS exposure. Yet, CDllb + staining resembled
that of saline treated mice if LPS pre-treatment occurred 7-days prior to paraquat. In
confrast GFAP+ immunoreactivity within the SNc was diminished by paraquat exposure
but was unaffected by LPS, relative saline treatment. However, the most pronounced
changes occurred in mice that were primed with LPS and then exposed to paraquat 2days later, such that GFAP+ staining was markedly reduced. GFAP+ was still moderately
reduced when paraquat exposure commenced 7-days following administration of the
endotoxin. The profound GFAP+ reduction observed in the LPS-paraquat (2-day) treated
mice was further confirmed by Western blot analyses, such that GFAP+ expression was
virtually undetectable in these animals.
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Striatal glial and FGF changes accompany the LPS-paraquat treatments
In contrast to the marked elevation of CD 11 b + staining observed within the SNc,
the LPS and paraquat treatments had little effect on this microglial marker within the
striatum. However, paralleling the GFAP+ reduction observed in the SNc, Western blot
analyses indicated that following exposure to paraquat the expression of this astrocyte
marker was likewise diminished within the striatum (Figure 3.7). Interestingly, LPS pretreatment 7-days prior to paraquat actually attenuated the impact of the pesticide, such
that GFAP+ expression was now comparable to that of saline treated confrols. Striatal
FGF+ immunoreactivity was also assessed in order to determine whether this growth
factor might have been associated with the preservation of TH+ terminals promoted by
LPS pre-freatment. Indeed, mice that received LPS pre-treatment 7-days before paraquat
displayed markedly greater FGF+ immunoreactivity within the ipsi-lateral striatum
(Figure 7) compared to that evident in the remaining groups. The majority of FGF+ cells
were punctate in appearance (see inset Figure 3.7); however, cytoplasmic staining was
evident in a few cells resembling neurons that were scattered sparsely throughout the
striatum. Thus, it seems that endotoxin pre-treatment 7-days prior to paraquat ameliorated
the GFAP+ reduction associated with the pesticide and promoted enhanced sfriatal
expression of FGF in the absence of any CDl lb + changes.

Insert Figure 3.7 about here

LPS and paraquat treatments provoked behavioural impairment
Assessment of posture, gait and muscle tone was made by 2 independent raters,
blind to the treatment conditions, 1-hr following the final experimental injection. The
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Figure 3.7 A 7-day delay between LPS and paraquat modulated glial response within the
striatum to promote trophic support.
CDllb + immunostaining within the striatum was not appreciable influenced by the LPS
or paraquat treatments. For instance, saline treated mice (A) did not differ in CDllb + staining
compared to those that received the LPS and paraquat treatments 7-days apart (B). However,
mice that were administered paraquat 7-days following the endotoxin did display elevated levels
of the growth factor, FGF (D), relative to their saline injected counterparts (C). Striatal GFAP
expression (E) was significantly diminished following a 2-day delay between LPS and paraquat
(lane 2), relative to animals that were administered saline only (lane 1). However, a 7-day delay
between LPS and paraquat exposure attenuated the impact of the pesticide (lane 3), such that
GFAP expression in these mice was returned to control levels.
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ANOVAs of these outcome variables revealed significant main effects for LPS infusion,
paraquat injection and time between these treatments, Fs\$2 = 17.54, 26.91 and 6.33,/? <
0.01, respectively. Moreover, the LPS infusion x time interaction was just shy of
significance, F\$2 = 3.41,/? = 0.06. Essentially, animals that received the paraquat or LPS
infusion alone had modest signs of motor impairment, receiving intermediate, but
statistically significant, ratings of disturbed gait, posture and muscle tone, relative to
saline treated controls (p < 0.05; Figure 8). However, LPS pre-treated mice that were
later exposed to paraquat appeared the most severely compromised group, with hunched
posture, profoundly splayed hind-limbs and when placed in an open field had a clearly
slow shuffling gait, characterized by a start-stop pattern of movement and dragging of
hind limbs. Of these LPS pre-treated mice, those that received the paraquat regimen 2days after the endotoxin had the highest ratings of motor impairment, with ratings
exceeding that of animals that received the individual LPS or paraquat treatments (p <
0.05; Figure 3.8).

