
 
 

 

mGluR5 modulation as a 
treatment for Parkinson’s 

disease 
 

Kyle Farmer 

 

 

A thesis submitted to the Faculty of Graduate & Postdoctoral Affairs 

in partial fulfillment of requirements of the degree of 

 

 

Doctor of Philosophy 

in 

Neuroscience 

 

 

Carleton University 

Ottawa, ON 

 

 

Copyright © 2018 – Kyle Farmer 

 



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



iii 
 

Space 
Abstract 

 

Parkinson’s disease is an age related neurodegenerative disease. 

Current treatments do not reverse the degenerative course; rather they 

merely manage symptom severity. As such there is an urgent need to 

develop novel neuroprotective therapeutics. There is an additional need 

to stimulate and promote inherent neuro-recovery processes. Such 

processes could maximize the utilization of the existing dopamine 

neurons, and/or recruit alternate neuronal pathways to promote 

recovery. This thesis investigates the therapeutic potential of the 

mGluR5 negative allosteric modulator CTEP in a 6-hydroxydopamine 

mouse model of Parkinson’s disease.  

 

We found that CTEP caused a modest reduction in the 

parkinsonian phenotype after only 1 week of treatment. When 

administered for 12 weeks, CTEP was able to completely reverse any 

parkinsonian behaviours and resulted in full dopaminergic striatal 

terminal re-innervation. Furthermore, restoration of the striatal 

terminals resulted in normalization of hyperactive neurons in both the 

striatum and the motor cortex. The beneficial effects within the striatum 
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were associated with an increase in activation of mTOR and p70s6K 

activity. Accordingly, the beneficial effects of CTEP can be blocked if 

co-administered with the mTOR complex 1 inhibitor, rapamycin. In 

contrast, CTEP had differential effects in the motor cortex, promoting 

ERK1/2 and CaMKIIα instead of mTOR. Together these data suggest 

that modulating mGluR5 with CTEP may have clinical significance 

in treating Parkinson’s disease. In addition to the CTEP work, 

extensive appendices are included in this thesis outlining the 

optimization of animal models and tools used in the present thesis, 

as well as other potential therapeutic avenues.  
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Space 
Introduction 
Space 
Parkinson’s disease 

 

Parkinson’s disease (PD) is an age related neurodegenerative 

disease characterized by degeneration of the dopaminergic nigrostriatal 

pathway and the accumulation of insoluble protein aggregates known as 

Lewy bodies (Klockgether, 2004; Factor and Weiner, 2008). The 

nigrostriatal pathway consists primarily of dopamine (DA) neurons 

within a region of the midbrain known as the substantia nigra that 

project forward to the basal ganglia, particularly to the globus pallidus 

and areas of the dorsal striatum including the caudate nucleus and the 

putamen. These regions are extremely important for the initiation and 

control of motor movement. Due to the loss of the dopaminergic 

innervation of these areas PD patients will present with four cardinal 

symptoms; tremor at rest, rigidity of the distal limbs, bradykinesia 

(slowing of voluntary movement), and finally gait disturbance and 

postural instability. In addition to the four cardinal symptoms there are 

various nonspecific symptoms of PD which include, but are not limited 
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to, fatigue, reduced energy, limb stiffness, lack of sensation in the 

extremities (Factor and Weiner, 2008), depression, as well as olfactory 

dysfunction (Okun et al., 2009).  

 

Unfortunately, there exist no circulating biomarker that can 

identify the disease, with the physical symptoms being the only 

qualifiers capable of effectively diagnosing PD (Miller and 

O’Callaghan, 2015). Furthermore, patients will only begin to present 

with hallmark symptomatology once there has been significant loss of 

the nigrostriatal system, with estimates being that a loss of 

approximately 50% of DA neurons of the substantia nigra (SNc) and 

approximately 80% of striatal dopamine is required prior to behavioural 

symptom manifestation (Bernheimer et al., 1973; Toulouse and 

Sullivan, 2008). As such, what occurs in the initiating and early stages 

of the disease is not well known. It is now widely accepted that PD is a 

disease of complex origin that requires multiple insults targeted within 

the SNc, that individually are not sufficient to induce PD pathology, 

however when summed produces the hallmark degeneration of 

dopaminergic neurons and production of insoluble protein inclusions; 

this hypothesis is commonly known as the multi-hit hypothesis (Carvey 
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et al., 2003; Hawkes et al., 2007; Sulzer, 2007). The multi-hit hypothesis 

frames complex neuropathology such as PD as a disorder resulting from 

an interactive effect of repeated exposure to various environmental, 

immune, and genetic stressors. 

 

Identifying environmental contributions can be difficult to 

confirm as we are often reliant on epidemiological correlations. 

Furthermore, incomplete information such as frequency of exposures, 

doses, or native protective resilience factors can often limit the ability 

to differentiate causative factors from associative factors. Historically 

there have been many industries associated with an increased risk of 

developing PD. It is now accepted that it isn’t the industry in which you 

work that increases rates of PD, rather specific toxins that you may be 

exposed to while at work. Indeed, among agricultural workers (an 

employment commonly associated with increased prevalence of PD), 

only those in which crops that require heavy pesticide use do we see an 

increase risk of developing PD (Moisan et al., 2011). Pesticides are not 

the only compounds that have been linked to PD. Increased exposure to 

specific metals, e.g. iron, copper, and manganese, have also been shown 

to increase ones risk of developing the neurodegenerative disease (Sofic 
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et al., 1988; Gorell et al., 1997). In both cases it seems that these 

toxicants increase overall oxidative stress within the neuron, eventually 

leading to cell death.  

 

The immune system activation and reactivity is thought to play 

an important role as a mechanism that might link environmental insults 

to the development of PD. Persistent inflammation due to continually 

activated microglia results in chronically elevated levels of cytokines 

(eg. TNFα, IL-1β, IL-6, INFγ, etc.) (Hunot et al., 1996; Hirsch et al., 

1998; Nagatsu et al., 2000). These elevated cytokines increase reactive 

oxygen species (ROS) to toxic levels, eventually initiating pro-apoptotic 

processes. Indeed, chronically activated immune system and elevated 

serum cytokines levels is often seen in PD patients (Hunot et al., 1996; 

Hirsch et al., 1998; Nagatsu et al., 2000). Additionally, there is historical 

epidemiological evidence indicating exposure to certain early life illness 

may be correlated with increased incidence of PD. Most famously, in 

the 1950s the neurologists Pesoskanzer and Schwab reported an overall 

increase incidence of PD in their patient population and noted that 51% 

of their patients were previously infected during the 1918 Spanish Flu 

epidemic (Schwab et al., 1956; Poskanzer and Schwab, 1961). Similar 
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associations have been made with various virus’, including intra-uterine 

influenza (Mattock et al., 1988), and more recently the H5N1 Influenza 

A, more commonly known as “The Bird Flu” (Jang et al., 2009; Vlajinac 

et al., 2013). Despite these associations, with increased time and 

epidemiological data there appears to be no specific virus that causes 

PD (Estupinan et al., 2013). Rather it is believed that such early life viral 

exposures may act as the first “hit” in the multi-hit hypothesis. That such 

a strong immune challenge primes the central nervous system (CNS) 

and is the first step towards a chronically activated immune system. 

Indeed, there is a large body of evidence that demonstrates that continual 

immune challenge, e.g. exposure to bacterial endotoxin 

lipopolysaccharide (LPS), results in chronically elevated cytokines 

which can ultimately result in nigral cell loss and parkinsonian 

phenotypes (Mangano and Hayley, 2009; Mangano et al., 2011; Bobyn 

et al., 2012; Rudyk et al., 2017).  

 

The vast majority (~90%) of PD cases are of an idiopathic origin. 

Less than 10% of patients present with a pathogenic mutation. While 

relatively rare these mutations provide unique insights into potential 

disease-causing pathways. Interestingly most of the implicated genes 
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can be grouped into one of three potential categories: (1) Autophagy 

related, (2) Mitochondrial related, or (3) unknown function. For 

example, parkin (PARK2) acts primarily as an E3 ubiquitin ligase 

labeling proteins for lysosomal degradation (Thomas and Beal, 2007). 

Similarly, UCH-L1 (PARK5) maintains ubiquitin binding in cytosolic 

proteins ensuring their eventual collection for degradation (Osaka et al., 

2003). Comparatively, PINK1 (PARK6) acts as a mitochondrial kinase 

and DJ-1 (PARK7) as a redox sensitive chaperone (Thomas and Beal, 

2007). Despite much research, many PD associated genes have no 

known function (eg. PARK3, PARK4, PARK10, PARK11, and 

PARK12) (Thomas and Beal, 2007). Indeed, it has been shown that most 

of these genes play multiple roles within the cell. For example LRRK2, 

the most prevalent affected gene in PD, has been described to play 

important roles in autophagy (Manzoni and Lewis, 2017), oxidative 

stress (Heo et al., 2010), and immunological contributions in PD 

(Hakimi et al., 2011; Litteljohn et al., 2017).  

   

Unlike other neurodegenerative diseases, such as Alzheimer’s 

disease that sees more global degeneration of neurons, PD results in 

primarily dopaminergic neuronal loss of the SNc. Interestingly, the 
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ventral tegmental area (VTA), a dopamine neuron rich region directly 

adjacent to the SNc is minimally affected in PD. Thus, dopamine 

neurons of the SNc are quite unique. This unique vulnerability might 

stem from an overall higher basal rate of mitochondrial oxidative 

phosphorylation and a smaller respiratory reserve capacity of SNc 

neurons (Consiglia Pacelli, Nicolas Giguère, Marie-Josée Bourque, 

Martin Lévesque, Ruth S. Slack, 2015). Additionally, SNc DA neurons 

have increased dendritic arborisation complexity and a higher level of 

axonal mitochondria compared to DA neurons from other brain regions 

(Consiglia Pacelli, Nicolas Giguère, Marie-Josée Bourque, Martin 

Lévesque, Ruth S. Slack, 2015). Together, these neuronal differences 

result in SNc DA neurons that are functioning at near maximum 

metabolic capacity basally. Because of this, SNc DA neurons are unable 

to easily modify their metabolic needs when challenged with an insult, 

causing them to be more greatly affected by neurotoxic environments. 

Furthermore, there is increasing evidence that the dopaminergic neurons 

of the substantia nigra have a role as potential pacemaker cells, never 

really having periods of inactivity (Guzman et al., 2009). Together this 

results in a neuronal subpopulation that is continually metabolically 

taxed, with minimal opportunity for rest and recovery.  
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In addition to DA neurodegeneration, PD is associated with the 

presence of pathological protein aggregates known as Lewy Bodies 

(Klockgether, 2004; Kim et al., 2014). Lewy bodies have been found to 

be aggregates of more than 70 different proteins (Wakabayashi et al., 

2007), with α-synuclein being the most prevalent (Spillantini et al., 

1997). Mutations in the α-synuclein gene (SNCA) has been linked to 

familial cases of PD (Polymeropoulos et al., 1997; Krüger et al., 1998). 

While all patients with PD have Lewy bodies (Hughes et al., 1992), not 

all patients with Lewy bodies have PD (Braak et al., 2003). Indeed, α-

synuclein aggregates have also been linked to various other disease 

including, dementia with Lewy bodies, multiple system atrophy, and 

Alzheimer’s disease. The exact function of α-synuclein is unknown, 

however it is believed that the protein plays a role in maintaining cellular 

structural integrity and regulating the release synaptic vesicles (Kim et 

al., 2014). More recent work has started to investigate a potential 

interaction between α-synuclein and mitochondrial protein transporters 

and its effect on overall mitochondrial function (Di Maio et al., 2016). 

In all cases, synucleinopathy progresses in stages starting in the 

brainstem, then moving to the midbrain, and then finally to areas in the 
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cerebral cortex (Hughes et al., 1992). Additionally, it has been shown 

that α-synuclein aggregates have prion-like protein properties and are 

able to propagate, transfect, and accumulate, as is typically observed in 

prion disease (Kim et al., 2014). Such α-synuclein properties might stem 

from errors in post-translational modification of the protein, including 

increased serine and tyrosine phosphorylation (Kim et al., 2014). 

Indeed, the most common SNCA mutation observed in PD patients is a 

A53T point mutation which results in increase S129 phosphorylation 

and subsequent aggregation (Kim et al., 2014).  Of particular note, most 

toxin based models of PD (including 6-OHDA) do not produce this 

essential component of the disease, or do so with low replicability (Tieu, 

2011; Blesa et al., 2012; Tazangi et al., 2014; Jagmag et al., 2016). 

 

Modeling PD in a rodent: 6-OHDA   

 

 There are several ways to model PD in animals but 

unfortunately, there exists no model that encompasses all the hallmarks 

of PD. As such, it is important to match the research question being 

asked with an appropriate model. Current animal models of PD can be 

grossly divided into two main categories; (1) Toxin models, and (2) 
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genetic models. Toxin models typically use some sort of chemical which 

causes extreme oxidative stress resulting in cell death. Most toxin 

models do not result in Lewy Body formation or any form of α-

synuclein pathology (Jackson-Lewis et al., 2012). Some exceptions 

include rotenone when used in rats (Sherer et al., 2003), and 

occasionally paraquat or maneb when used in mice (Manning-Bog et al., 

2002). Importantly, these toxins consistently result in striatal DA loss 

and nigral neuronal death often in a dose  dependent manner (Jackson-

Lewis et al., 2012). Because of this, toxin models are typically used 

when investigating potential recovery strategies/mechanisms. Genetic 

models use various tools including knock outs, knock ins, and mutations 

to modify specific gene functions. Genetic models are often used to 

identify potential etiological mechanisms for both familial and 

idiopathic forms of PD. However, genetic models do present with some 

limitations. In particular, not all genetic models result in hallmark nigral 

degeneration and often require using a mixed toxin-genetic model to 

generate typical PD pathology.  Also, in many cases animals with 

genetic modifications require extensive aging before any PD pathology 

appears. While this may be more clinically relevant, for early pre-
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clinical tests toxin models are often preferred over genetic models as 

toxin models are often faster to generate and more cost effective.  

 

The 6-hydroxydopamine (6-OHDA) PD toxin model is perhaps 

the most widely used system that is able to effectively model several 

aspects of PD (Deumens et al., 2002; Schober, 2004; Blandini et al., 

2008; Le et al., 2013). 6-OHDA is a structural analog of both dopamine 

and norepinephrine and is actively taken in by DA transporter (DAT) 

resulting in highly selective catecholaminergic neuronal cell death 

(Ungerstedt, 1968; Breese and Traylor, 1971). Once in the neuron, the 

toxin auto-oxidizes into various ROS including peroxides and quinones 

(Schober, 2004). These ROS species then go on to induce mitochondrial 

dysfunction, specifically in the mitochondrial electron transport chain 

complex I (Schober, 2004). This mitochondrial disruption results in the 

production of even more ROS and eventual cell death (Schober, 2004).  

