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ABSTRACT 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder and has no 

known disease-modifying treatments. Due to the complexity of the disease pathology, effective 

treatments for PD will likely involve a combination of treatment factors. The current 

experiments sought to profile the pro-survival effects of the trophic cytokine, erythropoietin 

(EPO), in a 6-hydroxydopamine (6-OHDA) mouse model of PD. Methods: To this end, male 

C57Bl/6 mice were used in a series of four experiments investigating the potential anti-

apoptotic, anti-inflammatory and antioxidant effects of the trophic cytokine. EPO’s ability to 

protect dopaminergic terminals in the striatum, cell bodies in the substantia nigra (SNc) and 

modulate 6-OHDA-induced motor deficits was characterized at different doses of 6-OHDA and 

EPO. Results: Our results did indeed demonstrate EPO’s ability to exert pro-survival effects that 

were brain region-specific. While intra-nigral EPO was ineffective, intra-striatal EPO preserved 

striatal terminals and nigral soma in two different 6-OHDA lesion models.  EPO further 

attenuated apomorphine-induced rotations at two doses of 6-OHDA. EPO demonstrated anti-

apoptotic signalling through phosphorylation of Akt and the Bcl-2 associated proteins and anti-

inflammatory activity through modulation of microglial morphology. Finally, EPO demonstrated 

antioxidant activity through elevated levels of striatal glutathione peroxidase, in addition to 

retrograde signalling that resulted in elevated levels of glutathione peroxidase in the SNc in 

response to EPO treatment. Conclusions: In short, EPO appears to modify antioxidant and anti-

apoptotic factors and act in a brain-region specific manner to mitigate neuronal loss. Taken 

together, the results of the current set of experiments indicate EPO’s potential for use as an 

adjuvant therapy in the treatment of PD.  
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OVERVIEW 

This thesis is divided into five sections: 

 

1. Introduction: Background and Literature Review  

 

2. Methods 

 

3. Manuscript 
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INTRODUCTION 

Parkinson’s disease (PD) is a debilitating neurodegenerative disorder that affects 

more than 4 million people worldwide (Dorsey et al., 2007). Levodopa (L-DOPA), the 

gold standard in treatment for PD, was developed more than 50 years ago (Cotzias,  

Papavasiliou, 1967; Cotzias, Van Woert, & Schiffer, 1967). Although L-DOPA acutely 

replenishes the dopamine that is lost from dying neurons in the midbrain (Di Monte et 

al., 1996), it does not slow or reverse the primary neuronal degeneration. Despite its 

initial contribution to symptom management, the efficacy of L-DOPA diminishes over 

time, and its chronic use is associated with dyskinesias, characterized by excessive and 

unwanted involuntary movements (Bastide et al., 2015; Jenner, 2008). Disease-

modifying strategies for PD are an important unmet clinical need; the social and 

economic burden imposed by PD is cumbersome, and has been well documented 

(Findley et al., 2011; Guttman, Slaughter, Theriault, Deboer, & Naylor, 2003; Kowal, Dall, 

Chakrabarti, Storm, & Jain, 2013). As the general population continues to age, these 

burdens will only become more pronounced (Feigin et al., 2017). To develop disease-

altering therapies for PD, more knowledge regarding the pathology of the disease is 

required. 

Broadly, recent research has improved our understanding of some of the 

pathological processes occurring in the brains of individuals with PD, including oxidative 

stress and neuroinflammation (Bose & Beal, 2016, 2019; Cruces-Sande et al., 2019; 
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Monzani et al., 2019; Taylor, Main, & Crack, 2013). As a result, current strategies in PD 

research seek to intervene at the level of these processes to restore the homeostatic 

balance disrupted by the disease. One prominent area of focus in this research includes 

the use of neurotrophic factors (NTFs); NTFs are endogenous secreted proteins that act 

as brain-nourishing substances, and are grouped into families based on their structures, 

functions and mechanistic properties (Airavaara, Voutilainen, Wang, & Hoffer, 2012). 

Investigation into how these substances may alter the microenvironment of susceptible 

brain areas in PD may provide insight into the deleterious mechanisms that lead to 

neuronal death. Indeed, this understanding may lead to the development of novel 

therapeutic strategies for PD. 

BACKGROUND 

Parkinson’s disease (PD) is the second most common neurodegenerative 

disorder after Alzheimer’s disease (Delamarre & Meissner, 2017; L. Hirsch, Jette, Frolkis, 

Steeves, & Pringsheim, 2016; Wirdefeldt, Adami, Cole, Trichopoulos, & Mandel, 2011). 

The etiology of this chronic, progressive disease is not well understood, but it is likely to 

involve both genetic and environmental factors (Johnson, Stecher, Labrie, Brundin, & 

Brundin, 2019; Patrick, Bell, Weindel, & Watson, 2019; Ritz, Paul, & Bronstein, 2016; 

Wirdefeldt et al., 2011). Although developments in research have revealed the 

involvement of genetic factors in a minority of cases, approximately 90% of cases are 

sporadic with no clear etiology (Dauer & Przedborski, 2003; Tysnes & Storstein, 2017). 
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The primary motor symptoms of PD include resting tremor, rigidity, bradykinesia and 

postural instability (Dauer & Przedborski, 2003).  Resting tremor describes an 

involuntary shakiness that subsides with voluntary movement and is present in 70% of 

PD patients (Alberts, Wright, & Feinstein, 1969; Camara et al., 2015; Lenz et al., 1994; 

Paré, Curro’Dossi, & Steriade, 1990). Rigidity refers to the resistance to passive 

movement exhibited by patients’ limbs. Bradykinesia describes a slowness of 

movement, which greatly influences the quality of life of patients living with PD, as 

increased time is required to perform everyday self-care activities such as eating and 

dressing (Dauer & Przedborski, 2003). Patients with PD can develop a stooped posture, 

and sometimes exhibit impaired postural reflexes, which can lead to falls, and in some 

cases, confinement to a wheelchair (Allen, Schwarzel, & Canning, 2013; Hely, Reid, 

Adena, Halliday, & Morris, 2008; Koller, Glatt, Vetere-Overfield, & Hassanein, 1989). 

Patients with PD also experience a variety of non-motor symptoms, including autonomic 

problems, depression, and dementia (Hely et al., 2008; Martinez-Martin et al., 2015; 

Merola et al., 2011; Pfeiffer, 2016; Schapira, Chaudhuri, & Jenner, 2017).   

The central neuropathological feature of PD is the loss of dopaminergic neurons 

in the pars compacta region of the substantia nigra (SNc) and the associated depletion 

of the catecholamine neurotransmitter dopamine (DA) in the striatum (Nutt & Wooten, 

2005).  The cell bodies of neurons in the nigrostriatal pathway are found in the SNc; the 

axons of these neurons project to and terminate in the striatum, where they release DA. 

As the striatum plays a central role in the basal ganglia’s control over voluntary 
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movement, the degeneration of neurons in this pathway leads to a dysfunction in 

multiple excitatory and inhibitory feedback loops. The depletion of DA neurons in the 

nigrostriatal pathway leads to striatal DA deficiency and ultimately results in the 

observable motor symptoms of PD (Jenner & Olanow, 1998; Yarnall, Archibald, & Burn, 

2012). DA signalling from the SNc typically regulates the release of the brain’s primary 

inhibitory neurotransmitter, gamma-amino-butyric acid (GABA), from the medium spiny 

neurons (MSNs) of the striatum. In the absence of DA input from the SNc, the activity of 

the MSNs becomes disrupted, and the overall ganglio-thalamo-cortical circuitry 

becomes dysregulated (Mallet, 2006). These circuits are complex, and involve multiple 

structures that use tonic inhibition and feed-forward mechanisms; attributing specific 

motor features with molecular pathophysiology has been a challenge, as the 

connections within these motor circuits are intricate and incompletely understood 

(Macphee & Stewart, 2012; Mallet, 2006). 

There is also evidence for the involvement of non-dopaminergic nuclei in the 

progression of the disease – the loss of serotonin neurons in the raphe nucleus and 

noradrenaline neurons in the locus coeruleus have also been observed (Blum et al., 

2001; Dauer & Przedborski, 2003; Henrich et al., 2018; Vermeiren & De Deyn, 2017). The 

degeneration of these nuclei may contribute to the manifestation of the non-motor 

symptoms observed in PD; in fact, it is well-known that serotonin and norepinephrine 

exert notable influences on mood, sleep and attention, all of which are commonly 

altered in PD. Various nuclei are predictably vulnerable to degeneration in PD, and 
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within surviving neurons in these regions, eosinophilic proteinaceous inclusions within 

the cytoplasm are observed (McNaught & Olanow, 2006; Nutt & Wooten, 2005). The 

cytoplasmic inclusions, termed Lewy bodies, are abnormal protein aggregates 

composed primarily of α-synuclein (Spillantini, Crowther, Jakes, Hasegawa, & Goedert, 

1998).  Although the role of Lewy bodies in the pathology of PD is unknown, their 

presence constitutes a prominent neuropathological feature of the disease (Braak et al., 

2002; Dickson, 2018; Spillantini et al., 1998).  The formation of Lewy bodies occurs in a 

predictable topographical manner in PD, with inclusions appearing first in brainstem 

nuclei in the early, pre-symptomatic stages of the disease (Braak et al., 2002). As the 

disease progresses into its symptomatic phase, aggregates form in the substantia nigra 

and other midbrain nuclei. Finally, in end-stage PD, Lewy body pathology extends into 

areas of the neocortex (Braak et al., 2002). 

PD remains difficult to define due to the heterogeneity of clinical presentation, 

the variability of progression rates, and the different signs and symptoms present in 

different clinical subtypes (Berg et al., 2013). To date, the clinical diagnosis of PD is 

based upon the presence of the primary motor symptoms in conjunction with response 

to dopamine replacement therapy (Brooks, 2012; Postuma et al., 2016; Rao, Hofmann, 

& Shakil, 2006) with definitive diagnosis confirmed only at autopsy (Hughes, Daniel, 

Kilford, & Lees, 1992; Postuma et al., 2015). To best approach the treatment of PD, it is 

imperative to further investigate the molecular mechanisms known to contribute to its 

pathophysiology. Notably, apoptotic signalling, inflammatory processes, and conditions 
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of oxidative stress have been strongly implicated in the progression of PD and should be 

carefully considered in models of the disease (Johnson et al., 2019; Monzani et al., 2019; 

Obeso et al., 2017). 

Rodent Models of Parkinson’s disease  

Experimental animal models of PD have elucidated several neuropathological 

events in PD, which have greatly contributed to an improved understanding of the 

disease. Although the cause of neuronal death in PD is not yet understood, a predictable 

pattern of neurodegeneration has allowed researchers to develop experimental models 

that include both pathological and motor features of the disease. Current animal 

paradigms possess several limitations, however, as none can fully model the progressive 

nature of the human illness, reproduce the clinical signs and symptoms of a movement 

disorder, or replicate the complexity of the pathological and biochemical alterations 

involved (Blesa, Phani, Jackson-Lewis, & Przedborski, 2012; Bové, Prou, Perier, & 

Przedborski, 2005; Duty & Jenner, 2011; Gibrat et al., 2009; Iancu, Mohapel, Brundin, & 

Paul, 2005; Schober, 2004; Wang et al., 2012). Still, the development of these models 

has allowed for proliferation of research that improves our understanding of the 

pathogenic mechanisms involved in PD, and as such, their continued use in PD research 

is both relevant and necessary.  

The two most widely employed neurotoxin-based models of PD involve the use 

of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine  
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(6-OHDA) (Blesa et al., 2012; Schober, 2004). The ideal animal model of PD would induce 

a progressive and selective loss of nigral DA neurons that begins in adulthood.  It would 

further produce quantifiable motor deficits that resemble the symptoms observed in 

patients, involve the generation of Lewy bodies, and include the loss of other nuclei 

observed in PD. Presently, the MPTP and 6-OHDA models produce most of the required 

features, at least in part (Blum et al., 2001; Carelli et al., 2017; Garea-Rodríguez et al., 

2016; Janssen et al., 2012; Martin et al., 2016; Ren et al., 2017). While no animal model 

is without limitations, these neurotoxin-based models of PD have provided a platform 

upon which prospective neuroprotective and neurorestorative treatments may be 

investigated. Broadly, the 6-OHDA model of PD is a safe, reliable model of the disease 

that is effective across strains and species of rodents and non-human primates, is 

biologically relevant, and allows for unilateral administration of the toxin such that each 

subject can act as its own control. 

6-hydroxydopamine Model of PD 

6-OHDA is a selective catecholaminergic neurotoxin that was first used 50 years 

ago to produce an animal model of PD by inducing degeneration of the nigrostriatal 

system (Ungerstedt & Arbuthnott, 1970).  Since then, it has been the most commonly 

employed toxin-based experimental model in rats (Berger, Przedborski, & Cadet, 1991; 

Marshall & Ungerstedt, 1977; Truong, Allbutt, Kassiou, & Henderson, 2006; Zhao et al., 

2014).  More recently, its use in mice has become increasingly common (Chiu et al., 
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2014; Grealish, Mattsson, Draxler, & Björklund, 2010; Jing et al., 2016; Lundblad, 

Picconi, Lindgren, & Cenci, 2004; Ren et al., 2017; Schober, 2004). Unlike MPTP, 6-OHDA 

does not cross the blood-brain barrier, and as such, must be injected centrally. 6-OHDA 

has long been known to selectively destroy DA neurons both in vitro and in vivo (Michel 

& Hefti, 1990). One of the advantages of using 6-OHDA over MPTP is that by unilaterally 

injecting the toxin, each animal may serve as its own control, whereas systemic 

administration of MPTP leads to bilateral parkinsonism (Burns et al., 1983; Grünblatt, 

Mandel, & Youdim, 2000). MPTP is ineffective in rats, and its efficacy in mice is variable 

and dependent on strain (Burns et al., 1983).  While MPTP is a synthetic substance, the 

structure of 6-OHDA differs from dopamine by only one hydroxyl group; its oxidation 

yields superoxide (O2•
-) and peroxide (H2O2), both of which are cytotoxic reactive 

oxygen species (ROS) that are produced during DA metabolism.  

Monoamine oxidase (MAO) is the enzyme responsible for the oxidation of 

catecholamines; MAO-B is the predominant isoform in humans and is responsible for 

the metabolism of DA, yielding H2O2 as a by-product of its breakdown (Chiu et al., 2014; 

Wei, Yeung, Jurma, & Andersen, 1996). Levels of MAO-B have been shown to increase 

steadily over the lifespan as well as in conditions of neurodegenerative disease 

(Mallajosyula et al., 2008; Saura, Richards, & Mahy, 1994). Not surprisingly, MAO-B 

inhibitors such as selegiline have been investigated for their potential to reduce the ROS 

produced in PD (Antonini, 2011; Chiu et al., 2014; Di Monte et al., 1996; Ren et al., 2011; 

Wu, Shang, Sun, & Liu, 2007).  
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Accumulation of ROS in the SNc may lead to aberrant oxidation of DA, yielding  

6-OHDA among other harmful compounds (Damier, Kastner, Agid, & Hirsch, 1996).  This, 

along with the similarities between the natural metabolites of DA and the ROS produced 

by the oxidation of 6-OHDA, make it an attractive candidate for an endogenous toxin to 

model PD.  Indeed, early studies reported the presence of 6-OHDA in the brains of rats 

(Senoh, Witkop, Creveling, & Udenfriend, 1959; Siro Senoh, Creveling, Udenfriend, & 

Witkop, 1959; Siro Senoh & Witkop, 1959b, 1959a) and PD patients post-mortem 

(Curtius, Wolfensberger, Steinmann, Redweik, & Siegfried, 1974), as well as in the urine 

of patients with PD (Andrew et al., 1993).  The toxicity of 6-OHDA has long been linked 

to its ability to induce neuroinflammation and oxidative stress (Kostrzewa & Jacobowitz, 

1974; Rodriguez-Pallares et al., 2007), the former resulting from the activation of 

microglia, the resident immune cells of the brain (Aloisi, 2001; Kaminska, Mota, & Pizzi, 

2016), and the latter from an increase in the production of ROS (Latchoumycandane, 

Anantharam, Jin, Kanthasamy, & Kanthasamy, 2011; Rodriguez-Pallares et al., 2007).  

6-OHDA is readily auto-oxidized to produce peroxide (H2O2) in the extracellular space, a 

reactive species damaging to membranes, proteins and genetic material (Blum et al., 

2001). ROS are sensed by microglia, and an inflammatory cascade is initiated, 

highlighting the intimate link between oxidative and inflammatory stressors within the 

brain, processes which often exacerbate one another in the central nervous system. 

When evaluating the neuroprotective properties of a substance, the preferred 

injection site for 6-OHDA is in the dorsolateral striatum, which enters neurons via the 
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dopamine transporter found in the plasma membrane of striatal axons and terminals 

(Hersch, Yi, Heilman, Edwards, & Levey, 1997). Intra-striatal injections of  

6-OHDA cause selective degeneration of dopaminergic axons and terminals surrounding 

the injection site, followed by the death of the cell bodies in the SNc, which occurs in a 

retrograde manner over the course of several weeks (Berger et al., 1991; Przedbroski et 

al., 1995; Sauer & Oertel, 1994). Indeed, this produces a more localized and progressive 

loss of DA neurons than injections into other areas of the nigrostriatal tract (Heuer, 

Smith, Lelos, Lane, & Dunnett, 2012), and thus, more closely resembles the human 

illness. When injected unilaterally into the striatum, 6-OHDA selectively destroys DA 

terminals and neuronal cell bodies, creates conditions of neuroinflammation and 

oxidative stress, and produces quantifiable motor deficits in mice (Branchi et al., 2010; 

Iancu, Mohapel, Brundin, & Paul, 2005; Ren et al., 2017; Schober, 2004; Signore et al., 

2006). Taken together, these findings support the use of 6-OHDA as a toxin-induced 

mouse model of PD. 

Pathological Mechanisms in Parkinson’s disease 

 It is well established that apoptotic signalling, neuroinflammation, and oxidative 

stress all play a significant role in the pathology of PD (Dunn, 2006; Fahn & Cohen, 1992; 

Hirsch, Hunot, & Hartmann, 2005; Johnson et al., 2019; McGeer, Itagaki, Boyes, & 

McGeer, 1988; Monzani et al., 2019; Qian, Flood, & Hong, 2010; Surmeier, Guzman, 

Sanchez-Padilla, & Schumacker, 2011). Studies examining mechanisms of neuronal 

death in PD consistently demonstrate that each of these pathological mechanisms 
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contributes to the disruption of cellular homeostasis and neuronal degeneration 

observed in the disorder (Hirsch & Hunot, 2009; Hirsch et al., 2005; Latchoumycandane 

et al., 2011; McGeer & McGeer, 2008; Varcin et al., 2011).  

Apoptotic Signalling 

 As recently as 50 years ago, it was thought that all cell death occurred via 

necrosis, which involves mitochondrial dysfunction and large transmembrane ion 

currents that ultimately lead to cellular swelling and rupture. Necrotic cells spill their 

cellular contents into the extracellular space, and an inflammatory response follows. In 

the early 1970s, John Kerr and colleagues were the first to describe an alternative form 

of cellular death that was both distinctly different from necrosis and appeared 

inherently controlled by the cell (Kerr, Wyllie, & Currie, 1972). This new form of cellular 

death involved careful dismantling of the cell, with membranes kept intact and nearby 

cells phagocytizing membrane-bound cellular components. The authors suggested that 

this form of cellular death be termed “apoptosis”, which comes from the Greek for 

“falling off”, as leaves fall off a tree (Kerr et al., 1972). Kerr and colleagues noted 

apoptosis could occur under normal physiological conditions or in response to a 

pathological stimulus, and likened it to a complement of mitosis, representing a 

controlled and programmed form of cell regulation in animals (Kerr et al., 1972). 

Although described nearly 50 years ago, the relevance of apoptosis in 

neurodegenerative disease was not at the forefront of research until much later (Tatton 
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& Olanow, 1999). In their seminal paper, Tatton and Olanow (1999) were among the 

first to thoroughly review the role of the mitochondria and apoptosis-inducing factors 

(AIFs) in apoptosis based on the work of several lines of research, including their own. 

They highlight the importance of the mitochondria in directing apoptotic mechanisms in 

pathological conditions through the release of AIFs such as cytochrome C and caspase 3, 

as well as the anti-apoptotic role of B cell lymphoma-2 (Bcl-2) in preventing the release 

of cytochrome C from the mitochondria and thus inhibiting apoptosis (Tatton & Olanow, 

1999). Multiple factors likely contribute to the activation of programmed cell death in 

PD, but the internal push and pull directed by mitochondria and the many pro- and anti-

apoptotic factors that are internally regulated are notable. 

 There is an abundance of evidence in support of the role of apoptosis in PD, 

including findings from cell culture, animal models of PD, and human patients (Anglade 

et al., 1997; Gong et al., 2016; Hartmann et al., 2000; Hu et al., 2017; Mochizuki, Goto, 

Mori, & Mizuno, 1996; Novikova, Garris, Garris, & Lau, 2006; Zuch et al., 2000). In 1996, 

Mochizuki et al. were the first to demonstrate DNA fragmentation in the brains of PD 

patients using the Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling 

(TUNEL) method, suggesting the presence of apoptotic cells (Gavrieli, 1992; Gold et al., 

1994; Mochizuki et al., 1996). In another study, nuclear chromatin condensation was 

observed in the SNc of patients with PD, changes that were not observed in healthy 

controls (Anglade et al., 1997). Although some laboratories found results consistent with 

the findings of Mochizuki et al. (Anglade et al., 1997; Tompkins, Basgall, Zamrini, & Hill, 



16 
 

1997) others were unable to replicate these findings (Banati, Daniel, & Blunt, 1998; 

Kingsbury, David Mardsen, & Foster, 1998; Kösel, Egensperger, von Eitzen, Mehraein, & 

Graeber, 1997; Wüllner et al., 1999). Broadly, these null results may have been due to 

limitations in the technique used to detect apoptotic mechanisms and limitations in 

defining apoptotic cellular morphology (Venderova & Park, 2012).  

In addition to mounting evidence from various genetic models of PD (Iaccarino et 

al., 2007; MacLeod et al., 2006; Venderova & Park, 2012), more recent findings using 

updated techniques have continued to support the role of apoptosis in vitro (Yue, Gao, 

Wang, Ding, & Teng, 2018), in animal models of PD (Shrivastava et al., 2013; Stott & 

Barker, 2014; Yue et al., 2018; Zuch et al., 2000) and in post-mortem studies of patients 

with PD (Büttner et al., 2013; Hartmann et al., 2000; Mogi et al., 2000). Although the 

mechanisms underlying cellular death in PD are complex and still under investigation, 

researchers have consistently implicated the role of mitochondrial dysfunction and the 

release of AIFs in the apoptotic death of neurons in PD (Dauer & Przedborski, 2003; 

Hartmann et al., 2000; C. Perier & Vila, 2012; Celine Perier, Bové, & Vila, 2012; Takai et 

al., 1998; Vila & Perier, 2008; Viswanath et al., 2001). The presence of dysfunctional 

mitochondria can also exacerbate conditions of oxidative stress and neuroinflammation 

in PD, as these processes are intimately linked.  
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Neuroinflammation 

Innate immunity in the brain is directed primarily by microglia (Aloisi, 2001). 

Microglia are located throughout the central nervous system, account for 10-15% of all 

cells in the brain, and act as the resident macrophage molecules. Microglia have an 

integral role in immunosurveillance and direct the immune defense pathways in 

response to pathological processes in the brain. The microglial-mediated immune 

response involves signalling using both pro- and anti-inflammatory molecules, and both 

types of signalling molecules influence cell survival under conditions of cellular stress. 

Evidence suggests that activated microglia may be centrally involved in 

neurodegenerative pathways in disorders such as PD (Aloisi, 2001; Gao, Jiang, et al., 

2002; Patrick L. McGeer & McGeer, 2008; Smith, Das, Ray, & Banik, 2012; Stott & Barker, 

2014). Microglial activity is diffuse, and these glial cells have been implicated in both 

neurodegeneration and neuroprotection. When brain tissue is healthy, microglia display 

a resting phenotype; however, they become activated in response to stress that disrupts 

the homeostatic balance of the environment (Aloisi, 2001; Hoogland, Houbolt, van 

Westerloo, van Gool, & van de Beek, 2015). Microglia can assume various phenotypes 

corresponding to different states of activation and can be classified as ramified in their 

resting state, with many thin ramifications extending from the small, circular cell body. 

They can be further classified as intermediate, activated, or amoeboid-like, 

corresponding to increasing levels of microglial activation, each with a distinct 

phenotype (Aloisi, 2001; Mangano & Hayley, 2009; Tang & Le, 2016).  When activated, 
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the microglia’s processes retract towards the cell body, which itself becomes enlarged. 