Insert Figure 3.8 about here
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Figure 3.8 Toxin induced behavioral changes.
Among saline pre-treated mice (left half of the graph), later paraquat (PQ)
administration provoked elevated ratings of overall motor impairment. Similarly, mice
that received intra-SNc LPS infusion followed by saline treatment also had ratings of
motor impairment that were significantly above those of control animals (those receiving
saline on both occasions). However, the most pronounced signs of motor dysfunction
were evident in mice pre-treated with LPS and later exposed to paraquat (far right bars),
such that these animals displayed marked postural instability, disturbances of gait (startstop shuffling pattern of movement) and abnormal muscle tone. Moreover, these motoric
disturbances were most pronounced in LPS pre-treated mice that received the paraquat
treatments 2 days later (black bars). */? < 0.05,relative to saline-saline treated confrols, /?
< 0.05, relative to the respective saline-paraquat treated mice.
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Discussion
Sensitization of neurodegenerative effects of LPS and paraquat (2 days)
Consistent with the notion those environmental toxins may contribute to PD
(Betarbet et al., 2002; Di Monte, 2003; McCormack et al., 2002), paraquat provoked a
loss of SNc TH+ neurons. As previously reported (Cicchetti et al, 2005; Ossowska et al,
2005b; Peng et al, 2004; Saint-Pierre et al, 2006), the loss of TH+ neurons of the SNc,
although statistically significant, was relatively modest (approximately 15-30% across
multiple SNc levels) compared to the marked loss of DA neurons ordinarily evident in
PD patients. However, when mice were pre-treated with the inflammatory agent, LPS, 2days prior to paraquat exposure, the degree of TH+ soma loss was greatly augmented (by
< 40-60%), and marked behavioural impairment was apparent. The LPS-paraquat
sensitization appeared to be relatively specific for DA neurons, as these treatments did
not significantly affect non-TH+ mature neurons.
Moreover, the LPS-paraquat (2-day) treatment also induced FluoroJade B staining
of the SNc, raising the possibility of ongoing degeneration in surviving neurons. Hence,
an even greater degree of degeneration might have been evident after more protracted
intervals. In effect, endotoxin priming sensitized SNc DA neurons to the impact of the
later paraquat challenge. This is in keeping with the concept of a "multiple hit"
hypothesis, in which exposure to an array of environmental or inflammatory insults may
precipitate pro-death pathways in nigrostriatal neurons (Carvey et al., 2006; Ling et al.,
2006). As reported following MPTP exposure (Eberling et al., 1997; Saporito et al., 1999;
Sriram et al, 2006), paraquat induced a loss of TH+ striatal terminals that was
appreciably greater than that observed for SNc cell bodies. However, unlike the
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sensitized loss of SNc soma promoted by LPS, pre-treatment with the endotoxin 2-days
earlier did not further enhance the impact of paraquat on TH+ striatal terminals.
It seems that although DA terminals were more sensitive to paraquat itself, the
cell bodies were especially vulnerable to the pesticide only after endotoxin priming. Such
differences in sensitivity may stem from the route of administration of the toxins (i.e.
systemic paraquat vs. intra-SNc LPS), as well as the fact that, like MPTP, paraquat
appears to affect the DA transporter located on TH+ striatal terminals, whereas LPS
interacts with toll like receptor 4 (TLR4) and CD 14 that are selectively found on
microglia (Lehnardt et al, 2003; Ossowska et al, 2005a). Given the particularly high
density of microglia found at the SNc (in the direct vicinity of the LPS infusion), it might
be expected that the endotoxin would have particularly marked inflammatory effects at
the level of the soma.
Sensitized and de-sensitized glial responses associated with LPS and paraquat
Microglial activation accompanied the neurodegenerative effects of LPS and
paraquat, as reported following exposure to MPTP (Czlonkowska et al, 2002; Teismann
et al, 2003). Indeed, the LPS sensitized loss of SNc DA neurons was associated with
enhanced staining of amoeboid-like microglia (indicative of a highly active state)
expressing the complement 3 receptor component (CDl lb) and the immunoproteasome
subunits (LMP-2 and -7). Since these LMP subunits ordinarily organize the proteasome
for processing of antigens following viral or endotoxin exposure (Fehling et al, 1994;
Marques et al, 2004; Van Kaer et al, 1994), it is possible that the LPS pre-treatment
may have augmented microglial responses to or processing of paraquat (as an antigen). In
fact, microglia that co-express CDl lb and LMPs may be in a highly activated state
primed to release a host of inflammatory and oxidative (e.g. superoxide) factors that may
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be damaging to local DA neurons (Hanisch, 2002; Herrera et al, 2005; Montine et al,
2002; Shie, 2005). Indeed, aberrant LMP-2 and LMP-7 expression was reported in
Huntington's and Alzheimer's disease brains (Diaz-Hernadez et al, 2003; Mishto et al,
2006) . However, this is the first report showing their induction within the SNc, and
specifically within microglia.
In contrast to the robust microglia response evident following LPS-paraquat
freatment, astrocyte reactivity (GFAP) was reduced within the SNc of these mice, raising
the possibility that these different glial populations might have opposing effects upon DA
neuronal vulnerability. Indeed, unlike microglia, astrocyte derived growth factors were
reported to protect midbrain DA neurons from LPS and the MPTP metabolite, MPP+
(Chen et al., 2006), and an anti-inflammatory drug protected DA neurons from LPS by
stimulating astrocytes while concomitantly having inhibitory actions upon microglia
(Zhang, 2005). However, reactive astrocytes have also been associated with negative
consequences, including impairment of re-myelination, propagation of seizures and in
certain instances; treatments aligned with a down-regulation of the astrocyte response
may have neuroprotective consequences (Fawcett and Asher, 1999; Kawahara et al,
2002). Nevertheless, we speculate that the sensitized microglial response, coupled with a
down-regulation of astrocytes (GFAP expression) could potentially enhance DA neuronal
vulnerability.
Cytokine variations provoked by LPS pre-treatment
Consistent with divergent cytokine and microglial responses previously reported
(Ling et al, 2006), intra-SNc LPS infusion induced peak IL-6 and TNF-a responses
much earlier than the glial variations, suggesting that the cytokines may have been acting
early in the inflammatory response, however, IL-6 was still modestly (but significantly)
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elevated within the striatum at 2-and 7-days following LPS. Genetic deletion of this
cytokine was previously shown to enhance vulnerability to the neurodegenerative, as well
as microglial and iNOS responses, provoked by MPTP (Bolin et al, 2002; Cardenas and
Bolin, 2003), suggesting a protective role for IL-6. In confrast, TNF-a contributed to
nigrostriatal neurodegeneration provoked by several DA insults (Ferger et al., 2004; Lee
da et al., 2005; Sriram et al., 2002; Sriram et al., 2006; Takeuchi et al., 2006; Wu et al.,
2002). Given that LPS can disrupt BBB permeability and recruit circulating monocytes,
some brain cytokine changes might stem from infiltrating peripheral immune cells (Hartz
et al, 2006; Montero-Menei et al, 1996; Xiao et al, 2001). In this regard, we found that
LPS enhanced staining of CD3, LMP and CDl lb positive cells around several ventricular
and meningeal areas, presumably reflecting enhanced mobilization of immune cells.
Once present within the brain, these immune cells can influence the inflammatory
microenvironment by releasing cytokines or directly interacting with microglia.
LPS pre-treatment diminishes the impact of paraquat 7 days later
In confrast to the effects of LPS pre-treatment 2-days prior to paraquat, infusion
of the endotoxin 7-days prior to paraquat did not influence the loss of SNc neurons
associated with the pesticide, suggesting that the sensitizing effects of LPS were transient
or that compensatory anti-inflammatory, metabolic or other protective processes may
have been up-regulated over time. Interestingly, within the striatum, LPS pre-treatment
actually attenuated the impact of paraquat administered 7-days later, suggesting that
endotoxin priming at this interval may have had a neuroprotective effect upon DA
terminals. The LPS pre-treatment may have acted to either prevent the paraquat-induced
loss of TH+ terminals, or alternatively, promoted some compensatory sprouting from
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non-degenerating terminals, as reported in MPTP-treated mice that received IL-1B (Ho
and Blum, 1998).
Surprisingly, the enhanced striatal TH staining was not associated with any
behavioural improvement, raising the possibility that the behavioural analyses reflected
processes independent of DA functioning or that the degree of neuronal loss was
insufficient to provoke motor impairment. Notably, however, many of the surviving TH+
SNc neurons of paraquat treated mice appeared morphologically impaired, often
containing numerous intracellular vacuoles, characteristic of "sick" neurons, as reported
in monkeys exposed to MPTP (Forno et al, 1994). Thus, it is possible that the TH+
terminals may have been preserved, but with a diminished functionality. Indeed, 15 days
after MPTP treatment, (Bezard et al, 2000) reported that DA levels were reduced despite
the fact that striatal TH+ terminals remained unchanged. Others have also reported a
"mismatch" between behavioural functioning and loss of TH+ terminals, which may stem
from compensatory time-dependent DA changes (Bezard et al, 2000; Collier et al, 2007;
Robertson et al., 2004) or other neuroplastic processes following inflammatory or toxin
induced injury.
As in the case of ischemic pre-conditioning, where in inflammatory insults (e.g.
LPS, TNF-a) elevate anti-inflammatory and growth factors, as well as protective heatshock proteins over time (Barone, 2005; Rosenzweig et al, 2004; Wang et al, 2004),
similar processes might impart protective actions against paraquat exposure. Indeed,
besides the enhanced striatal TH+ staining, the 7-day LPS pre-freatment prevented the
reduction of striatal GFAP engendered by paraquat and at the same time, enhanced
expression of the growth factor, FGF, within the striatum. These data are consistent with
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the well-known positive actions astrocyte derived growth factors may have on neurons
(Gomez-Pinilla et al, 1992; Gottlieb and Matute, 1999). In fact, FGF had neuroprotective
consequences in DA neurons exposed to 6-OHDA and MPTP (McLay et al, 2001;
Timmer et al, 2007). Besides astrocytes, immune cells, including lymphocytes and
macrophages, also produce FGF (Rossini et al, 2005; Tanaka et al, 2004), raising the
possibility that any infiltrating immune cells, as well as the elevated levels of the T cell
elevations and have positive effects on DA neurons.
Conclusions
A role for inflammatory immune factors in the degeneration of DA neurons of the
nigrostriatal system is supported by studies showing that anti-inflammatory compounds
were neuroprotective against exposure to MPTP or pesticides (Cassarejos et al, 2006;
Sriram et al, 2006), as well as intra-SNc infusion of LPS (Peng et al, 2005a; Peng et al,
2005b; Wang et al, 2004; Zhou et al, 2005). The present study suggests that modulating
the inflammatory response by central immune priming may either enhance or protect
against future damage associated with known DA toxins. In this regard, the timing of
exposure to paraquat following LPS priming was critical in determining whether a
sensitization or de-sensitization of inflammatory processes occurred. In effect, these data
suggest a novel means of influencing DA neuron survival that involves modulation of
glial activation, immune cell infiltration, cytokine alterations and changes in expression
ofLMPsandFGF.
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Chapter 4
Granulocyte macrophage-colony stimulating factor protects against substantia
nigra dopaminergic cell loss in an environmental toxin model of Parkinson's disease
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Abstract
Parkinson's disease (PD) has been linked to exposure to a variety of chemical (e.g.,
pesticides) and inflammatory agents, which may act cumulatively over time. Finding
novel means of limiting pathology associated with toxin exposure would have
tremendous clinical importance. To this end, we assessed whether the hematopoietic
frophic cytokine, granulocyte macrophage colony stimulating factor (GM-CSF), would
inhibit the neurodegenerative effects of the pesticide, paraquat, administered either alone
or following priming with the bacterial endotoxin, lipopolysaccharide (LPS). As
previously observed, paraquat provoked a modest but significant neurodegenerative
effect that was markedly augmented with LPS priming. Central infusion of GM-CSF into
the substantia nigra pars compacta (SNc) prevented the loss of SNc dopamine neurons to
a degree comparable to that of glial derived neurotrophic factor. Importantly, systemic
administration of GM-CSF also had neuroprotective consequences, suggesting that the
trophic cytokine can cross the blood brain barrier to promote neuronal survival. Indeed,
GM-CSF acted to inhibit the LPS and paraquat induced microglial response, while
augmenting astrocyte immunoreactivity within the SNc. Moreover, GM-CSF blunted the
paraquat induced reduction of brain derived neurotrophic factor within both the midbrain
and hippocampus. Although paraquat reduced midbrain levels of the anti-apoptotic
protein, Bcl-2, GM-CSF had no effect in this regard. Hence, GM-CSF appears to affect
inflammatory and/or neuroplastic factors within the SNc that may be linked to
neurodegeneration, as well as in other brain regions (hippocampus), which could be
important for co-morbid non-motor symptoms in PD. These data suggest that peripheral
GM-CSF administration might hold promise as a treatment of PD.
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Introduction
Epidemiological studies have revealed that chronic exposure to pesticides and
other environmental toxins (e.g., heavy metals and even immune infections) are involved
in the progression of Parkinson's disease (PD) (Carvey et al., 2006; Cicchetti et al., 2009;
Liu et al., 2003). Parallel work in rodents has demonstrated that administration of the
pesticides, paraquat and rotenone, provoked a loss of substantia nigra pars compacta
(SNc) dopamine (DA) neurons, coupled with histological and behavioral symptoms
reminiscent of PD (Cannon et al., 2009; Di Monte, 2003; Litteljohn et al., 2009; Sherer et
al., 2007; Somayajulu-Nitu et al., 2009). The neurodegenerative process induced by
paraquat, as well as other well-established DA toxins, such as MPTP, involves the
activation of microglial cells and liberation of oxidative radicals, as well as proinflammatory cytokines, such as interferon-y (IFN-y) and tumor necrosis factor-a (TNFa) (McCoy et al., 2008; Mount et al., 2007). Indeed, the deleterious impact of paraquat
was augmented in rodents pre-freated with the bacterial endotoxin, lipopolysaccharide
(LPS), and this effect was associated with a heightened microglial-dependent
neuroinflammatory response (Mangano and Hayley, 2009; Purisai et al., 2007). These
studies are in line with post-mortem analyses of PD brain, which revealed signs of
neuroinflammation and oxidative damage, coupled with mitochondrial dysfunction, and
alterations of apoptotic regulators within the SNc (Fitzmaurice et al., 2003; Hartmann et
al., 2002; Jenner, 1998; Knott et al, 2000; Nagatsu and Sawada, 2007; Tatton et al.,
2003).
Given that the neurodegenerative process in PD occurs over a prolonged period of
time, there may be a critical window wherein therapeutic intervention may halt or even
reverse disease progression. In particular, the frophic cytokines, glial derived
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neurotrophic factor (GDNF) and brain derived neurotrophic factor (BDNF), have been
considered possible therapeutic agents for PD (Howells et al., 2000; Porritt et al., 2005;
Yasuhara et al., 2007). In fact, both BDNF and GDNF have been shown to be
neuroprotective in virtually all animal models of PD (Eslamboli, 2005; Huang et al.;
Hung and Lee, 1996; Levivier et al, 1995; Shults et al., 1995; Zhang et al., 2007).
Unfortunately, recent clinical trials using GDNF have failed to consistently yield
beneficial clinical outcomes, stemming perhaps from surgical complications and sideeffects [GDNF is unable to cross the blood brain barrier (BBB)] (Lang et al., 2006), and
the limited diffusion of GDNF in human brain (i.e., leading to reduced bioavailability in
nigrostriatal brain regions) (Nutt et al., 2003; Salvatore et al., 2006).
Granulocyte-macrophage colony stimulating factor (GM-CSF) is a hematopoietic
cytokine produced mainly by peripheral immune cells (T-lymphocytes, macrophages, and
NK cells) and also by central astrocytes (Davignon et al., 1988; Guillemin et al., 1996;
Hercus et al., 2009). Its basic function is to promote the differentiation and maturation of
peripheral innate immune cells, including neutrophils and dendritic cells. The role of
GM-CSF in the brain is not fully appreciated; however, unlike GDNF, GM-CSF is able to
cross the BBB and accumulate at physiologically relevant levels within the brain
parenchyma (Franzen et al., 2004; McLay et al., 1997; Thomson and Lotze, 2003).
Additionally, systemic exposure to GM-CSF can promote functional recovery following
traumatic spinal cord injury (Bouhy et al., 2006; Huang et al., 2009) and ischemia
(Nakagawa et al., 2006; Schabitz et al., 2008).
It has been suggested that GM-CSF may be neuroprotective by promoting
microglia to adopt a dendritic cell-like state (Fischer and Reichmann, 2001;
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Santambrogio et al., 2001; Schermer and Humpel, 2002), facilitating the release of BDNF
(Hayashi et al., 2009) and increasing the expression of anti-apoptotic proteins such as
Bcl-2 (Huang et al., 2007; Kim et al., 2009a). To this end, elucidating the pro-survival
mechanisms of GM-CSF against DA-targeting toxins may offer new therapeutic targets
for PD. Thus, we sought to assess whether central or peripheral administration of GMCSF would prevent the neurodegenerative consequences induced by exposure to LPS
followed by paraquat and whether GM-CSF's pro-survival effects are linked to changes
in the glial microenvironment.
Materials and methods
C57BL/6 male mice were purchased from Charles River Laboratories (LaPrairie,
Quebec, Canada) at 10-12 weeks of age and subsequently single-housed in standard
polypropylene cages (27 x 21 x 14 cm), and maintained on a 12-hr light/dark cycle. Mice
were housed in a temperature (21°C) and humidity controlled room, and provided with an
ad libitum diet of Ralston Purina mouse chow and water. Animals were acclimatized for
a period of 1 week prior to the commencement of experimental procedures. All
experimental test paradigms were approved by the Carleton University Committee for
Animal Care and adhered to the guidelines outlined by the Canadian Council for the Use
and Care of Animals in Research.
Experiment 1: Assessment of the beneficial effects of supra-nigral administration of
GDNF and GM-CSFfollowing LPS-paraquat induced pathology.
Given that GM-CSF can diminish apoptotic cell death and stimulate the release of
BDNF, we sought to determine if a direct infusion of GM-CSF into the SNc would
protect DA neurons from the neurodegenerative effects of LPS and paraquat to a degree
comparable to GDNF. To this end, mice underwent stereotaxic surgery (described in an
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ensuing section) and cannulae were implanted just above the SNc. Following 1 week of
convalescence, animals were infused with a single dose of either saline or LPS
(0.1pg/2.0pl) and given a 2 day rest period. Thereafter, mice received intraperitoneal
(i.p.) injections of saline or paraquat (Sigma Aldrich; lOmg/kg), 3 times a week for 3
consecutive weeks (a paradigm previously found to reliably impact the survival of SNc
DA neurons; Mangano and Hayley, 2009). At the beginning of each week (i.e.,
immediately prior to the 1st, 4th and 7th paraquat or saline injection), mice (n = 1620/group) received supra-SNc infusion (using the same cannulae that previously
delivered LPS or saline) of saline, GDNF (R&D Systems; lpg/2pl) or GM-CSF (R&D
Systems; 10ng/2pl) into the SNc. Finally, in order to assess SNc DA neuronal survival, 5
days following the final paraquat or saline injection, a subset of mice (n = 8-10/group)
were perfused with 4% paraformaldehyde (PFA), brains post-fixed for 24-hrs and then
cryoprotected for 3 days in a solution comprising 20% sucrose, 0.1 M PBS and 0.02%
sodium azide (pH 7.4).