While it is believed that 6-OHDA induces cell death predominantly 

through its auto-oxidation in the cytosol (Sachs and Jonsson, 1975; 

Kumar et al., 1995; Soto-Otero et al., 2002), there is some evidence that 

6-OHDA interacts directly with mitochondria altering levels of NADPH 

oxidase (Rodriguez-Pallares et al., 2007) and  driving changes in 
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mitochondrial morphology (Galindo et al., 2012) both in the absence of 

any major increase of cytosolic ROS.  

 

The neurotoxin 6-OHDA is not able to cross the blood brain 

barrier so it must be administered centrally; the three main targets are 

the medial forebrain bundle (MFB), the SNc, or the striatum 

(Ungerstedt, 1968; Blandini et al., 2008). Injections into the MFB and 

SNc induce a large degree of dopamine neuronal death causing near 

complete degeneration of the region in approximately 72 hours (Faull 

and Laverty, 1969; Lee et al., 1996; Deumens et al., 2002). 

Alternatively, injections into the striatum induce a prolonged slow level 

of degeneration which takes more than 30 days to produce its maximum 

dose dependent lesion size (Sauer and Oertel, 1994; Blandini et al., 

2008). Intra-striatal lesions have become increasingly more popular due 

to this progressive lesion, a key feature of PD (Sauer and Oertel, 1994). 

Additionally, there is a growing body of evidence indicating that PD 

may actually begin in the nerve terminals in the striatum and slowly 

moves backwards inducing progressive cell death in the SNc (Chu et al., 

2012; Tagliaferro and Burke, 2016).  Due to its toxic effects high dose 

bilateral administration of 6-OHDA is rarely used as it often results in 
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debilitating effects including excessive seizures, aphagia (inability to 

swallow), and adipsia (inability to feel thirst). Together these toxin 

induced effects often result in animal death shortly after the surgery 

(Ungerstedt, 1971; Bourn et al., 1972). As such, 6-OHDA is typically 

administered unilaterally. Indeed unilateral administration of 6-OHDA 

targeting the nigrostriatal pathway can induce both motor and cognitive 

deficits (Le et al., 2013). Due to the unilaterality of the model, 

compensatory control by the unaffected hemisphere can cause the 

animal to appear to show no deficits in certain motor tasks. However, 

with the administration of DA receptor agonists (e.g. apomorphine) or 

DA release stimulators (e.g. amphetamines) motor deficits can be 

observed (Blandini et al., 2008).  

 

Current PD treatment strategies 

 

Current therapies of PD do not reverse the degenerative course 

of the disease; rather they merely manage symptom severity. The 

primary method of treatment has not changed in more than 40 years and 

involves the use of levodopa (L-DOPA), a dopamine precursor molecule 

that is capable of crossing the blood brain barrier (Yahr et al., 1969). L-
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DOPA is actively transported into the brain where it is converted into 

dopamine by L-amino acid decarboxylase (Yahr et al., 1969). The 

premise behind the therapy is to compensate for the loss of dopamine as 

a result of the degeneration of nigral neurons by administering its 

precursor molecule – which once in the brain can be readily converted 

into DA itself. Additionally, patients are often also given carbidopa – a 

drug that inhibits decarboxylase activity preventing L-DOPA from 

being degraded before being able to cross the blood brain barrier 

(Horstink et al., 2006). Similarly patients are often prescribed 

monoamine oxidase inhibitors to decrease the  degradation of  DA in the 

brain (Horstink et al., 2006). Although initially very effective, the ability 

of L-DOPA to manage symptom severity decreases dramatically with 

prolonged use and disease progression, often increasing the severity of 

muscle dystonia and dyskinesias (Parkinson Study Group, 2000; Fahn 

et al., 2004).  As patients become less responsive to L-DOPA treatments 

many become candidates for deep brain stimulation (DBS). The 

procedure is extremely invasive and requires the implantation of a 

microelectrode into the subthalamic nucleus or the globus pallidus 

(Breit et al., 2004); other major regions involved in the cortico-basal 

ganglia-thalamocortical motor circuit. As is the case with L-DOPA, 
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with time DBS treatment become ineffective since the treatment does 

not stop the progression of the disease. 

 

Despite continual effort, there has been very few therapeutics 

that have been successfully translated from the laboratory to the clinic. 

Importantly, in many pre-clinical studies the efficacy of a potential 

therapeutic is assessed in a manner that mostly tests the compounds 

ability to prevent PD pathology – frequently researchers report that they 

start therapeutic administration prior to toxin administration. 

Unfortunately, this is not the case in the human condition – clinicians 

simply aren’t able to start therapeutics prior to disease progression. This 

is a major limitation in current literature. The argument can be made that 

in pre-clinical models, administering a potential therapeutic after PD-

like pathology has occurred may result in more neuroprotective 

therapeutics being successfully translated to the clinic.   
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The role of glutamate in PD 

 

In current PD research there is a predominant focus on the 

dopaminergic system due to the very clear effect of the disease on these 

neurons. Because of this, the role of the glutamatergic neurotransmitter 

system is often overlooked. Glutamate is the primary excitatory 

neurotransmitter in the brain with receptors found on approximately 

40% of all synapses (Fonnum, 1984; Greenamyre, 1986; Greenamyre 

and Porter, 1994). Indeed there are glutamate neurons present in the SNc 

(Yamaguchi et al., 2013), the striatum, and the motor cortices (Chuhma 

et al., 2014). Furthermore it has been found that there is increased 

glutamatergic activity in all of these regions in patients diagnosed with 

PD (Blandini et al., 1996). Importantly, there is a growing body of 

literature that shows that the glutamatergic neuronal system plays an 

important role in the hypothesized etiology of PD (Greenamyre, 1986; 

Blandini et al., 1996). Similar to dopamine, glutamate is also an 

extremely oxidative molecule. Under normal physiological conditions 

glutamate can be enzymatically degraded in a manner that minimizes 

oxidative stress. However, during conditions of high metabolic demand 

glutamate is often improperly metabolized, resulting in the generation 
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of excessive ROS (Greenamyre, 1986; Blandini et al., 1996). Indeed, 

this has been reported in SNc neurons basally and even more so during 

PD progression. In addition to the oxidative stress as a result of the auto-

oxidation of glutamate, there is additional stress induced by increased 

glutamatergic activation of calcium and sodium ion channels. The 

inability to buffer large changes in calcium fluxes increases overall cell 

stress and is believed to exacerbate the neurodegenerative 

microenvironment and to promote the progression PD pathology 

(Greenamyre, 1986; Blandini et al., 1996). As such, targeting the 

glutamatergic system may be an important avenue in treating the 

neurodegenerative disease (Johnson et al., 2009). Indeed, targeting 

glutamatergic NMDA (Klockgether et al., 1996; Steece-Collier et al., 

2000; Kelsey et al., 2004) and AMPA (Löschmann et al., 1991; Wachtel 

et al., 1992) receptors systems have demonstrated beneficial effects in 

PD. In many cases, pharmacological modulation of the glutamatergic 

system reduced hyper excitability and calcium induced toxicity. 

Furthermore, there is evidence indicating that modulation of 

glutamatergic systems might even stimulate neuroplasticity related 

pathways (Jayakar and Dikshit, 2004; Johnson et al., 2009; Monaghan 

et al., 2012). Interestingly, one of the largest advances in recent PD 
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therapeutics is from the NMDA antagonist Amantadine, which in a 

recent phase 3 clinical trial was shown to effectively treat L-DOPA 

induced dyskinesias (Elmer et al., 2018).  

 

While targeting the ionotropic NMDA and AMPA receptors 

have proven beneficial in alleviating immediate hyperactivity and 

glutamatergic induced toxicities, they appear to have limited potential 

for long term recovery. Current research has started focusing on the 

other major class of glutamate receptors; namely the metabotropic G-

protein coupled mGluRs. To date 8 different mGluRs have been 

identified and are subcategorized into Group I (mGluR1, 5), Group II 

(mGlur2, 3), and Group III (mGluR4, 6, 7, 8) based on their homology 

and ligand selectivity. Nearly all mGluRs have at one point or another 

been implicated in PD. mGluR1 receptors can be found extensively 

throughout the basal ganglia, however have limited expression in striatal 

regions (Testa et al., 1994, 1995; Kerner et al., 1997). Despite its low 

striatal expression, large changes to mGluR1 expression have been 

shown in models of PD (Yamasaki et al., 2016). Furthermore selective 

antagonism of mGluR1 has shown to prevent dopamine depletion 

following 6-OHDA lesion (Vernon et al., 2007). Despite this 
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neuroprotective effect, modulation of mGluR1 has shown limited ability 

in treating PD motor symptoms (Rylander et al., 2009).  The group II 

mGluRs have also shown promising pre-clinical benefits in PD, 

resulting in reduced glutamatergic toxicity (Corti et al., 2007) and may 

also attenuate neurodegeneration by reducing microglial activity and 

neuro-inflammation (Chan et al., 2010). Similarly, due to their 

widespread expression throughout the basal ganglia there is a high 

probability that group III mGluRs are involved in some capacity in PD, 

however their exact role is currently unknown (Ribeiro et al., 2017). 

Despite having an unknown etiological role, modulation of the Group 

III mGluR4 receptor has proven beneficial in reducing behavioural 

deficits in various animal models of PD (Charvin, 2018). 

 

mGluR5 as a therapeutic target 

 

Of particular interest for the present thesis is the mGluR5 

receptor system as a potential therapeutic target for PD. mGluR5s are 

expressed through the CNS and can be found predominantly on the 

postsynaptic terminal in both neurons and astrocytes. Importantly, 

mGluR5 is highly expressed in the striatum (unlike its Group I 
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counterpart, mGluR1), making it an attractive therapeutic target. 

Stimulation of the mGluR5 receptor results in activation of two main 

cascades. One pathway is via Gq/11 signaling resulting in the release of 

endoplasmic reticulum calcium stores which results in increased 

CaMKII and ERK1/2 activity. Alternatively, mGluR5 can interact with 

Homer scaffolds which then (A) modulate NMDA receptor activity, (B) 

increase ERK1/2 activity, or (C) drive PI3K/AKT/mTOR signaling 

(Figure 1). Indeed it has been shown that mGluR5 plays a critical role 

in regulating glutamatergic systems hyper excitability and that mGluR5 

can modulate this hyper excitability in both midbrain and forebrain 

circuits by altering NMDA receptor currents and regulating intracellular 

calcium stores (O’Brien, 2004; Rodriguez, 2005; Chen et al., 2007).   

 

mGluR5 receptors have been implicated in various 

neurodegenerative diseases including Huntington’s diseases (Abd-

elrahman et al., 2017), Alzheimer’s disease (Hamilton et al., 2016), and 

Parkinson’s disease (Ambrosi et al., 2010). mGluR5 dysfunction has 

been specifically implicated in PD synucleinopathy (Price et al., 2010), 

dyskinesia (Bezard et al., 2014), striatal-cortical hyper excitability 

(Johnson et al., 2009), and general motor disturbances (Guimaraes et al., 
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2015). Targeting mGluR5 in PD is quite attractive due to the fact that it 

acts as a regulator of both endoplasmic reticulum (ER) calcium 

homeostasis and NMDA activity. Additionally, the mGluR5 primary 

signaling partners, ERK1/2 and mTOR, have well documented trophic 

actions and are known to modulate neuronal plasticity (Binder and 

Scharfman, 2004; Roskoski, 2012; Maiese, 2015). 

 

ERK1/2 (extracellular signal-regulated kinase) proteins play 

important roles in regulating cell growth and survival. While technically 

two individual proteins, all known activators of ERK1/2 cause parallel 

stimulation of both ERK1 and ERK2 (Lefloch et al., 2009). ERK1/2 

work together towards stimulating cellular proliferation, however act in 

different capacities. ERK1 predominantly drives protein transcription, 

cell cycle progression, and cell survival, while ERK2 stimulates 

migration, differentiation, and cytoskeletal remodeling (Roskoski, 

2012). It has been shown that rapid activation of ERK proteins is 

protective in the 6-OHDA toxin model of PD (Lin et al., 2008) and 

might  play a role in mGluR mediated synaptic plasticity (Thomas and 

Huganir, 2004; Moult et al., 2008). As well, activation of intracellular 
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mGluR5 in particular results in ERK1/2 mediated increases of Arc – 

another important mediator of synaptic plasticity (Kumar et al., 2012).  

 

The mammalian target of rapamycin (mTOR) is a kinase protein 

that forms two different complexes; complex 1 (mTORC1) and complex 

2 (mTORC2). Complex 2 acts predominantly as an activator of Rho/Rac 

GTPases (Li et al., 2004) and PKCα (Ikenoue et al., 2008) - two 

important mediators of cytoskeletal re-organization. mTORC2 is also 

known to stimulate the activation of mTORC1, by phosphorylation of 

AKT (Huang and Manning, 2009). mTORC1 has two main roles - acting 

as a regulator of autophagy via ULK1, or as a regulator of protein 

translation and cell cycle processes through 4E-BP1 and p70s6K (Fingar 

and Blenis, 2004). Through these  primary substrates, mTORC1 plays 

and important role regulating mitochondrial metabolism (Morita et al., 

2013), autophagy (Jung et al., 2010), microtubule organization (Jiang 

and Yeung, 2006), cap-dependent protein translation (Roux and 

Topisirovic, 2012), ribosome biogenesis (Mayer and Grummt, 2006), 

lipid synthesis, and lipid metabolism (Laplante and Sabatini, 2009), 

among other known processes.  
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Cytosolic initiators of mTOR activity include elevated glucose 

levels, hypoxic conditions, genetic and energetic stressors, as well as 

general neuro-inflammation (Hay and Sonenberg, 2004). Additionally, 

stimulation of many transmembrane receptors can result in eventual 

downstream modulation of mTOR activity (Hay and Sonenberg, 2004). 

Focusing specifically on mGluR5, the main systems of interest include 

ERK1/2 (Osterweil et al., 2010) and PI3K (Hou and Klann, 2004) which 

can both lead to activation of mTORC1 (Ghosh et al., 2006). ERK1/2 

has also be shown to indirectly activate mTORC1 via phosphorylation 

of raptor (Carriere et al., 2011). Alternatively, mGluR5 can stimulate 

the canonical PI3K/AKT signalling cascade which activates 4E-BP1 

and p70s6K (Wang et al., 2012).  