Recently, some concern has been raised surrounding the assignment of microglial 

activation state labels such as M1 (anti-inflammatory) and M2 (pro-inflammatory), as 

such labels limit the way researchers perceive microglial activation to a two-dimensional 

spectrum (Ransohoff, 2016). In this article, Ransohoff suggests there is a lack of 

evidence supporting the use of a binary microglial phenotype spectrum ranging from 

M1↔M2. Rather, Ransohoff recommends researchers view the activation states and 

profiles of microglia from a multidimensional perspective, with complex profiles of 

reactivity which remain to be elucidated by future research (Ransohoff, 2016). Still, 

changes in microglial phenotype are consistently reported in response to neuronal 

injury and stressors in the extracellular environment (Figarella et al., 2018; Laskaris et 

al., 2016), and coupled with evidence of inflammatory signaling, provide a strong 

contextual indication of the reactivity of microglia in pathological conditions (Norden, 

Trojanowski, Villanueva, Navarro, & Godbout, 2016; Paasila, Davies, Kril, Goldsbury, & 

Sutherland, 2019).   

Threats to homeostatic balance may be a result of pathogens, toxins, or injury; 

microglia respond to stress by signalling the release of growth factors, which initiate 

immune-related proteins to clear debris and apoptotic cells (Kaminska et al., 2016). 

Once the initial stress is resolved, homeostasis can be re-established – but under 

conditions of prolonged stress, overproduction of neurotoxic factors occurs (Surmeier et 

al., 2011; Taylor et al., 2013). The substantia nigra possesses a higher density of 
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microglia than other brain regions, making the deleterious effects of prolonged 

microglial activation even more pronounced in this region (Lawson, Perry, Dri, & 

Gordon, 1990). The first evidence of neuroinflammation in PD patients came from 

McGeer et al. (McGeer, Itagaki, Boyes, & McGeer, 1988), who demonstrated increased 

numbers of activated microglia in the SNc of patients; more recently, others have 

confirmed this finding (Doorn, Moors, Drukarch, Berg, & Lucassen, 2014; Gerhard et al., 

2006; Ghadery et al., 2017; Koshimori et al., 2015). 

Additional support for the involvement of neuroinflammatory processes in PD 

pathology came from the post-mortem study of the brains of three young drug addicts 

who were exposed to MPTP and subsequently developed a parkinsonian syndrome 

(Langston, Ballard, Tetrud, & Irwin, 1983). Despite survival times ranging from 3-16 

years following MPTP intoxication, researchers found evidence of gliosis and 

accumulation of glial cells proximal to neurons in the SNc of all three patients (Langston 

et al., 1999).  This is an important finding, as it indicates the presence of an active 

pathological process of cell loss after an acute neurotoxic insult; these findings suggest 

that a single event can set into motion a chronic neurodegenerative process, and further 

implicate microglia in the perpetuation of the pathological cell loss (Langston et al., 

1999).   

Evidence for ongoing activation of microglia in the brains of patients with PD has 

been confirmed using positron emission tomography (PET) imaging in numerous studies 

(Banati et al., 1998; Gerhard et al., 2006; Hunot et al., 1999; Ouchi et al., 2005).  
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Radioligands such as 11C-PK11195 bind to translocator proteins on the outer 

mitochondrial membrane, which demonstrate relatively low expression in healthy 

brains but are enhanced in states of neuroinflammation. As a result, binding of  

11C-PK11195 is a widely accepted indication of activated microglia and has been used as 

a marker of neuroinflammation in PD (Banati, Myers, & Kreutzberg, 1997; Edison et al., 

2013; Iannaccone et al., 2013; Papadopoulos, Lecanu, Brown, Han, & Yao, 2006; 

Papadopoulos et al., 2006). One group of researchers monitored inflammatory 

processes in PD patients using PET imaging, and found increased activation of microglia 

in the basal ganglia, the cortex and the brainstem that was not observed in healthy 

controls (Gerhard et al., 2006).  

Another study used 11C-PK11195 binding as an indication of microglial activation 

in 10 patients with PD who were early-stage and drug-naïve, and found significantly 

increased binding in the midbrain of patients contralateral to the clinically affected side 

(Ouchi et al., 2005). The 11C-PK11195 binding levels in the midbrains of patients with PD 

also correlated positively with motor severity as measured by the Unified Parkinson’s 

Disease Rating Scale. The authors demonstrated activation of microglia that paralleled a 

decrease in dopaminergic terminal loss in the striatum in patients with PD, further 

implicating microglia as a central mediator in the neuroinflammatory processes 

underlying PD (Ouchi et al., 2005). Other studies have found increased binding of 11C-

PK11195 in the striatum (Iannaccone et al., 2013) and in multiple cortical regions of 

patients with PD (Edison et al., 2013).  
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Soon after the development of the MPTP model of PD, an astrocytic response to 

the neurotoxin was reported (Schneider & Denaro, 1988). Microglial activation has also 

been well-documented in this model (Huang et al., 2018; Liberatore et al., 1999; Liu et 

al., 2010; Luchtman, Shao, & Song, 2009; Sugama et al., 2003).  In one study, chronic 

administration of MPTP led to increased levels of the pro-inflammatory cytokines 

interleukin 1-β (IL-1β) and tumor necrosis factor-α (TNF-α) in the striatum of C57/Bl6 

mice (Liu et al., 2010). In a recently published study, researchers investigated the long-

term changes that occur following either an acute (18mg/kg every 2 hours for 4 doses) 

or sub-chronic (20mg/kg once daily for 5 days) regimen of MPTP administration (Huang 

et al., 2018). Consistent with previous studies, the authors observed a transient 

activation of microglial cells following acute MPTP administration (Kohutnicka, 

Lewandowska, Kurkowska-Jastrzebska, Członkowski, & Członkowska, 1998; Liu et al., 

2015). While initially upregulated one day and one week following MPTP administration, 

microglia re-establish a resting state approximately two weeks post-regimen (Huang et 

al., 2018; Kohutnicka et al., 1998; Liu et al., 2015). Notably, the authors reported a 

biphasic activation of microglia in this study, where re-activation of microglia was 

observed in the SNc at days 74 and 90 in the acute condition, and at day 124 in the sub-

chronic condition (Huang et al., 2018). The authors confirmed this effect was not a 

result of normal aging, as they did not observe a similar activation in 8-month old mice 

in the saline condition. In this study, astrocyte activation was also evident and long-
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lasting in the SNc following MPTP administration, peaking at 42 days and then 

subsequently declining (Huang et al., 2018).  

Interestingly, microglial and astrocytic activation have been found to follow 

independent patterns of activation, a finding supported by multiple studies (Cardenas & 

Bolin, 2003; Huang et al., 2018; Martin et al., 2016). Microglial and astrocytic reactivity 

have also been demonstrated in multiple environmental toxin-based mouse models of 

PD (Gao, Hong, Zhang, & Liu, 2002; Gao, Jiang, et al., 2002; Liu et al., 2002; Mangano et 

al., 2011; Mitra, Chakrabarti, & Bhattacharyya, 2011; Purisai et al., 2007; Sherer, 

Betarbet, Kim, & Greenamyre, 2003). Indeed, it has been well established that microglia 

and astrocytes play distinct yet notable roles in both neuronal health and pathology, 

resulting from their active participation in the central inflammatory response (Liddelow 

& Barres, 2017; Liddelow et al., 2017; Pekny & Pekna, 2016; Pekny, Wilhelmsson, 

Tatlisumak, & Pekna, 2018; Rappold & Tieu, 2010; Ren et al., 2017; Sofroniew, 2005).  

Neuroinflammation has consistently been reported in 6-OHDA models of PD 

(Banati et al., 1997; Cicchetti et al., 2002; Ouchi et al., 2005; Ren et al., 2017). In one 

study, neuroinflammation was monitored in rats using PET imaging (Cicchetti et al., 

2002). The authors observed a progressive loss of DA neurons following toxin 

administration and a parallel increase in microglial activation in both the striatum and 

SNc. PET imaging results were consistent with immunohistochemical indications that 

microglia were activated in both regions 3 weeks post-lesion, implying the presence of a 

chronic inflammatory process in response to acute 6-OHDA administration (Cicchetti et 
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al., 2002). A large body of evidence supporting a prominent role of inflammation in PD 

pathology has led researchers to investigate the possibility of employing therapeutics 

that possess anti-inflammatory properties in models of the disease. One such study 

found that intra-striatal infusion of 6-OHDA led to increased levels of two pro-

inflammatory factors, cyclooxygenase-2 (COX-2) and TNF-α (Jin, Wu, Lu, Gong, & Shi, 

2008). The authors confirmed that Resveratrol, a compound with known anti-

inflammatory properties, significantly reduced the levels of COX-2 and TNF-α in their 

model.  Another study found that Piperidine, a compound found in black pepper and 

used in many medications, successfully inhibited apoptosis and induced a significant 

decrease in the pro-inflammatory cytokines TNF-α and IL-1β in a 6-OHDA rat model of 

PD (Shrivastava et al., 2013). Taken together, these results suggest that substances with 

anti-inflammatory properties such as Piperidine and Resveratrol may possess the ability 

to mediate cell death by inhibiting the release of pro-inflammatory cytokines, possibly 

via modulation of microglial activation.   

Given the complex profile of microglia, the presence of reactive microglia alone 

is not enough to confirm either their harmful of helpful role in disease pathology; the 

immunoreactivity of microglia may be beneficial for patients. Indeed, increased levels of 

pro- and anti-inflammatory cytokines have been observed in the cerebrospinal fluid of 

patients in post-mortem evaluations (reviewed in Joers, Tansey, Mulas, & Carta, 2017). 

Inflammatory responses that occur in response to microglial activation may potentiate 

or exacerbate neuronal cell damage through several mechanisms, one of which involves 
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the production of ROS (Colton, Chernyshev, Gilbert, & Vitek, 2000; Colton & Gilbert, 

1987; Imamura et al., 2003; Langston et al., 1999; Liu et al., 2002).  

Oxidative Stress 

 ROS are produced naturally during cellular metabolism in eukaryotic cells, 

primarily by the cell’s mitochondria, and are typically neutralized by endogenous 

antioxidants (Halliwell, 1997; Jackson, Pye, & Palomero, 2007). Although ROS occur 

naturally and are involved in the maintenance of healthy cells, an excess of them is 

problematic – ROS are unstable molecules that have the capacity to cause damage to 

cell components, and ultimately lead to neuronal death (Cohen & Heikkila, 1974; V. 

Kumar, Jindal, & Ganguly, 1995). Oxidative stress is caused by an overproduction of ROS, 

and this state of cellular stress activates the innate immune response, which may 

compound the already-present and harmful oxidative stress in the brains of patients 

with PD (Blesa, Trigo-Damas, Quiroga-Varela, & Jackson-Lewis, 2015). 

Cells require oxygen to function optimally, but oxygen is also toxic to cells, 

requiring the action of antioxidants to mitigate its harmful effects. The majority of 

oxygen is used by the mitochondria to produce energy efficiently via oxidative 

phosphorylation; however, a small percentage (<5%) of that oxygen goes on to produce 

ROS (Halliwell, 1997). Although ROS such as the superoxide anion (O2͘ -͘) and hydrogen 

peroxide (H2O2) are not overly chemically reactive on their own, they produce the highly 

reactive hydroxyl radical (OH  ͘) upon contact with transition metals – especially copper 
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and iron, which are found in high abundance in the brain. The brain consumes a large 

proportion of the body’s oxygen, and has relatively few antioxidant molecules, which 

increases its vulnerability to oxidative stress (Floyd, 1999). The reactive hydroxyl radical 

(OH  ͘), when present, can cause damage to almost every part of the eukaryotic cell 

(Battino, Bullon, Wilson, & Newman, 1999; Halliwell, 1997; Liochev & Fridovich, 1994).  

Some ROS are the by-products of natural metabolic processes, such as the 

metabolism of mitochondrial oxygen or oxygen-containing neurotransmitters, like DA. 

The substantia nigra is especially vulnerable to the harmful actions of ROS, as it contains 

large numbers of mitochondria (Lawson et al., 1990), an abundance of DA-producing 

cells, and increased concentrations of iron when compared to other regions of the brain 

(Drayer et al., 1986; Snyder & Connor, 2009; Zecca et al., 1996; Zucca et al., 2017). 

Indeed, increased levels of iron have been detected in the SNc of patients with PD 

(Sofic, Paulus, Jellinger, Riederer, & Youdim, 1991), and an iron-dependent mode of 

programmed cellular death termed ‘ferroptosis’ has been proposed to characterize DA 

cell loss in PD (Do Van et al., 2016; Guiney, Adlard, Bush, Finkelstein, & Ayton, 2017). In 

its free state, iron can participate in the auto-oxidation of DA, yielding H2O2 and other 

oxygen-containing free radicals. To compound this, cells in the SNc of patients with PD 

demonstrate significantly decreased levels of glutathione (GSH) and glutathione 

peroxidase (GPx), both of which are important players in the antioxidant and 

detoxification activity of cells (Damier, Hirsch, Zhang, Agid, & Javoy-Agid, 1993).  
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ROS can stimulate pro-inflammatory responses, which are directed by microglia 

and perpetuate the harmful environment for vulnerable neuronal populations (Block & 

Hong, 2005; Park et al., 2015). Compared to cortical or hippocampal neurons, midbrain 

DA neurons were found to be more vulnerable to pro-inflammatory cytokines such as 

TNF-α (McGuire et al., 2001); this increased sensitivity has been linked to oxidative 

stress (Ribeiro et al., 2013; Yoon et al., 2007). Gao and colleagues sought to investigate 

mitochondrial-mediated neurotoxicity in rat mesencephalic cultures exposed to low 

concentrations of lipopolysaccharide (large molecules which initiate an acute 

inflammatory response) and demonstrated that microglial activation and release of 

neurotoxic factors preceded cellular death in DA neurons (Gao et al., 2002). The authors 

reported increased levels of superoxide that appeared to be a prominent effector of cell 

death, supporting the vulnerability of DA neurons to oxidative insult (Gao et al., 2002). 

Broadly, an increase in ROS accompanied by suppressed antioxidant activity of cells can 

lead to cellular damage through lipid peroxidation, damage to proteins and genetic 

material, and membrane instability.   

Animal models of PD have consistently implicated the role of oxidative stress in 

disease pathology. MPTP is thought to initiate its neurotoxicity via its reactive 

metabolite, MPP+, through increased ROS production and inhibition of mitochondrial 

complex I, decreasing the production of adenosine triphosphate (ATP) and increasing 

production of ROS (Adams, Klaidman, & Leung, 1993; Gainetdinov et al., 1998; Guillot & 

Miller, 2009; Guillot et al., 2008). Multiple studies using MPTP have reported increased 
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levels of lipid peroxidation (Jenner, 1998; Youdim, Ben-Shachar, & Riederer, 1993) as 

well as increased ROS production following toxin administration (Riederer et al., 1989; 

Youdim et al., 1993). In vivo studies using both mice and monkeys that have been 

treated with MPTP show increased levels of iron in the SNc (Mochizuki et al., 1994; 

Temlett, Landsberg, Watt, & Orime, 1994), which potentiates ROS formation and 

exacerbates conditions of oxidative stress.  

The link between oxidative stress and 6-OHDA has been long established and it is 

well accepted that 6-OHDA induces neurodegeneration at least in part through the 

production of ROS (Sachs & Jonsson, 1975). Evidence of oxidative stress in the 

application of the neurotoxin 6-OHDA is abundant, as the compound itself is readily 

auto-oxidized to form ROS (Blum et al., 2001; Cohen & Heikkila, 1974; Kumar, Agarwal, 

& Seth, 1995; Perumal et al., 1989). Studies have shown that 6-OHDA reduces levels of 

GSH, GPx and other antioxidant molecules (Pearce, Owen, Daniel, Jenner, & Marsden, 

1997; Perumal et al., 1989).  Rats that received an intra-striatal infusion of 6-OHDA 

exhibited significantly increased levels of thiobarbituric reactive species, a marker used 

for the estimation of lipid peroxidation – an indication of oxidative stress (Shrivastava et 

al., 2013). Rats also demonstrated decreased antioxidant capacities, as striatal levels of 

GSH were reduced by more than 30% when compared to sham animals (Shrivastava et 

al., 2013).  More recently, researchers demonstrated increased production of ROS and 

decreased levels of GSH in a 6-OHDA mouse model of PD (Jing et al., 2016). These 

effects were reversed when animals were treated with Tanshinone-I three days prior to 
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lesioning, a compound known to have anti-inflammatory and antioxidant effects (Jing et 

al., 2016; Lee et al., 2013). This finding has also been supported in a study investigating 

the effects of Tanshinone-I in murine microglial cells and MPTP-treated mice, which 

found that Tanshinone-I reduced dopaminergic cell death and the expression of the pro-

inflammatory cytokine TNF-α both in vivo and in vitro (Wang et al., 2015). It is evident 

mechanisms involving apoptosis, neuroinflammation and oxidative stress are intimately 

linked, and more research is needed to disentangle the roles of each of these factors in 

the pathology of PD.  

Neurotrophic Factors  

Overview of Neurotrophic Factors 

Protective therapy for PD is based upon identifying a mechanism by which cell 

death occurs and introducing an intervention which can slow or stop its progression. 

Removal of a specific cause would be the preferred form of treatment; however, the 

etiology of PD remains unknown at present and likely involves multiple stressors to the 

neuronal microenvironment. Consequently, treatment of PD with the objective of 

interfering with known pathogenetic mechanisms appears to provide the greatest 

chance of altering the progression of the disease (Taylor et al., 2013; Zigmond & 

Smeyne, 2014). Neurotrophic factors (NTFs) are secreted proteins that play critical roles 

in the survival and maturation of immature neurons (Bonni, 1999; Finkbeiner, 2000; 

Ghosh, Carnahan, & Greenberg, 2018; Hyman et al., 1991; Riccio, Ahn, Davenport, 
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Blendy, & Ginty, 1999); however, NTFs also play a prominent role in the health of 

mature neuronal populations in the adult brain (Ji, Pang, Feng, & Lu, 2005; Lindsay & 

Harmar, 1989; Yang et al., 2009). 

The first NTF discovered was nerve growth factor (NGF), a trophic factor that is 

critical for neuronal development and differentiation but also plays a notable role in the 

repair of injured tissue in mature cells, including those in the central nervous system 

(Levi-montalcini & Levi-montalcini, 2016). Today, the list of identified NTFs is lengthy, 

and many have been examined in the context of neurological disease for their potential 

therapeutic properties (Bartus et al., 2013; Reddy et al., 2009; Hyman et al., 1991; 

Nakamura et al., 2017; Nencini, Ringuet, Kim, Greenhill, & Ivanusic, 2018; Osborn et al., 

2010; Trevaskis et al., 2017; Wang et al., 2016).  

Most NTFs can be classified as members of one of four families: the 

neurotrophins, including NGF and brain-derived neurotrophic factor (BDNF); the glial 

cell-line derived NTF family ligands (GFLs), including glial cell-line derived neurotrophic 

factor (GDNF) and neurturin (NRTN); the neuropoietic cytokines, also known as the 

interleukin-6 (IL-6) family, including ciliary neurotrophic factor (CNTF), and the newer 

family of cerebral dopamine neurotrophic factor (CDNF) and mesencephalic astrocyte-

derived neurotrophic factor (MANF), CDNF-MANF (Deister & Schmidt, 2006; Lindholm & 

Saarma, 2010; Voutilainen et al., 2009).  Though they function in different ways, all NTFs 

are potent mediators of neuronal stability, plasticity and survival through a cascade of 

overlapping but distinct cellular signalling events. 



30 
 

Neurotrophic Factors in Parkinson’s Disease 

Several NTFs have been examined for their potential to provide protection to 

dopaminergic neurons in models of PD (Aron & Klein, 2011). GDNF has been the most 

studied NTF as a therapy for PD and has shown both protective and reparative effects in 

the nigrostriatal dopamine system. Studies demonstrating its protective and restorative 

effects have included in vitro protection of mesencephalic DA neurons (Eggert et al., 

1999; Lin, Doherty, Lile, Bektesh, & Collins, 1993), in vivo protection from axotomy-

induced degeneration in rats (Beck et al., 1995), MPTP-toxicity in mice (Tomac et al., 

1995) and monkeys (Gash et al., 1996; Grondin et al., 2002), and 6-OHDA toxicity in mice 

(Bensadoun et al., 2000; Fu et al., 2010) and rats (Choi-Lundberg, 1997; Kearns & Gash, 

1995; Laganiere et al., 2010; Natsume et al., 2001). Interestingly, GDNF had no 

neuroprotective effect in an α-synuclein model of PD, as α-synuclein disrupts GDNF 

signalling through downregulation of its signalling receptor, RET (Decressac et al., 2011; 

Lo Bianco, Déglon, Pralong, & Aebischer, 2004; Takahashi, 2001). Despite the consistent 

benefits observed in some animal models of PD, challenges in method of delivery and 

ensuring proper localization of GDNF has led to inconsistent results in clinical trials (Gill 

et al., 2003; Lang et al., 2006; Nutt et al., 2003; Patel et al., 2005; Slevin et al., 2005). 

Despite these hurdles, many positive outcomes have been reported, and investigators 

are continuing to investigate GDNF for its protective properties and therapeutic 

potential in PD (Hadaczek et al., 2015; Mahato et al., 2019; Nam et al., 2015; Penttinen 

et al., 2018). 
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The CDNF-MANF group is the newest family of NTFs which have been 

increasingly studied over the last 15 years. In 2003, MANF was purified and 

demonstrated to be a selective protector of DA neurons in culture (Petrova et al., 2003). 

In addition to its neurotrophic effects, there is evidence that MANF enhances GABA 

release in the reticulata of the substantia nigra, which may influence SNc signaling and 

has been posited as one potential mechanism by which MANF exerts its protective 

effects (Zhou, Xiao, Commissiong, Krnjević, & Ye, 2006). CDNF, a homologue of MANF, 

was described later and first used in a 6-OHDA rat model of PD (Lindholm et al., 2007). 

In this study, rats were pre-treated with intra-striatal CDNF 6 hours before receiving 8ug 

of 6-OHDA to the same location. CDNF significantly reduced amphetamine-induced 

ipsilateral turning behaviour and protected nigral neurons from degeneration in a dose-

dependent manner (Lindholm et al., 2007).  To assess the neurorestorative potential of 

CDNF, the authors looked at the effects of CDNF when given 4 weeks after intrastriatal 

6-OHDA administration (i.e. during the progressive degeneration of DA neurons). The 

authors reported both protection and restoration of function in DA neurons of the SNc, 

and a single infusion of CDNF yielded long-term motor improvements in experimental 

animals (Lindholm et al., 2007).  

Similarly, MANF protected DA neurons from 6-OHDA-induced degeneration and 

resulted in improved motor outcomes in a methodologically similar rat model of PD, 

both when MANF was administered 6 hours prior to 6-OHDA infusion and 4 weeks after 

(Voutilainen et al., 2009). Later, the authors investigated the effects of chronic CDNF 
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and MANF infusions (3ug/24h for 3 or 14 days) using osmotic pumps. First, a lesion was 

established using 6-OHDA, and two weeks later, osmotic pumps were implanted in the 

striatum (Voutilainen et al., 2011). Interestingly, CDNF – but not MANF – significantly 

reduced amphetamine-induced rotations after two weeks of daily NTF administration. 

The beneficial effect of CDNF was slow to begin, and demonstrated maximal effect at 

the end of the experimental timeline (Voutilainen et al., 2011). CDNF also inhibited 6-

OHDA induced toxicity of nigral neurons and protected nerve terminals in the striatum, 

while MANF did not.   

In a recently published article, CDNF was tested in combination with deep-brain 

stimulation (DBS) in an advanced stage 6-OHDA rat model of PD (Huotarinen et al., 

2018). DBS of the subthalamic nucleus has been shown to improve motor 

symptomatology in late stage PD (Castrioto, 2011; Krack et al., 2003). In this study, the 

combination of DBS and CDNF did not appear to improve outcomes. When given alone 

and after a complete lesion of the nigrostriatal pathway in the late stage model, CDNF 

had no effect on neuronal survival (Huotarinen et al., 2018). Previous studies supporting 

CDNF’s trophic actions used partial lesion models of the disease, and this evidence 

supports that CDNF’s trophic effects may only be observed when some preservation of 

neuronal function exists in the SNc (Domanskyi, Saarma, & Airavaara, 2015; Huotarinen 

et al., 2018; Voutilainen et al., 2011).  