Immunohistochemical procedures: SNc DA neuronal survival and microglial reactivity
Frozen brains were cryostat-sectioned and free-floating coronal sections (20 pm)
of the SNc were mounted onto gelatin-coated slides. Anti-tyrosine hydroxylase (TH)
antibody along with 1% cresyl violet (Sigma-Aldrich) as a counter-stain was used to
detect SNc DA neurons. The primary antibody (TH) was diluted in a solution containing
1% BSA, 0.5% Triton X-100, 0.05% Tween 20, and 0.05% sodium azide in 0.01M PBS,
pH 7.3; and sections were incubated overnight at room temperature (1:3000,
ImmunoStar, Hudson, WI, USA). The primary antibodies were visualized using a biotin
rabbit anti-mouse (1:500, Cedarlane) secondary and horseradish peroxidase-conjugated
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streptavidin tertiary (1:500, Cedarlane). Sections were then further incubated with
diaminobenzidine (DAB; Sigma-Aldrich) for 10 minutes, counterstained with cresyl
violet (Sigma-Aldrich) and dehydrated with serial alcohol washes before cover-slipping
with clearene (Surgipath).
Survival of SNc DA-producing cells was determined by way of serial section
analysis of the number of TH+ cells within the SNc, at bregma levels ranging from -2.70
to -3.88. Using a double blind procedure, 8-10 animals were analyzed per group and the
number of TH+ cells was counted across multiple bregma levels. Midbrain sections from
each bregma level were compared across treatment groups to assess the extent of DA
neuronal loss induced by paraquat alone or primed with LPS, and to determine if GMCSF or GDNF prevented such effects. In order to ensure that a genuine loss of DA
neurons occurred rather than simply a phenotypic suppression, the total number of
surviving SNc neurons (TH+ and TH") was counted using cresyl violet staining. Striatal
sections were stained using TH+ antibody (1:1000) and photomicrographs were obtained
for each animal using the same exposure time. Image J software was used to determine
the background threshold for each striatal section and the total number of white
(background) and black (TH^ pixels.
Morphological changes of microglia are generally taken to indicate some degree
of change in their activation states (Mangano and Hayley, 2009). Indeed, differing
degrees of compacted soma, thickening of processes, and enhanced proliferation are
normally taken to reflect a state of activation, wherein microglia are capable of
substantial release of inflammatory and oxidative factors (Nimmerjahn et al., 2005).
Hence, the morphological state of microglia was assessed histologically using CDl lb
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(complement receptor marker present on microglia) antiserum (1:1000; AbD Serotec,
Raleigh, NC, USA; overnight incubation at 4°C). The primary antibody was diluted in
1% BSA, 0.03% Triton X-100, 0.05% Tween 20 and 0.05% sodium azide in 0.01M PBS
(pH 7.3). Thereafter, sections were washed with 0.01 M PBS and incubated with biotin
rabbit anti-rat secondary (1:500, Cedarlane) and horseradish peroxidase-conjugated
streptavidin tertiary (1:500, Cedarlane) antibodies. Sections were once again visualized
by incubation with DAB (Sigma-Aldrich) for 10 minutes and dehydrated with serial
alcohol washes before cover-slipping with clearene (Surgipath).

Western Blot analyses of hippocampal BDNF levels
It has become clear that, besides the frank nigrostriatal neuronal damage, PD is
associated with pathology involving brain regions important for neuroplasticity (Bruck et
al., 2004; Jokinen et al., 2009). Hence, it was of interest to assess whether paraquat would
affect hippocampal BDNF levels. Moreover, it is of clinical importance to evaluate
whether GM-CSF administration can reverse such effects. To this end, a subset of the
mice from Exp. 1 (n = 8-10/group) were euthanized by rapid decapitation (again 5 days
after the final injection) followed by micropunch dissection of the hippocampus. Tissue
samples were stored at -80°C until Western blot analyses (Hayley et al., 1999; Hayley et
al., 2004b).
All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and all
antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) unless
otherwise indicated. Samples were diluted with lysis and protease inhibitor buffer up to
the desired protein concentration, yielding whole cell lysate (50 pg) in 20 pL and 20 pL
loading buffer (5% glycerol, 5% P-mercaptoethanol, 3% SDS and 0.05% bromophenol
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blue). To denature the proteins, the 40 pL sample was heated in boiling water for 5
minutes. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), the
separating buffer [370 mM Tris-base (pH 8.8), 3.5 mM SDS], and the stacking buffer
[124 mM Tris-base (pH 6.8), 3.5 mM SDS], were placed in running buffer (25 mM Trisbase, 190 mM glycine, 3.5 mM SDS); and samples, along with the Precision Plus
Protein™ Standards Dual Color (Bio-Rad, Hercules, CA, Cat#161-0374), were loaded
into the Acrylamide gel (12.5 %) for molecular weight determination at 120 V.
After electrophoresis, proteins were transferred overnight, at 4°C and 180 mA, in
transfer buffer (25 mM Tris-base, 192 mM Glycine, 20% methanol) onto PVDF (BioRad, Cat#162-177). Thereafter, membranes were blocked for 1-hr with gentle shaking in
a solution of non-fat dry milk (5% w/v) dissolved in TBS-T buffer (10 mM Tris-base (pH
8.0), 150 mM sodium chloride, 0.5% Tween-20). The membranes were then incubated
with a rabbit anti-BDNF primary antibody (1:500) diluted in blocking solution at room
temperature for 1-hr. Any unbound antibody was removed using three washes of 15 mL
TBS-T at room temperature. Membranes were incubated on a shaker for 1-hr at room
temperature with HRP (horseradish peroxidase) conjugated anti-rabbit (1:2000)
secondary antibody and washed again with TBS-T. Finally, BDNF was visualized with a
chemiluminescent substrate (Perkin Elmer, Waltham, MA, cat# NEL102001EA; for 1
minute) and briefly exposed on a Kodak film.

Experiment 2: Assessment of the beneficial effects of systemic administration of GM-CSF
following LPS-paraquat induced pathology.
Mice underwent stereotaxic surgery identical to Experiment 1 and received a
single supra-nigral infusion of either saline or LPS (same dose used in Experiment 1),
followed 2 days later with i.p. saline or paraquat treatment (10 mg/kg; 3 times per week
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for 3 weeks). Paralleling the intra-SNc infusions delivered in the previous experiment,
mice received i.p. injections of GM-CSF (R&D Systems; 2 pg) once per week for the
duration of the 3 week paraquat regimen. The injection procedures are visually presented
below. All mice were sacrificed 5 days after the final paraquat or saline injection and
brains were perfused for immunohistochemical analyses.
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Immunohistochemical analyses of SNc neuronal loss
Stereological analysis of SNc sections (60pm) was used to determine DA
degeneration for Experiment 2. Briefly, the SNc was outlined under 2.5X magnification
and TH+ neurons counted using a 60X oil immersion objective. The SNc was sampled in
a systematic random fashion according to the optical fractionator method outlined by
MicroBrightField Inc. Cells were quantified in 3-dimensional counting frames using a
counting grid size of 90x90pm and a counting frame size of 60x60pm with a 15pm
dissector height and 3pm upper and lower guard zones. Only the portion of the SNc
ipsilateral to the infusion site was quantified. All analyses were conducted with the
counter blind to the treatment conditions.
DA neurons were sampled throughout the rostral-caudal axis of the SNc in every
2 nd section, labelled with TH and counterstained with 1% cresyl violet. Free floating
sections were blocked in 0.3% hydrogen peroxide solution for 30 minutes, washed in
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lOmM PBS and then incubated overnight at 4°C in mouse anti-TH primary antibody
(1:500 in lOmM PBS with 2% BSA, 1% sodium azide and 0.5% Triton-X, hnmunostar
Inc.). This was followed by incubation in secondary biotin SP-conjugated Affinipure goat
anti-mouse IgG (1:200 in lOmM PBS with 2% BSA, 1% sodium azide and 0.5% TritonX, Jackson Immunoresearch Laboratories) for 2-hrs at room temperature and, lastly,
incubation in tertiary peroxidase-conjugated streptavidin (1:200 in lOmM PBS with 2%
BSA and 0.3% Triton-X, Jackson Immunoresearch Laboratories).
Following antibody incubations, sections were rinsed 3 times for 5 minutes in
lOmM PBS. To visualize the antibody complex, sections were incubated for 5 minutes in
lml (per well) of DAB (0.2mg/ml) in 50mM Tris HC1 solution. Sections were incubated
for an additional 15 minutes following addition of 50pl of 6% hydrogen peroxide (in
distilled water) per well. Sections were mounted on glass slides, air-dried overnight,
counterstained with 1% cresyl violet, and dehydrated with serial alcohol washes. Slides
were then cover-slipped and stored at room temperature. TH+ cells were quantified as
outlined above and representative photomicrographs depicting TH+ neurons in the SNc
were taken using an Olympus BX52 microscope under magnification of the 10X
objective for qualitative analysis. The same free-floating sections used to determine TH
loss were also used to confirm that neurons were actually lost and TH expression not
simply reduced. Hence, the total number of SNc neurons was determined using the cresyl
violet counterstain.
Assessment of glial changes
Free-floating sections were incubated overnight at 4°C with either mouse antiGFAP (1:1000; Chemicon) to visualize astrocytes or rat anti-mouse CDl lb (1:1000,
Serotec) to visualize microglia. All antibodies were diluted in a solution containing
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lOmM PBS with 1% sodium azide and 0.3% Triton-X. Sections were then washed with
lOmM PBS 3 times prior to incubating with their respective secondary biotinylated
antibodies, namely goat anti-mouse and goat anti-rat (1:200, Jackson Immunoresearch
Laboratories), for 2-hrs at room temperature. Following 3 washes with lOmM of PBS, the
sections were then incubated in tertiary peroxidase-conjugated streptavidin (1:200,
Jackson Immunoresearch Laboratories) for 2-hrs at room temperature. The antibody
complexes were visualized by incubating with DAB for 10 minutes. Sections were
mounted on glass slides, air-dried overnight, cover-slipped and stored at room
temperature. Both astrocytic and microglial reactivity were qualitatively assessed using a
double blind procedure. Representative photomicrographs were taken on an Olympus
BX52 microscope using a 40X objective.

General Stereotaxic Surgical procedures for Experiments 1 and 2
All mice underwent stereotaxic surgery wherein indwelling cannulae (26-gage
stainless steel) were implanted just above the SNc (bregma: anterior-posterior -3.16mm,
lateral ±1.2 mm, ventral -4.0 mm). Central administration of LPS or saline was achieved
using a Harvard Apparatus Pico Plus syringe pump. A total of 2pl of fluid was delivered
to the SNc over a period of 5 minutes from polyethylene tubing connected to a Hamilton
microliter syringe. Infusions and injections were administered between 0830h and 1400h
to minimize the potentially confounding effects of circadian variation. It is important to
note that animals were unrestrained during the infusion procedure, allowing the mice to
move freely about their home cage in order to minimize stress. Also, mice had a one
week convalescence period between cannulae implantation and administration of any
treatment. This is an important point to address given that inflammatory processes are
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markedly affected by wounds resulting from surgical procedures and the stress associated
with resfraint.

Experiment 3: In vitro assessment of the effects of paraquat and GM-CSF
Primary mesencephalic neuron-glia cultures were prepared from brains of
embryonic day 18 (El8) C57B1/6 mice. Whole brains were extracted aseptically and the
mesencephalon was isolated. After removing the blood vessels and meninges, pooled
midbrain tissue was dissociated using a papain dissociation kit (Worthington Biochemical
Corp.). Briefly, 500pl of papain solution was added to pooled midbrain tissue and
mechanically homogenized and placed in an incubator for 1-hr at 37°C. Cultures were
maintained at 37°C in a humidified atmosphere of 5% CO2, 95% air. Following
dissociation, the cells were triturated 5 times and centrifuged at 300 x g for 5 minutes.
The cells were then re-suspended in a papain/digestion inhibitor solution and counted
using a hemacytometer (BrightLine; 394485). Cells were diluted in supplemented
Neurobasal A media containing 2% B27, 1% N2, 416 pM L-glutamine, 41.6 U/ml
penicillin and 41.6 pg/ml streptomycin. Thereafter, cells were seeded in either 6-well
plates (25.0xl0 4 /ml) or 4-well slides (5000 cells/ml) pre-coated for 1-hr with poly-olysine (20ug/ml; Sigma) and fibronectin (20pg/pl; Sigma).
Two days following seeding, the media was replaced with fresh supplemented
Neurobasal A media alone or containing GM-CSF (250 ng/ml), paraquat (30 pM) or
paraquat (30 pM) + GM-CSF (250 ng/ml), and incubated for 6-hrs. Importantly, the
optimal paraquat concentration and exposure time were empirically determined by
performing dose (0.3-300 pM) and time (1-24 hrs) course analyses. A dose and exposure
time that reliably induced 30-40% loss of TH+ neurons was chosen as this degree of cell
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death paralleled that observed under in vivo conditions in the aforementioned
experiments. Immediately following the drug exposure, all treated cells were replaced
with fresh supplemented media and those that had been incubated with GM-CSF received
fresh GM-CSF for a further 24-hrs. Thereafter, mesencephalic cultures were scraped (for
western blot analysis) or fixed with 4% PFA for 24-hrs for quantification of cell death.
Hence, midbrain neurons were exposed to paraquat for 6-hrs and GM-CSF for 30-hrs in
total.