 

There is evidence that dysregulation of mTOR plays important 

causal roles in both idiopathic and familial PD (Lan et al., 2016). The 

pathogenic role of mTOR in PD appears to be predominantly through 

its role as a regulator of autophagy. mTORC1 inhibits ULK1 through 

phosphorylation preventing the stimulation of Beclin, thereby impairing 

normal autophagic processes (Fingar and Blenis, 2004). However, in PD 

we find that mTORC1 levels are often significantly decreased resulting 
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in dysregulated increases in autophagy. Importantly, decreases in 

mTOR also diminish 4E-BP1 and p70s6K activity, thereby preventing 

mTORC1 dependent protein translation and cellular repair processes 

(Fingar and Blenis, 2004). These two proteins have been shown to 

regulate the production of various trophic factors, such as brain derived 

neurotrophic factor (BDNF), epidermal growth factor (EGF), fibroblast 

growth factor (FGF), and erythropoietin (EPO) (Maiese, 2016). In some 

cases, such as with BDNF, these trophic factors can then stimulate 

further mTOR activity in a positive feedback loop (Hay and Sonenberg, 

2004). Finally, there is indeed evidence that viral induced expression of 

upstream activators and downstream effectors of mTOR improve 

behavioural phenotype and neuropathological outcomes in response to 

6-OHDA induced nigral cell death (Kim et al., 2009b, 2011, 2012; 

Cheng et al., 2011). 

 

Modulating mGluR5 

 

Selective pharmacological modulation of a G protein coupled 

receptor is extremely challenging, due mostly to the homogeneity of the 

orthostatic binding site found in the various subtypes in receptor 
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families. In recent years, advances in protein tomography have allowed 

for the identification of subtype specific allosteric binding sites that are 

distinct from the traditional orthostatic binding location. Using designer 

molecules, it is now possible to selectively target these specific receptor 

sites. These pharmacological compounds can be classified as (A) 

positive (PAM), (B) negative (NAM), or (C) silent allosteric modulators 

(SAM). Positive allosteric modulators typically enhance receptor 

function, negative allosteric modulators reduce receptor function, while 

silent allosteric modulators do not modulate orthostatic ligand 

properties. Importantly, allosteric modulators do not work in traditional 

agonist/antagonist fashions, rather they simply modulate receptor 

sensitivity. For example, using a NAM does not completely block 

receptor activity like a typical antagonist, rather it simply reduces 

overall receptor sensitivity to stimulatory ligands. Importantly, this can 

result in differential activation of downstream targets. Further, the 

activity of some downstream targets may actually increase whereas 

others may be reduced (please see Figure 2 for pictorial description).  

 

This thesis will assess the potential beneficial effects of treating 

PD using CTEP (2-chloro-4-((2,5-dimethyl-1-(4-
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(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine) a potent 

negative allosteric modulator with very high selectivity to mGluR5 

(Lindemann et al., 2011). CTEP binds to the heptahelical domain of the 

mGluR5 receptor. It binds to mGluR5 with >1000 fold selectivity 

compared to over 100 other targets, including all known mGluRs 

(Lindemann et al., 2011). While it does not directly interact with the 

orthostatic ligand site, CTEP has been shown to act as an inverse agonist 

in a non-competitive manner under basal conditions in cell culture 

(Lindemann et al., 2011). CTEP is orally bioavailable and can 

efficiently cross the blood brain barrier (Lindemann et al., 2011; 

Michalon et al., 2012). Furthermore, CTEP persists in the brain for 

greater than 48hrs, maintaining a receptor occupancy of approximately 

75% in striatal and cortical regions (Lindemann et al., 2011). Other 

mGluR5 NAMs do exist, with the main competing compounds being 

fenobam, MPEP, and MTEP. All three of these compounds have 

previously been shown to be beneficial at treating L-DOPA induced 

dyskinesias (Johnston et al., 2010; Rylander et al., 2010; Morin et al., 

2016). Furthermore MPEP and MTEP demonstrated modest 

improvements in behavioural deficits using a 6-OHDA rat model of PD 

(Spooren et al., 2000; Dekundy et al., 2006). However compared to 
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fenobam, MPEP, and MTEP, CTEP binds more readily to mGluR5, has 

a higher brain penetrance, and persists in the brain more than ten times 

longer (see Table 1 for a comparison of the pharmacokinetic properties 

of various mGluR5 NAMs)  (Lindemann et al., 2011). To date CTEP 

has been shown to provoke marked improvements in various conditions, 

including Fragile X (Lindemann et al., 2011), Alzheimer’s disease 

(Hamilton et al., 2016), and most recently Huntington’s disease (Abd-

elrahman et al., 2017). In each of these cases, CTEP induced marked 

behavioural improvement, coupled with reduced pathological 

aggregates and diminished neuronal loss. Ultimately, the properties of 

CTEP compared to other mGluR5 NAMs makes it an attractive 

candidate for future clinical translation in PD. 
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Figure 1 Traditional signalling cascade of the Group 

I mGluR receptors 
Activation of the receptor traditionally causes downstream effects 
including (A) release of ER calcium stores through Gq/11 signaling, (B) 
activation of ERK1/2 through both Gq/11 and Homer scaffolding, (C) 
modulation of NMDA function, and (D) activation of PI3K/AKT 
signalling cascades, including the downstream effector mTOR. Figure 
modified from (Ribeiro et al., 2017), used with permission from the 
publisher.    



29 
 
 

 
 

Figure 2 Selective Increase following administration 

of NAMs 
(A) Hypothetical signaling cascade of receptor A which targets each 
effector equally. (B) Following the application of a NAM which results 
in an overall decrease in receptor function of 50%, individual target 
responses may not be equally affected. Indeed in this example, target X 
has an overall increase in activity compared to panel A, while targets Y 
and Z are greatly reduced. 
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Table 1 Comparison of mGluR5 NAM pharmacokinetics 
 

 Fenobam MPEP MTEP Basimglurant CTEP 

 

 

Structure 

 

 

 

 

 

 

 

 

 

 

 

Species tested Mouse Mouse Mouse Rat Mouse 

Oral Bioavailability (%) 7 6 87 42 100 

Peak Plasma Concentration 

(p.o., ng/mL) 
796 912 7435 240 716 

Half-life (h) 0.7 N/Aa 0.5 7.5 55 

Clearance (ml/min/kg) 33 206 82 6.0 2.1 

Microsomal Clearance 

(µl/min/ng protein at 1µM) 
442.0 ± 5.7 424.0 ± 86.9 401.5 ± 33.2 10.9 4.5 ± 21 

a Intravenous half life is 1.9  
* on all metrics, with the exception of peak plasma concentration, CTEP performs better than other comparable mGluR5 NAMs.  
Data sourced from (Lindemann et al., 2011, 2015) 
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Experimental prospectus 
  

The currently available PD therapies merely manage symptom 

severity and are not able stop or even slow the neurodegenerative course 

of the disease. With this in mind, there is a need to focus on stabilization 

of the surviving neurons, and most importantly, to promote neuro-

recovery processes that capitalize upon the inherent neuroplasticity of 

the basal ganglia. Such processes could maximize the utilization of the 

existing DA neurons, and/or recruit alternate neuronal pathways to 

promote compensation. This thesis explores potential avenues in the 

treatment of PD that attempts to address these core features that are 

lacking in current treatment strategies. The main body of this thesis 

explores the use of the metabotropic glutamatergic receptor mGluR5 

negative allosteric modulator, CTEP, as such a potential therapeutic. 

Importantly, in all cases CTEP is administered after some degree of 

neurodegeneration has already occurred, thereby making our model 

more clinically relevant. The various appendices will cover additional 

areas of PD research including (A) animal model validation and 
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limitations, (B) alternative experimental therapeutic avenues, (C) and 

potential diagnostic methods.    
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Space 
Model Determination 
 

  

Although 6-OHDA is often used in a rats, there still are plenty 

of studies demonstrating the efficacy of 6-OHDA in mice, with some 

using intra-striatal injections going back to the 1980s (eg. (Brundin et 

al., 1986)). However, in many of these early papers there was large 

variability in the dosing and injection coordinates where the toxin was 

administered, and even strain of mice used (Bensadoun et al., 1998; 

Cunningham and Su, 2002; Nishimura et al., 2003; Iwata et al., 2004; 

Lundblad et al., 2004). As such, we wished to confirm the model by 

completing a full 6-OHDA dose titration in our CD-1 mice using the 

anatomical correlates of the unilateral single injection rat coordinates 

developed by Blandini (2007).  

 

Methods 

 

Animals 

Male CD-1 mice sourced from Charles River (Kingston, Ontario, 

Canada), aged 6-8 weeks upon delivery were used for all described 
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experiments. Animals were individually housed in techniplast blue line 

individually ventilated polypropylene cages (approx. dimensions: 

400x200x200mm) with no enrichment other than nestlets. Animals were 

maintained on a standard 12h light/dark cycle. Tap water and chow 

(Teklad, #2014) was provided ad libitum, while room temperature and 

humidity were maintained at 20ᵒC and 50%, respectively. All aspects of 

this experiment 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.  

 

Surgery 

The mice were anaesthetized using variable flow isoflurane inhalational 

anesthetic (1.5-5% in pure O2). Animals were then placed in a Kopf 

instruments Model 940 stereotaxic frame (Kopf Instruments, Tujunga, 

CA, USA). An L-shaped PlasticsOne 328OP cut 3mm below the 

pedestal was inserted into the right striatum at the coordinates 1.00mm 

anterior, 1.75mm lateral, and 3.00 ventral relative to bregma and skull 

surface. A single 2μl infusion of vehicle solution (in 0.9% saline 

solution containing 0.02% ascorbic acid) or 6-hydroxydopamine 

hydrochloride (4, 8, 12, 16, or 20μg, Sigma-Aldrich, H4381) was 

administered at a rate of 0.4μl/min using a Harvard apparatus picoplus 
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pump equipped with a 10μl Hamilton syringe. The cannula was 

retracted after a 5 minute incubation period. Bonewax (Stoelting, Wood 

Dale, IL, USA) was placed over the drill hole and the incision closed 

using non-absorbable nylon sutures. Animals were given tramadol 

(20mg/kg at 2.5mg/ml, Chiron Compounding Pharmacy, Guelph, ON, 

Canada) twice a day for 3 days, beginning on the day of surgery. Mice 

were given a 30 day period before any pharmacological manipulation to 

ensure a maximal 6-OHDA induced lesion.  

 

Behavioural testing 

Prior to each behavioural test, mice were habituated to the testing room 

for at least a 20 minute period. 

 

Apomorphine Induced rotations 

Animals were administered apomorphine hydrochloride hemihydrate 

(sub cutaneous injection, 0.5mg/kg at 0.1mg/ml in 0.9% saline, Sigma-

Aldrich, A4393) 30 days following the surgical procedure. Briefly, 

immediately following the injection of apomorphine animals were 

placed into large open container (27x48x20cm) and recorded from 

above. After a 5 minute drug incubation period, net contralateral 

rotations were counted over the next 20 minute period.  
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Accelerating Rota Rod 

Animals were trained on the rota rod (Omnitech Electronics) over a 2 

day period. On day one animals were placed on the rota rod apparatus 

which was maintained at a continual speed of 11RPM. If the animal fell 

from the apparatus they were immediately returned over a 5 minute 

period. This process was repeated three times total with an inter-trial 

interval of 60 minutes. Day 2 was a repeat of Day 1, however the rota 

rod was maintained at speed of 22RPM. On the third day animals were 

tested using an accelerating protocol with a rotation speed increasing 

from 4 RPM to 88 RPM over a 600 second period. Maximum speed 

achieved before falling off the apparatus was recorded. Animals were 

tested over 3 trials. The lowest of the 3 trials was discarded and the 

average of the remaining 2 trials were used as the animals score. The 

test day coincided with the last day of the experiment. To reduce test-

retest confounds, animals were only tested on the rota rod on the last 

day of experimentation.  

 

Euthanization 

Animals were deeply anesthetized with an overdose of sodium 

pentobarbital. Mice were then transcardially perfused using chilled 
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0.9% saline followed by 4% paraformaldehyde (PFA) solution in 0.1M 

phosphate buffer. Extracted brains were post fixed for 24hrs in 4% PFA, 

followed by sequential washes of 10% sucrose in 0.1M phosphate buffer 

over another 24hr period. Tissue was then incubated in a 30% sucrose 

solution in 0.1M phosphate buffer for 72hrs. Following this last sucrose 

wash tissue was flash frozen and stored at -80ᵒC.  