The neurorestorative effects of CDNF were investigated in marmoset monkeys 

using a mild 6-OHDA lesion, and a beneficial effect was reported on dopamine 
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transporter (DAT) activity (Garea-Rodríguez et al., 2016). The authors further 

investigated the tolerability of CDNF in a chronic administration paradigm, and reported 

histopathological findings in some marmosets after 15ug/day was delivered via osmotic 

pump for 28 days (Garea-Rodríguez et al., 2016). In the neurorestorative approach, the 

benefits observed were modest compared to those reported in rodent models using 

CDNF (Lindholm et al., 2007; Voutilainen et al., 2011; Voutilainen et al., 2009), and the 

signalling pathways for CDNF have yet to be established. Indeed, there is much research 

left to be done with this new family of NTFs to evaluate their therapeutic potential in 

PD. Still, the current evidence is encouraging, as a wide range of NTFs have been shown 

to alter the microenvironment of the midbrain in models of PD to restore homeostasis.   

In addition to the NTFs described above, it has long been known that the neural-

immune interactions exert a notable influence over a wide range of neuronal activities. 

One group of factors derived from immune cells are the hematopoietic cytokines, and 

their neurotrophic effects have been well established in various models of neurological 

disease (Bartels, Späte, Krampe, & Ehrenreich, 2008; Carelli, Marfia, Di Giulio, Ghilardi, 

& Gorio, 2011; Farmer, Rudyk, Prowse, & Hayley, 2015; Mangano et al., 2011; Tabira, 

Konishi, & Gallyas, 1995).  Granulocyte macrophage stimulating colony factor (GM-CSF) 

is a pro-inflammatory hematopoietic cytokine with neurotrophic actions (Schäbitz et al., 

2008), promoting neurite outgrowth in neuronal cultures and exerting anti-apoptotic 

effects (Kannan et al., 2000), and stimulating astrocytic proliferation in cultures derived 

from simian brains (Guillemin et al., 1996). Indeed, the trophic properties of GM-CSF 
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have yielded benefits in rodent models of spinal cord (SC) injury (Hayashi, Ohta, 

Kawakami, & Toda, 2009; Huang et al., 2009), depression (Osborn et al., 2010) and PD 

(Choudhury et al., 2011; Farmer et al., 2015; Mangano et al., 2011). Another closely 

related hematopoietic cytokine that has been investigated for its neurotrophic potential 

is erythropoietin (EPO), a substance well-known for its peripheral actions and more 

recently for its protective effects in the central nervous system. 

Erythropoietin 

EPO is a hematopoietic cytokine that has gained attention over the years for its 

neuroprotective role in models of ischemia (Brines et al., 2000; Siren et al., 2001; Wang 

et al., 2007) and SC injury (Campana & Myers, 2003; Kaptanoglu et al., 2004). EPO is a 

glycoprotein hormone belonging to the type I cytokine superfamily (Lin et al., 1985); the 

trophic cytokine contains 165 amino acids and weighs roughly 34kDa (exact weight 

depends on degree of glycosylation of the protein). EPO is best known for its actions in 

the peripheral nervous system, primarily due to its central role in red blood cell 

production. Due to its hematopoietic activity, EPO has long been approved for and used 

safely as a treatment for anemia (Kalantar-Zadeh, 2017). EPO and its receptors are also 

found in several cortical and sub-cortical brain regions, including the midbrain, and it is 

known that both neurons and astrocytes are cellular sources of EPO and express its 

receptor (EPOR) on their surface (Digicaylioglu et al., 1995; Masuda et al., 1994). 

Further, EPO can cross the blood-brain barrier (Banks, Jumbe, Farrell, Niehoff, & 
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Heatherington, 2004; Brines et al., 2000; Ehrenreich et al., 2004; Ehrenreich, Bartels, 

Sargin, Stawicki, & Krampe, 2008; Osborn et al., 2013), although it does not penetrate in 

large quantities due to its size (Buemi et al., 2000).  

EPO’s neurotrophic effects were first reported 25 years ago in a study 

demonstrating both in vitro and in vivo trophic actions of EPO on cholinergic neurons 

(Konishi, Chui, Hirose, Kunishita, & Tabira, 1993). Increasing interest in this cytokine has 

led researchers to investigate its potential to influence the pathology observed in 

various neurodegenerative diseases (Jia, Mo, Feng, Zhan, OuYang, et al., 2014; Rabie & 

Marti, 2008; Signore et al., 2006; Thirthalli et al., 2016; Xue et al., 2010).  

EPO in animal models of disease 

 Endogenous levels of EPO are upregulated in conditions of hypoxia (Digicaylioglu 

et al., 1995; Masuda et al., 1994), and as such, investigation into its potential therapeutic 

application in stroke was a logical pursuit. EPO was first reported to be beneficial in a 

rodent model of global ischemia, wherein EPO rescued hippocampal CA1 neurons and 

ameliorated learning ability in gerbils (Sakanaka et al., 1998). At the two highest doses 

employed in this study, however, EPO was ineffective at protecting CA1 neurons, 

suggesting there may be a limited concentration in which EPO’s neuroprotective effects 

can be observed, a finding that has been reported in other studies, both in vitro and in 

vivo (Sakanaka et al., 1998; Shang, Chong, Wang, & Maiese, 2011; Wu et al., 2007). 

Indeed, at excessively high levels EPO would be expected to potentially exacerbate 
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inflammatory and/or oxidative processes by virtue of its widespread actions on a variety 

of cell types.  In a model of focal cerebral ischemia, intracerebroventricular administration 

of EPO 24 hours before middle cerebral artery occlusion (MCAO) reduced the infarct 

volume by 47% (Bernaudin et al., 1999). Temporally, EPO was first upregulated at 12 

hours following occlusion, primarily in neurons and endothelial cells, followed by an 

increase in both astrocytes and neurons hours later. EPO’s upregulation was particularly 

notable in the penumbral region, which might be reflective of the astrocytic contribution 

to the inflammatory response in the days and weeks following ischemic insult (Bernaudin 

et al., 1999). Brines and colleagues reported that systemically-administered EPO was 

protective in a rat model of focal ischemic stroke, significantly reducing the infarct volume 

when a single injection of EPO was given between 24 hours before and 6 hours following 

MCAO (Brines et al., 2000). 

Due to EPO’s hematopoietic activity, systemic administration in concentrations 

necessary to observe its protective effects increases hematocrit levels (Brines et al., 

2000). This is problematic in the context of injury, as increased levels of erythropoiesis 

increase the risk of a thrombotic event or can lead to adverse consequences related to 

the overstimulation of the peripheral EPOR. EPO’s hematopoietic effects are mediated by 

the homodimeric EPO receptor (EPOR/EPOR), while EPO’s tissue-protective effects can be 

observed independently of hematopoietic receptor binding (Campana, Misasi, & O’Brien, 

1998; Masuda et al., 1993). Based on this knowledge, Leist et al. (2004) hypothesized that 

modifications to EPO that abolish its hematopoietic effects would not necessarily 
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influence its potent neuroprotective effects (Leist et al., 2004). Indeed, the authors 

demonstrated that the carbamylation of lysine residues in EPO, a known method of 

silencing erythropoiesis by altering protein conformation and function, yielded a 

neuroprotective effect without influencing hematopoiesis. A study by Wang and 

colleagues confirmed that systemic administration of carbamylated EPO (CEPO) 6 hours 

following MCAO reduced the infarct volume by 28% and improved functional outcomes 

28 days following occlusion, but no changes in peripheral hematocrit were observed 

(Wang et al., 2007). Since then, many researchers have followed suit in the development 

of fusion proteins that link EPO to a molecular Trojan horse, allowing EPO to go 

undetected in the periphery to avoid hematopoiesis and cross the BBB more effectively 

(Shi et al., 2013; Thomas Tayra et al., 2013; Wu et al., 2007; Xue et al., 2010; Zhou, Hui, 

Lu, Boado, & Pardridge, 2011).  

It is now thought that EPO’s tissue-protective effects may be mediated through a 

separate heterodimeric receptor, consisting of one EPO subunit and one beta-common 

receptor (βCR) subunit (Brines et al., 2004; Brines & Cerami, 2012). Still, no study to date 

has demonstrated the interaction of EPO with this EPOR:βCR heterodimer, though a 

recently published article featuring a series of in silico experiments demonstrated the 

physical possibility of such an interaction based on protein and receptor conformations 

(Ostrowski & Heinrich, 2018). These authors suggest there may be additional substrates 

for EPO that have yet to be identified, as the proposed tissue protective receptor is not 

found in all cells that appear to benefit from EPO stimulation (Ostrowski & Heinrich, 
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2018). Although the molecular mechanisms by which EPO exerts its tissue-protective 

effects remain under investigation, researchers have recently begun to evaluate EPO’s 

therapeutic potential in combination therapies for ischemia, as EPO’s neuroprotective 

properties are well-established (Yamanaka, Eldeiry, Aftab, Ryan, et al., 2018; Yuen et al., 

2017).  

 Soon after its trophic effects in stroke were reported, researchers began observing 

protective effects of EPO in models of SC injury.  In a model of SC ischemia in rabbits, 

systemically administered EPO resulted in markedly reduced cellular damage and 

improved neurological scores when injected at the time of reperfusion (Celik et al., 2002). 

One study assessed EPO’s effects in two different models of SC injury in rats; the first 

model mimicked brief crush injury while the other modeled traumatic contusion (Gorio 

et al., 2002). In the model of crush injury, untreated animals were initially paraplegic, and 

showed minimal improvement over the 4-week experimental period. Animals that 

received a single injection of EPO one hour after crush injury demonstrated significantly 

better recovery within 12 hours of the injury, and improvements in this group were 

maintained at the end of the 4-week experiment. In the model of traumatic contusion, 

similar results were obtained, although animals did not begin to recover until the fourth 

day following injury in this model, reflective of the more severe injury induced (Gorio et 

al., 2002). Since then, several other studies have confirmed the benefits of EPO following 

SC injury in rats (Michael Brines & Cerami, 2002; Carelli et al., 2011; Vitellaro-Zuccarello 

et al., 2007), and one preliminary randomized comparative trial between EPO and 
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methylprednisolone for SC injury reported significant improvement in 3/11 patients 

following EPO administration, while 0/8 patients receiving methylprednisolone 

demonstrated similar improvement (Costa et al., 2015). This finding demonstrates that 

EPO’s efficacy is in line with the response rates observed with a variety of drugs, including 

anti-depressants (Khan & Brown, 2015), and clearly underscores the possibility that sub-

groups of “responders and non-responders” occur in patients treated with EPO. As in 

stroke research, SC injury researchers have begun to explore the idea of combining EPO’s 

protective effects with those of other potential treatments, as its beneficial effects appear 

consistent in models of SC injury (Bader, Reinhardt, Beuthe, Röhl, & Giri, 2017). 

In experimental rodent models of PD, as in stroke and SC injury, research 

suggests EPO may exert neuroprotective effects by modulating the inflammatory 

response to decrease oxidative stress (Signore et al., 2006; Xue, Zhao, Guo, & Duan, 

2007). Studies evaluating EPO in models of PD have used inconsistent models involving 

different strains of both rats and mice, varying neurotoxic insults (e.g. MPTP, paraquat, 

6-OHDA), different types of EPO (e.g. recombinant human EPO, CEPO, asialo-EPO) and 

differing methods of EPO delivery (Boado et al., 2010; Farmer et al., 2015; Genc, 

Kuralay, Genc, & Akhisaroglu, 2001; Jia, Mo, Feng, Zhan, OuYang, et al., 2014; Signore et 

al., 2006; Thomas Tayra et al., 2013; Xue et al., 2007; Xue et al., 2010; Zhou et al., 2011). 

To date, only one study has investigated central EPO in the context of a  

6-OHDA mouse model of PD, and much of the work in this study was in vitro on cultured 
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dopaminergic cells and primary cortical neurons. The in vivo results suggested 10IU and 

20IU of recombinant human EPO protected striatal terminals from 6-OHDA lesion 7 days 

following 6-OHDA administration, while 20IU (but not 10IU) of EPO protected nigral cells 

from death 21 days following toxin administration. This study further demonstrated 

attenuation of rotational behaviour by EPO, and the in vitro work implicated the 

PI3K/Akt signaling pathway by using PI3K and Akt inhibitors in dopaminergic cells and 

primary cortical neurons (Signore et al., 2006). While this study’s findings were useful in 

the design of the current set of experiments, the in vivo work conducted was limited, 

and more research is needed to clarify EPO’s role in mitigating pathology in vivo in the 6-

OHDA mouse model of PD. Although several studies indicate a potential protective role 

of EPO in PD, no study has fully profiled EPO’s effects in the 6-OHDA mouse model of 

PD. Most importantly, the mechanisms by which EPO may exert these protective effects 

in vivo remain poorly understood, although Signore et al. (2006) demonstrated EPO’s 

influence over the Akt signaling pathway and apoptosis in their in vitro work. Since the 

pathology in PD involves apoptosis, neuroinflammation and oxidative stress, EPO’s 

ability to counteract these damaging processes in vivo may provide evidence to support 

its protective properties in models of PD, and a finding of Akt pathway involvement in 

vivo would correlate with the in vitro work of Signore et al. (2006), supporting an anti-

apoptotic role of EPO in this model of PD. 
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EPO: Possible Mechanisms of Action 

Anti-Apoptotic  

 EPO’s ability to activate anti-apoptotic signalling mechanisms in vitro and in vivo 

has been thoroughly investigated, as apoptotic cell death is a well-established 

pathological feature of many neurological diseases. Activation of the EPOR/βCR 

heterodimer has been shown to activate numerous signalling pathways, including Janus 

kinase-2 (JAK-2) phosphorylation (Digicaylioglu, Garden, Timberlake, Fletcher, & Lipton, 

2004; Kawakami, Sekiguchi, Sato, Kozaki, & Takahashi, 2001). Following the activation of 

JAK-2 by phosphorylation, several other pathways are induced downstream, including 

the signalling transducer and activation of transcription (STAT) pathway (Foley et al., 

2015; Fu et al., 2010; Ma et al., 2018; Yamanaka, Eldeiry, Aftab, Mares, et al., 2018), the 

phosphatidylinositol 3-kinase (PI3K) and serine/threonine-specific kinase (Akt) pathways 

(Fu et al., 2010; Jia, Mo, Feng, Zhan, Ouyang, et al., 2014; Ma et al., 2018), and mitogen-

activated protein kinases (MAPK) pathways (Hooshmandi et al., 2018; Park et al., 2015; 

Yuen et al., 2017). All of these pathways are known to participate in anti-apoptotic 

processes, and each has been demonstrated to be activated by EPO in both in vitro and 

in vivo models of several diseases (Hooshmandi et al., 2018; Yamanaka, Eldeiry, Aftab, 

Ryan, et al., 2018; Yuen et al., 2017).  

B cell lymphoma-2 (Bcl-2) is a mitochondrial membrane protein, encoded in 

humans by the BCL2 gene, that disrupts apoptotic processes when activated to promote 
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cell survival (Boise et al., 1993; Hockenbery, Nuñez, Milliman, Schreiber, & Korsmeyer, 

1990). EPO exerts influence over Bcl-2 and its related proteins in the Bcl-2 family, 

including B cell lymphoma-extra large (Bcl-XL), which has been shown to regulate cellular 

processes to inhibit apoptotic cell death as potently as Bcl-2 (Boise et al., 1993; Silva et 

al., 1999). Bcl-XL is thought to prevent apoptosis by decreasing the release of AIFs from 

the mitochondria, including cytochrome C and caspases (Gross et al., 1999). Indeed, 

several laboratories have reported an increase in Bcl-XL following EPO treatment in both 

in vitro and in vivo models of neurological disease (Ma et al., 2014; Shen et al., 2010; 

Wen et al., 2002; Zou et al., 2016). 

In a cell culture model of Alzheimer’s disease, researchers sought to investigate 

EPO’s protective mechanisms by treating serum-starved PC12 cells with EPO (Ma et al., 

2014). Phosphorylation of JAK-2 was increased as early as 30 minutes after EPO 

exposure, while phosphorylation of STAT5 was upregulated 3 hours following EPO 

treatment, and both remained elevated at the 6-hour timepoint. After one hour of pre-

treatment with EPO, cells were exposed to aggregated amyloid-β protein for 6 or 12 

hours and a significant increase of Bcl-XL was evident after incubation with amyloid-β for 

12 hours (Ma et al., 2014). Bcl-XL is a protein product of the Bcl-2-like 1 gene, whose 

transcriptional activation depends on the translocation of STAT5 to the cell’s nucleus, so 

it is reasonable that it would take longer to observe increases in levels of Bcl-XL than it 

would to see phosphorylation of JAK-2 or STAT5. Further, the upregulation of Bcl-XL 

induced by EPO was blocked by pre-treatment of cells with a JAK2 inhibitor (AG490), 
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further implicating the phosphorylation of JAK2 as a necessary step to induce Bcl-XL 

production in the nucleus (Ma et al., 2014). In this study, levels of caspase 3 were 

elevated in cells that did not receive EPO, and were repressed in those that did, an 

effect that was blocked with JAK2 and STAT5 inhibitors, implicating these pathways in 

EPO’s pro-survival signalling (Ma et al., 2014). Finally, reduced apoptosis in EPO-treated 

cells determined by the TUNEL method and examination of nuclear morphology were 

reported.  

More recently, Chai et al. (2016) supported these results in an in vivo model of 

critical limb ischemia, reporting anti-apoptotic effects of EPO via increased expression of 

Bcl-2 mRNA and activation of the JAK/STAT pathway, effects which were abolished 

when animals were pre-treated with the JAK2 inhibitor AG490 (Chai, Yip, Sun, Hsu, & 

Leu, 2016). A recently published study further supports the activation of the JAK/STAT 

pathway and upregulation of the anti-apoptotic Bcl-2 gene in cells exposed to oxidative 

stress and treated with EPO (Castillo et al., 2018). Taken together, these findings 

support EPO’s anti-apoptotic role and blocking these effects with a JAK2 inhibitor 

confirms the involvement of the JAK/STAT pathway, although these findings do not 

exclude the involvement of other pathways in the anti-apoptotic effects of EPO.  

Other researchers have found convincing evidence that EPO also acts through 

the PI3K/Akt signalling pathway (Ding et al., 2017; Rong & Xijun, 2015; Yu, Zhu, & Jiang, 

2017; Yu et al., 2018). Recently, Yu et al. (2018) conducted a study to evaluate the 

neuroprotective potential of EPO in a rat model of epilepsy and found that EPO-treated 
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animals showed increased levels of phosphorylated Akt (pAkt) along with an 

upregulation of Bcl-2 protein and mRNA in hippocampal neurons. Broadly, Akt is pro-

survival kinase and a direct downstream target of PI3K, and increased levels of pAkt 

infer the involvement of the PI3K/Akt survival pathway. Further activation of the Bcl-2 

proteins confers EPO’s anti-apoptotic effects on neurons. In this study, EPO also induced 

a downregulation of Bad protein and mRNA (Yu et al., 2018), a pro-apoptotic protein in 

the Bcl-2 family that is inactivated when phosphorylated by Akt (Datta et al., 1997). 

Indeed, other researchers have confirmed EPO’s influence over Bad and pBad (Shang, 

Chong, Wang, & Maiese, 2012; Shen et al., 2010).  

A study examining the effects of CEPO in mice exposed to hypoxic conditions for 

6 hours found simultaneous rescue of hippocampal neurons and significant increases in 

pAkt 30 days after hypoxic insult (Ding et al., 2017). These authors confirmed the 

involvement of the PI3K/Akt pathway by using the PI3K inhibitor LY294002, which 

significantly reduced levels of pAkt (Ding et al., 2017). This finding was supported by 

earlier studies using a rat model of ischemia (Zhang et al., 2006), and a study looking at 

the in vitro and in vivo effects of EPO in a 6-OHDA rat model of PD (Jia, Mo, Feng, Zhan, 

Ouyang, et al., 2014). While little is known about EPO’s mechanistic actions on 

dopaminergic neurons specifically, one in vitro study found activation of the PI3K/Akt 

signaling pathway by EPO which was blocked using two different pathway inhibitors 

(Signore et al., 2006). Further, this study found exposure of dopamine cells to 6-OHDA 

led to significant increases in active fragments of caspases 3 and 9, two important 
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enzymes in pro-apoptotic activity. Pre-treatment of dopaminergic cells with EPO 

markedly attenuated this increase in caspase activity, suggesting EPO’s ability to 

decrease apoptotic activity in vitro. Taken together, these findings support EPO’s 

potential to activate anti-apoptotic signaling in dopaminergic neurons in vivo, which if 

true, would support an anti-apoptotic role of EPO in the nigrostriatal system and a 

possible mechanism of its protective activity. One possibility in this regard is that EPO 

may be exerting anti-apoptotic effects through the Bcl-2 family proteins via multiple 

signalling pathways, but EPO’s effects on neuroinflammation reveals a more complex 

role in the neuroprotective mechanisms of this trophic factor.  

Anti-Inflammatory 

 Several players participate in the central inflammatory response through the 

release of pro-inflammatory cytokines and other signalling molecules, including 

activated macrophages, microglia, and reactive astrocytes. EPO has been consistently 

reported to attenuate neuroinflammatory processes in numerous animal models of 

peripheral and central disease, underlining the tissue-protective role of EPO as distinct 

from its hematopoietic activity (Bahçekapili et al., 2014; Hellewell, Yan, Alwis, Bye, & 

Morganti-Kossmann, 2013; Liu et al., 2015; Luo et al., 2016; Mateus et al., 2017; 

Nakamura et al., 2015; Pang et al., 2016; Villa et al., 2003). Reductions in TNF-α and IL-6, 

along with reduced astrocyte activation and microglial recruitment have also been 

reported in a rat model of ischemia (Villa et al., 2003).  
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One study examined the inflammatory response in a rat model of acute carbon 

monoxide (CO) poisoning (Pang et al., 2016), as the injury inflicted by CO poisoning 

simulates hypoxia and yields an inflammatory response similar to what is observed in 

many neurological diseases, including PD (Hirsch & Hunot, 2009; Menza et al., 2011; 

Niranjan, 2014; Qian et al., 2010). The authors found that CO poisoning led to significant 

increases in toll-like receptor 4 (TLR4), nuclear factor-kappa β (Nf-kβ), and inflammatory 

cytokines in rat hippocampal neurons (Pang et al., 2016). The toll-like receptors are a 

family of transmembrane proteins that play a critical role in the immune response, and 

their activation leads to nuclear translocation of Nf-kβ (Kong & Le, 2011). Indeed, TLR-4 

has been implicated as an inflammatory mediator of cellular death both in vitro (Hughes 

et al., 2018) and in a mouse model of PD (Noelker et al., 2013). Once activated and 

localized to the nucleus, Nf-kβ modulates the transcription of inflammatory response 

molecules including TNF-α, IL-1β and IL-6, and increased levels of all three factors were 

observed in the CO poisoning group (Pang et al., 2016). Treatment with EPO decreased 

the expression levels and mRNA for both TLR-4 and Nf-kβ in hippocampal neurons 48 

hours following the hypoxic event, in addition to significantly downregulating the levels 

of the pro-inflammatory molecules TNF-α, IL-1β and IL-6 (Pang et al., 2016). These 

results suggest EPO may confer neuroprotection by influencing inflammatory processes 

through the TLR-4/Nf-kβ signalling pathway and may reduce inflammatory-associated 

neuronal injury by decreasing microglial and astrocytic reactivity. Considering the 

evidence in support of EPO’s anti-apoptotic effects through the JAK2 pathway, and the 
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literature identifying changes in the Nf-kβ cascade, one possibility is these cellular 

signalling pathways interact with one another. Indeed, it has been suggested that EPO’s 

protective effects may be mediated through cross-talk between the JAK2 and Nf-kβ 

signalling pathways, though likely involving different cell types in each (JAK2 in neurons 

and TLR4/Nf-kβ in immune cells) (Digicaylioglu & Lipton, 2001). 

 EPO’s ability to attenuate the inflammatory response caused by 6-OHDA was 

assessed in a neuroprotective rat model of PD, in which rats were administered EPO 

either systemically or centrally before receiving a unilateral infusion of 6-OHDA (Xue et 

al., 2007). Groups that received intra-striatal EPO received an infusion of intra-striatal  

6-OHDA one day later, and those that received 8 days of systemic EPO injections 

received intra-striatal 6-OHDA on day 3 of EPO injections. While neuroprotection and 

behavioural recovery were not reported in any measures for animals that received 

systemic EPO, mice treated with intra-striatal EPO demonstrated protection of SNc 

neurons, increased numbers of immunoreactive tyrosine hydroxylase (TH) fibers in the 

striatum (the rate-limiting enzyme in DA production) and decreased rotational 

behaviour at 3 and 10 weeks following 6-OHDA administration. At the two-week time 

point, the number of major histocompatibility complex (MHC) II immunoreactive cells 

resembling microglia were present in lower quantities in the EPO-treated animals (Xue 

et al., 2007). A delayed response of glial cells following neurotoxin administration has 

been reported more recently in a 6-OHDA mouse model of PD (Stott & Barker, 2014). In 

the only mouse study to investigate EPO using 6-OHDA, the authors focused on the anti-
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apoptotic role of EPO and did not investigate potential microglial involvement or 

inflammatory processes (Signore et al., 2006). However, based on the available 

literature, the results suggest intra-striatal EPO is protective of DA neurons and can 

induce behavioural recovery (which was demonstrated in the mouse study utilizing 

EPO), and this protective effect is mediated at least in part through anti-inflammatory 

processes that take place over time following the neurotoxic insult. 