Immunocytochemistry
Cells were fixed with 4% PFA for 1-hr at room temperature in sterile PBS. Nonspecific staining was blocked using 10% normal serum diluent (containing 0.5% Triton
X-100, 0.03% sodium azide in PBS) for 1-hr. The total neurons were visualized using
NeuN (1:800; Chemicon) and DA neurons using TH (1:800; Chemicon) antibodies. The
cultures were incubated with these primary antibodies (diluted in the blocking solution)
overnight at 4°C. The following day the cultures were washed 3 times with PBS for 10
minutes and incubated for 1-hr with secondary antibodies (1:200; Alexa 488 and Alexa
555). All images were analyzed using an up-right Nikon microscope.
Western Blot
Western blot procedures were identical to those already described for Experiment
1, with two exceptions: 1) midbrain instead of hippocampal tissue was processed, and 2)
in addition to whole cell lysate fractions for BDNF, sub-cellar fractions were obtained for
Bax and Bcl-2 proteins. Given the evidence that suggests GM-CSF can affect apoptotic
mitochondrial proteins, it was of interest to determine any changes in pro-and antiapoptotic factors within the cytosolic and mitochondrial fractions. Specifically, the pro-
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apoptotic factor, Bax, is translocated from the cytosol to the mitochondrial membrane
following activation, whereas the anti-apoptotic Bcl-2 is permanently associated with the
mitochondrial membrane. To this end, subcellular fractionation was performed using a kit
purchased from Calbiochem (QIA88), which separated midbrain cultures into cytosol and
mitochondrial sub-fractions in order to determine Bcl-2 and Bax protein concentrations.
Briefly, midbrain cell pellets were suspended in 200 pi of IX cytosol extraction buffer
containing protease inhibitor cocktail and DTT. The cells were homogenized using a
tissue grinder, centrifuged (700 x g for 10 min and 10 000 x g for 30 min) to obtain the
cytosolic fraction. The pellets were re-suspended in 100 pi of mitochondrial extraction
buffer containing protease inhibitors and sonicated in order to obtain the mitochondrial
faction. Thereafter, samples were diluted with lysis and protease inhibitor buffer (as
described earlier) up to the desired protein concentration: cytosolic fractions (50 pg) and
mitochondrial fraction (50 pg) in 20 pL and 20 pL loading buffer (5% glycerol, 5% Pmercaptoethanol, 3% SDS and 0.05% bromophenol blue). Finally, all samples were
loaded

onto an acrylamide gel, transferred

to PDVF

and visualized

using

chemiluminescence procedures that were once again identical to those of the earlier
BDNF experiment. Table 1 provides a list of the antibody dilutions and gel specifics. All
antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) except for
anti-rabbit-HRP, which was purchased from Sigma Aldrich.
Table 1.
Primary Antibody
anti-Bcl-2 HRP
anti-Bax HRP
anti-BDNF
anti-Actin - HRP
anti-rabbit-HRP

Catalogue #
sc-492 HRP
sc-493 HRP
sc-546
sc-47778 HRP
A6154

% SDS-PAGE Gel
15
15
12.5
-

Dilutions
1:250
1:100
1:500
1:5000
1:2000
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Statistical Data Analysis:
All data were analyzed by ANOVA followed by Fisher's planned comparisons
where appropriate. Data were evaluated using a StatView (version 6.0) statistical
software package available from the SAS Institute, Inc. For the in vitro study, protein
expression was quantified by densitometry (AlphaEase FC v.3.1.2, Alpha Innotech, Co.,
San Leandro, CA) and, unless otherwise indicated, all results are expressed as means ±
S.E.M of at least three independent experiments.
Results
Experiment 1: Supra-nigral injection of GM-CSF or GDNF attenuated LPS-paraquat
induced degeneration of SNc dopamine neurons and striatal terminals.
The ANOVAs revealed that the number of surviving TH+ neurons at several
levels of the SNc varied as a function of the LPS, paraquat, and growth factor (GM-CSF
or GDNF) treatments {F7,52 = 6.727, F7,43 = 3.048 p < 0.001; bregma levels -3.08 and 3.28, respectively}. As depicted in Figure 4.1, paraquat treatment alone caused
approximately 30% loss of TH+ neurons across SNc levels. Consistent with our previous
report (Mangano and Hayley, 2009), priming the SNc with LPS 2-days prior to
commencing the pesticide regimen resulted in an appreciably greater loss of THexpressing neurons (-50%). Moreover, central administration of either GM-CSF or
GDNF completely prevented the neuronal loss induced by paraquat alone or following
LPS priming. Indeed, post-hoc statistical analyses confirmed that paraquat and LPS +
paraquat administration significantly reduced the survival of TH+ neurons and individual
infusion of either GM-CSF or GDNF prevented these neurodegenerative consequences (p
<0.01).
To determine whether the loss of TH+ neurons reflected

a genuine

neurodegenerative effect or simply a phenotypic suppression, all SNc sections were

Proinflammatory cytokines and Parkinson's disease, 146
counterstained with cresyl violet and the total number of surviving neurons was
quantified across bregma levels for each of the treatment groups. Not surprisingly, the
ANOVA revealed a significant difference in the total number of cresyl violet stained
neurons as a function of the treatments {Fj, 52 = 5.104, F7> 43 = 3.048 p < 0.001; bregma
levels -3.08 and -3.28, respectively}. Specifically, in a manner identical to that observed
for TH+ neurons, paraquat reduced the total number of SNc neurons and once again, this
effect was augmented by LPS priming and was absent in mice that received the GM-CSF
or GDNF treatments (p < 0.01; data not shown). However, this effect appeared to be
restricted to the TH+ neurons, as the number of TH" cresyl violet stained neurons were not
significantly affected by any of the treatments (p > 0.05; data not shown). Thus, it
appears that there was a genuine DA neuronal loss induced by the toxins and that the
trophic cytokines had protective actions.

Insert Figure 4.1 about here

As was the case for the SNc, the LPS, paraquat and growth factor treatments
altered TH+ immunoreactivity within the striatum {F7> 33 = 32.195 p < 0.001}.
Specifically, as determined using densitometry, mice exposed to paraquat alone or
primed with LPS displayed reduced striatal TH+ staining (p < 0.05); and, once again,
infusion of either GM-CSF of GDNF prevented this effect, see Figure 4.2.

Insert Figure 4.2 about here
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Figure 4.1 Central administration of GM-CSF and GDNF protected SNc neurons.
Dopaminergic neuron loss was assessed using TH (1:1000) antibody staining combined
with cresyl violet counter-stain through several levels of the SNc. The top representative
photomicrographs illustrate the degree of dopaminergic neuron loss induced by LPS and
paraquat, as well as the effects of GDNF and GM-CSF. Priming the SNc with a single
supra-nigral injection of LPS (0.01 pg/2 pi) 2 days prior to beginning the paraquat
regimen (10 mg/kg; 3 per week for 3-weeks) (LPS-Paraquat) enhanced the TH+ cell loss,
relative to paraquat treatment alone (* p < 0.05). However, a single supra-nigral injection
of GDNF (lpg/2pl) or GM-CSF (10ng/2pl) once per week during the paraquat regimen
prevented the SNc neuron loss induced by paraquat alone and with the addition of LPS.
Data are expressed as mean ± SEM; n=8-10.
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Figure 4.2 Central administration of GM-CSF and GDNF attenuated the impact of LPS
and paraquat upon striatal dopaminergic terminals.
Striatal DA fiber loss was determined by analyzing pixel intensity of sections stained
with TH (1:1000). The representative photomicrographs illustrate that paraquat with or
without LPS priming induced a reduction of TH+ fiber staining. Indeed, mice exposed to
paraquat (10 mg/kg; 3 per week for 3-weeks) alone or following priming 2-days earlier
with LPS (0.01 pg/2 pi) displayed approximately 35% loss of sfriatal terminals (* p <
0.05). A single supra-nigral injection of GDNF (lpg/2pl) or GM-CSF (10ng/2pl) once
per week during the paraquat regimen totally prevented this loss of TH+ fiber
immunoreactivity. Data are expressed as mean ± SEM; n=8-10
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Supra-nigral injection of GM-CSF influenced LPS and paraquat induced glial changes in
the SNc.
LPS and paraquat induced changes in microglial morphology that paralleled the
loss of TH+ neurons within the SNc. As previously observed (Mangano and Hayley,
2009), paraquat administered alone or in LPS primed mice enhanced microglial reactivity
(as indicated by morphological changes and increased CDl lb density) within the SNc.
Specifically, paraquat induced a modest elevation of CDl lb + staining in comparison with
mice treated only with saline, and prior LPS infusion further enhanced this effect. The
majority of "activated" microglia displayed an intermediate level of reactivity
characterized by shortened, thick dendritic processes, while a few cells, particularly in
response to LPS and paraquat treatment, appeared to be clumped together with more
compact soma characteristic of a reactive state, Figure 4.3. Surprisingly, a single supranigral injection of GDNF at the beginning of each week of the paraquat regimen did not
appreciably influence the impact of paraquat or LPS upon CDllb + immunoreactivity.
However, the weekly GM-CSF infusions did cause a change in the state of microglial
activation, wherein the trophic cytokine greatly attenuated the morphological changes of
microglia that were provoked by paraquat and LPS, see Figure 4.3.
In contrast to the augmented microglial response (at least in terms of
morphology), astrocytic expression within the SNc (as indicated by GFAP+
immunoreactivity) was reduced in mice exposed to paraquat, see Figure 4.3. Moreover,
as we previously reported (Mangano and Hayley, 2009), this GFAP reduction was greatly
augmented in mice that had been primed with LPS prior to exposure to the pesticide.
Importantly, a single infusion of either of the growth factors, GDNF or GM-CSF, once
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per week throughout the paraquat regimen normalized the LPS/paraquat induced
reduction of GFAP staining, see Figure 4.3.

Insert Figure 4.3 about here

Supra-nigral infusion of GM-CSF modified the paraquat induced reduction of
hippocampal BDNF.
As already alluded to, disturbances of neurotrophin-mediated plasticity might be
important not only for the cognitive deficits observed in PD, but also the other frequent
co-morbid psychiatric symptoms, such as anxiety and depression (Litteljohn et al., 2009).
To this end, it is important that the paraquat and GM-CSF treatments provoked
alterations of hippocampal BDNF {F2, io= 8.597/? < 0.01}, see Figure 4.4. Specifically,
BDNF was reduced within the hippocampus following paraquat administration, relative
to vehicle treatment (p < 0.05); however, GM-CSF infusion attenuated this effect, such
that the growth factor did not differ from confrols. Owing to tissue limitations, the
Western blot analyses were restricted to only the vehicle, paraquat and GM-CSF +
paraquat treatment groups.

Insert Figure 4.4 about here

Experiment 2: Systemic administration of GM-CSF had neuroprotective consequences.
As in Experiments 1, the ANOVA revealed a significant difference between the
treatment groups in terms of the number of surviving TH+ neurons within the SNc

Proinflammatory cytokines and Parkinson's disease, 153

Figure 4.3 Central GDNF and GM-CSF modulated the impact of LPS and paraquat
upon SNc astrocytes and microglia.
The representative photomicrographs depict astrocyte (GFAP+; 1:1000) and microglia
(CDllb + ; 1:1000) immunostaining within the SNc of mice that received supra-nigral
saline or LPS infusion together with systemic paraquat treatment, in presence or absence
of GDNF (lpg/2pl) or GM-CSF (10 ng/2pl). The top panels show that GFAP+
immunoreactivity was modestly diminished by paraquat alone, whereas a more robust
reduction was apparent with the combined exposure to LPS and paraquat, relative to
saline treatment. Once again, the GDNF and GM-CSF infusions appeared to reverse the
effects of LPS and paraquat and in fact, GM-CSF freatment appeared to increase GFAP
staining slightly above that of saline treated controls. As shown in the bottom panels,
paraquat elevated CDllb + immunostaining within the SNc and this effects was more
pronounced in the LPS primed mice. Interestingly, although GM-CSF infusion blunted
the impact of LPS and paraquat (in terms of CD 11 b+ staining intensity), GDNF had no
such influence on the microglial marker.
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Figure 4.4 Central administration of GM-CSF influenced the effects of paraquat on
hippocampal BDNF expression.
The Western blots revealed that paraquat promoted a marked reduction of hippocampal
BDNF protein. Four representative bands are shown from the three treatment groups.
Clearly, paraquat caused a reduction of BDNF in each of the animals exposed, whereas
the addition of GM-CSF (10 ng/2pl) infusion generally attenuated this effect (at least in 3
of the 4 animals). The bar graph on the bottom confirmed that these effects were
statistically significant (* p < 0.05, relative to saline treated). All integrated density scores
were normalized against b-actin to confrol for any variations in loading. Data are
expressed as mean ± SEM; n = 4.
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{F3,12 = 79.701 /? < 0.0001}. The follow-up comparisons indicated that chronic paraquat
exposure significantly reduced the number of TH+ SNc neurons (~ 30% reduction)
relative to vehicle-treated mice (p < 0.01), and this effect was further amplified when
animals were pre-freated with LPS before exposure to the pesticide (> 40% reduction).
Paralleling the results of supra-nigral infusion in Experiment 1, i.p. GM-CSF injection
appeared to attenuated the impact of LPS and paraquat, such that the number of surviving
SNc TH+ neurons did not significantly differ from those that received vehicle alone, see
Figure 4.5. Once again, the impact of paraquat appeared to be restricted to DA neurons;
indeed, although the total number of cresyl violet stained neurons was reduced, no such
reduction was observed for specific TH" cresyl violet neurons (data not shown).
Again paralleling the earlier findings, the LPS, paraquat and GM-CSF treatments
affected TH+ immunoreactivity within the striatum {F-}y 14 = 31.592 p < 0.0001}. As
depicted in Figure 4.5, mice exposed to paraquat alone or primed with LPS displayed
reduced striatal TH+ immunostaining (p < 0.05). Moreover, systemically applied GMCSF appeared to, once again, preserve striatal DA nerve terminals following
LPS/paraquat exposure.