 

Histology 

Tissue was sectioned at 40μm on a rotary cryostat. Free floating tissue 

sections were immuno-labelled overnight in primary antibodies (mouse 

anti-Tyrosine Hydroxylase (TH) 1:2000 [Immunostar 22941]). Tissue 

sections were incubated in biotinylated secondary and tertiary 

streptavidin HRP solutions for 2hrs each. Using ImageJ software at the 

site of injection and the two adjoining sites, integrated densities were 

measured as a ratio to its ipsilateral hemisphere signals after background 

subtraction. TH+ cells amounts of the SNc were assessed in a qualitative 

manner by a blinded experimenter (0 = no noticeable cell loss, 1 = minor 

cell loss, 2 = approx. 50% cell loss, 3 = extensive cell loss).    
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Findings 

 

Thirty days following the injections of 6-OHDA animals were 

challenged with apomorphine. A one-way ANOVA found a significant 

dose effect (F(5,23) = 3.85, p < .05, and post hoc analysis found that 

20μg of 6-OHDA resulted in significantly more net contralateral 

rotations compared to vehicle controls (p < .05) (Figure 3). Similarly, 

compared to controls the 20μg of 6-OHDA also resulted in a significant 

reduction in the animals ability to remain on the accelerating rota rod 

(F(5,20) = 2.74, p < .05, post hoc p < .05) (Figure 4), in reduced striatal 

TH+ fibre integrated density (F(5,22) = 5.29, p < .01, post hoc p < .0001)  

(Figure 5), and in reduced nigral TH+ cells (F(5,24) = 9.98, p < .0001, 

post hoc < .0001) (Figure 6).   
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Figure 3 Apomorphine rotations (6-OHDA Titration) 
 
Animals were given injections of apomorphine 30 days after 6-OHDA 
toxin administration. The net contra-lateral rotations over a 20 minute 
period were recorded. A one-way ANOVA found a significant treatment 
effect (F(5,23) = 3.85, p < .05). Post hoc analysis found a significant 
difference between the 20μg and the 0, 4, 8, and 12μg groups (p < .05).  
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Figure 4 Rota Rod (6-OHDA Titration) 
 
Animals were tested on the accelerating rota rod 30 days after 6-OHDA 
toxin administration. A one way ANOVA found a significant treatment 
effect (F(5,20) = 2.74, p < .05). Post hoc analysis found a significant 
difference between the 20μg and the 0, 4, 8, and 12μg groups (p < .05). 
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Figure 5 Striatal TH Integrated Density (6-OHDA 

Titration) 
 
The integrated density of striatal sections immunolabelled with TH 30 
days after intra-striatal administration of 6-OHDA. A one way ANOVA 
found a significant treatment effect (F(5,22) = 5.29, p < .01). Post hoc 
analysis found that the 0μg group was significantly different from the 8, 
12, 16, and 20μg groups (p < .05). Additionally, it was found that the 
4μg group was also significantly different from the 20μg group (p < 
.01).  
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Figure 6 SNc cell loss (6-OHDA Titration) 
 
A TH stain was performed on serial sections of the SNc 30 days after 
intra-striatal administration of 6-OHDA. A blind qualitative analysis 
comparing ipsilateral and contralateral sides was completed on the 
stained sections (0 = no noticeable cell loss, 1 = minor cell loss, 2 = 
approx. 50% cell loss, 3 = extensive cell loss). A one way ANOVA 
found a significant treatment effect (F(5,24) = 9.98, p < .0001). A post 
hoc analysis found that the 0 and 4μg were significantly different from 
the 8, 12, 16, and 20μg groups (p < .05). Additionally, it was found that 
the 8μg was significantly different to the 20μg group (p < .05).  
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The primary aim of this study was to complete a partial re-

capitulation of the rat model described by Blandini (2007) in a mouse. 

In adult Sprague Dawley rats Blandini found that 20μg of 6-OHDA 

resulted in a lesion encompassing approximately 60% of the striatum, 

and greater than 50% cell loss in the substantia nigra. Blandini also 

found a robust rotational phenotype when the rats were challenged with 

apomorphine (Blandini et al., 2007). Surprisingly, the CD-1 mice 

required the same dosing of 6-OHDA to produce similar 

neuropathological and behavioural outcomes that are seen in the 

Sprague Dawley rats. Indeed, this dosing is fairly high compared to 

other mice strains. For example, we found that C57Bl6/J mice require 

approximately 12μg 6-OHDA to have similar degeneration (Ashley 

Thompson et. al, unpublished). Perhaps this is due to the outbred nature 

of the CD-1 strain compared to C57 mice. Other researchers have found 

that administering multiple smaller volume injections into different 

striatal regions can produce similar lesions with lower doses of 6-OHDA 

(Bagga et al., 2015). However, with more injection sites there is an 

increased risk of having a “surgical miss”. Because of this it is 

preferential to use a larger concentration in a single injection.  
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In general mice recover well from this procedure. We found that 

in the first 48hrs mice will lose 5-8% of their pre-surgical body weight. 

This weight loss can be prevented in most mice by providing access to 

a circulating water pad for at least the first 24hrs post-surgery. In some 

cases, supplementation with high caloric kitten replacement milk has 

proven beneficial in stimulating weight gain during the post-operative 

recovery. In addition to weight loss, mice treated with 6-OHDA present 

with spontaneous rotational behaviours when moving (animal is able to 

rest when they desire). Rotations are most pronounced in the first 72hrs, 

reducing in severity as time progresses. In the vast majority of cases, 

mice fully recover within the first 7 days following administration of 6-

OHDA. Comparatively sham treated animals recover extremely well 

and display no overt behavioural symptoms. 
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Conclusion 

 

Unilateral administration of 20μg of 6-OHDA (HCl, Sigma 

H4381) into the striatum of CD-1 mice 6-8 week old mice produces a 

dopaminergic lesion similar to what would be expected in clinical PD. 

Similarly, this dose results in measurable behavioural deficits, providing 

opportunity to use a quantifiable measure of phenotypic improvement. 

Moving forward for the purpose of this thesis, these parameters will be 

used in all subsequent studies. 
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Space 
Description of Experiments 
 

 This thesis aims to explore the potential role of CTEP as a neuro-

recovery agent in a 6-OHDA toxin model of Parkinson’s disease. In all 

described experiments animals received 20µg of 6-OHDA into the right 

anterior striatum. In all experiments, we waited a full 30 days before 

administering any pharmacological manipulation to ensure a maximal 

striatal lesion. Furthermore, prior to any drug administration all animals 

are challenged with apomorphine to confirm a parkinsonian phenotype. 

If there is indeed a significant unilateral lesion the animals will rotate in 

a contralateral direction – an indication of dopaminergic de-innervation 

and dopamine receptor hyperactivity. In all described experiments 

CTEP was administered at a dose of 2mg/kg given every 48hrs. 

 

 In one experiment, we wished to determine any short term 

effects of CTEP treatment. As such, CTEP was given over a period of 1 

week. The first administration was given via intraperitoneal injection. 

Four hours following this bolus administration of CTEP the animals 

were challenged with apomorphine. This was done to determine if 
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CTEP had any immediate effects on the parkinsonian phenotype. 

Following this behavioural test, mice were returned to their home cages 

and continued receiving CTEP via a chocolate pudding suspension. 

Indeed, this was the only time CTEP was administered by injection. All 

other administrations of CTEP (in this study and all others) was given 

via a pudding suspension. On the last day of the experiment – day 7 of 

CTEP treatment – the mice were tested on an accelerating rota rod, 

followed by another apomorphine induced rotation challenge. After this 

last behavioural test, the mice were euthanized. These behaviours were 

timed to measure the behavioural phenotype after a full 7 days of CTEP 

treatment. In this experiment, striatal TH+ fibre density was assessed 

through histology to determine any effects of CTEP on overall lesion 

size. Additionally, downstream signaling partners of mGluR5 were 

measured using Western blot in both the striatum and motor cortex. Both 

these regions have high expressions of the mGluR5 receptor and form 

two distinct regions of the basal ganglia motor circuit. As such, it is of 

interest to investigate if CTEP modulates mGluR5 differently in distinct 

brain regions. Additionally, changes in potential trophic factors were 

measured in striatal lysates – the site of 6-OHDA induced degeneration. 
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In a second experiment we wished to determine any long term 

effects of CTEP treatment. As such, following a 6-OHDA induced 

lesion CTEP was given over a 12 week period via a chocolate pudding 

suspension. Near the end of the experiment, animals were tested in a 

modified reversal Morris water maze to measure cognitive flexibility. 

On the last day of the experiment mice were tested on an accelerating 

rota rod, followed by another apomorphine induced rotation challenge, 

and then subsequently euthanized. Similar to the previous experiment, 

striatal TH+ fibre density was measured through histology to determine 

the impact of CTEP on striatal lesion. Additionally, a stereological count 

of TH+ cells was completed to determine if CTEP may have any 

neurogenic properties. In this experiment, additional histology was 

completed assessing FosB+ cells. In this experiment, FosB was used as 

an indicator of overall post synaptic activity. Again, the downstream 

signaling partners of mGluR5 and potential trophic factors were 

measured using Western blot in both the striatum and motor cortex. 

 

In a third experiment we wished to determine if any effects of 

CTEP persist after the drug is no longer being administered. To address 

this, a partial recapitulation of the 1 week CTEP study was completed. 
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However in this experiment, following the 1 week of drug 

administration the animals were given an additional 1 week drug 

washout before being euthanized. In this small study, the only behaviour 

assessed was the apomorphine induced rotations. Animals were 

challenged with apomorphine 30 days following the infusion of 6-

OHDA (to confirm parkinsonian phenotype), after 1 week of CTEP 

administration (to confirm CTEP induced improvements), and once 

again after 1 week of drug washout (to determine if the observed 

changes persist). For this small study, only striatal TH+ fibre densities 

were measured.  

 

In the previous experiments, we identified the mTOR signaling 

cascade (more specifically mTORC1) as being a potentially important 

mediator of CTEP induced changes in the 6-OHDA toxin model. To 

confirm the role of mTORC1, a fourth experiment was carried out. A 

partial recapitulation of the 1 week study was completed, however in 

addition to CTEP treatment some animals also received injections of 

rapamycin – a potent inhibitor of mTORC1. In this study animals 

received an i.p. injection of rapamycin every 48hrs in the evenings 

(~16hrs) before CTEP administration. This was timed so that rapamycin 
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had sufficient time to be absorbed, cross the blood brain barrier, and to 

inhibit mTORC1 before CTEP could begin to activate it. In this study 

animals were only tested behaviourally with apomorphine. TH+ fibre 

densities were measured to determine the extent of striatal lesion. 

Finally, downstream effectors of mTOR were measured to confirm that 

indeed rapamycin did inhibit the protein.   

 

Together these experiments aimed to determine: (A) whether 

CTEP had any immediate behavioural effects, (B) whether CTEP had 

any effects after a short 1 week administration period, (C) whether 

CTEP had any effects after a long 12 week administration period, (D) 

whether the effects of CTEP are permanent or are susceptible to 

regression, (E) to identify a potential mechanism identifying how CTEP 

may be working, and (F) to determine if CTEP acts equally/similarly in 

different brain regions.  

 

  



51 
 
 

Space 
Experimental Methods 
 

Animals 

Male CD-1 mice sourced from Charles River (Kingston, Ontario, 

Canada), aged 6-8 weeks upon delivery were used for all described 

experiments. Animals were individually housed in techniplast blue line 

individually ventilated polypropylene cages (approx. dimensions: 

400x200x200mm) with no enrichment other than nestlets. Animals were 

maintained on a standard 12h light/dark cycle. Tap water and chow 

(Teklad, #2014) was provided ad libitum, while room temperature and 

humidity were maintained at 20ᵒC and 50%, respectively. All aspects of 

this experiment 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.  

 

Surgery 

The mice were anaesthetized using variable flow isoflurane inhalational 

anesthetic (1.5-5% in pure O2). Animals were then placed in a Kopf 

instruments Model 940 stereotaxic frame (Kopf Instruments, Tujunga, 

CA, USA). An L-shaped PlasticsOne 328OP cut 3mm below the 
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pedestal was inserted into the right striatum at the coordinates 1.00mm 

anterior, 1.75mm lateral, and 3.00 ventral relative to bregma and skull 

surface. A single 2μl infusion of vehicle solution (in 0.9% saline 

solution containing 0.02% ascorbic acid) or 6-hydroxydopamine 

hydrochloride (20μg, Sigma-Aldrich, H4381) was administered at a rate 

of 0.4μl/min using a Harvard apparatus picoplus pump equipped with a 

10μl Hamilton syringe. The cannula was retracted after a 5 minute 

incubation period. Bonewax (Stoelting, Wood Dale, IL, USA) was 

placed over the drill hole and the incision closed using non-absorbable 

nylon sutures. Animals were given tramadol (20mg/kg at 2.5mg/ml, 

Chiron Compounding Pharmacy, Guelph, ON, Canada) twice a day for 

3 days, beginning on the day of surgery. Mice were given a 30 day 

period before any pharmacological manipulation to ensure a maximal 6-

OHDA induced lesion.  

 

Pudding training 

We found that pudding was the best vehicle to deliver CTEP in a rapid 

and highly reliable manner. Starting 3 weeks after the surgery, mice 

were introduced to our pudding administration regimen. During the 7 

day training period mice were given daily access to 0.1ml chocolate 

pudding (Loblaws No Name Chocolate Pudding Cups, 
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20297693001_EA) on a plastic petri dish (Falcon, 35x10mm) starting 

immediately when the lights turn on in the morning. Day 1 mice were 

allowed free access for 10 minutes. Days 2-7 the dish was removed 

immediately after the mouse consumed the pudding. By the end of the 

training regimen most mice consume all their pudding within 1 minute.  

 

CTEP 

Thirty days following the surgery, mice were given either vehicle or 

CTEP (Axon Medchem, Axon 1972) every 48hrs at 2mg/kg, starting 

immediately when the lights turn on in the morning. For the acute (1 

week) study mice were given a single bolus injection (0.4mg/ml, 0.9% 

saline with 1.6% DMSO) of CTEP or vehicle, followed by 3 

administrations as a pudding suspension (1mg/ml). For the chronic (12 

week) study mice were given all doses as a pudding suspension 

(1mg/ml). 

 

Rapamycin 

In a subset of experiments, some mice were given either vehicle (5% 

Polyethylene glycol 400 [Sigma-Aldrich, 91893] and 5% Tween-80 

[Sigma-Aldrich, P1754] in distilled water) or Rapamycin (6mg/kg at 

1mg/ml, LC Laboratories R-5000, Massachusetts, USA). Rapamycin 
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was administered via intraperitoneal injections every 48hrs, in the 

evening preceding CTEP administration.  

 

Drug Washout 

In a subset of experiments, some mice were given CTEP or vehicle as 

previously described for 1 week, followed by a 1 week drug washout 

period. This study assessed whether the effects of CTEP might persist 

beyond the administration timeframe.  

 

Behavioural testing 

Prior to each behavioural test, mice were habituated to the testing room 

for at least a 20 minute period. 

 

Apomorphine Induced rotations 

Animals were administered apomorphine hydrochloride hemihydrate 

(sub cutaneous injection, 0.5mg/kg at 0.1mg/ml in 0.9% saline, Sigma-

Aldrich, A4393) 30 days following the surgical procedure to confirm 

parkinsonian phenotype. Any mice that received 6-OHDA and did not 

demonstrate net contralateral rotations were removed from the study. 

Briefly, immediately following the injection of apomorphine animals 

were placed into large open container (27x48x20cm) and recorded from 

above. After a 5 minute drug incubation period, net contralateral 
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rotations were counted over a 20 minute period. For the 1 week CTEP 

study mice were challenged with apomorphine on 3 occasions – 30 days 

after surgery, 4 hours following the bolus IP injection of CTEP, and after 

1 week of CTEP administration. For the 12 week CTEP study, mice 

were challenged with apomorphine on 2 occasions – 30 days after 

surgery, and again after the 12 weeks of CTEP administration. For the 

washout study, mice were challenged on 2 occasions - 30 days after 

surgery, and again after the drug washout period. For the rapamycin 

study, mice were challenged on 2 occasions - 30 days after surgery, and 

again after 1 week of CTEP/rapamycin treatments.  