 In an environmental toxin model of PD, rotenone was administered into the SNc 

of rats, and EPO was subsequently delivered systemically for 28 days. In this model, EPO 

attenuated increases in TNF-α and induced neuronal and behavioural recovery in rats 

(Erbaş, Çiar, Solmaz, Çavuşoğlu, & Ateş, 2015). Another study examined the effect of 

EPO-releasing neural precursor cells in MPTP-treated mice, and found that EPO 

decreased levels of IL-6 mRNA in the striatum compared to MPTP controls (Carelli et al., 

2016). Broadly, EPO has been demonstrated to exert anti-inflammatory effects in a 

variety of models of disease, including multiple models of PD. Still, its effects on 

oxidative stress are equally relevant in PD, as the SNc is exceptionally vulnerable to this 

type of homeostatic threat. 

Antioxidant 

 Oxidative stress has long been implicated in the pathological processes observed 

in PD (Damier et al., 1993; Surmeier et al., 2011); in fact, a reduction in GSH is one of the 

earliest observed changes in the SNc of patients with PD (Pearce et al., 1997). In a study 
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using PC12 cells exposed to H2O2 for 45 minutes, a non-hematopoietic variant of EPO 

was incubated with the cells either 15, 30 or 60 minutes after oxidative stress was 

induced. The authors reported increased viability of the cells at all 3 time points, 

suggesting that EPO is protective whether it is administered 15 minutes or 1 hour after 

induction of oxidative stress (Castillo et al., 2018). In developing rats exposed to 

hyperoxic conditions for 0-48 hours, decreased levels of GSH at 12-48 hours of oxygen 

exposure was attenuated by systemic pre-treatment with EPO (Sifringer et al., 2010). 

Hypoxia additionally induced increased levels of malondialdehyde (a marker of lipid 

breakdown) at 24-48 hours, and EPO treatment significantly reduced the levels of this 

marker. In a rat model of renal ischemia, animals displayed reduced levels of GPx and 

superoxide dismutase (SOD), both cellular markers of antioxidant activity (Ardalan et al., 

2012). Animals treated with EPO 1 hour before transient ischemia and again 6 hours 

later demonstrated increased levels of both GPx and SOD when compared to the 

ischemic group. EPO’s antioxidant effects have been demonstrated in various models of 

peripheral and central disease, indicating its potent tissue-protective effect against 

oxidative stress. 

 EPO’s antioxidant effects have also been demonstrated in a murine model of PD, 

in which two injections of MPTP were given 16 hours apart at a dose of 40mg/kg, and 

16IU of EPO were infused bilaterally directly above the SNc either 24 hours before 

MPTP, or immediately after the final injection (Genc, Akhisaroglu, Kuralay, & Genc, 

2002). While MPTP-treated mice exhibited decreased levels of GPx in both the striatum 
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and SNc, the authors reported an increased level of GPx in the SNc of animals pre-

treated with EPO 24 hours before MPTP. This suggests that pre-treatment with EPO may 

stimulate GPx activity, leading to cellular resistance against the toxicity induced by 

MPTP (Genc et al., 2002). Another study examined EPO’s antioxidant effects in PC12 

cells exposed to MPP+ and found that EPO exhibited neuroprotective effects on MPP+-

induced toxicity and significantly decreased levels of ROS in the cells, implicating EPO’s 

antioxidant ability in its protective mechanism (Wu et al., 2007). 

 In a rotenone model of PD, SNc infusions of toxicant were followed by 28 days of 

systemic EPO administration. In addition to reducing apomorphine-induced rotations 

and increasing the total neuron count in the SNc and TH-immunoreactivity in the 

striatum, EPO treatment significantly reduced levels of TNF-α and markers of lipid 

peroxidation in the brain (Erbaş et al., 2015). Jang and colleagues supported this finding 

in a cellular model of PD, demonstrating that EPO protected cells from rotenone-

induced death and markedly reduced levels of ROS in cell culture (Jang et al., 2016). 

Accumulating evidence from a variety of models of disease, including various in vitro 

and in vivo models of PD, strongly suggests EPO’s trophic actions may be mediated via 

an antioxidant mechanism, although it is more likely that its effects involve a complex 

combination and interaction of its anti-apoptotic, anti-inflammatory and antioxidant 

activities. 
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SIGNIFICANCE AND OVERALL CONTRIBUTION 

 The purpose of this project is to characterize how EPO modulates the neuronal 

environment by profiling its use in a toxicant mouse model of PD. Specifically, novel 

aspects of this research include examining the brain region-specificity of EPO, comparing 

EPO’s effects in models employing both a partial and complete lesion, and examining 

EPO’s pro-survival signalling in the absence of a toxic insult. EPO’s beneficial effects have 

consistently been demonstrated in animal models of disease, and despite a large 

amount of promising preclinical and clinical work using EPO, researchers have reported 

inconsistent findings in terms of EPO’s efficacy and overall benefit in human patients 

(Grmec, Strnad, Kupnik, Sinkovič, & Gazmuri, 2009; Güresir et al., 2013; Nichol et al., 

2015; Sargin, Friedrichs, El-Kordi, & Ehrenreich, 2010). Indeed, an improved 

understanding of EPO’s modulatory effects that confer tissue protection is necessary 

before it can be used effectively either alone or as an adjuvant therapy in the treatment 

of neurological disease.  
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HYPOTHESIS AND RESEARCH QUESTIONS 

Hypothesis: Given that PD involves cell death resulting from homeostatic dysregulation, 

I hypothesize that effective disease-modifying strategies for PD will require 

interventions that shift this balance toward stability. Specifically, apoptotic signalling, 

neuroinflammation and oxidative stress disrupt the neuronal environment, 

compromising the stability of dopaminergic neurons in the SNc. Given its known role in 

the modulation of these three factors, I hypothesize that EPO is a promising candidate 

to promote homeostasis, and improve biological and/or functional outcomes in a  

6-OHDA mouse model of PD. 

Research Questions 

1. Does pre-treatment with EPO protect DA terminals 21 days following 6-OHDA 

administration, and if so, does this translate into behavioural improvement? 

2.  Are EPO’s effects brain-region specific? 

3. Are EPO’s effects dependent on lesion size? 

4. What are the primary mechanisms by which EPO acts? 

a. Anti-apoptotic 

b. Anti-inflammatory 

c. Antioxidant 
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SUMMARY STATEMENT 

The pathogenic mechanisms underlying Parkinson’s disease have eluded 

researchers for many decades. In recent years, however, an increased understanding of 

some of these mechanisms has allowed research in this area to proliferate. Indeed, EPO 

is a promising prospect in the pursuit to better understand the roles of 

neuroinflammatory processes and oxidative stress in PD. This neuroprotective cytokine 

may be capable of modulating the neuronal environment to repair damaged neurons, or 

strengthen the remaining neurons within the SNc in a 6-OHDA mouse model of PD. This 

research will surely deepen our understanding of certain pathologies involved in PD, and 

we are hopeful that it will ultimately present us with novel intervention methods for the 

many individuals living with Parkinson’s disease. 
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DESCRIPTION OF PROJECTS 

Pilot Studies: Dosing of 6-OHDA 

In these studies, male C57/Bl6 mice underwent stereotaxic surgery, and using a 

cannula, received an infusion of 6-OHDA into the left dorsolateral striatum (coordinates: 

-1.75, +1.0, +3.0).  Multiple pilot studies were required to accurately determine the dose 

of 6-OHDA that produced a consistent moderate striatal lesion. Between 3 and 5 mice 

were used for each pilot dose, and once a dose was found that produced a lesion of the 

desired size (approximately 40%-60% loss of dopaminergic cell bodies in the SNc), this 

dose was confirmed using a larger sample size (n=8) and two control animals (sham 

surgeries). 

Study 1: Investigating EPO’s pro-survival signalling in the first 24 hours 

In this study, we sought to gain a better understanding of EPO’s mechanisms of 

action. To this end, animals were cannulated, and following a one-week recovery, EPO 

was centrally infused into the striatum.  Animals were euthanized at 1h, 6h or 12h 

following EPO administration. Subsequent analyses were performed using western blot 

to investigate a wide range of changes at the molecular level at various time points 

following EPO administration. EPO’s ability to modulate proteins involved in 

neuroinflammatory processes, oxidative stress and apoptotic signalling were assessed. 
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Study 2: Investigating the effects of EPO administration in the substantia nigra 

In this study, we sought to investigate the effects of intra-nigral EPO 

administration when 6-OHDA is infused into the striatum to reveal any potential 

differences in cell survival, immune-mediated responses and/or motor outcomes. To 

date, only two papers have investigated the effects of central EPO administration within 

the context of a mouse model of PD (Genc et al., 2001; Signore et al., 2006); only 

Signore et al. employed the 6-OHDA model of neurotoxicity, and much of their work 

involved in vitro manipulations. In this study, the dose of EPO of 20IU was selected; this 

dose was chosen based on EPO doses used in the relevant literature (Genc et al., 2001; 

Signore et al., 2006). Mice underwent stereotaxic surgery during which they received 

two central infusions: first, they received either saline or 20IU EPO (EPO20) into the SNc, 

and 20 minutes later, mice were infused with either saline or 6-OHDA into the left 

dorsolateral striatum. Behavioural tests were performed, and tissue was collected for 

immunohistochemical analysis 3 weeks following the initial surgery.  

Study 3: Investigating the effects of two doses of EPO administered to the striatum 

This study assessed the influence of EPO when its action is co-localized with that 

of the neurotoxin, ranging from potential protection against 6-OHDA toxicity to 

potential compensatory behavioural regulation. To this end, animals first received either 

saline, or one of two doses of EPO (10IU EPO or 20IU EPO), centrally into the striatum, 

and 20 minutes later, 6-OHDA was infused at the same coordinates. This study looked at 
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EPO’s influence on the subsequent survival of DA neurons in the SNc, motor outcomes, 

and central immune response by investigating microglial activation. In addition, we 

examined EPO’s influence on apoptotic signalling, neuroinflammatory processes, and 

oxidative stress in response to intra-striatal 6-OHDA. 

Study 4: Investigating the effects of EPO with a partial 6-OHDA Lesion 

In this study, we largely replicated the methods from Study 3, with the only 

difference being the use of a much lower dose of 6-OHDA. EPO20 was injected centrally 

into the striatum 20 minutes before the 6-OHDA infusion into the same location. To 

investigate EPO’s effects when there is a partial lesion, the dose of 6-OHDA selected for 

this study was ¼ of the dose used in the previous studies (3ug versus 12ug used in 

previous studies). Ultimately, the findings from this study were compared with the 

results from studies 2 and 3 to characterize any differences in EPO’s actions dependent 

on lesion magnitude in the striatum. 

METHODS 

General  

All experiments were conducted using male C57BL/6 mice purchased from 

Charles River Laboratories (LaPrairie, Quebec, Canada) at 8-10 weeks of age. Mice were 

singly housed in individually ventilated polypropylene cages and maintained on a 12-

hour light/dark cycle with lights on at 8am. Mice were housed in a temperature (21℃) 
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and humidity-controlled room and provided with food and water ad libitum. Mice were 

acclimated for a period of 5 days before any experimental testing was performed. Care 

was taken to ensure all behavioural tests were conducted at approximately the same 

time of day for all animals. All experimental procedures were approved by the Carleton 

University Committee for Animal Care (AUPs: 101283, 108886) and carried out in 

accordance with the guidelines outlined by the Canadian Council for the Use and Care of 

Animals in Research. 

Behavioural Procedures 

RotaRod 

The RotaRod apparatus is used to provide an overall assessment of balance, 

motor coordination and strength (Ogura et al., 2005; Monville et al., 2006; Alvarez-

Fischer et al., 2008). The RotaRod protocol takes place over three days. On the first day, 

mice are trained on the apparatus at a speed of 12 rotations per minute (rpm). Each 

time the animal falls from the rod, the experimenter places the animal back on the rod 

and restarts the rotation. This continues for 300 seconds, and three separate trials, each 

separated by one hour to avoid fatigue, are conducted. On day 2, the speed profile is 

increased to 22 rpm and the procedures from day 1 are repeated. On the third day (test 

day), an accelerating profile is used that increases steadily from 4 to 44 rpm over a 

period of 300 seconds. On this day, the time until the first fall is recorded, and an 
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average of the two best trials from the test day for each animal is used for statistical 

analysis.  

Apomorphine-Induced Rotation 

In this test, animals are injected with apomorphine, a non-selective dopamine 

agonist that acts on the post-synaptic receptors. In the lesioned hemisphere, surviving 

dopamine receptors become super-sensitized, and as a result, stimulation of those 

receptors results in the animal’s rotation away from the side with more dopamine 

activity (in this case, to the right, since the left side is lesioned). First, animals receive 

apomorphine subcutaneously at a dose of 0.1mg/kg. Then, they are placed in a chamber 

and recorded from above using a video camera. Animals are recorded for 30 minutes, 

and minutes 5-25 of each video are assessed in 5-minute intervals. During each interval, 

the number of 360º rotations in the ipsilateral (left) and contralateral (right) directions is 

counted, and the total number of net contralateral rotations is recorded for each 

animal. 

CatWalk  

 The CatWalkTM XT (Noldus) apparatus measures more than 100 variables relating 

to gait and locomotion. An animal’s footprints are captured by the system as it walks 

across a glass platform, and a multitude of statistics are provided relating to locomotion. 

In studies 2 and 3, the CatWalk was used to assess any changes in gait resulting from  
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6-OHDA infusion, and how treatment with EPO may modulate these changes. Mice were 

exposed to the apparatus for 4 consecutive training days, during which they learned to 

cross the platform. On day 5, a baseline score was captured for each animal. Following 

recovery from surgery, two additional trials were completed on days 18 and 25. The 

variables analyzed included the following: 

Table 1: Description of CatWalk Variables Analyzed 

 

Home Cage Activity 

 Home cage activity is assessed using the Micromax apparatus, which consists of 

a setup in which multiple laser beams are passed through the home cages of animals. 

When the animal moves, the beams ‘break’, and the total number of beam breaks are 

recorded over a 12-hour period during the animal’s waking cycle (8pm – 8am). The 

number of beam breaks is an indicator of locomotor activity; thus, a higher number of 

beam breaks indicates a greater amount of locomotor activity (more overall 

movement). 
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Immunohistochemistry 

Frozen brains were sectioned using a cryostat, and free-floating coronal sections 

of the striatum (40μm) and the substantia nigra (40μm) were collected for analyses. For 

TH and CD68-immunohistochemistry, sections were exposed to 0.3% H2O2 and blocked 

in 5% normal goat serum (NGS; Sigma, cat #G9023) and 0.3% Triton-X-100 (Sigma 

Aldrich, cat #9002-93-1) in phosphate buffered saline (PBS) for one hour. Sections were 

incubated in anti-TH at a dilution of 1:2000 (TH, Immunostar, 22941; CD68, Bio Rad, cat 

#MCA1957) at room temperature overnight in primary dilution solution (blocker 85%, 

2% BSA 15%). TH sections were incubated in anti-mouse HRP (Sigma Aldrich, cat 

#A5906) at a dilution of 1:200 in TH secondary solution for 4 hours at room 

temperature. CD68 sections were incubated in biotinylated anti-rat IgG secondary 

(Jackson Immuno Labs, cat #112-065-003) at a dilution of 1:500 for two hours at room 

temperature. CD68 sections were then incubated with Strepavidin-HRP complex 

(Jackson Immuno Labs, cat #016-030-84) at a dilution of 1:1000 for 90 minutes at room 

temperature. To visualize the HRP, a diaminobenzidine (DAB; Sigma Aldrich) reaction 

was performed, and sections were reacted with H2O2 for 10 minutes (1% H2O2 for 

striatal sections; 2% H2O2 for SNc sections). Sections were then mounted, dehydrated 

with serial alcohol washes, cleared with Clearene, and cover slipped using DPX. 
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Immunofluorescence 

Frozen brains were sectioned using a cryostat, and free-floating coronal sections 

of the striatum (40μm) and the substantia nigra (40μm) were collected for analyses. 

Sections were blocked in 5% normal goat serum (NGS; Sigma, cat #G9023) and 0.3% 

Triton-X (Sigma Aldrich, cat #9002-93-1) for one hour. Sections were incubated in mouse 

anti-TH and rabbit anti-IBA1 at a dilution of 1:2000 (TH, Immunostar, cat #22941; IBA1, 

AbCam, cat #178846) at room temperature overnight in primary dilution solution 

(blocker – 85%, 2% BSA – 15%). Sections were incubated with an appropriate 

fluorophore (mouse 488, Invitrogen, cat #A21204; rabbit 647, Invitrogen, cat #A21246) 

at a dilution of 1:1000 in for 2 hours at room temperature, covered. Sections were then 

mounted, and cover slipped using Fluoromount (Sigma Aldrich, cat #F4680). 

Western Blot Analysis 

Flash-frozen tissue was homogenized in RIPA (radioimmunoprecipitation assay) 

buffer (1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM EGTA, 1 mM 

Na3VO4, 20 mM NaF, 0.5 mM DTT, 1 mM PMSF and protease inhibitor cocktail in PBS, pH 

7.4). The homogenate was centrifuged at 6000PM (3300g) at 4⁰C for 10 minutes. After 

collecting the supernatant, protein concentrations were determined using the 

bicinchoninic acid kit (Thermo Scientific, 23227). Protein extracts were denatured in 

Laemmli sample loading buffer at 95⁰C, separated by 10% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (run at 140V for 1 hour) and transferred in cold 
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transfer buffer to a polyvinylidene difluoride membrane at 100V for 1 hour (0.45μm 

pore, Millipore-Sigma, IPFL00010). Membranes were dried for 10 minutes, reactivated 

with methanol, rinsed with dH2O, and incubated in Fast Green FCF (Sigma Aldrich, 

F7252-5G; 0.0005% Fast Green, 30% methanol, 6.7% acetic acid) for 5 minutes. 

Membranes were then washed twice for 1 minute with revert wash (30% methanol, 

6.7% acetic acid) and imaged using the LI-COR system (LI-COR Biosciences, Lincoln, 

Nebraska, USA) at IR700 for 2 minutes. Nonspecific protein binding was prevented by 

treating the membrane with 0.5% fish gel in Tris-buffered saline for 1 hour at room 

temperature. The membrane was incubated overnight at room temperature with Bcl-XL 

(54H6) rabbit monoclonal antibody (1:2000; Cell Signaling Technology, cat #2764, 

Danvers, MA, USA), GPx-1/2 mouse monoclonal antibody (Santa Cruz, cat #133160, 

Dallas, TX, USA), Phospho-Bad (Ser112) (7E11) mouse monoclonal antibody (Cell 

Signaling, cat #9296, Danvers, MA, USA), or phospho-Akt (S473, Cell Signaling, cat #D9E, 

Danvers, MA, USA). Secondary incubation was performed with the appropriate IR800 

antibodies (1:20k, LI-COR Biosciences, Lincoln, Nebraska, USA) in 0.5% fish gel + 

20uL/mL 10% Tween + 1uL/mL SDS.  

Membranes were finally imaged on the LI-COR system at IR800 for 10 minutes, 

and membranes were stored at -20⁰C. Densitometric analysis of the blots was 

performed with the image analysis program Image Studio Lite 5.2 (LI-COR Biosciences, 

Lincoln, Nebraska, USA). For stripping, membranes were incubated with stripping buffer 

(1X NewBLOT IR stripping buffer diluted 5X in dH2O, LI-COR, C80110-04) and forceful 
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shaking for 10 minutes, then washed, blocked and re-probed overnight at 4⁰C with Bad 

mouse polyclonal antibody (1:2000; Cell Signaling, cat #9292, Danvers, MA, USA) or Akt 

rabbit polyclonal antibody (1:2000; Cell Signaling, cat #9272, Danvers, MA, USA). 

IBA1 Analysis: Microglial Activation 

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 previously described by our lab (Mangano and Hayley, 2009). A rating of 0 is 

given to glial cells in a resting state (described as highly ramified with thin processes), 

while a rating of 1 reflects an intermediate reactive state in which less than 10 cells in 

the SNc could be considered moderately activated (appearance includes 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 cells display 

an amoeboid, macrophage-like 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. 

Integrated Density: Striatum 

The density of the TH+ terminals within the striatum was quantified using a 

software program available for free download from the National Institutes of Health 

(NIH; ImageJ). In all cases, analyses were performed by an individual unaware of the 
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experimental treatments and each tissue sample was quantified relative to its own non-

lesioned hemisphere. Integrated density is expressed as a ratio of lesioned/non-lesioned 

side for each animal and then compared to other treatment groups. 

Quantitative Analysis: Stereology 

To define the border between the SNc (A9 cell group) and the VTA (A10 cell 

group), a vertical line was drawn from the medial tip of the cerebral peduncle, and 

counting was performed caudally until the substantia nigra pars reticulata disappeared. 

Sections were cut at a thickness of 40μm, and every second slice counted for each brain, 

yielding approximately 6-8 sections per brain. Briefly, the SNc region was outlined at 

2.5x magnification, and TH+ neurons were counted using a 64x 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 90×90μm and a counting 

frame size of 60×60μm with a 15μm dissector height and 3μm 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.  
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Table 2: Summary of behavioural and biological methodologies employed  

IMMUNOHISTOCHEMISTRY 

Stain Used to Evaluate 

TH-positive cells Lesion in striatum; cell counts in SNc 

Fluorescence (TH-IBA1) Activation of microglia (possibly indicative of Inflammation); 

Proximity of microglia to DA cells 

 

BEHAVIOURAL TESTS 
Test Used to Evaluate 
Rotarod Gait; motor ability 
Apomorphine-

induced rotations 
Dopaminergic cell  

loss; extent of lesion 
Home cage activity Locomotor activity 

 

 

Statistical Analysis 

All data were analyzed by analysis of variance (ANOVA) followed by Fisher 

planned comparisons, as appropriate (mixed model ANOVA used for CatWalk, data not 

shown). Data were analyzed using SPSS Version 25.0 (Chicago, IL, USA) available from 

Carleton University, and unless otherwise indicated, all results are expressed as means ± 

S.E.M. for all experiments. 
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Abstract 

The current studies sought to profile the pro-survival effects of erythropoietin 

(EPO) in a 6-hydroxydopamine (6-OHDA) mouse model of Parkinson’s disease (PD). Male 

C57Bl/6 mice were used in a series of experiments investigating the potential anti-

apoptotic, anti-inflammatory and antioxidant effects of the trophic cytokine. EPO’s 

ability to protect dopaminergic terminals in the striatum, cell bodies in the substantia 

nigra (SNc) and modulate 6-OHDA-induced motor deficits was characterized at different 

doses of 6-OHDA and EPO. Our results demonstrated EPO’s ability to exert pro-survival 

effects via all three mechanisms across the different experimental models and indicated 

a region- and lesion size- dependence of the pro-survival effects of EPO. While intra-

nigral EPO was not effective at preventing terminal degeneration or SNc cell loss, intra-

striatal EPO preserved terminals and soma at two doses of 6-OHDA and two doses of 

EPO. EPO further attenuated apomorphine-induced rotations at two doses of 6-OHDA. 

Taken together, the results of the current set of experiments indicate EPO’s potential for 

use as an adjuvant therapy in the treatment of PD due to its anti-apoptotic signalling 

through pAkt and the Bcl-2 associated proteins, its anti-inflammatory activity through 

modulation of microglial morphology, and its antioxidant activity through locally 

elevated levels of striatal glutathione peroxidase as well as retrograde signalling 

resulting in elevated levels of glutathione peroxidase in the SNc in response to EPO 

treatment. The tissue-protective effects of EPO should be harnessed and considered for 

future preclinical and clinical work involving combination therapy in PD. 