Insert Figure 4.5 about here

As was the case for central infusion of GM-CSF, systemic administration of the
trophic cytokine appeared to blunt the CDllb + changes induced by LPS and paraquat
(Figure 4.6). Specifically, both the LPS and chronic paraquat treatments increased
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Figure 4.5 Systemic GM-CSF treatment protected nigrostriatal neurons (both SNc soma
and striatal terminals) from LPS and paraquat induced dopaminergic cell death.
The loss of dopamine (DA) neurons was determined using stereological cell counts of
TH+ (1:1000) neurons through the SNc. The top left representative photomicrographs
illustrate the degree of DA cell loss induced by LPS and paraquat, as well as the
protective effects of GM-CSF. Once again, priming the SNc with a single supra-nigral
injection LPS (0.01 pg/2 pi) 2 days prior to commencing the paraquat regimen (10
mg/kg; 3x per week for 3-weeks) enhanced the degree of neuronal loss from
approximately 25% (paraquat alone) to 40% (* p < 0.05). Moreover, as shown in the top
right photomicrographs, mice exposed to the paraquat regimen displayed a significant
loss of striatal fibers (* p < 0.05), however, LPS priming did not further augment this
effect. The bottom bar graphs show the quantification of SNc soma and striatal terminal
loss and the apparent protective effects of systemic (i.p.) administration of GM-CSF (2
pg). Data are expressed as mean ± SEM; n = 5.
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CDllb + immunoreactivity within the SNc and this effect was diminished with i.p. GMSCF administration. Once again, as was observed with central GM-CSF infusion,
systemic exposure to the cytokine augmented GFAP immunoreactivity, whereas LPS and
paraquat appeared to moderately suppress the astrocytic marker.

Insert Figure 4.6 about here

Experiment 3: GM-CSF neuroprotection was associated with normalized BDNF but not
Bcl-2 or Bax levels
To evaluate the mechanism utilized by GM-CSF to protect SNc DA neurons from
paraquat toxicity, primary mesencephalic neuron-glia mixed cultures were assessed
following paraquat exposure. A dose response curve and time dependent evaluation of
paraquat toxicity revealed the dose that provoked a degree of cell death similar to that
observed in vivo (data not shown). Specifically, the dose (0.3-300 pM) and time (1-24
hrs) course analyses revealed that exposure to 30 pM of paraquat for 6-hrs provided
optimal conditions, reliably inducing 30-40% loss of TH+ neurons. Indeed, further
experiments conducted using these parameters revealed significant differences in the
number of surviving TH+ neurons of the midbrain cultures as a function of pesticide
exposure {F^t i6 = 13.048 p < 0.0001}. As shown in Figure 4.7, paraquat provoked a
significant loss of midbrain TH+ neurons (p < 0.01); however, again paralleling the in
vivo findings, this effect was completely prevented by co-treatment with GM-CSF (250
ng/ml).
Given that GM-CSF has been reported to impart protective consequences through
its effects upon trophic and apoptotic pathways (Huang et al., 2007), the trophic factor,
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Figure 4.6 Svstemic GM-CSF administration modulated the effects of LPS and paraquat
upon SNc astrocytes and microglia.
The top photomicrographs revealed that paraquat and LPS + paraquat robustly induced
microglia (CDl lb + ) immunostaining within the SNc. In contrast, the LPS primed mice
that received paraquat displayed a reduction of astrocyte (GFAP+) staining, whereas
paraquat alone had little effect. Paralleling the aforementioned effects apparent with
central GM-CSF administration, systemic injection of the trophic cytokine blunted the
impact of LPS and paraquat upon the glial populations.
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BDNF, and the pro- and anti-apoptotic factors, Bax and Bcl-2, respectively, were
assessed using Western blot. To this end, the ANOVAs revealed significant differences
between the treatment groups for BDNF and Bcl-2 (but not Bax) protein levels within the
midbrain cultures {F2, 4 = 6.412, F2,9 - 3.881, respectively, p < 0.05}. As depicted in
Figure 4.7 and confirmed by the follow up comparisons, paraquat significantly reduced
midbrain levels of BDNF and Bcl-2 (p < 0.05). Co-treatment with GM-CSF restored
BDNF protein expression within the midbrain cultures; however, the growth factor did
not appear to affect Bcl-2 protein expression.

Insert Figure 4.7 about here

Discussion
Inflammatory and oxidative processes, together with reduced frophic support, are
widely considered to be essential players in the pathological processes of PD (Bossers et
al., 2009; Chauhan et al., 2001; Guerini et al., 2009; Howells et al., 2000; Masaki et al.,
2003). Indeed, a plethora of evidence suggests that an augmented microglial response,
possibly driven by pro-inflammatory cytokines such as IFN-y and TNF-a contributes to
the progression of PD (Hirsch and Hunot, 2009; Whitton, 2007). In this regard,
microglial release of oxidative species, coupled with enhanced inflammatory enzyme
activity (e.g., COX-2) and induction of various MAP kinase pathways represent proximal
mediators of DA neuronal pathology (Gao et al., 2003b; Hunot et al., 2004). In contrast to
the more pro-inflammatory role of microglia, astrocytes have more frequently been
associated with a protective, buffering capacity and the release of frophic factors
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Figure 4.7 GM-CSF restored hippocampal BDNF expression in midbrain cultures
exposed to paraquat.
As depicted by the above representative blots and confirmed by densitometry paraquat
(30 pM) exposure for 6-hrs induced a significant reduction in BDNF and Bcl-2 levels in
primary midbrain tissue (* p < 0.05). When applied concomitant with paraquat, GM-CSF
(250 ng/ml) partially prevented the reduction of BDNF but had no effect on Bcl-2 levels
within the midbrain. Paralleling the aforementioned in vivo data, paraquat exposure
reduced the number of TH+ neurons within the midbrain cultures (p < 0.05) and once
again, GM-CSF reversed this effect (bottom bar graph). Data are expressed as mean ±
SEM; n = 2-3 (BDNF) and n - 4-5 (Bcl-2).
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(Chen et al., 2006). At the same time, several reports detected reductions of anti-oxidants,
particularly glutathione, as well as the trophic factor, BDNF, in PD brains (Fitzmaurice et
al., 2003; Murer et al., 2001). Whatever the case, increasing attention has been devoted to
utilizing novel means of interfering with the pro-death process in animal models of PD.
To this end, we report that both central and peripheral administration of the trophic
cytokine, GM-CSF, protected SNc DA neurons from LPS and paraquat toxicity, and
modulated BDNF, microglia and astrocyte responses to these toxins.
Neurotrophic factors are essential for the maintenance and survival of neuronal
populations. Consequently, both BDNF and GDNF have been extensively studied as
potential therapeutic agents for PD patients (Peterson and Nutt, 2008). BDNF is normally
present in relatively high concentrations within SNc DA neurons and is responsible for
supplying nutritive support, as well as dampening inflammatory and oxidative pathways
(Baquet et al., 2005; Murer et al., 2001). The trophic factor can also promote the survival
and differentiation of mesencephalic DA neurons, as well as protect against MPTP and 6OHDA insults (Hung and Lee, 1996; Shults et al., 1995). In agreement with the finding
that BDNF mRNA levels are reduced within the SNc of post-mortem PD brain (Mogi et
al., 1999; Salehi and Mashayekhi, 2009) we presently report that paraquat diminished
midbrain BDNF levels in mice. Moreover, in vitro application of GM-CSF reversed this
effect, just as it prevented the loss of cultured midbrain TH+ neurons induced by
paraquat. These findings are consistent with reports showing that GM-CSF can augment
BDNF to combat spinal cord injury (Bouhy et al., 2006; Hayashi et al., 2009); and, taken
together, suggest that BDNF could be contributing to some of the neuroprotective actions
of GM-CSF in response to diverse injury-inducing stimuli.
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In addition to BDNF, GDNF acts on dopaminergic neurons to enhance their
morphological differentiation and survival (Lin et al., 1993), which has led to much
excitement regarding the potential of GDNF as a therapeutic agent for PD. Indeed,
numerous