 

Accelerating Rota Rod 

Animals were trained on the rota rod (Omnitech Electronics) over a 2 

day period. On day one animals were placed on the rota rod apparatus 

which was maintained at a continual speed of 11RPM. If the animal fell 

from the apparatus they were immediately returned over a 5 minute 

period. This process was repeated three times total with an inter-trial 

interval of 60 minutes. Day two was a repeat of Day 1, however the rota 

rod was maintained at 22RPM. On the third day animals were tested 

using an accelerating protocol with a rotation speed increasing from 4 

RPM to 88 RPM over a 600 second period. Maximum speed achieved 
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before falling off the apparatus was recorded. Animals were tested over 

3 trials. The lowest of the 3 trials was discarded and the average of the 

remaining 2 trials were used as the animals scored. The test day 

coincided with the last day of the experiment. To reduce test-retest 

confounds, animals were only tested on the rota rod on the last day of 

experimentation.  

 

Modified Reversal Morris water maze 

This protocol has been adapted from previously used methods by Nunez 

(2008) and Salmaso (2012). Only mice in the 12 week CTEP 

administration study were tested in the water maze. Briefly, our water 

maze was located in a dimly lit room. On each wall were unique 

identifiers for orientation. Mice received 2 days of training, the first of 

which occurred 2 weeks prior to experiment end, and the second of 

which occurred 4 days prior to experiment end. Mice were introduced 

into the pool from the same entry point for each trial. The platform 

(8.25cm in diameter submerged ~0.5cm under the water surface) 

remained in a fixed location during the training period. Mice received 

two sets of 6 training trials, separated by a 1hr break and an inter-trial 

interval of 10minutes. The trial ended either when the mouse found the 

platform or 60 seconds had elapsed. Mice that did not find the platform 
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were directed to platform before being removed from the pool. 

Immediately following the 12th trial on training day 2, mice were tested 

in the probe trial, where the platform was moved to the opposite 

quadrant. Time to find the platform was recorded using behavioural 

tracking software (ANY-maze, Stoelting). This behavioural test is a 

measure of cognitive flexibility.  

 

Euthanization 

Animals were randomly assigned into one of two groups – histology or 

western blot. Animals that were assigned to the histology group were 

deeply anesthetized with an overdose of sodium pentobarbital. Mice 

were then transcardially perfused using chilled 0.9% saline followed by 

4% PFA solution in 0.1M phosphate buffer. Extracted brains were post 

fixed for 24hrs in 4% PFA, followed by sequential washes of 10% 

sucrose in 0.1M phosphate buffer over another 24hr period. Tissue was 

then incubated in a 30% sucrose solution in 0.1M phosphate buffer for 

72hrs. Following this last sucrose wash tissue was flash frozen and 

stored at -80ᵒC. Animals that were assigned to the western blot group 

were euthanized by rapid decapitation. Extracted brain tissues were 

immediately micro dissected, placed on dry ice, and stored at -80ᵒC.  
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Histology 

Tissue was sectioned at 40 μm on a rotary cryostat. Every 3rd serial 

striatal section and every 2nd serial nigral section was separated for 

histology. Free floating tissue sections were immuno-labelled overnight 

in primary antibodies (mouse anti-TH 1:2000 [Immunostar 22941], 

rabbit anti-FosB [Cell Signalling Technology [2251]). Tissue sections 

were incubated in biotinylated secondary and tertiary streptavidin HRP 

solutions for 2 hrs each. Whole section images of all histological 

sections were captured at 10x magnification using a Zeiss axio imager 

M2 or ThermoFisher EVOS FL Auto 2. TH+ labelled striatal sections 

were quantified using ImageJ software. The integrated densities of the 

entire striatal area of the slices at the site of 6-OHDA injection and the 

two adjoining sites (spanning approximately 280 µm) were measured as 

a ratio to its ipsilateral hemisphere signals after cortical background 

subtraction. The values of the three sites were averaged and recorded. 

Four slices of FosB immunolabelled tissue, spanning equally before and 

after 6-OHDA infusion site were selected for analysis. FosB 

immunolabelled nuclei were automatically counted using ImageJ 

particle analysis (size parameter 20-300µm2, circularity 0.2-1.00). The 

average FosB+ cells within the striatum or motor cortex of the 4 slices 
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measured were recorded.   For TH labelled SNc sections, a stereological 

count of TH+ neurons in every 2nd slice spanning the entire SNc was 

completed using the optical fractionator probe at 63x on a Zeiss axio 

imager M2 and MBF StereoInvestigator10.  

 

Western Blots 

Protein from microdissected tissue samples stored at -80ᵒC was 

extracted using a RIPA like extraction buffer with EDTA-free protease 

inhibitors (Roche cOmplete) followed by treatment with concentrated 

Laemmli buffer. Following extraction, samples were then stored at -

20ᵒC. Western gels were run in reducing conditions at 140V and 

transferred onto MeOH activated PVDF membranes at 100V. Primary 

antibodies used include from Cell Signalling Technology (phosho-p70 

S6 Kinase (Thr389)[9205], phosphor-mTOR (Ser2448)[5536]), Santa 

Cruz Biotechnology (p-ERK(E-4 Tyr204)[sc-7383], p-CaMKIIα 

(Thr286)[sc-12886-R]), and R&D Systems (BDNF [MAB248]). Signal 

was visualized with either ECL chemiluminescence and X-ray film 

exposure or using tagged fluorophores and the Licor Odyssey FC 

imaging system. For western blots completed with chemiluminescence 

membranes were treated with skim milk (≤ 0.5%) in TBST based 
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solutions and normalized β-actin signal. For western blots completed 

with tagged fluorophores membranes were treated with fishgelatin (≤ 

0.5%) in TBST based solutions, and normalized to total protein signal 

as measured using a fast green stain.  

 

Statistics 

One-way, Two-way, or Repeated-measurement ANOVAs were 

completed as appropriate. Post hoc testing was completed using Fisher’s 

PLSD.  
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Figure 7 CTEP Experimental Time-courses 
 

Experimental time-courses for the 4 different experiments carried out 
using CTEP. (1) 1 week CTEP administration, (2) 12 week CTEP 
administration, (3) 1 week CTEP with additional 1 week drug washout, 
and (4) 1 week CTEP with paired Rapamycin treatment injections. 
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Table 2 Methods – CTEP Experimental Group 

Designs 
 

(A) 1 Week CTEP Administration 

 Vehicle CTEP 

6-OHDA   

Sham   
 

Behaviour n ≈ 6/group 
Western n ≈ 4/group 
Histology n ≈ 5/group 
 

(B) 12 Week CTEP Administration 

 Vehicle CTEP 
6-OHDA   

Sham   
 

Behaviour n ≈ 12/group 
Western n ≈ 5/group 
Histology n ≈ 5/group 
 

(C) 1 Week CTEP Administration + 1 Week Drug Washout 

 Vehicle CTEP 
6-OHDA   

Sham   
 

Behaviour n ≈ 10/group 
Western n ≈ 5/group 
Histology n ≈ 5/group 
 

(D) 1 Week CTEP + Rapamycin Administration 

 Vehicle Rapamycin 
 Vehicle CTEP Vehicle CTEP 
6-OHDA     

Sham     
 

Behaviour n ≈ 12/group 
Western n ≈ 5/group 
Histology n ≈ 5/group 
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Space 
Results 
 

1 Week of CTEP Administration: Behaviour 

 

In this experiment we wished to determine any short term effects 

of CTEP treatment. As such, CTEP was given over a period of 1 week. 

Prior to CTEP administration, there was a robustly significant increase 

in apomorphine induced rotations in animals that received 6-OHDA 30 

days earlier (F(1,18) = 232.70, p < .0001).  The following day, animals 

were given a single bolus injection of CTEP or vehicle and challenged 

with apomorphine 4 hours later. This was done to determine if CTEP 

had any immediate effects on the parkinsonian phenotype. A two-way 

ANOVA found no significant 6-OHDA x CTEP interaction, however as 

expected, the main effect for 6-OHDA was still evident (F(1,18) = 

187.00, p < .0001). Comparatively, CTEP administration had no 

significant effect after this single injection (F(1,18) = 0.33, p = .57) 

(Figure 8). Following this test, animals then continued to receive the 

CTEP in the aforementioned pudding suspension every 48hrs for 

remainder of the 1 week period. On the last day of the experiment (Day 
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37 following 6-OHDA), mice were tested on an accelerating rota rod to 

assess motor coordination. On this test, rota rod performance (ie the 

RPM at which mice fell off the rotating drum) varied as a function of a 

CTEP X 6-OHDA interaction (F(1,18) = 5.41, p < 0.05) (Figure 9).  The 

follow up comparisons revealed that CTEP did indeed reverse the 

effects of 6-OHDA, such that mice remained on the apparatus longer 

than those that did not receive the drug and in fact were equivalent to 

sham mice (p < 0.001).  Following their test on the rota rod, the mice 

were then again given apomorphine, and rotations were assessed once 

again. The two-way ANOVA revealed a significant CTEP X 6-OHDA 

interaction (F(1,18) = 12.24, p < 0.01) (Figure 8). The post hoc analysis 

found that mice that received CTEP and the 6-OHDA lesion had 

significantly less rotations than those that had the lesion in the absence 

of the drug (p < .01, respectively) (Figure 8).  
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Figure 8 Apomorphine Induced Rotations (1 week 

CTEP) 
 

Animals were given injections of apomorphine 30 days after 6-OHDA 
administration. The net contra-lateral rotations over a 20 minute period 
were recorded. A two-way ANOVA found that at Day 30, all animals 
treated with 6-OHDA demonstrated significant rotational behaviour 
(F(1,18) = 232.70, p < .0001). After a bolus administration a CTEP and 
subsequent apomorphine challenge 4 hours later a two-way ANOVA 
found a significant effect of 6-OHDA (F(1,18) = 187.00, p < .0001) but 
no effect of CTEP (F(1,18) = 0.33, p = .57). After 1 week of CTEP 
administration a two-way ANOVA found a significant CTEP x 6-
OHDA interaction (F(1,18) = 12.24, p < .01). Follow up comparisons 
found that 6-OHDA+CTEP was significantly different from 6-
OHDA+Vehicle (p < .01) as well as Sham+Vehicle and Sham+CTEP (p 
< .0001, respectively).  
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Figure 9 Rota Rod (1 week CTEP) 
 

Animals were tested on the accelerating rota rod on day 37 of the 
experiment after 1 week of CTEP administration. A two way ANOVA 
found a significant CTEP x 6-OHDA interaction (F(1,18) = 5.41, p < 
.05). Post hoc analysis found a significant difference between the 6-
OHDA+Vehicle treatment group and all other treatment groups (p < 
.001). 
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1 Week of CTEP Administration: Molecular 

 

Animals in this 1 week study were randomly divided into one of 

two groups; (A) Histology or (B) Western Blot. Animals in the histology 

group were perfused as previously described. Striatal sections were 

immunohistochemically assessed for the density of TH+ fibres as an 

indicator of overall dopaminergic striatal damage. A significant two way 

interaction between CTEP and 6-OHDA was evident for striatal TH+ 

density (F(1,15) = 7.25, p < .05) (Figure 10). Not surprisingly, the post 

hoc analysis found that 6-OHDA treatment significantly reduced TH+ 

staining, relative to Sham treated animals (p < .01). Importantly, among 

the 6-OHDA lesioned mice, CTEP significantly increased TH+ staining 

(p < .05). 

 

Western blotting was used to measure mGluR5 related proteins 

in the striatum. First, levels of p-ERK1/2(Tyr204), p-

CaMKIIα(Thr286), and p-mTOR(Ser2448) were measured, as these are 

important downstream effectors of mGluR5. There was no significant 

difference in p-ERK1/2(Tyr204) regardless of CTEP or 6-OHDA 

treatments, (F’s(1,14) < 1, p > 0.05) (Figure 11). However, p-
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CaMKIIα(Thr286) levels did vary as a function of the CTEP x 6-OHDA 

treatments (F(1,14) = 6.74, p < .05) (Figure 12).  Further, the follow up 

analyses revealed that while 6-OHDA alone significantly reduced p-

CaMKIIα(Thr286) levels in the striatum, CTEP completely reversed 

this effect to a level comparable to sham treatments (p < .05).  

 

In the absence of an interaction effect, the 6-OHDA treatment 

increased striatal p-mTOR(Ser2448) levels (F(1,12) = 5.49, p < .05). But 

as can be seen in Figure 12, this elevation was confined to the CTEP 

treated mice. Indeed, although the CTEP main effect just missed 

significance, (F(1,12) = 3.57, p = .08), clearly this drug selectively 

increased p-mTOR(Ser2448) levels in the context of the lesion (Figure 

13). The downstream target of mTOR, p-p70S6K(Thr389), varied as a 

function of the CTEP x 6-OHDA treatments (F(1,12) = 9.14, p < .05) 

(Figure 14). Post hoc analysis confirmed that CTEP increased striatal p-

p70S6K(Thr389) when given in the context of the 6-OHDA lesion, 

relative to the remaining three groups (p < 0.01). 

 

 mTOR/p70S6K together stimulate protein translation. One 

known product of increase mTOR activity is BDNF. As such, the trophic 
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factor BDNF was assessed as a potential mediator of the beneficial 

effects imparted by CTEP treatment. Significant main effects were 

apparent for both the 6-OHDA (F(1,12) = 6.61, p < .05) and CTEP 

(F(1,12) = 6.15, p < .05) treatments with regards to levels of striatal 

BDNF, however no interaction was found. As shown in Figure 15, 

CTEP selectively increased striatal BDNF in mice that also had the 6-

OHDA lesion, relative to the remaining groups (p < .01).  