113 
 

Introduction

Parkinson’s disease (PD) involves the loss of dopaminergic neurons in the 

substantia nigra pars compacta (SNc) and the associated depletion of dopamine (DA) in 

the striatum. The loss of these neurons and their connections results in the observable 

motor symptoms of the disease, including resting tremor, rigidity, bradykinesia and 

postural instability (Dauer & Przedborski, 2003). It is well established that apoptotic 

signalling, neuroinflammation, and oxidative stress play a significant role in the 

pathology of PD, each contributing to the disruption of cellular homeostasis and 

neuronal degeneration observed in the disorder (Hirsch & Hunot, 2009; 

Latchoumycandane, Anantharam, Jin, Kanthasamy, & Kanthasamy, 2011; McGeer & 

McGeer, 2008). 

Erythropoietin (EPO) is a hematopoietic cytokine that has gained attention over 

the years for its neurotrophic actions in models of ischemia (Brines et al., 2000; Wang et 

al., 2007) and spinal cord injury (Campana & Myers, 2003; Kaptanoglu et al., 2004).   

Importantly, unlike other factors with trophic actions, such as BDNF and GDNF, EPO is 

known to cross the blood brain barrier (BBB) to exert its effects centrally (Brines et al., 

2000; Ehrenreich et al., 2004; Ehrenreich, Bartels, Sargin, Stawicki, & Krampe, 2008; 

Osborn et al., 2013). The hematopoietic effects of EPO in the periphery can be avoided 

using modified forms of EPO that silence the hematopoietic regions of the molecule, 

which are distinct from the regions of EPO that confer tissue-protective effects (Boado 

et al., 2010; Shi et al., 2013; Thomas Tayra et al., 2013; Xue et al., 2010). EPO and its 
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receptors are found on neurons and astrocytes in several cortical and sub-cortical brain 

regions, including the midbrain, and both neurons and astrocytes are cellular sources of 

EPO (Digicaylioglu et al., 1995; Masuda et al., 1994). EPO’s neurotrophic effects have 

been well documented in various models of neurological disease and animal species 

(Bartels, Späte, Krampe, & Ehrenreich, 2008; Carelli, Marfia, Di Giulio, Ghilardi, & Gorio, 

2011; Farmer, Rudyk, Prowse, & Hayley, 2015; Mangano et al., 2011). Critically, despite 

promising preclinical and clinical work, there are  inconsistent reports regarding EPO’s 

efficacy in human patients (Güresir et al., 2013; Nichol et al., 2015; Sargin, Friedrichs, El-

Kordi, & Ehrenreich, 2010).  

Oxidative stress has long been implicated in PD pathology (Damier, Hirsch, 

Zhang, Agid, & Javoy-Agid, 1993; Wei, Li, Li, Liu, & Cheng, 2018) and may be one 

mechanism through which EPO could beneficially influence the disease (Castillo et al., 

2018; Li et al., 2016).  In fact, a reduction in the powerful antioxidant, GSH, is thought to 

occur early in disease progression in the SNc of PD patients (Pearce et al., 1997). 

Although it can exert complex effects that impact apoptotic and inflammatory processes 

(Ding et al., 2017; Pang et al., 2016), accumulating evidence suggests EPO’s 

neuroprotective actions may be mediated primarily via an antioxidant mechanism 

(Castillo et al., 2018; Erbaş, Çiar, Solmaz, Çavuşoğlu, & Ateş, 2015; Jang et al., 2016). 

Specifically, EPO’s ability to increase levels of glutathione peroxidase (GPx), a potent 

antioxidant enzyme, may lead to decreased levels of toxic reactive oxygen species (ROS) 

and promote the survival of vulnerable neuronal populations.  
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 We currently sought to assess whether EPO would modify the impact of the 

dopaminergic toxicant, 6-hydroxydopamine (6-OHDA), whether such effects would be 

brain-region specific, and EPO’s mechanisms of action in this model.  

Materials and Methods 

Animals 

C57BL/6 male mice were purchased from Charles River Laboratories (LaPrairie, 

Quebec, Canada) at 8–10 weeks of age, single-housed in individually ventilated 

polypropylene cages and maintained on a 12-h light/dark cycle. Mice were housed in a 

temperature (21°C) and humidity-controlled room and provided with food and water ad 

libitum. Animals were acclimatized for a period of 5 days prior to the commencement of 

any experimental testing. All experimental procedures 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. The procedures used in 

all studies described were conducted according to the following specifications, unless 

otherwise indicated. 

General Stereotaxic Procedures: Cannulations and Infusions of 6-OHDA and EPO 

Animals were anesthetized using inhaled isoflurane, and a 1cm incision was 

made on the scalp in the anterior-posterior plane. For infusions and cannula 

implantations into the left dorsolateral striatum, the following coordinates were used to 
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drill small holes in the skull: -1.80mm lateral, +1.10mm anterior/posterior, +3.00mm 

ventral. For cannulations, an additional hole was drilled 3.20mm posterior to the striatal 

coordinates for insertion of a screw to secure the cannula to the skull (PlasticsOne, 00-

96X1-16-39052).  Guide cannulae were cut 2.50mm below the pedestal (PlasticsOne, 

cat# C315GS-5/spc) and secured at the striatal coordinates using dental cement (GET 

INFO) around the cannula and screw, allowing 20 minutes for the cement to dry. 

Injectors extending 3.00mm below the pedestal were used for infusions into the 

striatum at the appropriate ventral coordinates. For infusions into the left SNc, the 

following coordinates were used: -1.20mm lateral, -3.16mm anterior/posterior, 

+4.00mm ventral.  

In experiments using 6-OHDA, the toxin was prepared in 0.02% ascorbic acid (in 

0.9% saline) immediately before infusion, and all infusions of toxin were administered at 

the striatal coordinates indicated above.  For all infusions, a total of 2μl of fluid was 

delivered to the striatum or SNc over a period of 5 minutes from polyethylene tubing 

connected to a 10μl Hamilton microliter syringe secured to the PicoPlus pump (Harvard 

Apparatus, MA, USA). Following any infusion (either direct or via a cannula), needles 

were left in place for 5 minutes before removal. For cannulations, dummy cannulae 

(PlasticsOne, cat# C315DCS-5/spc) were used to prevent debris from entering the guide. 

Following cannula implantation or infusion, animals were sutured, xylocaine was applied 

to the site of incision, and animals were allowed given one week to recover before 

further experimental testing occurred.  
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Behavioural Procedures 

RotaRod 

The RotaRod apparatus is used to provide an overall assessment of balance, 

motor coordination and strength (Alvarez-Fischer et al., 2008; Monville, Torres, & 

Dunnett, 2006; Ogura et al., 2005). The RotaRod protocol took place over three days. On 

the first day, mice are trained on the apparatus at a speed of 12 rotations per minute 

(rpm), with an experimenter placing animals back on the rod and restarting the rotation 

after each fall for a period of 300 seconds.  Three separate trials, each separated by one 

hour to avoid fatigue, are conducted each day. On Day 2, the speed profile is increased 

to 22 rpm and the procedures from day 1 are repeated. On test day (day 3), an 

accelerating profile is used that increases steadily from 4 to 44 rpm over a period of 300 

seconds. On this day, the time until the first fall is recorded, and an average of the two 

best trials from the test day are used for statistical analysis. 

Apomorphine-Induced Rotation 

Apomorphine is a non-selective dopamine agonist that acts on the post-synaptic 

receptors. In the lesioned hemisphere, surviving dopamine receptors become super-

sensitized, and as a result, stimulation of those receptors results in the animal’s rotation 

away from the side with more dopamine activity (i.e. away from the lesion). The 

apomorphine-induced rotation test is a robust indicator of the presence of a unilateral 

dopaminergic lesion and was used as an estimate of the extent of DA depletion. Animals 



118 
 

were injected subcutaneously with apomorphine (Millipore Sigma, cat# 41372-20-7) at a 

dose of 0.1mg/kg (dissolved in 0.9% saline), placed in a chamber and recorded from 

above using a video camera for a total of 30 minutes. Animals were allowed to 

habituate in the chambers for 5 minutes following injections before the recording of 

rotations began. Thereafter, the number of 360° rotations in the ipsilateral (left) and 

contralateral (right) directions were counted between minutes 5-25 of each video, and 

the total number of net contralateral rotations were recorded. 

Home Cage Activity 

Home cage activity was assessed using the Micromax apparatus, consisting of a 

setup in which multiple laser beams are passed through the home cages of animals. 

When the animal moves, the beams will ‘break’, and the total number of beam breaks 

will be recorded over a 12-hour period during the animal’s waking cycle (8pm – 8am). 

The number of beam breaks is an indicator of locomotor activity; thus, a higher number 

of beam breaks indicates a greater amount of overall movement. 

CatWalk  

 The CatWalkTM XT (Noldus) apparatus measures more than 100 variables relating 

to gait and locomotion. An animal’s footprints are captured by the system as it walks 

across a glass platform, and a multitude of statistics are provided relating to locomotion. 

In Experiments 2 and 3, the CatWalk was used to assess any changes in gait resulting 
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from 6-OHDA infusion, and how treatment with EPO may modulate these changes. Mice 

were exposed to the apparatus for 4 consecutive training days, during which they 

learned to cross the platform. On day 5, a baseline score was captured for each animal. 

Following recovery from surgery, two additional trials were completed on days 18 and 

25. The variables analyzed included the following: max contact area, stride length, 

regulatory index, and base of support. 

Biological analyses 

Immunohistochemistry 

Frozen brains were sectioned using a cryostat, and free-floating coronal sections 

of the striatum (40μm) and the substantia nigra (40μm) were collected for analyses. For 

Tyrosine Hydroxylase (TH), sections were exposed to 0.3% H2O2 and blocked in 5% 

normal goat serum (NGS; Millipore Sigma, cat #G9023) and 0.3% Triton-X-100 (Millipore 

Sigma, cat #9002-93-1) in phosphate buffered saline (PBS, pH 7.4) for one hour. Sections 

were incubated in anti-TH at a dilution of 1:2000 (TH, Immunostar, 22941) at room 

temperature overnight in primary dilution solution (blocker, 85%; 2% BSA, 15%). TH 

sections were incubated in anti-mouse horseradish peroxidase (HRP; Millipore Sigma, 

cat #A5906) at a dilution of 1:200 in secondary solution for 4 hours at room 

temperature. To visualize the HRP, a diaminobenzidine (DAB; Millipore Sigma) reaction 

was performed, and sections reacted with 2% H2O2 for 10 minutes. Sections were 
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washed in PBS, mounted, dehydrated with serial alcohol washes, cleared with Clearene, 

and cover slipped using DPX.  

Immunofluorescence 

Frozen brains were sectioned using a cryostat, and free-floating coronal sections 

of the striatum (40μm) and the substantia nigra (40μm) were collected for analyses. 

Sections were blocked in 5% normal goat serum (NGS; Sigma, cat #G9023) and 0.3% 

Triton-X for one hour. Sections were incubated in mouse anti-TH and rabbit anti-IBA1 at 

a dilution of 1:2000 (IBA1, AbCam, cat #178846) at room temperature overnight in 

primary dilution solution (same composition as above). Sections were incubated with an 

appropriate fluorophore (mouse 488, Invitrogen, cat #A21204; rabbit 647, Invitrogen, 

cat #A21246) at a dilution of 1:1000 in for 2 hours at room temperature, covered. 

Sections were then washed in PBS, mounted and cover slipped using Fluoromount 

(Sigma Aldrich, cat #F4680). 

Western Blot Analysis 

Flash-frozen tissue was homogenized in RIPA (radioimmunoprecipitation assay) 

buffer (1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM EGTA, 1 mM 

Na3VO4, 20 mM NaF, 0.5 mM DTT, 1 mM PMSF and protease inhibitor cocktail in PBS, 

pH 7.4). The homogenate was centrifuged at 6000PM (3300g) at 4⁰C for 10 minutes. 

After collecting the supernatant, protein concentrations were determined using the 
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bicinchoninic acid kit (Thermo Scientific, 23227). Protein extracts were denatured in 

Laemmli sample loading buffer at 95⁰C, separated by 10% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (run at 140V for 1 hour) and transferred in cold 

transfer buffer to a polyvinylidene difluoride membrane at 100V for 1 hour (0.45μm 

pore, Millipore-Sigma, IPFL00010). Membranes were dried for 10 minutes, reactivated 

with methanol, rinsed with dH2O, and incubated in Fast Green FCF (Sigma Aldrich, 

F7252-5G; 0.0005% Fast Green, 30% methanol, 6.7% acetic acid) for 5 minutes. 

Membranes were then washed twice for 1 minute with revert wash (30% methanol, 

6.7% acetic acid) and imaged using the LI-COR system (LI-COR Biosciences, Lincoln, 

Nebraska, USA) at IR700 for 2 minutes. Nonspecific protein binding was prevented by 

treating the membrane with 0.5% fish gel in Tris-buffered saline for 1 h at room 

temperature. Membranes were incubated overnight at room temperature with Bcl-XL 

(54H6) rabbit monoclonal antibody (1:2000; Cell Signaling Technology, cat #2764, 

Danvers, MA, USA), GPx-1/2 mouse monoclonal antibody (Santa Cruz, cat #133160, 

Dallas, TX, USA), Phospho-Bad (Ser112) (7E11) mouse monoclonal antibody (Cell 

Signaling, cat #9296, Danvers, MA, USA), or phospho-Akt (S473, Cell Signaling, cat #D9E, 

Danvers, MA, USA). Secondary incubation was performed with the appropriate IR800 

antibodies (1:20k, LI-COR Biosciences, Lincoln, Nebraska, USA) in 0.5% fish gel + 

20uL/mL 10% Tween + 1uL/mL SDS.  

Membranes were finally imaged on the LI-COR system at IR800 for 10 minutes, 

and membranes were subsequently stored at -20⁰C. Densitometric analysis of the blots 
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was performed with the image analysis program Image Studio Lite 5.2 (LI-COR 

Biosciences, Lincoln, Nebraska, USA). For stripping, membranes were incubated with 

stripping buffer (1X NewBLOT IR stripping buffer diluted in dH2O, LI-COR, C80110-04) 

and forceful shaking for 10 minutes, washed 3 times with TBS, blocked and re-probed 

overnight at 4⁰C with Bad mouse polyclonal antibody (1:2000; Cell Signaling, cat #9292, 

Danvers, MA, USA) or Akt rabbit polyclonal antibody (1:2000; Cell Signaling, cat #9272, 

Danvers, MA, USA). 

Data Scoring and Statistical Analysis 

IBA1 Analysis: Microglial Activation 

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 previously described by our lab (Mangano & Hayley, 2009). A rating of 0 is 

given to glial cells in a resting state (described as highly ramified with thin processes), 

while a rating of 1 reflects an intermediate reactive state in which less than 10 cells in 

the SNc could be considered moderately activated (appearance includes 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 cells display 

an amoeboid, macrophage-like 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. 
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Integrated Density: Striatal TH+ terminals  

The density of the TH+ terminals within the striatum was quantified using a 

software program available for free download from the National Institutes of Health 

(NIH; ImageJ). In all cases, analyses were performed by an individual unaware of the 

experimental treatments and each tissue sample was quantified relative to its own non-

lesioned hemisphere. Integrated density is expressed as a ratio of lesioned/non-lesioned 

side for each animal and then compared to other treatment groups. 

Quantitative Analysis: Stereological assessment of TH-positive neurons in the SNc 

To define the border between the SNc (A9 cell group) and the VTA (A10 cell 

group), a vertical line was drawn from the medial tip of the cerebral peduncle, and 

counting was performed caudally until the substantia nigra pars reticulata disappeared 

(bregma levels ranging from -3.08 to -3.40). Sections were cut at a thickness of 40μm, 

and every second slice counted for each brain, yielding approximately 6-8 sections per 

brain. Briefly, the SNc region was outlined at 2.5x magnification, and TH+ neurons were 

counted using a 64x 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 90×90μm and a counting frame of 60×60μm with a 15μm dissector 

height and 3μm upper and lower guard zones. Only the portion of the SNc ipsilateral to 



124 
 

the infusion site was quantified. All analyses were conducted with the counter blind to 

the treatment conditions. 

Pilot study: Determination of 6-OHDA dose to produce clinically relevant lesion 

Studies involving the use of 6-OHDA in mice are limited and employ varying 

doses of toxin injected into the SNc (Chiu et al., 2014; Grealish, Mattsson, Draxler, & 

Björklund, 2010), medial forebrain bundle (Lundblad, Picconi, Lindgren, & Cenci, 2004), 

and multi-site injections in the striatum (Jing et al., 2016; Ren et al., 2017). As such, we 

conducted several pilot studies to determine an optimal single intra-striatal dose of  

6-OHDA that would establish a consistent and clinically relevant lesion (approximately 

40-60% cell loss) while minimizing animal mortality. Pilots were conducted using 5 

animals per dose, and a dose of 12ug was determined to produce a moderate lesion 

with minimal mortality (<5%), and as such, was selected for use in our subsequent 

investigations.  

Experiment 1: Investigating the acute pro-survival signalling of erythropoietin  

Given the ongoing investigation into EPO’s trophic mechanisms in various 

models of disease, we sought to establish a baseline model in which to investigate a 

wide range of changes at the molecular level at various time points following EPO 

administration. EPO’s ability to modulate proteins involved in neuroinflammatory 

processes, oxidative stress and apoptotic signalling was assessed in adult C57/Bl6 mice. 

To this end, a cannula was implanted into the left dorsolateral striatum of animals at the 
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following coordinates: -1.80 M/L, +1.1 A/P, +3.00 D/V. Importantly, animals were given 

one week to recover from the initial surgery, as stereotaxic surgery and cannula 

implantation can induce an acute inflammatory response. Thereafter, 20IU of 

recombinant human EPO (Calbiochem, cat# 329871) in 0.9% saline or vehicle were 

infused through the cannula at a rate of 0.4uL/min. A total of 2uL of liquid was infused 

and the cannula was left in place for 5 minutes before removal. Animals were rapidly 

decapitated 1h, 6h or 12h following EPO administration and the striatum and SNc were 

collected via micropunch dissection. Tissue samples were stored at -80⁰C until Western 

blot analysis. 

Experiment 2: Investigating the potential neuroprotective effects of EPO in the 

substantia nigra 

To date, only two papers have investigated the effects of central EPO 

administration within the context of a mouse model of PD (Genc et al., 2001; Signore et 

al., 2006), and only Signore et al. employed the 6-OHDA model of neurotoxicity, and 

most of their work involved in vitro manipulations. We sought to investigate the 

potential protective effects of intra-SNc EPO administration prior to the infusion of  

6-OHDA into the striatum. Mice underwent stereotaxic surgery, as described in a 

previous section, during which they received two central infusions: first, either saline or 

20IU EPO (EPO20) was infused into the SNc, and 20 minutes later, either saline or 12ug 

of 6-OHDA was infused into the striatum. Behavioural tests, including the RotaRod and 
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apomorphine-induced rotations took place 3 weeks following the surgery, following 

which mice were perfused with 4% paraformaldehyde (PFA) and tissue was prepared for 

immunohistochemical analysis. 

Experiment 3: Investigating the neuroprotective properties of two EPO doses in the 

striatum 

In contrast to the previous study that involved intra-SNc infusion, this 

experiment assessed whether intra-striatal EPO infusion would be neuroprotective. To 

this end, animals underwent stereotaxic surgery, and first received an infusion of either 

saline, 10IU EPO, or 20IU EPO centrally into the striatum. Then, animals received an 

infusion of 12ug of 6-OHDA into the same location 20 minutes later. Behavioural tests 

were carried out 3 weeks following the initial surgery and included apomorphine-

induced rotations, Rotarod, and home cage activity. Following all behavioural testing, 

half of the animals (n=8-10) were perfused with 4% PFA and sections were prepared for 

immunohistochemistry, while the other half (n=8-10) were rapidly decapitated and 

tissue was prepared for Western blot analysis.  

Experiment 4: Investigating the effects of EPO with a partial 6-OHDA Lesion 

The current study utilized a lower dose of 6-OHDA to assess whether the 

neuroprotective potential of EPO varies as a function of toxicant dose. To this end, we 

replicated the methods from Experiment 3 with the only difference being that we used 
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3ug of 6-OHDA (as opposed to 12 ug). Briefly, EPO was injected centrally into the 

striatum 20 minutes before the 6-OHDA infusion into the same location. Behavioural 

tests were conducted 3 weeks after surgery, including rotational asymmetry and 

Rotarod. Half of the animals (n=6-8 per group) were perfused with 4% PFA and prepared 

for immunohistochemical analysis, and the other half were rapidly decapitated and 

prepared for Western blot analysis.  

Table 3: Summary of behavioural and biological methodologies employed  

 

 

 

  

  

 

 

 

 

WESTERN BLOT 

Protein Modulates 
pAkt/Akt Pro-survival signalling 

pBad/Bad Apoptotic activity 

Bcl-XL Apoptotic activity 

GPx Oxidative Stress  
(antioxidant) 

IMMUNOHISTOCHEMISTRY 

Stain Used to Evaluate 

TH-positive 
(TH+) cells 

Lesion in striatum;  
Cell counts in SNc 

Fluorescence 
(TH-IBA1) 

Inflammation; Proximity 
of microglia to DA cells 

BEHAVIOURAL TESTS 

Test Used to Evaluate 
Rotarod Gait; motor ability 

Apomorphine-induced rotations Dopaminergic cell loss; extent of 
lesion 

Home cage activity Locomotor activity 

CatWalk Gait 
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Statistical Analysis 

All data were analyzed by analysis of variance (ANOVA) followed by Fisher 

planned comparisons, as appropriate (mixed model ANOVA used for CatWalk, data not 

shown). Data were analyzed using SPSS Version 25.0 (Chicago, IL, USA) available from 

Carleton University, and unless otherwise indicated, all results are expressed as means ± 

S.E.M. for all experiments. 

 

Results 

Experiment 1 Results: Investigating the acute pro-survival signalling of erythropoietin  

To investigate EPO’s acute actions in the absence of a toxicant, 20IU of EPO were 

centrally administered to the striatum of male C57Bl/6 mice. Tissue was collected 1 

hour, 6 hours or 12 hours following EPO administration and analyzed using blotting.  

Western Blot 

Centrally administered EPO activated pro-survival signalling through the 

phosphorylation of Akt in the striatum (Fig. 1A; one-way ANOVA, F(2, 19)=6.528, 

p=0.0069). The significant elevation of pAkt peaked at 6 hours following EPO 

administration (p<0.01) and began to subside at 12 hours (p>0.05).  This finding is 

consistent with the notion of activation of the PI3K/Akt pathway in the pro-survival 

actions of EPO.  
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As well, EPO acutely modulated levels of the pro-apoptotic BCl-2-associated 

death promoter (Bad) protein. In its free state, Bad dimerizes with the anti-apoptotic B-

cell lymphoma-extra large (Bcl-XL) protein, preventing its pro-survival action and leading 

to a signalling cascade in the mitochondria that results in the release of caspases and 

apoptotic cell death (Zha, Harada, Yang, Jockel, & Korsmeyer, 1996). Upon activation, 

pAkt phosphorylates Bad, leading to sequestration of pBad by a 14-3-3 protein in the 

cytosol, preventing its dimerization with Bcl-XL. The pBad/Bad ratio was observed to be 

significantly altered among the groups (Fig 1B; one-way ANOVA, F(2, 21)=6.029, 

p=0.0085).  Specifically, significantly upregulated levels were observed 12 hours after 

EPO administration (p<0.05). However, levels of Bcl-XL did not change significantly in the 

first 12 hours following EPO administration (Fig 1E; one-way ANOVA, F(2, 21)=1.517, 

p=0.2424).  