rodent

and

primate

studies

reported

that

GDNF

attenuated

the

neurodegenerative effects of MPTP and further boosted DA functioning of the existing
neurons (Gash et al., 1996; Kearns and Gash, 1995; Tomac et al., 1995). Importantly, the
GDNF-induced restoration of DA functioning was apparent even months after trophic
support was terminated (Grondin et al, 2002; Kirik et al., 2004; Maswood et al., 2002).
Despite the overwhelming evidence supporting the benefits of GDNF, it has largely
failed in human clinical trials due to complications arising from the fact that GDNF is
unable to cross the BBB. Indeed, intracerebroventricular injection of GDNF was reported
to cause problems related to (limited) diffusion into the brain parenchyma and the
manifestation of debilitating side-effects (Kordower et al., 1999; Nutt et al., 2003).
To circumvent the fact that trophic factors generally do not cross the BBB, new
techniques are currently being developed to facilitate central penetration (JuilleratJeanneret and Schmitt, 2007; Pardridge, 2002); these include encapsulation or breaking
GDNF into small bioactive fragments (Peleshok and Saragovi, 2006). However, finding
novel neurotrophic factors that easily cross the BBB (and thus avoid such complications
entirely) may provide a new class of therapeutic agents for PD. In this regard, GM-CSF is
one of three cytokines belonging to a family of colony stimulating factors that have
trophic effects and are capable of crossing the BBB and accumulating in the brain
parenchyma at reasonable levels (Franzen et al., 2004; McLay et al., 1997; Thomson and
Lotze, 2003). The exact mechanism by which GM-CSF permeates the BBB is presently
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unclear; however, based on experiments which tagged GM-CSF prior to systemic
administration to rodents, it is clear that this cytokine can, indeed, gain entry into the
brain (McLay et al., 1997).
GM-CSF has well documented clinical efficacy in the periphery, including its use
as an immune restorative agent in certain cancer treatments (owing to its ability to
stimulate leukocyte production); however, minimal attention has been devoted to
elucidating the trophic cytokine's potential as a neurotrophic agent. Albeit, a few reports
have indicated that GM-CSF had neurorestorative functions in the spinal cord and even
assisted in cerebral ischemic recovery (Ha et al., 2005; Hayashi et al., 2009; Nakagawa et
al., 2006; Schabitz et al., 2008). There is also some evidence to suggest that GM-CSF can
promote the release of BDNF from microglia (Bouhy et al., 2006; Hayashi et al., 2009).
In addition, GM-CSF has been shown to down-regulate the IFN-y mediated induction of
MHC-II expression on microglia (Hayashi et al., 1993). This is important since IFN-y
was recently shown to play a primary role in the degeneration of DA neurons following
paraquat or MPTP exposure (Mount et al., 2007). These findings, in combination with the
fact that GM-CSF can promote a phenotypic shift in microglial functioning towards a
more supportive and less inflammatory role (Bouhy et al., 2006; Re et al., 2002),
prompted us to hypothesize that GM-CSF might protect against DA acting toxins by
modulating the inflammatory balance between microglial and astrocytic cells.
Consistent with reports showing that GM-CSF might affect neuronal survival by
inducing microglia to adopt a dendritic cell-like morphology (Reddy et al., 2009),
exposure to the growth factor in the current study appreciably diminished the impact of
LPS and paraquat upon microglia (as indicated by staining intensity). However, the well
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established neurofrophin, GDNF, did not appreciably affect microglia staining (at least
according to CDl lb + cell morphology and proliferation), despite the fact that the growth
factor prevented DA neuron loss to a degree comparable to that of GM-CSF. Thus, the
two frophic factors appear to be promoting DA neuronal survival through different
processes, at least with regards to microglial involvement.
In confrast to the heightened microglia response induced by LPS and paraquat,
these insults caused a significant reduction in the SNc astrocytic response (as indicated
by GFAP+ immunostaining). Interestingly, both GM-CSF and GDNF reversed the
astrocytic reduction induced by the toxins. This is particularly important given that an
astrocyte reduction would likely result in diminished availability of frophic support (e.g.,
BDNF and GDNF release) and reduced glutamate buffering capabilities (Malipiero et al.,
1990). Although GM-CSF receptors are certainly expressed on astrocytes (Guillemin et
al., 1996; Malipiero et al., 1990), they have also been found on neurons throughout the
brain, including DA neurons of the SNc (Kim et al., 2009a). Hence, while GM-CSF
might conceivably be promoting neuronal survival through its anti-inflammatory-like
effects upon microglia and the restoration of astrocyte functioning, it is also possible that
these glial changes are simply secondary to the direct impact of the trophic cytokine upon
DA neurons (or other yet to be identified processes involved in the neurodegenerative
response).
Although GM-CSF's neuroprotective properties likely stem, in part, from its
ability to affect glial activity and BDNF levels, the capacity of the cytokine to promote
anti-apoptotic signalling might also be important (Schabitz et al., 2008). Indeed, a recent
study found that GM-CSF promoted Bcl-2 expression following MPTP exposure (Kim et
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al., 2009a). However, in the present investigation, the growth factor did not influence
Bcl-2 expression in primary mesencephalic cultures. This discrepancy may stem from the
fact that the previous study assessed Bcl-2 within PC 12 cells (Kim et al., 2009a), whereas
we presently assessed primary midbrain levels of the anti-apoptotic factor. It also might
be the case that the nature of toxin used (MPTP vs. paraquat) is relevant in this regard.
In light of the fact that depression and other co-morbid symptoms typically occur
together with the motor disturbances in PD (Farabaugh et al., 2009), it was particularly
interesting that paraquat reduced hippocampal BDNF expression. Indeed, substantial
evidence has indicated that reduced BDNF levels can contribute to depressive-like
behavioral effects, as well as deficits in neuroplasticity and cognitive functioning
(Anisman et al., 2008; Heldt et al., 2007; Schmidt and Duman, 2007). Similarly, other
recent studies showed that BDNF administration in mice promoted a range of antidepressant and anti-anxiety-like cellular (e.g., hippocampal neurogenesis) and behavioral
(e.g., forced swim, anhedonia) responses (Gourley et al., 2008; Schmidt and Duman,
2010). While the precise mechanisms and neural subsfrates underlying the co-morbid
non-motor symptoms in PD have yet to be fully established, it seems likely that
inflammatory and neurodegenerative processes in stressor-sensitive cognitive and
emotional brain regions (e.g., hippocampus, prefrontal cortex, locus coeruleus) are
important.
Indeed, histological pathology, including accumulation of a-synuclein, occurred
within the hippocampus of PD patients (Bertrand et al., 2003; Galvin et al., 1999).
Moreover, paraquat altered hippocampal monoamine activity, and promoted depressiveand- anxiety-like responses in mice (Litteljohn et al., 2009). The present investigation
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provides evidence that paraquat, and possibly other environmental toxins, could
potentially affect emotional and cognitive processing by causing trophic factor reductions
in hippocampal pathways acting in parallel with the nigrostriatal system. Importantly,
GM-CSF appeared to reverse the paraquat-induced hippocampal BDNF reduction,
suggesting that its protective effects were not specific for nigrostriatal functioning but
also translated across brain regions.
The present study provides early evidence in favor of future work focused on the
potential use of GM-CSF as a therapeutic agent for PD. Although these findings do not
fully elucidate a mechanism of action, it is clear that the neuroprotective effects of both
systemic and central GM-CSF administration are accompanied by a blunting of the
neuroinflammatory glial response provoked by LPS and paraquat. This is important in
light of the accumulating evidence suggesting a primary role for microglial-driven
inflammation in the death of DA neurons. However, disturbances of mitochondrial
functioning, generation of oxidative radicals and promotion of apoptotic factors are
probably the most proximal events in the neurodegenerative process. In this regard, it is
apparent that GM-CSF is likely acting independently of the classical Bax and Bcl-2
apoptotic pathways. Yet, it is particularly notable that paraquat reduced BDNF within
both the SNc and hippocampus, and that GM-CSF moderately reversed both of these
effects. In summary, paraquat could conceivably contribute to motor and non-motor (e.g.,
depression, cognitive disturbance) PD symptoms by enhancing inflammatory processes
and altering neuroplasticity, and GM-CSF might have important mitigating effects in this
regard.

Whatever the case, inflammatory priming (using LPS) of the SNc clearly

increased DA neuronal vulnerability to the impact of later paraquat exposure and GM-
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CSF administration can prevent these effects when delivered either centrally or
systemically.
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Chapter 5
General Discussion
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General Discussion
Over the past decade, numerous epidemiological and animal studies have
implicated environmental insults, particularly pesticides, heavy metals and immune
infections in the pathophysiology of Parkinson's disease (PD) (Dick et al., 2007;
Weisskopf et al., 2010). Systemic exposures to the pesticide paraquat was reported to
induce a dose-dependent loss of dopamine (DA) neurons in the substantia nigra pars
compacta (SNc) of mice (McCormack et al., 2002), coupled with a reduction in the
density of striatal DA fibres (Brooks et al., 1999). In agreement, the present thesis found
that paraquat induced marked nigrostriatal degeneration in mice; however, these effects
varied as a function of time and were greatly modified by manipulating the inflammatory
immune system.
Paraquat has been shown to diminish striatal DA concentration and reproduce
aspects of the PD phenotype (e.g. bradykinesia and deficits in motor coordination) in
mice (Brooks et al., 1999; Chanyachukul et al., 2004; Chen et al., 2008). However, it is
worth noting that the impact of paraquat upon the striatum appears to be somewhat less
pronounced than its effects upon the SNc DA soma, thus some of the discrepancies
between SNc pathology and striatal functioning have been described. Specifically, some
studies failed to find a reduction in striatal DA levels or behavioural impairments despite
a loss of DA soma (Thiruchelvam et al., 2003). It is conceivable that compensatory
downstream processes provoked by soma loss (e.g. changes in dendritic branching
patterns, up-regulation of neurotrophins, or alterations of brain monoamine systems)
could account for such discrepancies.
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In addition to having greater epidemiological validity than the more classical DA
toxin models of PD (6-OHDA and MPTP) paraquat and rotenone can induce
histopathological changes (deposition of a-synuclein aggregates) that more closely
resemble the disease (Goers et al., 2003; Manning-Bog et al., 2002). Combinations of
heavy metals and pesticides have been shown to synergistically provoke conformational
changes in a-synuclein, favouring the development of PD-like pathology in mice
(Uversky et al., 2002). In fact, recent work revealed that exposure to a combination of
iron and paraquat synergistically increased a-synuclein aggregation and fibrillization, and
augmented the extent of microglia-induced oxidative stress and neurodegeneration (Peng
et al., 2010). Similarly, although the fungicide maneb had no effect on SNc DA neurons
alone, when co-administered with paraquat it synergistically enhanced nigrostriatal
damage and associated glial reactivity (Thiruchelvam et al., 2000b). Collectively these
studies are in line with a recent hypothesis (referred to as the "multi-hit hypothesis")
which suggests that idiopathic PD stems from multiple exposures to differing types of
toxins superimposed upon some intrinsic genetic vulnerability.
The experiments described in the present thesis support the notion that microglia
orchestrate a central inflammatory reaction within the nigrostriatal region in response to
immunological and environmental insults, thus creating a pro-inflammatory and prooxidative state that can facilitate neurodegeneration. To this end, the ensuing sections of
this discussion will describe the principle findings of these experiments.
Essentially, three separate manipulations were introduced that all support a role
for microglia in modulating dopamine neuronal survival in the face a chemical or
immune toxin: 1. Genetic deletion of IFN-y (see Chapter 2) reduced the pro-inflammatory
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state (i.e. Ml) of microglia and the corresponding loss of DA neurons; 2. The timing
between inflammatory priming (LPS) and paraquat exposure determines the degree of
microglial reactivity and nigrostriatal lesion (see Chapter 3); and 3. The trophic cytokine
(GM-CSF) likewise promoted a more M2-like protective microglial state, coupled with
reduced DA neuron loss (see Chapter 4). It should be noted that, besides its trophic
actions, GM-CSF has well documented pro-inflammatory effects. However, proinflammatory effects within the CNS following GM-CSF treatment are usually not
observed until doses much higher than ours are used (Hamilton, 2002)
Paraquat and clinical aspects of Parkinson's disease
Traditionally, clinical signs of the disease are thought to manifest only after
approximately 80% of DA neurons have been lost (Bernheimer et al 1973); however,
more recent findings have challenged this position. In fact, a number of reports suggest
that mild and more subtle forms of the cognitive and motor symptoms may be evident in
PD patients long before clinical diagnosis (Brooks et al., 1999). We recently found that
paraquat in mice exposed to the toxin for 1-week (3 injections) was not sufficient to
induce motor deficits in the pole test and open field, which are indicative of PD-like
syndrome, whereas 3-weeks (9 injections) was sufficient to provoke such outcomes
(Litteljohn et al., 2009). These behavioural results corresponded to the amount of time
required for paraquat to cause SNc degeneration (see Chapter 2).
Several additional signs of motor deficits illustrated using a rating scale were
evident following 3-weeks of paraquat (see Chapter 3). It may be argued that a subset of
these symptoms (e.g. impaired gait, reduced locomotion, and poor posture) stem from a
systemic toxicity following paraquat, given that paraquat does affect peripheral organ
functioning, most notable the lungs (Shopova et al., 2009; Suntres, 2002). However, if
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the current paraquat paradigm induced such systemic toxicity, it would be expected that
mice would display signs of general illness and respiratory dysfunction. To assess this
possibility, all mice were rated for signs of sickness (e.g. ptosis, piloerection) and
breathing patterns were evaluated prior to motor testing/rating using a standard rating
scale validated in mice (Cicchetti et al., 2005; Mangano and Hayley, 2009). To this end,
no obvious signs of sickness were evident in the present investigation nor were there any
indications of pulmonary disturbances upon visual inspection of mice. Thus, the present
results strongly support the hypothesis that paraquat produces a Parkinsonian-like
syndrome in mice.