 

Another region with high mGluR5 expression is the cerebral 

cortex. It is of interest to identify any changes in mGluR5 signaling to 

determine if they duplicate what is seen in the striatum, or if perhaps 

CTEP alters receptor signalling differentially. Within the motor cortex, 

p-ERK1/2(Tyr204) levels significantly varied as a function of the CTEP 

x 6-OHDA treatments (F(1,14) = 7.88, p < .05) (Figure 16). The post 

hoc analysis revealed that 6-OHDA administration caused a marked 

reduction of cortical p-ERK1/2(Tyr204) levels (p < .001), but that CTEP 

treatment completely reversed this effect.  A significant CTEP x 6-

OHDA interaction was also evident with regards to p-

CaMKIIα(Thr286) cortical levels (F(1,14) = 17.99, p <  .001) (Figure 

17). Once again, the follow up comparisons indicated that 6-OHDA 
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reduced cortical p-CaMKIIα(Thr286) (p < .05) and that CTEP treatment 

reversed this effect. Finally, when cortical p-mTOR(Ser2448) levels 

were assessed a different pattern of effects emerged. Specifically, in the 

absence of an interaction, there were significant main effects for 6-

OHDA (F(1,12) = 6.10, p < .05) and CTEP (F(1,12) = 4.80, p <.05) 

treatments (Figure 18). The post hoc analysis revealed that CTEP alone 

in the absence of 6-OHDA increased p-mTOR(Ser2448) relative to all 

other treatment groups (p < .05). 
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Figure 10 Striatal TH+ Histology (1 week CTEP) 
 

The integrated density of striatal sections immunolabelled with TH was 
measured using ImageJ software after 1 week of CTEP administration. 
A two way ANOVA found a significant CTEP x 6-OHDA interaction 
(F(1,15) = 7.25, p < .05). Post hoc analysis found that animals treated 
with 6-OHDA had significantly less TH+ staining that Sham treated 
animals (p < .01). Additionally, 6-OHDA+CTEP treated animals had 
significantly more TH+ staining compared to 6-OHDA+Vehicle treated 
animals (p < .05). 
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Figure 11 Striatal p-ERK1/2(Tyr204) (1 week 

CTEP) 
 

Striatal p-ERK1/2(Tyr204) was measured after 1 week of CTEP 
administration by western blot. A two-way ANOVA found no main 
effects, or interactions (F’s(1,14) < 1, p > .05). This western blot was 
visualized using IR800 fluorophore on Licor Odyssey FC equipment, 
normalized total protein signal following a Fast Green Stain.  
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Figure 12 Striatal p-CaMKIIα(Thr286) (1 week 

CTEP) 
 

Striatal p-CaMKIIα(Thr286) was measured after 1 week of CTEP 
administration by western blot. A two-way ANOVA found a significant 
CTEP x 6-OHDA interaction (F(1,14) = 6.74, p < .05). Post hoc analysis 
found that the 6-OHDA+Vehicle treated animals had significantly less 
p-CaMKIIα(Thr286) compared to all other treatment groups (p < .05). 
No significant difference was found between 6-OHDA+CTEP treated 
animals and Sham+Vehicle or Sham+CTEP treated controls. This 
western blot was visualized using IR800 fluorophore on Licor Odyssey 
FC equipment, normalized total protein signal following a Fast Green 
Stain.    
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Figure 13 Striatal p-mTOR(Ser2448) (1 week CTEP) 
 

Striatal p-mTOR(Ser2448) was measured after 1 week of CTEP 
administration by western blot. A two-way ANOVA found a significant 
effect of 6-OHDA (F(1,12) = 5.49, p < .05), however no interaction 
effect was found. Despite this, it is clear the elevation is confined to 6-
OHDA+CTEP treated mice, having barely missed significance (F(1,12) 
= 3.57, p = .08). This western blot was visualized using IR800 
fluorophore on Licor Odyssey FC equipment, normalized total protein 
signal following a Fast Green Stain. 
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Figure 14 Striatal p-p70S6K(Thr389) (1 week 

CTEP) 
 

Striatal p-p70S6K(Thr389) was measured after 1 week of CTEP 
administration by western blot. A two-way ANOVA found a significant 
CTEP x 6-OHDA interaction effect (F(1,12) = 9.14, p < .05). Post hoc 
analysis found that 6-OHDA+CTEP treated animals had significantly 
more p-p70S6K(Thr389) levels compared to all other treatment groups 
(p < .01). This western blot was visualized using IR800 fluorophore on 
Licor Odyssey FC equipment, normalized total protein signal following 
a Fast Green Stain. 
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Figure 15 Striatal BDNF (1 week CTEP) 
 

Striatal BDNF was measured after 1 week of CTEP administration by 
western blot. A two-way ANOVA found a significant 6-OHDA (F(1,12) 
= 6.61, p < .05) and CTEP effects (F(1,12) = 6.15, p < .05), however no 
CTEP x 6-OHDA interaction was found (F(1,12) = 2.78, p = .12). Post 
hoc analysis found that 6-OHDA+CTEP treated animals had 
significantly more BDNF levels compared to all other treatment groups 
(p < .01). This western blot was visualized using IR800 fluorophore on 
Licor Odyssey FC equipment, normalized total protein signal following 
a Fast Green Stain. 
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Figure 16 Motor Cortex p-ERK1/2(Tyr204) (1 week 

CTEP) 
 

p-ERK1/2(Tyr204) was measured in the motor cortex by western blot 
after 1 week of CTEP administration. A two way ANOVA found a 
significant CTEP x 6-OHDA interaction (F(1,14) = 7.88, p < .05). Post 
hoc analysis found that 6-OHDA+Vehicle treated animals had 
significantly less p-ERK1/2(Tyr204) compared to all other treatment 
groups (p < .001).  Importantly, 6-OHDA+CTEP treated animals were 
not significantly different from Sham controls. This western blot was 
visualized using IR800 fluorophore on Licor Odyssey FC equipment, 
normalized total protein signal following a Fast Green Stain. 
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Figure 17 Motor Cortex p-CaMKIIα(Thr286) (1 

week CTEP) 
 

p-CaMKIIα(Thr286) was measured in  the motor cortex by western blot 
after 1 week of CTEP administration. A two-way ANOVA found a 
significant CTEP x 6-OHDA interaction effect (F(1,14) = 17.99, p < 
.001). Post hoc analysis found that the 6-OHDA+Vehicle treated 
animals had significantly less p-CaMKIIα(Thr286) compared to all 
other treatment groups (p < .05). No significant difference was found 
between 6-OHDA+CTEP treated animals and Sham+Vehicle or 
Sham+CTEP treated controls. This western blot was visualized using 
IR800 fluorophore on Licor Odyssey FC equipment, normalized total 
protein signal following a Fast Green Stain.   
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Figure 18 Motor Cortex p-mTOR(Ser2448) (1 week 

CTEP) 
 

p-mTOR(Ser2448) was measured in the motor cortex by western blot 
after 1 week of CTEP administration. A two-way ANOVA found a 
significant 6-OHDA (F(1,12) = 6.109, p = .0294) and CTEP effects 
(F(1,12) = 4.803, p = .0489), however no interaction effect was found. 
Post hoc analysis found that Sham+CTEP treated animals had 
significantly more p-mTOR (Ser2448) levels compared to all other 
treatment groups (p < .05). This western blot was visualized using IR800 
fluorophore on Licor Odyssey FC equipment, normalized total protein 
signal following a Fast Green Stain. 
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12 Weeks of CTEP Administration: Behaviour 

   

In this second experiment we wished to determine any long term 

effects of CTEP treatment. As such, following a 6-OHDA induced 

lesion CTEP was given over a 12 week period via a chocolate pudding 

suspension. Following 6-OHDA treatment (30 days later) but prior to 

starting CTEP administration, all animals were challenged with 

apomorphine in order to ensure that the toxicant induced a robust 

parkinsonian state. Indeed, the ANOVA found a significant main effect 

at Day 30 for 6-OHDA lesion induced apomorphine rotations (F(2,31) 

= 11.64, p < .001). In fact, all 6-OHDA treated animals demonstrated 

significant apomorphine induced rotations (p < .01) (Figure 19). Near 

the end of the experiment, as CTEP was still being administered, all 

animals were tested in a modified reversal Morris water maze to 

measure cognitive flexibility. After analyzing the time to find the 

platform during probe trials, a one way ANOVA found a significant 

difference between the treatment groups (F(2,27) = 4.33, p < .05) 

(Figure 20). As shown in Figure 20 and confirmed by the follow up 

comparisons, 6-OHDA lesion induced a deficit in water maze 

performance, as indicated by an increased time to find the hidden 
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platform (p < .05). However, this deficit was ameliorated by CTEP 

treatment. On the last day of the experiment – after 12 weeks of CTEP 

treatment – the mice were tested on an accelerating rota rod where a 

clear significant difference between the groups was evident (F(2,27) = 

10.79, p < .001) (Figure 21). The comparison revealed that the 6-OHDA 

lesion was associated with deficits on the rota rod, such that these 

animals fell off sooner (p < .01), and once again CTEP reversed this 

effect. Following the rota rod test, animals were tested once again for 

apomorphine induced rotations. A one-way ANOVA found a significant 

overall effect (F(2,27) = 69.59, p < .001) (Figure 19). The follow up 

analysis revealed that the 6-OHDA lesion provoked a continued marked 

elevation of apomorphine induced rotations (p < .001), but CTEP 

completely reversed this effect.  
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Figure 19 Apomorphine Induced Rotations (12 week 

CTEP) 
 

Animals were given injections of apomorphine 30 days after 6-OHDA 
administration. The net contra-lateral rotations over a 20 minute period 
were recorded. A one-way ANOVA found a significant main effect at 
day 30 (F(2,31) = 11.64, p < .001). After 12 weeks of CTEP 
administration a one-way ANOVA found a significant effect (F(2,27) = 
69.59, p < .001). Post hoc analysis found that 6-OHDA+Vehicle was 
significantly different from all other treatment groups (p < .001), while 
there was no statistical difference between the Sham+Vehicle and 
Sham+CTEP groups.  
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Figure 20 Reversal water maze (12 week CTEP) 
 

Animals were tested for cognitive flexibility on the reversal Morris 
water maze after 12 weeks of CTEP administration. A one way ANOVA 
found a significant treatment effect (F(2,27) = 4.33, p < .05). Post hoc 
analysis found a significant difference between the 6-OHDA+Vehicle 
treatment group and all other treatment groups (p < .05). 
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Figure 21 Rota Rod (12 week CTEP) 
 

Animals were tested on the accelerating rota rod after 12 weeks of CTEP 
administration. A one way ANOVA found a significant treatment effect 
(F(2,27) = 10.79, p < .001). Post hoc analysis found a significant 
difference between the 6-OHDA+Vehicle treatment group and all other 
treatment groups (** p < .01, *** p < .001). 
  



85 
 
 

 
12 Weeks of CTEP Administration: Histology 

 

Striatal TH+ terminal density was once again measured to assess 

the striatal dopaminergic lesion. Paralleling the behavioral data, striatal 

TH+ terminal density was significantly different between the treatment 

groups (F(2,12) = 26.57, p < .001) (Figure 22). The statistical 

comparisons indicated that 6-OHDA did indeed reduce the density of 

striatal TH+ fibre staining (p < .01) and that CTEP reversed this decline. 

Similarly, the number of TH+ SNc dopamine neuronal cell bodies also 

varied among the treatment groups (F(2,15) = 17.41, p < .001) (Figure 

23). Indeed, as expected, 6-OHDA provoked a loss of SNc TH+ neurons 

(p < .0001), however despite the marked changes in the striatum CTEP 

had no effect on TH+ neuronal counts in the SNc.  

 

Our data suggested that CTEP may be promoting striatal 

recovery through increase DA innervation. As an index of postsynaptic 

activity to determine functionality of these fibres, the number of FosB+ 

striatal cells were assessed. In this regard, the ANOVA found a 

significant difference between the treatment groups (F(2,12) = 6.85, p < 

.05) (Figure 24). Consistent with its impact on striatal dopaminergic 
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terminal density, 6-OHDA also elevated the number of striatal FosB+ 

cells (p < .05) which was reversed following CTEP treatment. Similarly, 

the ANOVA found a significant effect within the motor cortex (F(2,12) 

= 6.61, p < .05) in the number of FosB+ cells (Figure 25). Once again, 

the number FosB+ cortical cells were increased by 6-OHDA (p < .05) 

and this effect was rescued by CTEP.  
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Figure 22 Striatal TH+ Histology (12 week CTEP) 
 

The integrated density of striatal sections immunolabelled with TH was 
measured using ImageJ software after 12 weeks of CTEP 
administration. A one way ANOVA found a significant main effect 
(F(2,12) = 26.57, p < .001). Post hoc analysis found that the 6-
OHDA+Vehicle treatment group had significantly less TH+ staining 
compared to all other treatment groups (p < .01). There was no statistical 
difference between the 6-OHDA+CTEP and Sham+Vehicle treated 
animals.  
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Figure 23 Nigral TH+ cell counts (12 week CTEP) 
 

A stereological count of TH+ cells in the substantia nigra was complete 
after 12 weeks of CTEP administration. A one way ANOVA found a 
significant main effect (F(2,15) = 17.41, p < .001). Post hoc analysis 
found that both 6-OHDA+Vehicle and 6-OHDA+CTEP treated animals 
had significantly less TH+ cells compared to Sham+Vehicle controls (p 
< .0001), and the CTEP administration had no effect on nigral TH+ cell 
counts.  
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Figure 24 Striatal FosB+ cells (12 week CTEP) 
 

An automated cell count of FosB+ cells in the striatum was completed 
using ImageJ software after 12 weeks of CTEP administration. A one 
way ANOVA found a significant main effect (F(2,12) = 6.85, p < .05). 
Post hoc analysis found that 6-OHDA+Vehicle treated animals had 
significantly more FosB+ cells compared to both Sham+Vehicle and 6-
OHDA+CTEP treated animalsv (p < .05). No significant difference was 
found between 6-OHDA+CTEP treated animals and Sham+Vehicle 
controls. 
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Figure 25 Motor Cortex FosB+ cells (12 week 

CTEP) 
 

An automated cell count of FosB+ cells in the motor cortex was 
completed using ImageJ software after 12 weeks of CTEP 
administration. A one way ANOVA found a significant main effect 
(F(2,12) = 6.61, p < .05). Post hoc analysis found that 6-OHDA+Vehicle 
treated animals had significantly more FosB+ cells compared to both 
Sham+Vehicle and 6-OHDA+CTEP treated animals (p < .05). No 
significant difference was found between 6-OHDA+CTEP treated 
animals and Sham+Vehicle controls. 
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12 Weeks of CTEP Administration: Molecular 

 

Following 12 weeks of CTEP administration the downstream 

signaling partners of mGluR5 were measured using Western blot. 

Protein levels of p-ERK1/2(Tyr204) and p-CaMKIIα(Thr286) within 

the striatum were not significantly different between the groups (F(2,12) 

= 0.24, p > .05 and F(2,11) = .034, p > .05), respectively (Figure 27). 