In addition to variations of anti-apoptotic signalling, antioxidant activity, as 

assessed by GPx, was also altered in the striatum (Fig 1C; one-way ANOVA, F(2, 

18)=8.216, p=0.0029) and in the SNc (Fig 1D; one-way ANOVA, F(2, 17)=4.021, 

p=0.0372). Indeed, in both brain regions, EPO significantly increased GPx levels after 12 

hours (p<0.01 in the striatum, p<0.05 in the SNc).  Normally, GPx catalyzes the reaction 

that neutralizes hydrogen peroxide (H2O2) to water (H2O), thereby reducing oxidative 

stress. Hence, EPO’s ability to increase levels of this antioxidant in suggests it may 

increase a cellular buffering capacity against ROS.  
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Figure 1: Activation of pro-survival signalling pathways 

Figure 1. Central EPO administration results in acute activation of pro-survival 

signalling pathways. Western blot analysis demonstrating influence of intra-striatal EPO 

on pAkt/Akt, pBad/Bad, GPx and Bcl-XL in the striatum, and GPx in the SNc. A. The ratio 

of pAkt/Akt peaked 6 hours after EPO administration. B. The ratio of pBad/Bad 

increased 12 hours after EPO administration. C-D. Levels of GPx were up-regulated 12 

hours after EPO administration in both the striatum and the substantia nigra. E. No 

significant changes were observed in levels of Bcl-XL in the striatum. F. Representative 
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Western blots for A-E. All signals were normalized against total protein to control for 

any variations in loading. Data are expressed as mean ± SEM; n=8. *p<0.05, ** p<0.01  

 

Experiment 2 Results: Investigating the neuroprotective effects of EPO in the SNc 

Striatal Lesion and Stereology 

To investigate EPO’s ability to protect dopaminergic neurons in the SNc following 

6-OHDA, 20IU of EPO was administered in the SNc followed by a single infusion of 12ug 

of 6-OHDA to the left dorsolateral striatum. Administration of 6-OHDA resulted in a 

dramatic and significant loss of TH+ fibers in the striatal terminals (Fig 2A; one-way 

ANOVA, F(2,19)=19.97,  p<0.0001) and subsequent loss of TH+ neurons in the SNc three 

weeks post-infusion (Fig 2B; one-way ANOVA, F(2,18)=12.39,  p=0.0004). However, post-

hoc analysis indicated administration of 20IU EPO to the SNc did not prevent either of 

the TH-fiber or soma loss (p>0.05).  
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Figure 2: Striatal Lesion and Stereology  

                                                          

 

   

 

 

 

 

 

 

 

 

 

Figure 2. Intra-nigral EPO administration does not attenuate striatal lesion or nigral 

cell loss induced by intra-striatal 6-OHDA administration. Integrated density in the 

striatum and cell counts in the SNc. A. Mean integrated density in the striatum 

expressed as a ratio of lesioned/unlesioned hemisphere. 6-OHDA induced significant 

loss of TH-fiber density which was not attenuated by 20IU EPO. B. Mean cell counts in 

the SNc showing a significant loss of TH+ cells after 6-OHDA administration which was 

not attenuated by 20IU EPO. C. Representative images from each group showing 

immunostaining for TH+ cells in the striatum (n=8 per group). D. Representative images 

from each group showing immunostaining for TH+ cells in the SNc (n=8 per group). Data 

are expressed as mean ± SEM; n=8. *p<0.05.  

 

Microglial Activation 

 To assess EPO’s ability to modulate neuroinflammatory processes in response to 

6-OHDA, we employed a scale previously validated by our lab to determine morphology 

of microglia in the striatum and SNc (Mangano et al., 2011; Mangano & Hayley, 2009). In 

the striatum, administration of 12ug of 6-OHDA led to a significant change in microglial 
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morphology indicative of an activated state (Fig 3A; one-way ANOVA, F(2,18)=14.40, 

p=0.0002). However, much like the TH+ neurons, this effect was not significantly 

influenced by pre-treatment with intra-nigral EPO (p>0.05).  In the SNc, a similar change 

in microglial morphological state was evident with intra-striatal 6-OHDA treatment (Fig 

3B; one-way ANOVA, F(2,19)=14.97, p=0.0001).  However, in this case, post-hoc analysis 

indicated 20IU EPO did significantly attenuate microglial activation scores at 3 weeks 

post-lesion (p<0.05), suggesting a possible anti-inflammatory effect of EPO on microglia 

in the SNc which was insufficient to protect nigral cells from 6-OHDA-induced toxicity. 

Figure 3: Assessing microglial activation in the striatum and substantia nigra  
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Figure 3. Microglial activation as determined by morphological rating scale as previously 

described (0-3). In both the striatum (A) and SNc (B), 6-OHDA induced significant 

morphological changes in microglia, indicating increased activation. In the SNc, but not 

in the striatum, EPO attenuated this activation, indicating a potential anti-inflammatory 

effect of EPO when administered into the SNc. C-D. Representative images of microglia 

(stained using IBA1, teal) in the striatum (C) and SNc (D). Tyrosine hydroxylase staining 

of SNc neurons is shown in purple. Data are expressed as mean ± SEM; n=8. *p<0.05, 

**p<0.01. 
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Behaviours 

Rotarod 

 Animals were assessed for balance and motor coordination using the Rotarod, 

and mean latency to fall was determined using the best 2/3 trials on the test day. Intra-

striatal administration of 12ug of 6-OHDA led to a decreased latency to fall (Fig 4; 

F(2,19)=7.002, p=0.0053), but administration of 20IU of EPO did not improve 

performance on this motor task (p>0.05). 

Figure 4: Assessing Gait and Balance using the Rotarod Apparatus 

  

 

 

 

 

Figure 4. Mean latency to fall from accelerating rod (4-44 rotations per minute over 300 
seconds) by treatment. Administration of 6-OHDA led to a decreased latency to fall, but 
EPO did not mitigate this effect.  
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again 10 and 17 days post-operatively. No significant changes were observed (data not 

shown, see Appendix A). 

Home Cage Activity 

 The Micromax apparatus was used to assess overall locomotor activity of 

animals for 12 hours during their waking cycle (8pm-8am) in their home cages. No 

significant changes were observed in the overall motor activity of mice (data not shown, 

see Appendix B). 

Experiments 3 and 4: Comparing two doses of 6-OHDA when EPO is administered in the 

striatum 

 Next, we sought to assess the impact of EPO when administered into the 

striatum in the context of two 6-OHDA-induced lesions of different magnitudes. To this 

end, in Study 3, two doses of EPO were used (10IU and 20IU) with a dose of 12ug of 6-

OHDA. In Study 4, only the higher of 20IU dose of EPO was used, but with a lower 3ug 

dose of 6-OHDA.   

As found in our earlier study, the 12ug dose of 6-OHDA induced a significant loss 

of TH+ terminals in the striatum, inducing a greater than 50% reduction in density in the 

lesioned hemisphere (Fig 5A; one-way ANOVA, F(4,23)=12.23, p<0.0001). As previously 

observed by Signore et al. (2006), both the 10IU and 20IU dose of EPO were equally 

effective in significantly attenuating the loss of striatal fibers (p<0.05, relative to  
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Sal/6-OHDA treatment).  In Study 4, administration of 3ug of 6-OHDA resulted in a more 

modest (approximately 30%) but statistically significant loss of TH+ fibers in the striatum 

(Fig 5B; F(2,13)=8.475, p=0.0044). With EPO pre-treatment, the loss of striatal fibers was 

no longer significantly different from control animals, indicating a mild protective effect 

(p>0.05). This represents a different finding from that of Signore and colleagues, who 

found 3ug of 6-OHDA induced substantial loss of striatal fibers (more than 50%), which 

may be explained by differing methodologies between the studies (e.g. these authors 

used a different strain of mouse, and infused at a more medial site in the striatum, 

which may have influenced signaling and cell death via limbic inputs or different 

populations of medium spiny neurons and interneurons). 

In the SNc, a significant and marked (approximately 50%) loss of TH+ neurons 

was induced by intra-striatal infusion of 12ug 6-OHDA (Fig 6A; F(4,26)=11.20, p<0.0001). 

The follow-up comparisons indicated this loss was significantly reduced by both 10IU 

and 20IU doses of EPO (p<0.05). This finding differs from the results obtained by Signore 

et al. (2006), who found a 50% loss of SNc DA neurons was attenuated by 20IU of EPO, 

but not by 10IU of EPO. When the lower 3ug dose of 6-OHDA was administered, a more 

modest (approximately 30%) but statistically significant loss of TH+ soma in the SNc was 

evident (Fig 6B; F(2,15)=12.25, p=0.0007). The 20IU dose of EPO significantly attenuated 

this SNc loss of TH+ neurons (p < 0.05).  
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Figure 5. Striatal Lesions 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Intra-striatal EPO administration attenuates striatal lesion. Integrated density 

of TH+ fibers was assessed in the striatum. A. Mean integrated density in the striatum 

expressed as a ratio of lesioned/unlesioned hemisphere when 12ug of 6-OHDA were 

infused unilaterally into the striatum. 6-OHDA induced significant loss of TH-fiber 

density which was attenuated by both 10IU and 20IU of EPO. B. Mean integrated 

density in the striatum expressed as a ratio of lesioned/unlesioned hemisphere when 

3ug of 6-OHDA were infused unilaterally into the striatum. 6-OHDA induced significant 

loss of TH-fiber density which was attenuated by 20IU of EPO. C-D. Representative 

images from each group showing immunostaining for TH+ cells in the striatum (n=8-10 

per group).  
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Figure 6. Stereological assessment of neuronal loss 
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Figure 6. Intra-striatal EPO administration attenuates nigral cell loss induced by intra-

striatal 6-OHDA administration. Cell counts in the SNc when 12ug and 3ug 6-OHDA 

adminstered. A. Mean integrated density in the striatum expressed as a ratio of 

lesioned/unlesioned hemisphere. 6-OHDA induced significant loss of TH-fiber density 

which was attenuated by both 10IU and 20IU of EPO. B. Mean cell counts in the SNc 

showing a significant loss of TH+ cells after 6-OHDA administration which was 

attenuated by 20IU EPO. C-D. Representative images from each group showing 

immunostaining for TH+ cells in the SNc (n=8 per group). Data are expressed as mean ± 

SEM; n=8. *p<0.05, **p<0.001.  

 

 

Microglial Activation 

Administration of both 3ug (Fig 7A; one-way ANOVA, F(2,14)=10.27, p=0.0018) 

and 12ug (Fig 7B; one-way ANOVA, F(4,23)=9.415, p=0.0001) of 6-OHDA led to a 

significant change in microglial morphology indicating activation. Importantly, at both 

doses of toxin, this was completely reversed in animals that received 10IU or 20IU of 

intra-striatal EPO (p < 0.01).  Similarly, microglial activation morphology scores in the 

SNc were significantly elevated 3 weeks post-lesion in the 6-OHDA group at 3ug (Fig 7C; 

one-way ANOVA, F(2,14)=5.069, p=0.0221) and 12ug (Fig 7D; one-way ANOVA, 

F(4,27)=21.39, p<0.0001). Once again, treatment with either 10IU or 20IU EPO 

completed reversed this effect at both doses of toxin (p < 0.05), indicating a potent 

chronic effect of EPO on microglial activity.  
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Figure 7. Assessing microglial activation in the striatum and substantia nigra   
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Figure 7. Microglial activation as determined by morphological rating scale as previously 

described (0-3). In both the striatum (A-B) and SNc (C-D), 6-OHDA induced significant 

morphological changes in microglia, indicating increased activation. In both regions, EPO 

attenuated this activation significantly 3 weeks post-lesion, indicating an anti-

inflammatory action of EPO. E-F. Representative images of microglia in the striatum (E) 

and SNc (F) with 3ug of 6-OHDA. G-H Representative images of microglia (stained using 

IBA1, teal) in the striatum (G) and SNc (H). Tyrosine hydroxylase staining of SNc neurons 

is shown in purple. Data are expressed as mean ± SEM; n=8. *p<0.05, **p<0.01. 

Behaviours: Rotarod and Apomorphine-Induced Rotations 

 When 12ug of 6-OHDA were infused into the striatum, the mean latency to fall 

from the Rotarod was significantly affected (Fig 8A; one-way ANOVA, F(4,87)=6.222, 

p=0.0002). Specifically, the 6-OHDA lesion reduced time on the Rotarod before falling 

(p<0.05) but treatment with 10IU or 20IU EPO did not improve this performance deficit. 

While 6-OHDA reduced latency to fall in a statistically significant manner on the 300s 

task, the majority of animals in all groups remained on the Rotarod for more than 200s, 

suggesting the sensitivity of this task to measure motor deficits may be limited in our 

model.  

Apomorphine-induced rotations provide a robust measure of dopaminergic 

responsiveness and an indication of the presence of a unilateral lesion in rodent models 

of PD (Heuer, Smith, Lelos, Lane, & Dunnett, 2012; Hudson et al., 1993; Hughes, Lees, & 

Stern, 1990). Infusion of 12ug of 6-OHDA significantly increased apomorphine-induced 

contralateral rotations in mice (Fig 8B; one-way ANOVA, F(4,84)=50.97, p<0.0001). This 

effect was blunted significantly with the 20IU treatment with EPO (p < 0.05, relative to 

Sal/6-OHDA). While some animals demonstrated almost no rotation, the variability was 
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large in both EPO groups, suggesting a possible difference in responsiveness to the 

treatment (Fig 8C). When the lower dose of 6-OHDA was administered, no impairments 

were observed on the Rotarod test (Fig 8D; p>0.05). The rotational behaviour induced 

by 3ug of 6-OHDA, however, was decreased significantly by 20IU of EPO in this study, 

again highlighting the potentially greater sensitivity of this test over the Rotarod to 

capture motor deficits in this model (Fig 8E; one-way ANOVA, F(2,19)=11.11, p=0.0006). 

Hence, EPO may differentially affect motor behaviour in mice as a function of lesion 

size. 

Western Blots: Striatum 

We assessed pro-survival signalling of EPO in the striatum three weeks after 

lesions were established. In Study 3 (using 12ug 6-OHDA), no significant changes in pAkt 

were observed 3 weeks post-lesion, although the variability in the two EPO-treated 

groups once again suggests the possibility of a difference in response rate to EPO-

treatment (Fig 9A, p>0.05). In Study 4 (using 3ug of 6-OHDA), there were no differences 

in pAkt/Akt between groups 3 weeks post-lesion (Fig 9B, p>0.05); however, the large 

variability in response to EPO was not observed at the lower dose of 6-OHDA. When 

12ug of 6-OHDA were used, significant differences in levels of GPx were observed 

between groups (Fig 9E; one-way ANOVA, F(4,35)=5.743, p=0.0012). Specifically, GPx 

was increased in response to both 10IU and 20IU of EPO (p<0.05). When 3ug of 6-OHDA 
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were used, however, no changes in GPx were observed in response to EPO treatment 

(Fig 9F, p>0.05).  

Interestingly, when 12ug of 6-OHDA were used, no differences in the levels of 

Bcl-XL were observed between groups three weeks post-lesion (Fig 9I, p>0.05). In the 

case of the 3ug dose of 6-OHDA, however, levels of Bcl-XL were significantly upregulated 

in response to EPO-treatment three weeks post-lesion (Fig 9J; one-way ANOVA, 

F(2,19)=6.358, p=0.0077). This result suggests EPO may activate different pro-survival 

pathways depending on the extent of lesion, cellular stress, or microenvironment, all of 

which may differ with different doses of 6-OHDA.  
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Figure 8. Assessing Motor Activity with the Rotarod and Rotational Behaviour 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Mean latency to fall from accelerating rod (4-44 rotations per minute over 300 

seconds) by treatment in Study 3 (A) and Study 4 (D). Administration of 6-OHDA led to a 

decreased latency to fall, but EPO did not mitigate this effect (p>0.05). Net contralateral 

rotations induced by apomorphine were decreased in EPO-treated groups in Study 3 (B) 

and Study 4 (E). Data are expressed as mean ± SEM; n=17-19 for Study 3; n=10-12 for 

Study 4. *p<0.05. 
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Figure 9. Western blots in the striatum  
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Figure 9. Intra-striatal EPO administration results in chronic activation of pro-survival 

signalling pathways. Western blot analysis demonstrating influence of EPO on pAkt/Akt, 

GPx and Bcl-XL in the striatum. A-B. The ratio of pAkt/Akt did not change significantly in 

response to 6-OHDA or EPO. C-D.  Representative Western blots for pAkt and Akt in 

studies 3 (C) and 4 (D). E-F. Levels of GPx were up-regulated in groups that received EPO 

in study 3 (E) but not in study 4 (F). G-H. Representative Western blots for GPx in study 3 

(E) and study 4 (F). I-J. No significant changes were observed in levels of Bcl-XL in the 

striatum when 12ug 6-OHDA were used (I), but a significant increase in Bcl-XL was 

observed when 3ug of 6-OHDA were used (J). K-L. Representative Western blots for  

Bcl-XL in the striatum for study 3 (K) and study 4 (L). All signals were normalized against 

total protein to control for any variations in loading. Data are expressed as mean ± SEM; 

n=8-10. *p<0.05. 

 

Western Blots: Substantia Nigra 

 To investigate the pro-survival signalling of EPO in the SNc three weeks after 

lesions were established in the striatum, Western blots were performed on nigral tissue. 

In the SNc, 12ug of 6-OHDA caused a significant reduction in pAkt/Akt, which was 

completely reversed by both doses of intra-striatal EPO (Fig 10A; one-way ANOVA, 

F(4,35)=3.687, p=0.0132). This finding confirms that intra-striatal EPO can influence pro-

survival signalling in the SNc for as long as three weeks post-infusion in the presence of 

a high dose of 6-OHDA. When 3ug of 6-OHDA were administered, no significant changes 

in levels of pAkt/Akt were observed between groups (Fig 10B, p>0.05). In the SNc, no 

changes in GPx were observed at either 12ug (Fig 10E) or 3ug (Fig 10F), while GPx was 

increased in the striatum 3 weeks post-lesion using 12ug of 6-OHDA. It is possible GPx is 

increased in non-dopaminergic cells in the striatum, such as astrocytes and microglia, to 

influence striatal terminal survival (Lindenau, Noack, Asayama, & Wolf, 1998). 
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Alternatively, this may suggest anti-apoptotic or anti-inflammatory (as opposed to 

antioxidant) mechanisms may exert more influence over cell survival in the SNc three 

weeks post-lesion.  When 12ug (Fig 10I) 6-OHDA were used, Bcl-XL demonstrated a trend 

toward increase in the EPO-treated groups that was not statistically significant (p>0.05). 

When 3ug of 6-OHDA were used, however, no changes in Bcl-XL were noted (Fig 10J). 

Together, these results suggest EPO’s chronic activation of pro-survival signalling may be 

dependent on the extent of lesion, cellular microenvironment, or both, with a higher 

dose of 6-OHDA producing a prolonged activation of pro-survival pathways. 
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Figure 10: Western blots in the SNc 
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Figure 10. Intra-striatal EPO administration results in chronic activation of pro-survival 

signalling when 12ug, but not 3ug, of 6-OHDA are administered. Western blot analysis 

demonstrating influence of EPO on pAkt/Akt, GPx and Bcl-XL in the SNc. A-B. The ratio 

of pAkt/Akt decreased significantly in response to 6-OHDA, an effect which was reversed 

by EPO. C-D.  Representative Western blots for pAkt and Akt in studies 3 (C) and 4 (D). E-

F. Levels of GPx were unchanged in response to 6-OHDA or EPO when either 12ug (E) or 

3ug (F) of 6-OHDA were administered. G-H. Representative Western blots for GPx in 

study 3 (E) and study 4 (F). I-J. No significant changes were observed in levels of Bcl-XL in 

the SNc when either 12ug (I) or 3ug (J) 6-OHDA were used. K-L. Representative Western 

blots for Bcl-XL in the striatum for study 3 (K) and study 4 (L). All signals were normalized 

against total protein to control for any variations in loading. Data are expressed as mean 

± SEM; n=7-9. *p<0.05. 

 

 

 

 

 

 

 

L 

I 

Bcl-XL Bcl-XL 

J 

K 

Mean Bcl-XL in the SNc
3ug 6-OHDA

Sal/Sal Sal/6OH EPO20/6OH
0.0

0.2

0.4

0.6

0.8

Treatment

M
e
a
n

 B
c
l-

X
L

Mean Bcl-XL in the SNc
12ug 6-OHDA

S
al

/S
al

E
PO

20
/S

al

S
al

/6
O
H

E
PO

10
/6

O
H

E
PO

20
/6

O
H

0.0

0.5

1.0

1.5

Treatment

M
e
a
n

 B
c
l-

X
L



153 
 

Discussion 

While the locus of neuronal degeneration in PD is known, the processes 

underlying the deterioration of the cellular microenvironment in the disease remain 

poorly understood.  Broadly, the mechanisms underlying PD pathology are likely 

complex and multi-faceted, involving factors such as genetic mutations, environmental 

stressors, and inhibition of neural protection. Evidence supporting each of these 

contributors led to the development of the multiple-hit hypothesis of PD (Antony, 

Diederich, Krüger, & Balling, 2013; Berry, La Vecchia, & Nicotera, 2010; Carvey, Punati, & 

Newman, 2006; Sadasivan, Sharp, Schultz-Cherry, & Smeyne, 2017; Sulzer, 2007), which 

suggests exposure to multiple risk factors (or multiple ‘hits’) increases an individual’s 

likelihood of developing the disease. Indeed, the multiple-hit hypothesis has been 

increasingly implicated in several neurodegenerative diseases in recent years (Bansal, 

Salaria, & Singh, 2019; Garden & La Spada, 2012; Gong, Liu, & Iqbal, 2018; Heinemann, 

Posimo, Mason, Hutchison, & Leak, 2016; Patrick, Bell, Weindel, & Watson, 2019). The 

emerging research implicating multiple hits in various neurodegenerative diseases 

suggests researchers have only begun to understand the interactions between genetics, 

environment, and cellular responses to stress in the context of neurodegeneration, 

rendering the study of all neurodegenerative diseases, including PD, a notable challenge 

for researchers.  

For more than 20 years, trophic factors have demonstrated a potential for 

neuroprotection in a variety of neurodegenerative diseases (Bilang-Bleuel et al., 1997; 
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Costa et al., 2015; Kirik, Georgievska, & Björklund, 2004; Lindholm et al., 2016; Littrell, 

Granholm, Gerhardt, & Boger, 2013; Paul & Sullivan, 2019; Sauer, Rosenblad, Bjorklund, 

& Changeaux, 1995). Still, researchers have yet to identify a single trophic factor with 

the ability to halt, reverse, or even slow down the progression of PD. Due to the 

involvement of multiple neurotransmitter systems leading to a variety of motor and 

non-motor symptoms, it is unlikely that any one factor will successfully alter disease 

course in human patients; a multitude of approaches tested on imperfect animal models 

has yielded disappointing results when tested clinically (Kordower & Burke, 2018). 

In addition to imperfect animal models, the time of NTF administration presents 

an obvious problem when discussing the applicability of PD models in a clinical setting. 

Most studies involving trophic factors, including the studies described herein, 

administer NTFs close in time to toxic insults, which does not mimic the reality 

encountered by clinicians dealing with human PD patients. Clinically, the damage to DA 

neurons is often extensive and well established by the time individuals are diagnosed 

with PD, due to the brain’s impressive compensatory mechanisms that delay the onset 

of the cardinal motor symptoms (Cheng, Ulane, & Burke, 2010). Importantly, individuals 

symptomatic for a number of years are those taking part in clinical trials (Costa-Ribeiro 

et al., 2017; David et al., 2015; Martin-Bastida et al., 2017); as such, researchers should 

routinely consider how NTFs employed in preclinical models of PD may benefit human 

PD patients in more advanced stages of disease development. For example, researchers 



155 
 

should consider how a novel therapeutic strategy may interact with DA replacement 

therapy when assessing the applicability of the new technique.  

In addition to the current evidence in support of EPO’s use as an adjuvant 

treatment in PD, there is an increasing body of literature – including evidence from our 

own lab – demonstrating EPO’s ability to modulate the non-motor symptoms of PD, 

such as depression-relevant behaviours and problems with memory and cognition 

(Almaguer-Melian et al., 2016; Girgenti et al., 2009; Jang et al., 2014; Leconte et al., 

2011; Ma et al., 2016; Osborn et al., 2013; Saad et al., 2019). In the current studies, 

EPO’s trophic effects were demonstrated in various experimental conditions using the  

6-OHDA mouse model of PD. EPO’s pro-survival signalling appeared to depend on 

numerous factors, including brain region, lesion size and individual variability in 

response to EPO treatment.  

EPO’s pro-survival effects are region- and lesion size-dependent 

One of the most novel findings of the current research involves the regional 

specificity of EPO’s actions in the nigrostriatal system. The results from this study 

confirmed a moderate striatal lesion induced by 6-OHDA as well as an associated loss of 

cell bodies in the SNc, neither of which were restored with intra-nigral EPO treatment. 

To contrast, EPO was found to protect striatal terminals and cell bodies in the SNc when 

administered to the striatum prior to an intra-striatal lesion. EPO’s pro-survival signalling 
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pathways also varied in response to brain region, with different patterns of protein 

upregulation apparent in the striatum when compared to the SNc. This suggests the 

degree of stress in the cellular microenvironment influences the pro-survival signaling of 

EPO, which appeared to have prolonged protective effects at the higher dose of 6-OHDA 

(12ug).  

EPO’s survival signalling was also influenced by lesion size, with proteins 

differentially upregulated when 12ug of 6-OHDA was used versus 3ug 6-OHDA.  At the 

higher dose of 6-OHDA, dual activation of anti-apoptotic and antioxidant pathways was 

observed, whereas at the lower dose of 6-OHDA, only anti-apoptotic pathways were 

influenced significantly. At both doses of 6-OHDA, EPO reduced the number of 

apomorphine-induced rotations when administered into the striatum, but not when 

administered into the SNc, further demonstrating EPO’s ability to protect nigrostriatal 

neurons from damage and death is region-dependent in the 6-OHDA mouse model. 