Parkinson's disease and inflammation
Until fairly recently the brain was believed to function more or less independently
of the immune system. However, it is now accepted that circulating T-lymphocytes,
macrophages and other peripheral immune cells routinely enter the brain, albeit in limited
concentrations and perform a variety of "housekeeping" tasks essential for immunosurveillance (Wilson et al., 2010). In the case of inflammatory diseases such as multiple
sclerosis (MS), which is characterized by profound disturbances in brain-immune
communication, it is hypothesized that there is a breakdown in immunosurveillance.
Consequently, through a faulty blood brain barrier (BBB) CNS defences are weakened
resulting in the infiltration of excessive numbers of cytotoxic T-lymphocytes into the
brain parenchyma. In confrast to MS, PD is likely not a primary inflammatory disease in
the same classical sense. In fact, changes in BBB functioning or trafficking of peripheral
immune cells appear to be more subtle in PD. However, several recent reports have
detected some degree of immune infiltration (albeit less than that of MS) and it has even
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been posited that Ml reactive microglia might recruit circulating (in the blood and CSF)
CD4+ T-lymphocytes to the SNc to modulate dopaminergic survival (Appel et al., 2010;
Brochard et al., 2009; Reynolds et al., 2009). Whatever the case, it has become
unequivocally clear that marked changes in immunocompetent microglial cells occur in
the midbrain region of PD patients and in animals treated with DA targeting toxins.
Microglia are primary mediators of nigrostriatal damage
Two days after a single supra-SNc infusion of the bacterial endotoxin, LPS, we
show that microglial cells undergo profound morphological changes and express a proinflammatory phenotype, indicated by compacted and amoeboid-like shape (Chapter 3).
This morphological change indicates that these cells have reached their most extreme
activated state, wherein they produce potentially deleterious oxidative and inflammatory
factors. This change from a resting / anti-inflammatory to pro-inflammatory has recently
been characterized as a phenotypic shift from a baseline neuroprotective role (M2) to a
neurotoxic role (Ml) for microglia. Indeed, anti-inflammatory (M2) microglial cells are
typically associated with angiogenesis and the release of anti-inflammatory cytokines and
trophic factors, (Michelucci et al., 2009). In contrast, pro-inflammatory (Ml) microglial
cells are normally characterized by the production of oxidative metabolites (e.g., nitric
oxide, superoxide) and pro-inflammatory cytokines that are essential for innate immunity
and have been associated with surrounding damage to healthy cells/tissue (Pawate et al.,
2004; Qin et al., 2004).
Further experiments revealed that when mice commenced paraquat treatments at a
time of heightened microglial (Ml) activity, the magnitude of the nigrostriatal lesion was
significantly magnified (Chapter 3). This finding clearly supports the contention that a
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pro-inflammatory state can sensitize DA neurons to the impact of later environmental
toxin exposures. Interestingly, however, when paraquat exposure commenced 7-days
after LPS priming (when microglia reactivity began to return to control levels) there
actually was some degree of neuroprotection (Chapter 3). Specifically, nigrostriatal DA
neurons appeared to be protected from the impact of paraquat both at the level of the SNc
and striatum. We hypothesized that this 7-day delay allows time for compensatory
processes to be mounted. For instance, microglia may now become refractory while
astrocytes and even neurons may begin to up-regulate heat shock proteins and growth
factors, such as GDNF and BDNF. In short, it appears that the timing between a proinflammatory insult, which involves the recruitment of microglia and subsequent
exposure to environmental toxicants, is critical in determining the nature of the
neurodegenerative properties.
The concept of time-dependent

sensitization and desensitization

effects

influencing neuronal survival is widely studied in stroke research. Indeed, it has become
well established that a brief mild cerebral ischemic event can actually protect neurons
from subsequent larger ischemic challenges, a phenomenon referred to as ischemic
tolerance (Gidday, 2006). Interestingly, ischemic tolerance is highly time-dependent,
such that although protection is observed when relatively short intervals of 1 -2 days are
interspersed between the ischemic events, longer intervals (e.g. 7-14 days) actually
resulted in an augmented cerebral damage (Gidday, 2006). Thus, much like the timing
between the employed LPS and paraquat regimen, certain time intervals resulted in a
sensitized response (increased damage), while other intervals favoured a desensitization
(protective effect).
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It is useful to note that ischemic tolerance has been associated with the release of
anti-inflammatory factors, whereas pro-inflammatory factors are associated with
exacerbation of cerebral damage (i.e. after longer re-exposure interval). For instance, the
pro-inflammatory cytokine TNF-a dose-dependently exacerbated the degree of cortical
neuronal loss caused by middle cerebral artery occlusion and this damage was prevented
when TNF-a receptors were blocked prior to the stroke (Barone et al., 1997). Timedependent changes in BBB permeability can differentially affect the degree of damage
caused by an ischemic attack with prolonged and/or delayed BBB permeability
promoting an influx of numerous peripheral leukocytes over time, which can facilitate
damage to neuronal populations (Fisher 2008).
Importantly, Ml microglial cells have been hypothesized to recruit peripheral
antigen presenting cells (e.g. macrophages and dendritic cells) into the CNS following
injury (Glass et al., 2010) and recruitment of these peripheral immune cells would likely
enhance the degree of neurodegeneration by their ability to produce oxidative and other
deleterious factors (Glass et al., 2010). On the other hand, it is also possible that the
recruitment of peripheral antigen presenting cells would serve protective functions at
certain times by scavenging debris, removing pathogens, releasing trophic factors and
buffering ionic disturbances in the exfracellular space. Hence, it is reasonable to suggest
that microglia might exert a myriad of time-dependent effects, some of which might be
beneficial and others more detrimental.
As in the case of cerebral ischemia, microglia may have distinct time-dependent
functions relative to chronic paraquat exposures. As reported in Chapter 2, microglia
only begins to express oxidative factors (NADPH oxidase and iNOS) 3 weeks into the
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paraquat regimen. In contrast, the trophic factor BDNF and its upstream transcription
factor CREB were reduced earlier, at 1-week during the paraquat regimen. Although we
did not directly assess BDNF and CREB within microglia, it is known that these factors
are produced by both microglia and astrocytes (Murer et al., 2001). It is also interesting to
note that pro-inflammatory factors cytokines (e.g. TNF-a, IL-6 and IL-ip) and enzymes
(e.g. COX-2) were enhanced after 3 weeks, but not after 1 week of paraquat exposure. It
is well known that microglia are the main CNS reservoir of these inflammatory factors
and as such, we speculate that only at later stages of the paraquat regimen do microglia
really adopt the most deleterious pro-inflammatory Ml-like phenotype. It is important to
note that the microglia changes induced in Chapter 2 were evident with paraquat
exposure in the absence of LPS inflammatory priming. Thus, the pesticide itself had
marked inflammatory and oxidative effects and the LPS priming used in subsequent
chapters served to further reinforce such effects.
While the intermediate signalling stages of microglia are still not fully resolved, it
is clear that oxidative radicals are a critical proximal mediator of cell death induced by
paraquat. Since, paraquat is a redox cycler capable of generating large amounts of
superoxide by electron transfer reactions with microglial-NADPH oxidase (Day et al.,
1999; Pawate et al., 2004; Ramachandiran et al., 2007) and the degenerative effects of
most DA neurotoxins can be completely prevented using mice lacking a functional
NADPH oxidase or by administering pharmacological inhibitors for iNOS and NADPH
prior to the administration of a toxin (Delgado, 2003; Gao et al., 2003b; Gupta et al.,
2010; Iravani et al., 2005; Le et al., 2001; Liberatore et al., 1999), these pro-oxidant
factors are likely to be involved in the degenerative processes caused by paraquat. Taken
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together, these data support a primary rather a secondary role for microglia in responding
to environmental insults.
Cytokines and nigrostriatal degeneration: IL-1 f3 and TNF-a
The current thesis revealed that LPS induced a transient increase (within 90
minutes) of the pro-inflammatory cytokines IL-ip and TNF-a within the plasma and SNc
(Chapter 3). Not unexpectedly, this spike in protein concentration was short-lived,
returning to basal levels by 2-days. We postulate that this early rise may contribute to the
initiation of a phenotypic shift of SNc microglial cells from their basal anti-inflammatory
(M2) phenotype to a more pro-inflammatory (Ml) (Chapters 3 and 4). Hence, these
cytokines may facilitate neurodegeneration indirectly through their ability to modulate
microglia's phenotypic state.
It has been proposed that TNF-a is a "master inflammatory regulator",
influencing

the production

of pro-inflammatory

cytokines, microgliosis,

BBB

dysfunction, cell adhesion and neuroinflammation (Kraft et al., 2009). Given this and the
fact that microglia are the primary source of TNF-a, we postulate that TNF-a is necessary
for maintaining a chronic pro-inflammatory state and is necessary for promoting ongoing
degeneration. Along these lines, repeated exposure to paraquat for 3-weeks but not 1week was associated with delayed activation of the pro-inflammatory cytokines TNF-a
and IL-lp as well as the pro-oxidants iNOS and NADPH oxidase (Chapter 2). It is
relevant to recall that that 1-week of paraquat was not sufficient to elevate these proinflammatory mediators or cause degeneration; only after 3-weeks of paraquat were the
DA neurons lost (Chapter 2).
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It remains possible that the delayed increase in the aforementioned proinflammatory cytokines is the result of repeated paraquat exposures. Specifically, chronic
pesticide exposures may eventually overwhelm endogenous anti-oxidants causing an
accumulation of reactive oxygen species (ROS) within the SNc causing damage to DA
neurons. Subsequently, damaged DA neurons can recruit further local microglia to the
site of injury to assist in either the restoration or removal of these damaged neurons.
Upon recruiting local microglia, TNF-a and IL-lp may be released in an attempt to
remove the sick/dying DA neurons. In effect, although we expect that an initial primary
microglia response might be engendered by the toxins themselves, secondary responses
by these cells to deal with the ongoing pathology are unavoidable. Thus, the nature of the
glial response (e.g. neuroprotective versus neurodestructive) may vary over time
following the insult. It might be actually be viewed as being to overly simplistic in stated
a simple binary "good" versus "bad" role for microglia. Whatever the case, complex
temporal cytokine variations would ultimately be expected to shape the functioning of
microglia and alter the inflammatory milieu.
It has been postulated that the amount of TNF-a released from microglia and the
neuronal expression pattern of TNF-Rs can be a determining factor for neuronal death
and survival (Kraft et al., 2009). Essentially, in addition to acting directly upon microglia
and promoting an Ml phenotype, TNF-a may directly bind to DA neurons and promote
apoptotic cell death. Indeed, immunohistochemical analysis of human brains revealed
that TNF-R1 but not TNF-R2, are expressed on SNc dopaminergic neurons (McCoy and
Tansey, 2008). Even though the precise function of TNF-a is not completely understood,
several in vivo and in vitro studies using TNF-R1 and TNF-R2 KO mice indicate that
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TNF-R1 can be toxic to neurons while TNF-R2 is neuroprotective (Fontaine et al., 2002;
Kassiotis and Kollias, 2001).
Despite the fact that the data presented in the thesis regarding the function of
TNF-a are correlative, several studies have demonstrated that activation of this cytokine
occurs prior to ischemia-induced cellular death in vitro models using LPS (Botchkina et
al., 1999; Mander and Brown, 2005; Shibata et al., 2003). Nonetheless, to fully confirm
our hypothesis that TNF-a is instrumental to the neurodegenerative response induced by
LPS and paraquat further studies will be necessary to characterize the activational timecourse of TNF-a. Future studies illustrating that TNF-a is activated prior to DA cell death
together with studies showing that blocking TNF-a can prevent ongoing cell death would
provide compelling evidence for the involvement of TNF-a in the neurodegenerative
response.
Given that the downstream signalling pathway for IL-lp converges with the proapoptotic TNF-R1 pathway using the pro-apoptotic transcription factors

NF-KB

and c-

Jun, we postulate that IL-ip is working in conjunction with TNF-a to induce the death of
DA neurons caused by paraquat. Indeed, neutralizing antibodies to either TNF-a or IL-ip
can protect dopaminergic neurons from the neurotoxic effects of LPS in vitro, thus
supporting the hypothesis that TNF-a and IL-ip are working together to promote cell
death (Gayle et al., 2002). Delayed elevations in these pro-inflammatory cytokines
following 3-weeks of paraquat were accompanied by an increase in the transcription
factors JNK and

NFKB

(Chapter 2). This is observation is particularly intriguing given

that one of the critical signalling factors required for TNF-a induced apoptosis is JNK
(Hayley et al., 2004a; Sakon et al., 2003).