However, there was a significant difference between the groups with 

respect to p-mTOR(Ser2448) levels in the striatum (F(2,9) = 20.19, p < 

.001) (Figure 28). Indeed, CTEP increased striatal p-mTOR(Ser2448) in 

6-OHDA lesioned mice, relative to those that did not received the drug 

(p < .01). Similarly when comparing levels of the downstream effector 

of mTOR, p-p70S6K(Thr389), the ANOVA also revealed a significant 

effect (F(2,8) = 5.97, p < .05) (Figure 29). Identical to the p-

mTOR(Ser2448) data, p-p70S6K(Thr389) was elevated by CTEP in the 

context of the 6-OHDA lesion (p < .05). Finally, an ANOVA revealed 

a significant effect for striatal BDNF levels (F(2,9) = 7.33, p < .05) 

(Figure 30). Accordingly, BDNF was up-regulated by the CTEP 

regimen in the context of the 6-OHDA lesion (p < .05).  
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Interestingly, following 12 weeks of CTEP the pattern of protein 

signalling changes within the motor cortex were somewhat different 

than what was observed in the striatum. For instance, unlike the 

striatum, p-mTOR(Ser2448) was not significantly changed within the 

motor cortex F(2,9) = .01, p > .05) (Figure 31). However, cortical p-

ERK1/2(Tyr204) levels were affected by the treatments (F(2,12) = 3.90, 

p < .05) (Figure 32). Indeed, CTEP elevated p-ERK1/2(Tyr204) levels 

in the 6-OHDA lesioned mice (p < .05). Similarly, p-CaMKIIα(Thr286) 

was affected by the treatments (F(2,12) = 6.23, p < .05 (Figure 33). But 

in this case, 6-OHDA reduced p-CaMKIIα(Thr286) levels (p < .05) and 

this effect was reversed by CTEP.  
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Figure 26 Striatal p-ERK1/2(Tyr204) (12 week 

CTEP) 
 

Striatal p-ERK1/2(Tyr204) was measured after 12 weeks of CTEP 
administration by western blot. A one way ANOVA found no main 
effects, or interactions (F(2,12) = 0.24, p > .05). This western blot was 
visualized following ECL chemiluminescent reaction and x-ray film 
exposure. Protein signal was normalized to β-actin also detected by 
chemiluminescence and x-ray film.  
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Figure 27 Striatal p-CaMKIIα(Thr286) (12 week 

CTEP) 
 

Striatal p-CAMKIIα(Thr286) was measured after 12 weeks of CTEP 
administration by western blot. A one way ANOVA found no main 
effects, or interactions (F(2,11) = 0.34, p > .05). This western blot was 
visualized following ECL chemiluminescent reaction and x-ray film 
exposure. Protein signal was normalized to β-actin also detected by 
chemiluminescence and x-ray film. 
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Figure 28 Striatal p-mTOR(Ser2448) (12 week 

CTEP) 
 

Striatal p-mTOR(Ser2448) was measured after 12 weeks of CTEP 
administration by western blot. A one way ANOVA found a significant 
main effect (F(2,9) = 20.19, p < .001). Post hoc analysis found that 6-
OHDA+CTEP treated animals had significantly more p-
mTOR(Ser2448) levels compared to all other treatment groups (p < .01). 
This western blot was visualized using IR800 fluorophore on Licor 
Odyssey FC equipment, normalized total protein signal following a Fast 
Green Stain. 
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Figure 29 Striatal p-p70S6K(Thr389) (12 week 

CTEP) 
 

Striatal p-p70S6K(Thr389) was measured after 12 weeks of CTEP 
administration by western blot. A one way ANOVA found a significant 
main effect (F(2,8) = 5.97, p < .05). Post hoc analysis found that 6-
OHDA+CTEP treated animals had significantly more p-
p70S6K(Thr389) levels compared to all other treatment groups (p < 
.05). This western blot was visualized using IR800 fluorophore on Licor 
Odyssey FC equipment, normalized total protein signal following a Fast 
Green Stain. 
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Figure 30 Striatal BDNF (12 week CTEP) 

 
Striatal BDNF was measured after 12 weeks of CTEP administration by 
western blot. A one way ANOVA found a significant main effect (F(2,9) 
= 7.33, p < .05). Post hoc analysis found that 6-OHDA+CTEP treated 
animals had significantly more BDNF levels compared to all other 
treatment groups (p < .05). This western blot was visualized using IR800 
fluorophore on Licor Odyssey FC equipment, normalized total protein 
signal following a Fast Green Stain. 
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Figure 31 Motor Cortex p-mTOR(Ser2448) (12 week 

CTEP) 
 

p-mTOR(Ser2448) was measured in the motor cortex by western blot 
after 12 weeks of CTEP administration. A one way ANOVA found no 
significant effects (F(2,9) = .01, p > .05). This western blot was 
visualized using IR800 fluorophore on Licor Odyssey FC equipment, 
normalized total protein signal following a Fast Green Stain. 
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Figure 32 Motor Cortex p-ERK1/2(Tyr204) (12 

week CTEP) 
 

p-ERK1/2(Tyr204) was measured in the motor cortex by western blot 
after 12 weeks of CTEP administration. A one way ANOVA found 
significant main effect (F(2,12) = 3.90, p < .05). Post hoc analysis found 
that 6-OHDA+CTEP treated animals had significantly more p-
ERK1/2(Tyr204) compared to all other treatment groups (p < .05). This 
western blot was visualized following ECL chemiluminescent reaction 
and x-ray film exposure. Protein signal was normalized to β-actin also 
detected by chemiluminescence and x-ray film. 
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Figure 33 Motor Cortex p-CaMKIIα(Thr286) (12 

week CTEP) 
 

p-CaMKIIα(Thr286) was measured in  the motor cortex by western blot 
after 12 weeks of CTEP administration. A one way ANOVA found a 
significant main effect (F(2,12) = 6.23, p < .05). Post hoc analysis found 
that the 6-OHDA+Vehicle treated animals had significantly less p-
CaMKIIα(Thr286) compared to all other treatment groups (p < .05). No 
significant difference was found between 6-OHDA+CTEP treated 
animals and Sham+Vehicle treated controls. This western blot was 
visualized following ECL chemiluminescent reaction and x-ray film 
exposure. Protein signal was normalized to β-actin also detected by 
chemiluminescence and x-ray film. 
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Effects of CTEP following discontinuation of treatment  

 

It was of interest to assess whether CTEP might have enduring 

effects that persist beyond its administration time. Hence, one 

experimental cohort of animals received 1 week of CTEP, followed by 

a 1 week drug washout period. Although the repeated measures 

ANOVA failed to reach significance, there was a main effect between 

the treatment groups F (2,21) = 22.05, p < .01. (Figure 34). The follow 

up comparison revealed that CTEP produced it expected reduction in 

rotations after 1 week of treatment (p < .05); however, following the 1 

week washout there was no longer any significant effect (p > .05).  

 

The integrated density of TH+ fibres in the striatum was also 

compared and the one way ANOVA found a significant main effect 

(F(2,11) = 12.72, p < .01) (Figure 35). Specifically, 6-OHDA induced 

the expected marked reduction in striatal TH+ terminal density (p < 

0.05), however, CTEP treatment once again reversed this effect such 

that density was not significantly different from sham controls, despite 

the observed behavioural regression.  
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Figure 34 CTEP Washout Apomorphine Induced 

Rotations 
 
Animals were given injections of apomorphine 30 days after 6-OHDA 
administration, 1 week after CTEP administration, and once again after 
a 1 week drug washout. The net contra-lateral rotations over a 20 minute 
period were recorded. A repeated measures ANOVA failed to  reach 
significance, however a significant main effect was found (F(2,21) = 
22.05, p < .01). Follow up comparisons of a priori hypotheses found that 
all 6-OHDA treated animals rotated significantly more than sham 
controls at the 30 day time point (p < .05). After 1 week of CTEP 
administration 6-OHDA treated animal demonstrated significantly more 
contralateral rotations compared to sham controls. Similar to our 
findings in our 1 week model (Figure 8), 6-OHDA+CTEP treated 
animals demonstrated significantly less rotations compared to 6-
OHDA+Vehicle controls (p < .05). However, after a 1 week drug 
washout there is modest regression, and the 6-OHDA+CTEP treated 
animals are no longer statistically different from 6-OHDA+Vehicle 
controls.   
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Figure 35 CTEP Washout Striatal TH+ Histology 
 
The integrated density of striatal sections immunolabelled with TH was 
measured using ImageJ software after 1 week of CTEP administration 
followed by a 1 week drug washout period. A one way ANOVA found 
a significant main effect (F(2,11) = 12.72, p < .01). Post hoc analysis 
found that 6-OHDA+Vehicle treated animals had significantly less TH+ 
staining that all other groups (p < .01). 
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Rapamycin 

  

In the previous experiments, we identified the mTOR (more 

specifically mTORC1) signaling cascade as being a potentially 

important mediator of CTEP induced changes in the context of a 6-

OHDA induced lesion. To confirm the potential role of mTORC1 a 

partial recapitulation of the 1 week study was completed, however in 

addition to CTEP treatment some animals also received injections of 

rapamycin – a potent inhibitor of mTORC1. In this study animals 

received an i.p. injection of rapamycin every 48hrs in the evenings 

before CTEP treatment. The administration of these compound was 

timed so that rapamycin had sufficient time to be absorbed and cross the 

blood brain barrier to inhibit mTORC1 before CTEP could begin to 

activate it.   

 

When comparing apomorphine induce rotation scores a one way 

ANOVA found a significant difference between the treatment groups 

(F(4,35) = 8.59, p < .0001) (Figure 36). The follow up comparisons 

found that 6-OHDA increased the number of rotation (p < .05) and 

CTEP once again reversed this effect. However, when rapamycin was 
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also given it abolished the impact of CTEP, such that these animals were 

identical to controls.  

  

With respect to TH+ striatal staining density, a one way 

ANOVA found a significant main effect (F(4,15) = 9.28, p < .001) 

(Figure 37).  The 6-OHDA treatment reduced striatal TH+ labelling (p 

< .05), while CTEP partially but significantly reversed this effect (p < 

.05). Once again, the rapamycin treatment indicated that CTEP was 

likely acting through mTOR, as it significantly blocked the ability of 

CTEP to reverse TH+ terminal loss (p < .05). Similarly, when 

comparing striatal BDNF levels, a significant difference was observed 

between the groups (F(4,20) = 16.93, p < .0001) (Figure 38). The follow 

ups, pinpointed a significance increase in animals that received the 6-

OHDA lesion in conjunction with CTEP, compared to all the remaining 

groups (p < .05). Most importantly, when mice also received rapamycin 

(in addition to CTEP and 6-OHDA) they did not differ from sham 

controls (p < .001).  Hence, the mTOR antagonist appeared to ablate the 

efficacy of CTEP. 
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To confirm the efficiency of rapamycin treatment in blocking 

mTOR signaling, we assessed levels of its downstream effector, p-

p70S6K(Thr389). To this end, a significant main effect was found 

between the groups (F(4,20) = 10.60, p < .0001) (Figure 39). The follow 

ups confirmed that rapamycin alone did indeed significantly lower p-

p70S6K(Thr389) relative to sham controls (p < .05). Moreover, as 

expected, CTEP increased levels of the p-p70S6K(Thr389) (p < .05) and 

rapamycin prevented this effect.  
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Figure 36 Rapamycin+CTEP Apomorphine Induced 

Rotations 
 

Animals were given injections of apomorphine 30 days after 6-OHDA 
administration and again after 1 week of CTEP administration. At day  
30 an ANOVA found a significant main effect (F(4,35) = 15.146, p < 
.0001). Post hoc analysis found that all 6-OHDA treated animals 
exhibited significantly more apomorphine induced contralateral 
rotations (p < .0001) compared to Sham+Vehicle controls. After 1 week 
of CTEP and/or Rapamycin administration an ANOVA found a 
significant effect (F(4,35) = 8.59, p < .0001). Follow up comparisons 
found that 6-OHDA+CTEP treated animals had significantly less 
apomorphine induced rotations compared to all other 6-OHDA 
treatment groups (p < .05). Importantly the addition of 6-
OHDA+CTEP+Rapamycin prevents 6-OHDA+CTEP improvement (p 
< .05). 
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Figure 37 Rapamycin+CTEP Striatal TH+ Histology 
 

The integrated density of striatal sections immunolabelled with TH was 
measured using ImageJ software after 1 week of CTEP administration 
with or without combined Rapamycin injections. A one way ANOVA 
found a significant main effect (F(4,15) = 9.28, p < .001). Post hoc 
analysis found that all 6-OHDA treated animals had significantly less 
TH+ staining compared to Sham+Vehicle controls. However, 6-
OHDA+CTEP treatment group had significantly more TH+ staining 
compared to all other 6-OHDA treatment groups (p < .05). Importantly 
the addition of 6-OHDA+CTEP+Rapamycin prevents 6-OHDA+CTEP 
improvement (p < .05). 
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Figure 38 Rapamycin+CTEP Striatal BDNF 
 

Striatal BDNF was measured after 1 week of CTEP administration with 
or without combined Rapamycin injections by western blot. A one way 
ANOVA found a significant main effect (F(4,20) = 16.93, p < .0001). 
Post hoc analysis found that 6-OHDA+CTEP treated animals had 
significantly more BDNF levels compared to all other treatment groups 
(p < .001). Importantly the addition of 6-OHDA+CTEP+Rapamycin 
prevents the 6-OHDA+CTEP induced increase of BDNF (p < .001). 
This western blot was visualized using IR800 fluorophore on Licor 
Odyssey FC equipment, normalized total protein signal following a Fast 
Green Stain. 
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Figure 39 Rapamycin+CTEP Striatal p-

p70S6K(Thr389) 
 

Striatal p-p70S6K(Thr389) was measured after 1 week of CTEP 
administration with or without combined Rapamycin injections by 
western blot. A one way ANOVA found a significant main effect 
(F(4,20) = 10.60, p < .0001). Post hoc analysis found that 6-
OHDA+CTEP treated animals had significantly more p-
p70S6K(Thr389) levels compared to all other treatment groups (p < 
.05). Rapamycin treated animals had significantly less p-
p70S6K(Thr389) levels compared to all other treatment groups (p < 
.05). This western blot was visualized using IR800 fluorophore on Licor 
Odyssey FC equipment, normalized total protein signal following a Fast 
Green Stain. 
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Space 
Discussion 
 

Rational 

Current therapies of PD do not reverse the degenerative course 

of the disease; rather they merely manage symptom severity. The 

primary method of treatment has not changed in more than 40 years and 

involves the use of L-DOPA, a dopamine precursor molecule that is 

capable of crossing the blood brain barrier (Yahr et al., 1969). Although 

initially very effective, the ability of L-DOPA to manage symptom 

severity decreases dramatically with prolonged use and disease 

progression, often increasing the severity of muscle dystonia and 

dyskinesias (Parkinson Study Group, 2000; Fahn et al., 2004).  