While intra-nigral EPO did not preserve nigrostriatal neurons, striatal terminals or motor 

behaviours, it did induce significant changes in microglial activation in the SNc, 

suggesting an anti-inflammatory mechanism involved in EPO’s tissue protective 

qualities. 

Evidence for EPO’s anti-apoptotic, anti-inflammatory and antioxidant actions 

 We hypothesized that EPO acts to protect neurons via anti-apoptotic, anti-

inflammatory, and/or antioxidant mechanisms. In the studies conducted, evidence for 
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each of these protective pathways was observed, but not all within the same 

experimental conditions. The antioxidant effects of EPO, like the anti-apoptotic and anti-

inflammatory effects, were observed in multiple studies in this investigation. Perhaps 

the most salient finding in the studies conducted was the upregulation of GPx, a 

powerful antioxidant, in response to EPO.  GPx was increased in both the striatum and 

the SNc 12 hours following EPO administration when no toxicant was administered, and 

in the striatum three weeks after the highest dose of 6-OHDA (12ug) was administered. 

GPx is a potent antioxidant whose presence in response to EPO is a strong 

indication of the antioxidant activity of this trophic cytokine. In fact, EPO upregulated 

levels of GPx both acutely in the absence of 6-OHDA and chronically when 12ug were 

administered, suggesting antioxidant activity may be a typical cellular response to EPO 

whether cells are experiencing stress or not. As changes in GPx were not observed 

chronically in the SNc when animals were pre-treated with EPO in the 12ug 6-OHDA 

condition, EPO’s effects on antioxidant activity may depend on the degree of cellular 

stress, which is significantly influenced by 6-OHDA. When the highest dose of 6-OHDA 

was employed, levels of striatal GPx were found to be increased chronically (3 weeks 

post-lesion), suggesting a prolonged antioxidant effect of EPO in this model. Changes in 

GPx were not observed when the low dose of 6-OHDA was used, suggesting antioxidant 

activity may not be EPO’s primary protective mechanism at this dose of toxin. Indeed, 

increased levels of Bcl-XL in this study – a finding which was not observed at the higher 



158 
 

dose of 6-OHDA – supports an anti-apoptotic role of EPO under these cellular 

conditions. 

Future Directions 

As researchers continue to study the effects of EPO in neurological disease, it is 

important to consider that trophic factors do not inherently have positive or negative 

qualities – instead, they modulate the pathways which influence the cellular 

microenvironment in response to the characteristics of that environment. While this can 

lead to cell survival, it can also lead to cell death, a factor which complicates the study of 

PD.  

In addition, researchers should consider the possibility of functional lateralization 

between hemispheres when employing a unilateral lesion model. Recent evidence 

suggests functional lateralization in the hippocampus for novel object exploration 

(Jordan, Shanley, & Pytte, 2019). The authors used immediate early gene imaging and  

c-Fos and found interhemispheric differences in neuronal activation in the dentate 

gyrus. The left hemisphere appeared to be preferentially recruited for the novel object 

task when compared to controls (Jordan et al., 2019), providing evidence that motor 

tasks may demonstrate hemispheric preference, a finding which would have important 

consequences for PD. 
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The Heterogeneity of the Striatum 

 

 In addition to the possibility of hemispheric preference, there is a strong need to 

learn more about the minority cell populations in the striatum and how they may be 

influencing PD pathology. For example, the cell populations in the striatum are very 

different from those in the SNc, and the neurons in the striatum have more complex 

roles and interactions than was once thought. In the striatum, there are both D1 and D2 

receptors – the functional antagonism between two DA receptor types in the striatum 

extends to the regulation of synaptic plasticity, and long-term changes in DA signalling 

can certainly alter the connectivity and function of the MSNs in the striatum (Plenz & 

Wickens, 2017).  Recent evidence further suggests MSNs with both D1 and D2 receptors 

represent a distinct neuronal population in the striatum that respond differently to  

6-OHDA than MSNs containing only D1 or D2 receptors (Gagnon et al., 2017). They are 

morphologically distinct with a smaller soma and fewer dendritic arborizations, along 

with fewer spines; interestingly, the degree of dendritic arborization in D1/D2 MSNs is 

unaltered by 6-OHDA (in contrast, arborization is significantly reduced in both D1 and 

D2 MSNs).  

Accumulating evidence suggests the striatum is much more complex of an 

environment than researchers once imagined, including complexities in cell composition 

and signalling within the striatum, such as the complex cholinergic and GABAergic 

interneuron populations (Lozovaya et al., 2018; Lozovaya, Ben-Ari, & Hammond, 2018), 
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striosome-matrix differences in signalling and receptor localization (Brimblecombe & 

Cragg, 2017; Ren et al., 2017). Using the newly reported information herein regarding 

EPO’s signalling and survival effects, in conjunction with recent advances and emerging 

technologies, future research should seek to better understand these distinct minority 

cell populations in each of the affected brain regions in PD to study their possible 

contributions to the disease. 

Conclusion 

 The findings from the current studies strongly suggest EPO has a protective 

effect in the 6-OHDA mouse model of PD but cautions its premature use in a clinical 

setting based on the novel findings indicating its differential influence as a response of 

brain region and lesion size.  Further research should be conducted to confirm EPO’s 

potential protective properties in cases of mild lesions, including further investigation 

into its mechanisms of cellular protection. Several groups of researchers have 

acknowledged the potential beneficial effects of EPO when used in combination with a 

secondary factor, such as in studies of spinal cord injury (Li et al., 2017; Yamanaka, 

Eldeiry, Aftab, Mares, et al., 2018; Yamanaka, Eldeiry, Aftab, Ryan, et al., 2018; 

Yamanaka et al., 2019; Zhao et al., 2016), cerebral ischemia (Chai, Yip, Sun, Hsu, & Leu, 

2016; Lv et al., 2017; Shin & Cho, 2016; Wang et al., 2016; Yuen et al., 2017), perinatal 

hypoxia-related injuries (Luan et al., 2016; Wu & Gonzalez, 2015; Zhang et al., 2016), 

and even traumatic brain injury (Duan et al., 2015).  



161 
 

Future research should focus on the most salient protective properties of EPO 

and seek to combine these properties with other prospective treatments to evaluate 

their combined efficacy in preclinical models of PD. For instance, the current 

pharmacotherapy for PD involves DA replacement via administration of levodopa  

(L-DOPA). While it effectively replaces DA initially, its effects wane over time, requiring 

increasing doses to be administered to achieve relief of motor symptoms. It can be 

challenging to titrate the dose of L-DOPA properly to ensure effective DA replacement 

without causing excessive DA production, as too much DA leads to increased production 

of ROS through its regular metabolism. This creates conditions of oxidative stress, which 

could potentially be mitigated by a non-hematopoietic form of EPO administered 

concurrently with L-DOPA through increased GPx. 

The current set of experiments revealed novel information about EPO, an 

important trophic cytokine, in a murine model of PD. This research contributes several 

new pieces of information to the growing body of literature studying EPO’s neurotrophic 

effects, including its pro-survival signalling in the absence of a toxicant, its regional 

specificity, and its potential to work through different protective pathways depending 

on the cellular microenvironment. Further research should be done to fully characterize 

EPO’s protective effects in PD, including establishing its protective pathways, evaluating 

how it may differentially influence specific sub-populations of cells in the striatum, and 

how its anti-inflammatory, anti-apoptotic and antioxidant properties may be best 

harnessed in the treatment of PD and many other neurological disorders in the future. 
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General Overview 

The core pathological mechanisms involved in Parkinson’s disease (PD) have 

eluded researchers for decades, and to date, few studies have identified clinically 

relevant advancements in the areas of PD pathology and treatment. This critical and 

unmet need should be of great concern to researchers, as the aging population implies 

the growth of this disease will be exponential in the coming years. Based on the 

available epidemiological data, the number of individuals with PD is expected to double 

to 14.2 million people worldwide by 2040, even using conservative estimates (Dorsey & 

Bloem, 2018; Feigin et al., 2017). In a systematic analysis of the global burden of 

disease, the rate of growth of PD was found to be surpassing that of Alzheimer disease, 

with the prevalence (and thus the associated disabilities and deaths) doubling between 

1990-2015 (Feigin et al., 2017). This staggering growth rate leads one article to ask those 

in the PD community to take this growth as seriously as they would an infectious 

condition (Dorsey & Bloem, 2018). While ageing is the primary risk factor for the 

development of PD (Buchman et al., 2012; Collier, Kanaan, & Kordower, 2011; Driver, 

Logroscino, Gaziano, & Kurth, 2009; Rodriguez et al., 2014), the degree of cellular 

damage present when motor symptoms appear – including the variable but significant 

loss of striatal terminals and dopaminergic cells in the substantia nigra (SNc) – suggests 

the pathogenesis of this disease begins years before diagnosis (Cheng, Ulane, & Burke, 

2010).  
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While the locus of neuronal degeneration is known, the processes underlying the 

deterioration of the cellular microenvironment in the disease remain poorly 

understood.  Broadly, the mechanisms underlying PD pathology are likely complex and 

multi-faceted, involving factors such as genetic mutations, environmental stressors, and 

inhibition of neural protection. Evidence supporting each of these contributors led to 

the development of the multiple-hit hypothesis of PD (Antony, Diederich, Krüger, & 

Balling, 2013; Berry, La Vecchia, & Nicotera, 2010; Carvey, Punati, & Newman, 2006; 

Sadasivan, Sharp, Schultz-Cherry, & Smeyne, 2017; Sulzer, 2007), which suggests 

exposure to multiple risk factors (or multiple ‘hits’) increases an individual’s likelihood of 

developing the disease. Indeed, the multiple-hit hypothesis has been increasingly 

applied to several neurodegenerative diseases in recent years, (Bansal, Salaria, & Singh, 

2019; Garden & La Spada, 2012; Gong, Liu, & Iqbal, 2018; Heinemann, Posimo, Mason, 

Hutchison, & Leak, 2016; Patrick, Bell, Weindel, & Watson, 2019) The emerging research 

implicating multiple hits in various neurodegenerative diseases suggests researchers 

have only begun to understand the interactions between genetics, environment, and 

cellular responses to stress in the context of neurodegeneration.  

Recently, Johnson and colleagues proposed a new conceptual model for 

understanding PD, describing: (1) disease triggers, (2) facilitators, and (3) aggravators 

(Johnson, Stecher, Labrie, Brundin, & Brundin, 2019). The three categories exist on a 

continuum in this model, each contributing to the course of the disease differently at 

various stages of the disease. The authors argue that the model provides a framework 
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within which therapeutic strategies can be evaluated by examining when certain factors 

are most likely to play a critical role in the disease (Johnson et al., 2019). Triggers refer 

to events necessary to spark the initiation of disease processes, but which alone are 

generally insufficient to lead to PD onset, including environmental toxicants, head 

trauma and infection. Disease facilitators allow the spread of the disease through the 

central nervous system, including increased sensitivity of cells to toxicity which can 

promote propagation of the disease. Examples of facilitators may include aging, 

peripheral inflammation, and genetic variants and mutations. Aggravators represent a 

category of factors that worsen or exacerbate cellular conditions, leading to cellular 

stress and death both within and outside of the basal ganglia, including α-synuclein (α-

syn) propagation, neuroinflammation and oxidative stress.  At the very least, this model 

provides insight into the complexity of the disease, and highlights the challenges faced 

by researchers in the search for novel therapeutic targets for PD. Many therapeutic 

candidate factors have emerged (Cederfjäll et al., 2013; Gibson, Gao, McDonagh, & 

Shen, 2012; Martínez-Morales & Liste, 2012), but one group of factors has consistently 

recurred as potential therapeutic agents for PD: neurotrophic factors (NTFs). 

For more than 20 years, trophic factors have been demonstrated to have 

neuroprotective effects in a variety of animal models of neurodegenerative diseases, 

including PD (Bartus et al., 2013, 2011; Bilang-Bleuel et al., 1997; Boado, Hui, Lu, & 

Pardridge, 2010; Costa et al., 2015; Grondin et al., 2002; Kirik, Georgievska, & Björklund, 

2004; Kordower & Bjorklund, 2013; Lindholm et al., 2016; Littrell, Granholm, Gerhardt, 
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& Boger, 2013; Patel et al., 2005; Paul & Sullivan, 2019; Peterson & Nutt, 2008; Hansjorg 

Sauer, Rosenblad, Bj6rklund, & Changeaux, 1995). Still, researchers have yet to identify 

a single trophic factor with the ability to halt, reverse, or even slow down the 

progression of PD in actual clinical trials with human patients. Due to the involvement of 

multiple neurotransmitter systems leading to a variety of motor and non-motor 

symptoms, it is unlikely that any one factor will successfully alter disease course in 

human patients. Indeed, a multitude of approaches tested on imperfect animal models 

has yielded disappointing results when tested clinically (Kordower & Burke, 2018).  

NTFs, including brain-derived neurotrophic factor (BDNF), glial cell-line derived 

neurotrophic factor (GDNF), and neurturin have been extensively studied for their 

ability to influence the motor and non-motor symptoms of PD using a variety of animal 

models (Bartus et al., 2013; Ghosal et al., 2018; Grondin et al., 2002; Kirkeby & Barker, 

2019; Marks et al., 2010; Hansjorg Sauer et al., 1995; Sullivan & O’Keeffe, 2016). These 

and other NTFs have indeed shown potent protective effects in the nigrostriatal system 

when employed in the context of toxin-based models of PD (Airavaara, Voutilainen, 

Wang, & Hoffer, 2012; Paul & Sullivan, 2019; Thomas Tayra et al., 2013; Yacoubian & 

Standaert, 2009) Still, none of these have stood the test of time in proper well-

controlled clinical trials, which speaks to the fact that all animal models developed to 

date possess limitations when translating findings to the clinical population afflicted 

with PD.  
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Limitations of Animal Models of PD 

 One of the greatest challenges encountered by researchers studying PD using 

animal models is the inability to produce all pathological hallmarks of the disease in 

rodents. Specifically, simulating the synucleinopathy (the accumulation of α-syn) 

observed in PD – which occurs prior to the disruption of dopaminergic systems – has 

been an ongoing challenge (Blesa, Phani, Jackson-Lewis, & Przedborski, 2012; Paul & 

Sullivan, 2019). The ideal rodent model would replicate most, if not all, of the 

neuropathological and behavioural features of the disease, including the progressive 

development of both motor and non-motor symptoms. A rodent model that produces 

the primary synucleinopathy in a predictive topographical fashion followed by the 

induction of a progressive lesion to dopaminergic neurons in the nigrostriatal system 

has yet to be developed, ensuring all animal models fall short of reproducing the human 

condition. Still, there is much to be learned about the cellular microenvironment in PD 

with the available animal models of PD, and as such, they remain valuable tools for the 

assessment of disease mechanisms and in the search for novel therapeutic candidates.  

The development of models centered around α-syn pathology represents an 

important advancement in the study of PD and provides additional opportunities to 

explore the potential benefit of NTFs in the treatment of PD. As the major component of 

Lewy bodies and with known links to familial forms of PD, α-syn rodent models are a 

promising candidate for the development of improved animal models to study PD in the 

future (Volpicelli-Daley, Kirik, Stoyka, Standaert, & Harms, 2016). However, α-syn 
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models are faced with similar challenges as toxin-based models of PD: a great deal of 

variability exists between individual studies in terms of the degree of α-syn aggregation 

and pathology in relevant brain regions, as well as the extent of dopamine (DA) neuron 

damage, and the degree of motor impairment observed (reviewed in Volpicelli-Daley et 

al., 2016). The large variability in the α-syn models may be reflective of variations in the 

experimental methods used to create the models, which center around using viral 

vectors to deliver the α-syn gene (Paul & Sullivan, 2019). Further, some studies use 

overexpression of the wild-type α-syn protein (M. Decressac et al., 2012; Mickael 

Decressac et al., 2011; Gombash et al., 2013; Sanchez-Guajardo, Febbraro, Kirik, & 

Romero-Ramos, 2010; L.-K. Song et al., 2015), while others use mutant forms of the 

protein, such as A53T, in their study designs (Bourdenx et al., 2015; Davies et al., 2014; 

Rocha et al., 2015; Salganik et al., 2015). There are strengths and weaknesses with any 

animal model of disease, and it has been suggested that any potential treatment for PD 

would benefit from being tested in both toxin-based models (such as the 6-OHDA model 

used in our studies) and α-syn models before being applied to the clinical population 

(Paul & Sullivan, 2019).  

Another caveat of therapeutic NTF treatments involves the timing of 

administration in relation to the extent of the dopaminergic lesion. Most studies 

involving trophic factors, including the studies described herein, administer NTFs close 

in time to the toxic insults used to recapitulate the PD-like pathology (Bartus et al., 

2011; Fu et al., 2010; Jia, Mo, Feng, Zhan, OuYang, et al., 2014; Paul & Sullivan, 2019; 
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Signore et al., 2006; Xue, Zhao, Guo, & Duan, 2007). Administering NTFs concurrently 

with toxins or shortly after toxin administration does not mimic the reality encountered 

by clinicians dealing with human PD patients. Clinically, the damage to DA neurons is 

extensive and well established, often showing a 60-80% loss of striatal DA, by the time 

individuals are diagnosed with PD (reviewed in Cheng et al., 2010). The fact that motor 

symptoms are not present earlier suggests an impressive capacity for the brain to 

display compensatory mechanisms that offset symptom emergence (Cheng et al., 2010; 

Kuter et al., 2016; Navntoft & Dreyer, 2016).  

Notably, individuals who have been symptomatic for several years are most 

often those taking part in clinical trials (Costa-Ribeiro et al., 2017; David et al., 2015; Fu 

et al., 2010; Laganiere et al., 2010; Lang et al., 2006; Martin-Bastida et al., 2017; Patel et 

al., 2005); as such, preclinical models of PD need to consider disease stage in the 

context of any treatments being applied. For example, it might be advantageous to 

consider how a novel therapeutic strategy may interact with DA replacement therapy 

when assessing the applicability of the new techniques. In the present thesis, we 

present a series of studies assessing the impact of the hematopoietic cytokine, 

erythropoietin (EPO), which has well-documented neurotrophic effects (Foley et al., 

2015; Li et al., 2016; Shang, Chong, Wang, & Maiese, 2011; Subiras, Del Barco, & Coro 

Antich, 2012; Thomas Tayra et al., 2013). With respect to EPO, many promising findings 

from the current research will be discussed that lend support to its use, possibly in 
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combination with other therapies, to address the multiple systems involved in PD 

pathology.  

Several studies have suggested that EPO can modulate apoptosis, inflammation 

and oxidative stress to prevent cellular death in models of stroke, spinal cord injury, 

traumatic brain injury and PD (Chen, Chen, Yang, & Zhang, 2016; Dhanushkodi et al., 

2013; Farmer, Rudyk, Prowse, & Hayley, 2015; Foley et al., 2015; Ponce, Navarro, 

Ahmed, & Robertson, 2013; Sekiguchi, Kikuchi, Myers, & Campana, 2003; Subiras et al., 

2012). Further, there is increasing evidence that EPO can modulate non-motor 

symptoms of PD, such as depression-relevant behaviours and problems with memory 

and cognition, making it a particularly attractive therapeutic candidate (Almaguer-

Melian et al., 2016; Girgenti et al., 2009; Jang et al., 2014; Leconte et al., 2011; Ma et al., 

2016; Osborn et al., 2013; Saad et al., 2019). However, to date, no study has fully 

characterized EPO’s pro-survival potential in the 6-OHDA mouse model from a 

behavioural and biological perspective.  

EPO activates pro-survival signalling acutely in the absence of a toxicant 

 While many studies have reported beneficial effects of EPO in the context of a 

variety of neurological insults, the methodologies used to demonstrate its positive 

effects have been variable and inconsistent (Farmer et al., 2015; Signore et al., 2006; 

Thomas Tayra et al., 2013; Xue et al., 2007; Zhou, Hui, Lu, Boado, & Pardridge, 2011). In 

order to first assess EPO’s acute signaling effects, we performed intra-striatal EPO 
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infusions and collected nigrostriatal regions 1, 6, or 12 hours thereafter. Our finding that 

EPO time-dependently upregulated pAkt adds to the already convincing evidence from 

various neurological conditions implicating the PI3K/Akt signalling pathway in EPO’s 

trophic actions (Ding et al., 2017; Lee, Koh, Song, Seol, & Park, 2016; Rong & Xijun, 2015; 

Shang et al., 2011; Shen et al., 2010; Yu, Zhu, & Jiang, 2017; Yu et al., 2018). In the 

context of a neurological challenge, such as ischemia, EPO has consistently been found 

to increase pAkt levels (Ding et al., 2017; Gan et al., 2012; Yuan, Wang, Lu, Maeda, & 

Dowling, 2015; Zhang et al., 2006). In an in vitro model of cerebral ischemia, EPO 

increased levels of pAkt in neuronal cultures as early as 30 minutes post-exposure, 

sustaining elevated levels for 24 hours (Gan et al., 2012). In a rat model of ischemia, 

central infusion of EPO 20 minutes following ischemic insult resulted in increased pAkt 

at 1 hour and 12 hours following reperfusion (Zhang et al., 2006) and a similar model 

reported that levels of pAkt were still elevated 30 days following reperfusion in the EPO-

treated group  (Ding et al., 2017). In each of these studies, the use of the PI3K inhibitor, 

LY294002, blocked Akt induction and confirmed the involvement of the PI3K/Akt 

pathway in EPO’s pro-survival signalling (Ding et al., 2017; Gan et al., 2012; Zhang et al., 

2006).  

In the case of PD, one study employing the rat in vitro and in vivo models 

confirmed that PI3K/Akt signalling was altered by EPO (Jia, Mo, Feng, Zhan, Ouyang, et 

al., 2014). In the current study, we found that EPO acutely upregulated levels of pAkt in 

the striatum of mice, peaking 6 hours after its application and beginning to subside at 
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the 12-hour timepoint. Moreover, our results support previous findings that EPO also 

modulates the Bcl-2 family of proteins by increasing phosphorylation and thus, 

inactivating the pro-apoptotic Bad (Castillo et al., 2018; Chai, Yip, Sun, Hsu, & Leu, 2016; 

Ma et al., 2014; Shen et al., 2010). Indeed, EPO provoked a delayed upregulation of 

pBad (after 12 hours) in the striatum. Phosphorylation of Bad is a direct target of pAkt 

and normally acts to prevent its pro-apoptotic activity via sequestration of pBad in the 

cytosol. Hence, our observed pBad elevation suggests a possible anti-apoptotic 

mechanism of action of EPO. This is also consistent with the results from an in vitro 

model of Alzheimer disease, in which levels of Bcl-XL were found to be increased 6 hours 

following EPO exposure and remained elevated at the 12-hour timepoint (Ma et al., 

2014).   Interestingly, an in vitro model of retinal neuronal loss, EPO treatment increased 

pBad and Bcl-XL and this effect was found to be Akt dependent (Shen et al., 2010), 

suggesting a further linking between these two pathways in the protective effects of 

EPO.  

EPO’s pro-survival effects are region-dependent 

Part of the impetus for the present study was that lesion of the striatum would 

result in a retrograde signal that resulted in a delayed loss of SNc soma. In fact, Sauer 

and Oertel (1994) found that one week following unilateral 6-OHDA administration to 

the striatum (20ug), 96% of nigral soma remained, but cell body counts dropped to 59% 

at two weeks, and 35% at four weeks. This study indicated there was an approximate 
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14-day time period before the nigral soma suffer a substantial loss (Sauer & Oertel, 

1994). Indeed, intra-striatal delivery of 6-OHDA is the preferred model to achieve a 

progressive loss of DA neurons in the nigrostriatal system (Fu et al., 2010; Rodriguez-

Pallares et al., 2007; Signore et al., 2006; Xue et al., 2007; Zhou et al., 2011). We 

reasoned that this delayed and progressive spread of pathology would be somewhat 

analogous to early to moderate stages of PD disease and that this would be a 

reasonable model for early interventions.   

One of the most novel findings of the current research involves the regional 

specificity of EPO’s actions in the nigrostriatal system. To investigate how EPO’s pro-

survival effects are mediated by brain region, we conducted parallel studies that 

involved infusion of EPO either in the SNc or the striatum. In short, we found that intra-

striatal but not intra-nigral EPO treatment had a neuroprotective effect against the  

6-OHDA lesion. Administration of 6-OHDA also produced predictable behavioural 

deficits on the rotarod (coordination deficits) and the apomorphine-induced rotation 

test. However, while intra-SNc EPO had no behavioral consequences, its infusion into 

the striatum induced a significant reversal of behavioral pathology for the apomorphine-

induced rotations. While it is possible EPO’s protective effects require some degree of 

cellular stress to be observed (i.e. such as that caused by co-localizing EPO and 6-OHDA 

in the striatum as was done in the subsequent studies), our data from the acute 

signaling study suggest EPO can activate pro-survival signaling in the absence of a toxin 

(Figure 1).  Another possibility is that survival signaling is initially upregulated, but by the 
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time 6-OHDA toxicity reaches the nigral region, homeostatic balance has been restored. 