Proinflammatory cytokines and Parkinson's disease, 184
Cytokines and nigrostriatal degeneration: IFN-y
Although IL-ip and TNF-a are the cytokines probably most commonly
implicated in neuropathological processes, IFN-y is actually the most potent in provoking
a pro-inflammatory microglial response. IFN-y predominately up-regulates anti-microbial
mechanisms as well as antigen presentation pathways and can facilitate the recruitment of
leukocytes, direct growth, maturation and differentiation of many cell types involved in
innate and adaptive immune responses (Schroder et al., 2004). Many of the known
microglial-dependent pro-inflammatory and pro-oxidative genes are subjected to
regulatory control by IFN-y (Glass et al., 2010). For instance, IFN-y-associated
microglial JAK/STAT signalling mediates the up-regulated or de novo synthesis of
several proteins critical for microglial antigen presentation and generation of the
superoxide respiratory burst (Kawanokuchi et al., 2006).
It will be recalled that IFN-y acts primarily through the JAK/STAT signalling
pathways causing homodimeric STAT complexes (primarily STATl) to translocate to the
nucleus and induce the transcription of myriad IFN-y-responsive genes (Briscoe et al.,
1996). Correspondingly, we found that paraquat increased the SNc expression of STATl
in a time-dependent fashion (Chapter 2). The majority of available evidence suggests that
IFN-y likely influences neuronal survival and promotes oxidative stress through its
actions on microglia. Indeed, we found that IFN-y deficient mice displayed reduced
microglial activation, which corresponded to neuroprotection from the impact of
paraquat. However, one recent study did report that IFN-y can trigger glutamate
excitotoxic neuronal damage (e.g., dendritic beading) by activating a unique complex
consisting of an IFN-y receptor and an AMPA receptor GluRl, which together form a
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Ca2+-permeable receptor complex, which subsequently, allows enhanced Ca2+ entry into
cortical neurons leading to nitric oxide production and eventual reduction of intracellular
ATP levels by inhibition of mitochondrial respiration (Mizuno et al., 2008).
The genes encoding for the pro-oxidants iNOS and NADPH oxidase, as well as
the dsRNA protein kinase (PKR) gene, which is necessary component in antiviral
defence are all governed by IFN-y induced JAK/STAT signalling (Pawate et al., 2004;
Pyo et al., 2008; Zamanian-Daryoush et al., 2000). Specifically, IFN-y induced
translocation of STATl homodimers to up-regulate the genes encoding for NADPH
oxidase and iNOS, which will promote oxidative stress by enhancing the production of
superoxide and nitric oxide, respectively. Similarly, up-regulation of the PKR gene will
induce microglial-COX-2 activation through IFN-y's actions on the

NF-KB

signalling

pathway (Zamanian-Daryoush et al., 2000). Our findings in Chapter 2 are in agreement
given that genetic deletion of the cytokine attenuated the effects of paraquat upon iNOS,
NADPH subunits and COX-2. Moreover, pre-treatment with the hormone melatonin,
attenuated the induction of iNOS and COX-2 by LPS/IFN-y, and this effect was
attributed to the inhibition of

NF-KB

activation (Deng et al., 2006). Accordingly, IFN-y

may impact neuronal survival by way of its downstream effects on key microglial
enzymes implicated in the elaboration of deleterious inflammatory factors (i.e. nitric
oxide, ROS and prostanoids).
It has been postulated that IFN-y plays an important role in the initial stages of
infection recognition (during the innate response). It is likely that early activation of IFNy by antigen presenting cells, such as macrophages, dendritic cells and microglia, acts as
an early initiator of a pro-inflammatory cascade, allowing these immune cells to respond
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to invading pathogens (Schroder et al., 2004). The pro-inflammatory cytokines, IL-12
and IL-18 are up-stream of IFN-y-associated JAK/STAT signalling, where they facilitate
the transition of an innate to adaptive immune response through IFN-y (Frucht et al.,
2001). Indeed, each of these cytokines (including IFN-y itself) can promote an adaptive
immune response skewing CD4+ T-lymphocyte development towards a Thl/proinflammatory phenotype, which is, in fact, consistent with post-mortem PD brains (Baba
et al., 2005; Brochard et al., 2009).
Lastly, IFN-y-associated JAK/STAT signalling has also been shown to downregulate several ostensibly neuroprotective species in microglial cells. For instance, IFNy dampened microglial expression of the secretory protein osteopontin, which has antiapoptotic properties (Moran et al., 2007). Interestingly, osteopontin has been shown to
attenuate the neurodegenerative consequences of stroke and various neurotoxins (Doyle
et al., 2008; Iczkiewicz et al., 2006; Iczkiewicz et al., 2005; Meller et al., 2005).
Whatever the case, the present thesis furthers the notion that IFN-y might be a critical
player in controlling the microglial phenotype in response to DA toxins, and hence, has
important implications for PD.
Anti-inflammatory and trophic cytokines protect nigrostriatal neurons
Healthy individuals typically exhibit a more anti-inflammatory microglial
phenotype (M2) that plays a role in maintaining a homeostatic equilibrium within the
brain. In contrast to Ml state microglia, M2 cells typically secrete anti-inflammatory
cytokines such as IL-4 and IL-10, which together with TGF-B and glucocorticoids have
been recently demonstrated to be negative regulators of IFN-y (Schroder et al., 2004).
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In addition to the involvement of Ml microglia and pro-inflammatory cytokines,
paraquat also induced a reduction in astrocytic support (Chapters 2-4). A reduction in
astrocytic support may increase the vulnerability of DA neurons to repeated neurotoxic
insults by reducing the availability of trophic support (Howells et al., 2000; Murer et al.,
2001). Prior to the death of DA neurons, paraquat caused an early reduction in both
CREB and BDNF (Chapter 2). This early reduction may provide an explanation as to
why DA neurons become vulnerable to the continued administration of paraquat.
However, the molecular mechanism by which this trophic factor influences (if at all) PD
progression is poorly understood (Zuccato and Cattaneo, 2009), and whether a reduction
of BDNF and its downstream consequences is a causative factor in PD remains
inconclusive. It is possible that this reduction is simply the outcome caused by a
reduction in the number of DA neurons. This is a reasonable hypothesis given that SNc
DA neurons have been shown to contain BDNF (Baquet et al., 2005).
The current thesis demonstrated that paraquat-induced reduction in SNc CREB
and BDNF occurred prior to the degeneration of DA neurons, see Chapter 2. Moreover,
the neuroprotective properties of GM-CSF following paraquat were associated with a
partial restoration SNc BDNF (Chapter 4). We postulate that paraquat caused a reduction
of astrocytic support, which results in a decrease in the amount of BDNF released.
Hence, it would be useful to conduct future studies to determine if restoring the astrocytic
population would in effect restore BDNF levels and protect the SNc.
One of the major obstacles with translating neurotrophic factor research from the
bench to the bedside involves the difficulties in the delivery approach since penetrating
the BBB is extremely challenging. Increasing endogenous BDNF or introducing
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exogenous BDNF may be a valid treatment option for PD. However, clinical trials using
BDNF in Amyotrophic Lateral Sclerosis (ALS) demonstrated that many problems,
including low BBB permeability, short in vivo half-life and limited diffusion (Zuccato
and Cattaneo, 2009). Before a viable BDNF therapy can be developed for PD, new
protocols accurately quantifying the amount of BDNF proteins levels in human brains
need to be established. One major obstacle is that the procedures presently used to assess
BDNF in post-mortem brains may not reflect BDNF in vivo processing. Because BDNF
is sensitive to a wide range of stimuli including dietary restrictions, physical exercise,
circadian rhythms and stress (Zuccato and Cattaneo, 2009), a full understanding of BDNF
physiology is critical for understanding bioavailability requirements of a BDNF
treatment. It is also important to note that administration of an "incorrect" dose of BDNF
can be detrimental, given that excessive amounts of BDNF can have deleterious effects
on neural circuitry, learning and memory (Croll et al., 1999).
The frophic cytokine, GM-CSF, likely promotes microglial to adopt a more
neuroprotective and anti-inflammatory phenotype, likely inducing the release of BDNF
(Bouhy et al., 2006; Hayashi et al., 2009; and see Chapter 4). However, several recent
studies have also demonstrated an anti-apoptotic role for GM-CSF in several CNS
pathologies. This is not surprising given that GM-CSF has been shown in several CNS
disorders (i.e. animal model of PD, stroke and spinal cord injury) to enhance gene
expression of the anti-apoptotic protein Bcl-2 (Choi et al.; Kim et al., 2009b; Kong et al.,
2009). In a more recent report, GM-CSF has also been shown to inhibit the expression of
pro-apoptotic proteins p53, Bax and caspases-3 following cerebral ischemia (Kong et al.,
2009). These reports are in agreement with the current thesis, as GM-CSF not only
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attenuated the effects of LPS and paraquat, but these results were correlated with an
enhanced gene expression of Bcl-2 (Chapter 4). For the most part, long-term
neuroprotective effects of GM-CSF and the mechanism through which GM-CSF is
capable of regulating these pro-apoptotic proteins have yet to be evaluated.
GM-CSF has been shown to cause a phenotypic shift in the activational state of
microglia, from a more pro-inflammatory Ml to resemble dendritic-like peripheral
immune cells (Liva et al., 1999). Indeed, we found that GM-CSF did appear to alter the
morphological state of microglia following LPS and paraquat; however, whether they
were more dendritic-like requires further investigation. Nonetheless, this hypothesis is
interesting given that microglia can easily alter their activation state.
The signal transduction pathways meditating GM-CSF's neuroprotective effects
are not fully understood. However, the JAK/ STAT pathway seems to be crucial for GMCSF induced hematopoietic proliferation. Specifically, it is clear that GM-CSF will
activate the intracellular adaptor protein, JAK2, and signal through the transcription
factor, STAT5 (Liva et al., 1999). In addition to promoting proliferation, JAK2 and
STAT5A/B have been shown to induce Bcl-2 and delay cell death in a hematopoietic cell
line (Sakai and Kraft, 1997). Therefore, it is possible that GM-CSF may prevent paraquat
induced apoptosis through a JAK2 dependent pathway.
On the other hand, the ERK1/2 MAP kinase pathway may also be essential in
mediating a proliferative response to GM-CSF. Recent reports have suggested that GMCSF will also activate the MAP kinase ERK1/2, in addition to a few other signalling
molecules (Liva et al., 1999; Montenegro et al., 2009; Sakamoto et al., 1994). This is in
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agreement with our preliminary data, which demonstrates that GM-CSF can increase
ERKl/2 alone and in response to LPS and paraquat, see Appendix A, Figure 1. This is
interesting given that several reports have suggested that GM-CSF can reduce neutrophil
and

eosinophil

induced

apoptotic

cell

death

through

ERKl/2,

as

well

as

phosphatidylinositol 3-kinase (PI3)-3 kinase/ATK (Klein et al., 2000; Kotone-Miyahara
et al., 2004). In contrast, Choi et al. (2010) demonstrated that exposure of GM-CSF to
neural progenitor cells will up-regulate anti-apoptotic proteins (e.g. Bcl-2 and Bcl-xL)
using the JAK2/STAT5 pathway and not PI3-kinase/AKT or ERKl/2. These conflicting
results may be a result of the cell types used (neural progenitor cells versus neutrophils
and eosinophils).
Given that either administration of either GM-CSF or knocking out IFN-y resulted
in neuroprotection (but likely through very different mechanisms) demonstrates the
complexity of PD and suggests the potential for many avenues of intervention. Yet, both
of these neuroprotective strategies had similar outcomes with regards to the inflammatory
glial milieu. This is in accord with our contention that the neurotoxins used in the present
thesis (LPS and paraquat) activate common inflammatory signalling pathways within the
CNS, and these likely contribute to DA neuronal pathology. This is also in line with
epidemiological reports that indicate chronic exposure to multiple environmental toxins
over a prolonged period of time increase risk to developing PD (Abbott et al., 2003;
Gorell et al., 2004; Priyadarshi et al., 2001).
Conclusions
The present thesis highlighted the importance of cytokine signalling not only as
regulators of immune processes, but also as messengers involved in toxin induced
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nigrostriatal degeneration. Given that PD likely originates from the interactive effects of
multiple environmental insults upon a possibly compromised genetic background, it is
necessary to evaluate the joint effects of more than one causative agent. In this regard,
the present data support the notion that a pre-existing neuroinflammatory state (induced
by a virus or a bacterial infection) may promote some of the deleterious consequences of
later toxin exposure(s). Finally, the assessment of multiple cytokines simultaneously, as
conducted in the present thesis, may provide important clues as to how these pleiotropic
immunotransmitters may interact over time to ultimately shape the evolution of disease
states such as PD.
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Appendix A

Proinflammatory cytokines and Parkinson's disease, 193

Saline
Paraquat
GM-CSF
GM-CSF + Paraquat

SNc: Erk/MAP
60

50-1
c
"3 40
•s
30Q. 30

X

t»20-

H
o. 10- H
Saline

LPS

Figure 6.1 Central administration of GM-CSF elevated Erkl/2 within the SNc following
LPS and paraquat.
The following mice were infused with a single supra-nigral injection of LPS (0.01 pg/2
pi) 2 days prior to beginning the paraquat regimen (10 mg/kg; 3 per week for 3-weeks).
A single supra-nigral injection of GM-CSF (10ng/2pl) once per week during the paraquat
regimen elevated phosphorylated Erkl/2 protein levels. Data are expressed as mean ±
SEM; n=8-10.
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