If this were true, EPO might be protective if 6-OHDA was also administered to the SNc. 

However, one study investigated this in GDNF, another trophic cytokine being 

investigated for its therapeutic potential in PD, and found that intra-nigral GDNF was 

protective against 6-OHDA when the toxin was administered to either the striatum or 

the SNc (Kearns & Gash, 1995). This provides evidence of a trophic factor which does 

not demonstrate regional specificity in a 6-OHDA rodent model of PD. Indeed, EPO’s 

region-specific protection in the striatum may be a result of its differential influence 

over DA cell terminals and cell bodies based on receptor localization (Merelli, Ramos, 

Lazarowski, & Auzmendi, 2019; Ott et al., 2015), but may also be a result of its influence 

on other types of neurons (e.g. GABAergic, glutamatergic, cholinergic), and/or its 

influence on other cell types that interact with DA neurons in the striatum and SNc (e.g. 

astrocytes, microglia, oligodendrocytes, and endothelial cells). Future research should 

seek to clarify the mechanisms involved in EPO’s region-dependent protection of DA 

neurons in this model of PD (Bond & Rex, 2014).  

 It will be recalled that, microglia, the resident immune cells of the brain, play a 

crucial role in cell survival via the release of pro- and anti-inflammatory cytokines 

(Iannaccone et al., 2013; Kaminska, Mota, & Pizzi, 2016; Lenz & Nelson, 2018; Liu et al., 

2015; Sherer, Betarbet, Kim, & Greenamyre, 2003). It has been suggested that in 

addition to its anti-apoptotic role, EPO may also act via anti-inflammatory mechanisms 

to confer cellular protection. In fact, in a study employing systemically administered EPO 
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to mice that received intra-striatal 6-OHDA, the authors reported a decrease in 

microglia-like cells two weeks following toxin administration in animals that received 

EPO (Xue et al., 2007). We found that even though intra-SNc infusion of EPO did not 

affect neuronal survival, it did significantly modify microglial morphology in the SNc. 

However, this raises the possibility that the observed microglial inflammatory changes 

might be independent of the pro-death processes impacting neuronal survival. Of 

course, it may also be argued that the morphological changes observed for microglial 

cells do not adequately reflect their inflammatory state. Indeed, some recent papers 

have argued that M1-like inflammatory states can be evident in microglia, even with 

only modest changes in morphology, and that the terms M1 and M2 are not helpful in 

our pursuit to understand these complex immune cells (reviewed in Ransohoff, 2016).   

EPO protects nigrostriatal neurons from partial and moderate 6-OHDA lesions  

 Given that EPO was found to attenuate the neurovegetative response at the 

level of the striatum and not the SNc, we further sought to assess two doses of EPO 

which were previously reported to result in differing outcomes when employed in the  

6-OHDA mouse model of PD (Signore et al., 2006). While the lower of these doses was 

previously found to be sub-effective, the higher dose did promote robust pro-survival 

effects (Sakanaka et al., 1998; Shang et al., 2011; Wu, Shang, Sun, & Liu, 2007). In the 

current investigations, however, we found no differences between 10IU and 20IU of 
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EPO: both were equally effective in acting within the striatum to block 

neurodegeneration.  

 It was interesting that intra-striatal EPO provoked the most marked 

neuroprotective effects in the context of the larger 6-OHDA induced lesion (12 ug), 

while it had more modest effects for the smaller (3 ug) lesion.  Since EPO was only able 

to partially attenuate lesion size it could be that a floor effect occurred with the smaller 

lesion, such that drug efficacy was limited. Alternatively, it could be that different size 

lesions are being modulated by differing mechanisms – in fact, over time the higher  

6-OHDA dose (and hence, larger lesion), likely recruits various pathways not evident 

with the more restricted lesion. Yet, several studies have reported numerous beneficial 

effects of EPO when only a partial 6-OHDA lesion was induced (Signore et al., 2006; Xue 

et al., 2007).  It could be that methodological issues gave rise to the discrepancy 

between the present and these previous studies.   

The fact that EPO protected both the nigral soma and striatal terminals when 

administered to the striatum suggests that EPO likely: (a) acted on local dopaminergic 

terminals to halt the degenerative processes or (b) acted on local GABAergic or other 

adjacent cells to convey the release of protective factors and these could have further 

(c) promoted a retrograde protective signal being sent from the terminals. Whatever the 

case, there is reason to believe that it is in the striatum and not the SNc that early pro-

death processes become engaged in PD (Kish, Shannak, & Hornykiewicz, 1988; Ouchi et 

al., 2005). Indeed, in recent years a sizeable number of studies have suggest a “dying 
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back” or retrograde mechanism of nigrostriatal death (Cheng et al., 2010; Chung et al., 

2016; Grosch, Winkler, & Kohl, 2016; Kluger et al., 2019; Sterling et al., 2013).  

As EPO was injected directly into the striatum, it may have exerted a local 

protective effect on the DAergic terminals via alterations in neurotransmitter signalling 

(Garzón et al., 2018). Alternatively, EPO may have acted on microglia or astrocytes, both 

of which possess the EPOR and respond to EPO in conditions of cellular injury (Bond & 

Rex, 2014; Ott et al., 2015). 6-OHDA toxicity is known to stem from, among other things, 

activation of caspase-3, leading to cellular apoptosis (Ganser, Papazoglou, Just, & 

Nikkhah, 2010). Activation of the PI3K/Akt pathway counters this pro-apoptotic release 

of caspase 3, and based on the results of the current studies, there is reason to believe 

EPO may have worked to reduce apoptotic signalling at the level of the DA terminals, via 

phosphorylation of Akt. Further support for EPO’s role in anti-apoptotic activity comes 

from the in vitro work of Signore and colleagues, who found EPO reduced levels of 

caspase 3 in the presence of 6-OHDA, and demonstrated this protection was dependent 

on the PI3K/Akt pathway (Signore et al., 2006). The toxicity induced by 6-OHDA also 

involves the release of pro-inflammatory cytokines by microglia (Blum et al., 2001), and 

there is further evidence that EPO can mitigate the effects of pro-inflammatory 

cytokines, such as TNF-α (Brines & Cerami, 2012). Indeed, we found EPO consistently 

modulated the reactive microglial phenotype across the 6-OHDA studies, regardless of 
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toxin dose. Thus, EPO likely is acting to suppress the inflammatory tone of the striatal 

microenvironment.  

It is also possible EPO acted on the largest cell population in the striatum; 

namely, the GABAergic medium spiny neurons (MSNs). Indeed, these make up ~95% of 

the cell bodies in the striatum. The loss of DA neurons normally leads to imbalances 

between the excitatory and inhibitory inputs of the MSNs, which ultimately leads to 

striatal remodeling and abnormal signaling (Deutch, Colbran, & Winder, 2007; Segal & 

Andersen, 2000; Shen, Flajolet, Greengard, & Surmeier, 2008; Surmeier, Day, Gertler, 

Chan, & Shen, 2010). Recently, one group demonstrated that 6-OHDA-induced toxicity 

leads to an upregulation of glutamatergic receptors in the striatum in a rat model of PD 

(Zheng et al., 2019), implicating possible glutamate toxicity. Treatment with EPO has 

previously been shown to increase the expression of the EPO receptor on GABAergic 

neurons in vitro and this resulted in a rescue from glutamate toxicity (Won et al., 2007). 

Thus, it is possible EPO is acting on GABAergic neurons to restore balance in signalling of 

the MSNs, preventing cellular death. 

Finally, it is possible that EPO’s pro-survival signaling in the striatum is 

transported in a retrograde fashion to confer protection at the level of the SNc. The 

toxicity induced by 6-OHDA causes oxidative stress in cells, and our results showed 

elevated levels of GPx in both the striatum and the SNc in EPO-treated groups. This 

indicates intra-striatal EPO was able to influence subsequent antioxidant activity in a 
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retrograde fashion in the SNc three weeks after administration of the toxicant. There 

are a number of studies demonstrating that endosomes can carry trophic signals in a 

retrograde fashion to the cell body to exert protective effects (Delcroix et al., 2003; 

Hoeller, Volarevic, & Dikic, 2005; York et al., 2000; Zahavi, Maimon, & Perlson, 2017). In 

this regard, trophic factors can be internalized at distal sites together with their 

receptors, following which they are compartmentalized into signalling endosomes that 

engage in protein-based transport to the cell soma (Zahavi et al., 2017). Indeed, 

endocytosis of EPO and its receptor has been demonstrated in vitro (Bulut, Sulahian, 

Yao, & Huang, 2013) and more recently in the insect nervous system (Miljus et al., 

2017), suggesting this may be one possible mechanism by which intra-striatal EPO can 

influence cell survival in the SNc. 

EPO’s influence on motor behaviour is inconsistent 

 Although some studies have suggested EPO can improve motor function in the 

face of toxicant exposure (Signore et al., 2006; Xue et al., 2007), others have failed to 

observe motor improvements following treatment with EPO, despite reporting other 

therapeutic effects (Jang et al., 2014). In the current investigation, EPO’s effects on 

behaviour were similarly inconsistent. Specifically, EPO did indeed blunt the 

apomorphine-induced rotational behaviour caused by both doses of 6-OHDA but had no 

influence on motor coordination deficits measured in the Rotarod task. Similarly, there 

were no significant variations of gait or home-cage activity, as measured by the CatWalk 
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and Micromax, respectively (data in appendices). Apomorphine-induced rotations are a 

particularly robust measure of striatal lesion, and as such, probably a more sensitive 

assessment able to capture EPO-mediated effects.  

While the 6-OHDA model of PD produces motor deficits on a variety of 

behavioural tasks, the severity of impairments observed are dependent on factors such 

as dose of 6-OHDA, injection site, and number of sites of 6-OHDA infusion within the 

region (Heuer, Smith, Lelos, Lane, & Dunnett, 2012; Iancu, Mohapel, Brundin, & Paul, 

2005; Ren et al., 2011). The cardinal motor symptoms observed in human PD patients, 

however, such as tremor and rigidity, are not observed in mice, highlighting one of the 

challenges of designing behavioural tasks to assess motor impairments which can later 

be meaningfully translated to the clinical population of patients with PD.  

 Another important point to consider is the fact that PD is a disease of multiple 

neurotransmitter systems, each of which can affect a variety of behaviors (Buchanan et 

al., 2015; Grosch et al., 2016; Jankovic, 2018; Rommelfanger & Weinshenker, 2007; 

Zheng et al., 2019).  This fact is often overlooked in animal models of the disease, yet 

degeneration of the locus coeruleus in the brainstem occurs readily in PD and results in 

a massive loss of norepinephrine (NE) innervation throughout the brain (Rommelfanger 

& Weinshenker, 2007). Indeed, NE plays an important role in the motor deficits 

observed in PD, and this often goes unrecognized (Heneka et al., 2010; Rommelfanger et 

al., 2007; S. Song et al., 2019). The profuse effects of NE throughout the nervous system, 

including its roles in pain, movement, mood and stress render its loss in PD important 
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(Delaville, Deurwaerdère, & Benazzouz, 2011). In fact, one study recently reported the 

loss of NE neurons from the locus coeruleus resulted in neuroinflammation and 

oxidative stress, both important pathological features of PD (Song et al., 2019). Another 

study presented evidence suggesting microglial responses are modulated by NE, an 

important factor in the inflammatory response of cells and highly implicated in PD 

pathology (Heneka et al., 2010).   

Evidence for EPO’s anti-apoptotic, anti-inflammatory and antioxidant actions 

 We hypothesized that EPO acts to protect neurons via a combination of anti-

apoptotic, anti-inflammatory and antioxidant mechanisms. In the studies conducted, 

evidence for each of these protective pathways was observed, but not all within the 

same experimental conditions. Specifically, EPO demonstrated its ability to influence 

anti-apoptotic processes through modulation of two proteins involved in anti-apoptotic 

pathways (pAkt and pBad). Despite conferring cellular protection at both 3ug and 12ug 

doses of 6-OHDA, EPO’s modulation of pro-survival proteins appears to be dependent 

both on region and dose of 6-OHDA used (for a summary, see Table 3). 

 EPO’s anti-inflammatory actions with regards to microglial morphology was 

observed across all studies, demonstrating a consistent and robust effect of EPO on 

microglia in the models employed. When EPO was administered to the SNc, it reduced 

the activation of microglia locally, but did not mediate activation in the striatum (where 

the 6-OHDA lesion was induced). In studies where EPO was infused into the striatum, 
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however, EPO attenuated microglial activation in both brain regions at both doses of  

6-OHDA three weeks post-lesion. These findings imply that protection at the level of the 

striatal terminals can extend in a retrograde fashion to protect the cell bodies in the 

SNc, but not from the SNc to the striatal terminals, suggesting the potential mechanism 

of endocytosis and retrograde signalling of EPO and its receptor, or an alternative 

mechanism involving astrocytes, microglia or oligodendrocytes (Merelli et al., 2019; Ott 

et al., 2015).  

The antioxidant effects of EPO, like the anti-apoptotic and anti-inflammatory 

effects, were observed in multiple experiments in this thesis. Perhaps the most salient 

finding in these studies was the consistent upregulation of GPx in response to EPO. GPx 

is a powerful antioxidant, and its increase was observed both in the presence and 

absence of the 6-OHDA exposure.  GPx is specifically responsible for catalyzing the 

reaction that turns a common contributor to oxidative stress, hydrogen peroxide (H2O2), 

into water (H2O). As such, its presence in the nigrostriatal system in response to EPO is a 

strong indication of the antioxidant activity of this cytokine. Since EPO upregulated GPx 

independently of 6-OHDA suggests its antioxidant activity occurs whether cells are 

experiencing stress or not. In the acute signalling study without 6-OHDA, levels of GPx 

were increased in both the striatum and SNc 12 hours after EPO administration. Further, 

following 6-OHDA administration (12 ug), levels of striatal GPx were found to be 

increased (3 weeks post-lesion), suggesting a prolonged antioxidant effect of EPO in this 

model. Curiously, changes in GPx were not observed when the low dose (3 ug) of  
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6-OHDA was used, suggesting the possibility that in the context of the less severe lesion 

EPO’s primary protective mechanism may involve alternate pathways. Indeed, increased 

levels of Bcl-XL were observed with the less severe lesion– a finding which was not 

observed at the higher dose of 6-OHDA – supporting an anti-apoptotic role of EPO under 

these cellular conditions. 

Table 3: Summary of changes induced by EPO-signalling observed in striatum and SNc  

Dose of 6-OHDA Dose of EPO Striatum SNc 

N/A 20IU ↑pAkt, ↑pBad, ↑GPx ↑GPx 

3ug 20IU ↑Bcl-XL N/A 

12ug 10IU and 20IU ↑GPx ↑pAkt 

 

EPO’s hematopoietic effects in the periphery  

 In the current studies, EPO was administered centrally to assess brain region 

specificity and to avoid the induction of hematopoietic effects in the periphery, which 

can lead to increased risk of thrombosis due to increased production of red blood cells. 

In actual clinical practice, EPO would ideally be administered systemically to be as 

minimally invasive as possible. While peripheral hematopoietic effects of EPO have 

traditionally been a concern of its use in the treatment of disease, many groups have 

now developed modified EPO molecules with tissue-protective effects that are not 
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hematopoietic (Thomas Tayra et al., 2013; Wang et al., 2007; Xue et al., 2010; Zhou et 

al., 2011). In fact, one group hypothesized that erythropoiesis and tissue protection are 

distinct functions of EPO that reside in different parts of the molecule (Yuan et al., 

2015). Based on this hypothesis, the group isolated fragments of EPO to test their 

properties, and identified a small peptide (region JM-4) on the EPO molecule possessing 

anti-inflammatory properties without hematopoietic properties (Yuan et al., 2015). This 

finding underscores the possibility that the anti-inflammatory, anti-apoptotic and 

antioxidant capabilities of EPO may reside in different parts of the molecule, a question 

that certainly merits further investigation in the future. 

Future Directions 

It is important to consider that trophic factors, such as EPO, do not inherently have 

positive or negative qualities – instead, they modulate pathways which influence the 

cellular microenvironment in response to the characteristics of that environment. While 

this can lead to cell survival, it can also lead to cell death, a factor which complicates the 

study of PD. The present studies highlighted the relevant anti-apoptotic mechanisms of 

EPO; however, future studies should also consider additional protective signalling 

pathways, such as Wnt1 signalling in response to EPO. For example, Bcl-XL has been 

shown to be upregulated by EPO through Wnt1 and has been shown to be involved in 

EPO’s mechanistic pathway by several studies (including at least one study using a Wnt1 

inhibitor to confirm the involvement of Wnt1 (Maiese, Chong, Shang, & Wang, 2012; 
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Shang et al., 2011). Based on the results obtained from the current investigations, 

looking more closely at the Wnt1 pathway would be a logical next step to narrow down 

the pro-survival actions of EPO in PD. 

In addition to the complexity of signalling pathways, researchers should consider the 

possibility of functional lateralization between hemispheres when employing a 

unilateral lesion model. Recent evidence suggests functional lateralization in the 

hippocampus for novel object exploration (Jordan, Shanley, & Pytte, 2019). The authors 

used immediate early gene imaging and c-Fos to detect interhemispheric differences in 

neuronal activation in the dentate gyrus, a region in the hippocampus important for 

encoding new experiences. The authors looked at males and females in either control 

conditions (in the home cage), wheel running, or novel object exploration. They found 

no differences between males and females but found more c-Fos-expressing cells in the 

left hemisphere in the novel object group. The left hemisphere appeared to be 

preferentially recruited for the novel object task when compared to controls, whereas 

wheel running recruited the left and right dentate gyrus equally (Jordan et al., 2019). 

This provides evidence that motor tasks may demonstrate hemispheric preference, a 

finding which would have important consequences for PD. 

The Heterogeneity of the Striatum 

 In addition to the possibility of hemispheric preference, there is a strong need to 

learn more about the minority cell populations in the striatum and how they may be 
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influencing PD pathology. For example, the striatal cell populations are very different 

from those in the SNc, and have more complex functions and interactions than had 

previously been thought (Bateup et al., 2010; Plenz & Wickens, 2017; Surmeier et al., 

2010). There are both D1 and D2 receptors in the striatum – while the D1 receptors 

generally have the role of increasing dendritic excitability and glutamate signalling of the 

nigrostriatal MSNs, the D2 receptors typically serve to decrease excitability and 

glutamate signalling of the striatopallidal MSNs (Plenz & Wickens, 2017). The functional 

antagonism between these two DA receptor types extends to the regulation of synaptic 

plasticity, and long-term changes in DA signalling can certainly alter the connectivity and 

function of the MSNs in the striatum (Bateup et al., 2010; Surmeier et al., 2010). 

 Recent evidence suggests MSNs with both D1 and D2 receptors represent a 

distinct striatal neuronal population (Gagnon et al., 2017). For example, these neurons 

respond differently to 6-OHDA than MSNs containing only D1 or D2 receptors (Gagnon 

et al., 2017). They are also morphologically distinct, with a smaller soma and fewer 

dendritic arborizations, along with fewer spines. They are uniformly distributed 

throughout the dorsal striatum (comprising 1.9% of all MSNs) and more heterogenous in 

the ventral tier of this brain region (making up 14.6% of MSNs in the shell and 7.3% in 

the core; Gagnon et al., 2017). Interestingly, the degree of dendritic arborization in 

D1/D2 MSNs is unaltered by 6-OHDA (in contrast, arborization is significantly reduced in 

both D1 and D2 MSNs), supporting the notion that the D1/D2 MSNs are a distinct 

cellular sub-population (Gagnon et al., 2017). Another report showed the differences in 
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action of the distinct MSN sub-populations by disrupting dopamine- and cAMP-

regulated phosphoprotein Mr 32kDa (DARPP-32), an important striatal signalling protein 

(Bateup et al., 2010). In striatonigral neurons, this led to decreased locomotion, while in 

striatopallidal neurons, it led to increased locomotion. This paper further links the 

ventral striatum to limbic function, which suggests that if lesions are too large and 

challenge neurons ventrally in the striatum (e.g. in the nucleus accumbens), emotional 

responses – like mood and motivation – can be affected (Bateup et al., 2010). Further, 

research continues to reveal additional striatal complexities, such as the striosome-

matrix differences in signalling and receptor localization (Brimblecombe & Cragg, 2017; 

Ren et al., 2017) This type of evidence suggests a more complex environment than once 

thought and raises many complications when interpreting behavioural outcomes related 

to striatal lesions. 

 Further neuronal diversity of the striatum is evident when one considers the 

complexity of the interneuron populations. In addition to GABAergic interneurons, there 

are also those that release acetylcholine (Ach) or co-release both ACh and GABA 

(Lozovaya et al., 2018; Lozovaya, Ben-Ari, & Hammond, 2018). Interestingly, Lozovaya et 

al. (2018) used the 6-OHDA model of PD in mice and demonstrated GABAergic 

dysfunction in the striatum in models of PD. Indeed, the loss of DA caused a shift in 

interneuron functioning, with an increase in the activity of dual cholinergic-GABAergic 

interneurons, while at the same time, attenuating the overall inhibitory GABAergic tone 

(Lozovaya et al., 2018; Lozovaya et al., 2018). Further, this effect was related to Cl- ion 
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availability, as addition of a Cl- antagonist restored GABAergic inhibition and attenuated 

the apparent motor deficits in this model. Using this information in conjunction with 

recent emerging technologies, future research should seek to possibly selectively 

manipulate these distinct minority cell populations, with an eye towards more specific 

symptom reduction in PD. 

Conclusion 

The results from the current studies strongly support EPO’s candidacy as an 

adjuvant treatment in PD. Several groups of researchers have acknowledged the 

potential beneficial effects of EPO when used in combination with a secondary factor, 

such as in studies of spinal cord injury (Li et al., 2017; Yamanaka, Eldeiry, Aftab, Mares, 

et al., 2018; Yamanaka, Eldeiry, Aftab, Ryan, et al., 2018; Yamanaka et al., 2019; Zhao et 

al., 2016). In a series of studies using a mouse model of spinal cord ischemia-

reperfusion, Yamanaka et al. demonstrated that diazoxide, a potassium channel 

activator, enhanced the anti-apoptotic neuroprotective effects of EPO. In addition, 

EPO’s potential to be successful as an adjuvant therapy has been recognized by 

researchers investigating cerebral ischemia (Chai et al., 2016; Lv et al., 2017; Shin & Cho, 

2016; Wang et al., 2016; Yuen et al., 2017), perinatal hypoxia-related injuries (Luan et 

al., 2016; Wu & Gonzalez, 2015; Zhang et al., 2016), and even traumatic brain injury 

(Duan et al., 2015).  
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Future research should focus on the most salient protective properties of EPO 

and seek to combine these properties with other prospective treatments to evaluate 

their combined efficacy in preclinical models of PD. For instance, the current 

pharmacotherapy for PD involves DA replacement via administration of levodopa  

(L-DOPA). While it effectively replaces DA initially, its effects wane over time, requiring 

increasing doses to be administered to achieve relief of motor symptoms. It can be 

challenging to titrate the dose of L-DOPA properly to ensure effective DA replacement 

without causing excessive DA production, as too much DA itself leads to increased 

production of reactive oxygen species through its regular metabolism (Meiser, Weindl, 

& Hiller, 2013). This creates conditions of oxidative stress, which could potentially be 

mitigated by a non-hematopoietic form of EPO administered concurrently with L-DOPA 

through increased GPx. 

The current set of experiments contributes several new pieces of information to 

the growing body of literature studying EPO’s neurotrophic effects, including its pro-

survival signalling, its regional specificity, and its potential to work through different 

protective pathways depending on the cellular microenvironment. Much work remains 

to be done to fully characterize EPO’s protective effects in PD, including evaluating how 

it may differentially influence specific sub-populations of cells in the striatum, and how 

its anti-inflammatory, anti-apoptotic and antioxidant properties may be best harnessed 

in the treatment of PD or other neurological disorders. 
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APPENDIX A: CATWALK DATA 
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Mean Base of Support
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Right Front Limb
Mean Stride Length
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Description of Variables 

Max Contact Area: The maximum area of a paw that comes into contact with the glass plate 

Stride Length: The distance between successive placements of the same paw 

Regularity Index: The number of normal step sequence patterns relative to the total number of 

paw placements (expressed a %) 

BOS Front and Hind: The average width between either the front paws of the hind paws 
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APPENDIX B: HOME CAGE ACTIVITY 
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