 

Despite continual effort, there has been very few therapeutics 

that have been successfully translated from the laboratory to the clinic. 

Importantly, in many pre-clinical studies the efficacy of a potential 

therapeutic is tested in a manner that mostly tests its ability to prevent 

PD pathology – frequently researchers report that they start therapeutic 

administration prior to toxin administration. Unfortunately, this is not 
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the case in the human condition – clinicians simply are not able to start 

therapeutics prior to disease initiation and or significant clinical 

progression. This is a major limitation in current literature. The 

argument can be made that in pre-clinical models, administering a 

potential therapeutic after PD-like pathology has occurred may result in 

more therapies being successfully translated into the clinic.   

 

The majority of PD research is solely focused on the 

dopaminergic system. However, this might be short sighted as it is well 

known that other system are also affected and involved in the 

degenerative processes. In this regard, we are particularly interested in 

the glutamatergic system given its fundamental importance in numerous 

cellular processes that have been implicated in PD. Indeed, 

accumulating evidence shows that the glutamatergic neuronal system 

plays an important role in the etiology of PD (Greenamyre, 1986; 

Blandini et al., 1996). Specifically, glutamate has been reported to 

increase ROS production via auto-oxidation and in parallel, can provoke 

intracellular calcium release (Greenamyre, 1986; Blandini et al., 1996). 

Together, these processes are known to contribute to PD degeneration 

(Greenamyre, 1986; Blandini et al., 1996). Accordingly, targeting 
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glutamatergic toxicity by modulating NMDA (Klockgether et al., 1996; 

Steece-Collier et al., 2000; Kelsey et al., 2004) and AMPA (Löschmann 

et al., 1991; Wachtel et al., 1992) receptor function has demonstrated 

beneficial effects in treating the symptomatic profile of PD. For 

instance, antagonism of NMDA receptors with the drug MK-801 has 

been reported to result in improvements in gait (Kelsey et al., 2004) and 

reduced apomorphine provoked rotations in 6-OHDA lesioned rats 

(Robinson et al., 2001). Similarly, administration of NMDA antagonists 

in MPTP treated monkeys reduced haloperidol associated catalepsy and 

other parkinsonian behaviours (ie. tremors, gait, posture, etc.) (Steece-

Collier et al., 2000).  As well, modulation of AMPA receptors with the 

antagonist NBQX also improved rotational and parkinsonian behaviours 

in 6-OHDA and MPTP models (Löschmann et al., 1991; Wachtel et al., 

1992) 

 

Much research in the past has focused on ionotropic NMDA and 

AMPA receptor modulation with great success in addressing PD 

symptomatology. However, translational into the clinic for treatment of 

neurodegeneration has been overall unsuccessful. More recently, a shift 

in focus more towards the modulation of metabotropic receptors has 
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occurred. Most importantly, these receptors are potentially more robust 

targets as they impact a variety of crucial intracellular processes 

including stimulate G-protein dependent and independent pathways and 

also modulation of the aforementioned ionotropic receptors (Chen et al., 

2007; Gerber et al., 2007; Ribeiro et al., 2017).  

 

Of particular interest for the present thesis is the mGluR5 

receptor system as a potential therapeutic target for PD. Indeed mGluR5 

dysfunction has been implicated in various aspects of PD pathology 

including increased incidence of synucleinopathy (Price et al., 2010), 

PD related dyskinesia (Bezard et al., 2014), PD related striatal-cortical 

hyper excitability (Johnson et al., 2009), and general motor disturbances 

(Guimaraes et al., 2015). Furthermore, many the primary signalling 

partners of mGluR5 (e.g. ERK1/2, and PI3K/AKT/mTOR) have been 

previously described to have neuroprotective or other beneficial effects. 

For instance, ERK1/2 has been shown to positively affect protein 

translation as well as cell proliferation, migration, differentiation, and  

overall cell survival (Roskoski, 2012). mTOR has been described as 

being a mediator of cell survival and proliferation, due to not only its 

role in driving protein translation but also in mediating mitochondrial 
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metabolism and cell structure re-organization (Fingar and Blenis, 2004; 

Jiang and Yeung, 2006; Jung et al., 2010; Morita et al., 2013). 

Additionally, mGluR5 is an important mediator of long term depression 

(LTD) and plasticity through its ability to directly modulate 

glutamatergic ionotropic receptors. Indeed, it does so by directly 

altering NMDA and AMPA surface expression, as well as driving the 

release of intracellular calcium stores (Volk et al., 2006; Purgert et al., 

2014). Hence, there are many mechanisms through which mGluR5 

modulation could impart recovery in PD.  

 

Selective pharmacological modulation of G protein coupled 

receptors is extremely challenging, due mostly to the homogeneity of 

the orthostatic binding site found in the various subtypes within receptor 

families. Thus, by targeting such a ubiquitous bindings site it would be 

expected to have numerous potentially deleterious off target effects. 

However, advances in protein tomography have allowed for the 

identification of subtype specific allosteric binding sites that are distinct 

from the traditional orthostatic binding locations. It is in these sites that 

designer allosteric modulators can bind and alter receptor function. One 

such allosteric regulator compound is CTEP (2-chloro-4-((2,5-
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dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-

yl)ethynyl)pyridine). This is a potent negative allosteric modulator with 

very high selectivity to mGluR5 (Lindemann et al., 2011). CTEP binds 

to mGluR5 with >1000 fold selectivity compared to over 100 other 

targets, including all known mGluRs (Lindemann et al., 2011). CTEP is 

oral bioavailable and can efficiently cross the blood brain barrier 

(Lindemann et al., 2011; Michalon et al., 2012).  

 

This thesis explored the therapeutic potential of CTEP in a 6-

OHDA model of PD. We are particularly interested in neuro-recovery 

following a nigrostriatal lesion and how CTEP might modulate 

neurotrophic processes within the striatal-cortical system that is 

dysregulated in PD.  

 

We initially sought to confirm the reliability our 6-OHDA 

model. To this end, our data clearly indicated that 20µg of 6-OHDA 

induced a robust and replicable lesion in CD1 mice, resulting in ~60% 

of striatal area and greater than 50% loss of SNc neurons. After 30 days, 

various behavioural deficits were observed, including decreased motor 

coordination when tested on the accelerating rota rod, and dramatic 
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increase in net contralateral rotations when challenged with 

apomorphine. This model is well tolerated by the animals, with minimal 

long term post-surgical complications. Most importantly, when given 

following the establishment of the 6-OHDA lesion, CTEP reversed the 

behavioural deficits and appeared to promote a re-innervation of TH+ 

terminals within the striatum. In the following sections of this 

discussion, we will discuss these findings, along with the evidence that 

these effects were mediated by the mTOR pathway.   

 

Overview of Findings 

 

The first CTEP experiments investigated the short term (1 week) 

and long term (12 weeks) effects of the drug. As CTEP is oral 

bioavailable (Lindemann et al., 2011) we developed an administration 

paradigm using chocolate pudding, in which the mice readily consumed.  

The dose we administered via the pudding suspension, 2mg/kg every 

48hrs, was previously found to result in approximately 75-80% receptor 

occupancy in the striatum and cortex of adult mice (Lindemann et al., 

2011). Furthermore, at this dosing CTEP can be detected in brain lysates 
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over 50hrs after administration (Lindemann et al., 2011). As such, this 

dosing schedule provides continual receptor occupancy.  

 

The fact that CTEP improved behavioural deficits after only 1 

week and was even more effective after further dosing, indicates that the 

drug might have fairly rapid clinical efficacy.  As 12 weeks of CTEP 

treatment completely abolished apomorphine induce rotational 

behaviour, it appears that repeated dosing can boost overall drug 

efficacy and could reflect progressive or adaptive brain changes. Also, 

of importance is the fact that CTEP not only reversed motor deficits, but 

also cognitive deficiencies in a reversal Morris water maze. This is in 

keeping with previous studies that found CTEP similarly improved 

spatial memory and object recognition in an Alzheimer’s animal model 

(Hamilton et al., 2016). CTEP was also found to impart both motor and 

cognitive improvements in models of Huntington’s disease (Abd-

elrahman et al., 2017).  Hence, CTEP clearly has broad ranging effects 

that could be therapeutically important for multiple symptom clusters. 

It is also important to underscore that in the current studies we found 

that CTEP alone did not have behavioural consequences; rather its 

effects were only evident in the presence of a 6-OHDA lesion. This 
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suggest that CTEP is preferentially acting in the context of an insult that 

would clearly be stressing the surviving cells.  

 

It is significant that CTEP rescued striatal TH+ terminal loss 

following 6-OHDA treatment but had no effect on the loss of SNc 

neurons. This suggests that, as hypothesized, CTEP appears to have 

provoked neuroplasticity changes in surviving axons/dendrites but did 

not induce any neurogenic effects at the level of the dopaminergic soma. 

Accompanying these striatal changes, CTEP also reversed the 6-OHDA 

induced elevations of striatal and motor cortex FosB levels.  This 

suggests that the re-innervation induced by CTEP was functionally 

important and hence normalized postsynaptic activity. Indeed, FosB 

plays many roles in the cell, however it is commonly used as a marker 

of overall cell activity – in part due to its role as an activity dependent 

transcription factor.  

 

Normally the loss of dopaminergic input to the striatum results 

in a hyperactivity of the GABAergic striatal interneurons, as was 

reflected in the current 6-OHDA induced FosB elevation. The 

hyperactivity is accompanied by imbalanced D1 and D2 receptor 
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activation on the interneurons. For example, in the early stages of 

disease there is a marked reduction of D2 receptors, resulting in limited 

D2 mediated inhibition (Hisahara and Shimohama, 2011). As the 

balance of receptors shift to predominantly D1, striatal medium spiny 

neurons lose the inhibitory control imparted by D2, ultimately resulting 

in increased striatal activity (Galvan and Wichmann, 2008; Hisahara and 

Shimohama, 2011). The loss of the inhibitory D2 receptor control results 

in changes throughout the basal ganglia regions and the motor cortex. 

Indeed, this has been shown to be true in both animal models and PD 

patients (Mehler-Wex et al., 2006).  

 

In order to mechanistically identify how CTEP is acting within 

the context of the 6-OHDA lesion, we assessed several mGluR5 related 

signaling cascades. In particular, mGluR5 can signal through three 

prominent pathways that are relevant for neuroplasticity and neuronal 

recovery; these are CaMKII, ERK 1/2 and mTOR.   Within the striatum,  

p-CaMKIIα(Thr286) and p-ERK1/2(Tyr204) were mostly unaffected 

with the exception of p-CaMKIIα(Thr286) being reduced by 6-OHDA 

and this effect was reversed by CTEP at only the 1 week time. The exact 

role of p-CaMKIIα(Thr286) in the striatum in this context is unknown.  
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The most marked effects of CTEP were with regard to the mTOR 

pathway. Indeed, CTEP greatly increased levels of p-mTOR(Ser2448) 

after only 1 week of drug administration. Although blunted, levels of p-

mTOR(Ser2448) remained elevated in the 12 week chronic model. The 

serine 2448 site on the mTOR complex is the primary binding site of 

AKT, and is often indicative of mTORC1 activation (Chiang and 

Abraham, 2005). While not measured directly, it should be noted serine 

2448 is an important activation site of the mGluR5/PI3K/AKT 

signalling cascade. Despite mTOR phosphorylation at serine 2488 being 

associated with mTORC1 activity, there is also evidence indicating that 

p-mTOR(Ser2448) is capable of binding to both raptor and rictor, 

allowing it to form both mTORC1 and mTORC2 complexes 

respectively (Rosner et al., 2010). Normally, raptor forms part of 

mTORC1, whereas rictor forms mTORC2, which differentially 

influence downstream signaling. To determine which of these was being 

activated, we assessed the mTORC1 downstream effector p70S6K, 

which is specific for this complex. To this end, after both the 1 week 

and 12 week CTEP administration treatment schedules there was a 

marked increase in p-p70S6K(Thr389).  
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Phosphorylation of p70S6K can increase protein translation that 

is critical for neuronal plasticity and remodelling (Switon et al., 2016), 

as would be required for recovery following exposure to toxicants, such 

as 6-OHDA. p70S6K accomplishes this by phosphorylating eEF2k, a 

protein which normally acts as a ribosomal suppressor of protein 

translation (Switon et al., 2016). Additionally, p70S6K activates eIF4B 

and represses PDCD4 through phosphorylation, resulting in activation 

and disinhibition of another important mediator of protein translation, 

eIF4A (Switon et al., 2016). In addition to its role as a mediator of 

protein translation, p70S6k is also known to stimulate phosphorylation 

of mTOR at serine 2448, thereby creating a positive feedback loop 

(Switon et al., 2016).  

 

Because mTOR is such as critical component of a multitude of 

cellular functioning ranging from mitochondrial homeostasis to 

microtubule organization, autophagy, and even apoptosis, it is difficult 

to determine exactly which of the proteins it regulates would be most 

important in our model. However, one particularly notable protein 

product of mTOR driven protein translation is brain derived 
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neurotrophic factor (BDNF) (Maiese, 2015). Indeed, we found that 

BDNF was increased following either of the 1 or 12 week CTEP 

treatments, but only in the context of the 6-OHDA lesion. It is 

particularly notable that BDNF levels were found to vary in parallel with 

the aforementioned mTOR and p70S6K. This lead us to hypothesize that 

this growth factor might have been fundamental for the striatal re-

innervation we presently observed.  

 

BDNF is a member of the neurotrophin family of proteins and 

signals through the tyrosine kinase B (TrkB) receptor system. 

Furthermore, BDNF is the most widely expressed neurotrophin in the 

mammalian brain (Kolbeck et al., 1999). When BDNF binds to TrkB 

the receptor dimerizes and initiates a signalling cascade (Sasi et al., 

2017). Interestingly, stimulation of the TrkB receptor results in changes 

in many of the same signaling partners affected by mGluR5; 

specifically, PI3K/AKT/mTOR, ERK1/2, and CaMKII (Sasi et al., 

2017). In addition to these pathways, activation of the TrkB receptor 

also stimulates the activation of CREB, an important cellular 

transcription factor (Sasi et al., 2017). Through these cascades, 

BDNF/TrkB has been shown to modulate protein translation, gene 
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transcription, excitability, calcium signalling, and cellular remodelling 

(Binder and Scharfman, 2004; Sasi et al., 2017). Additionally, BDNF 

has been shown to directly modulate glutamatergic receptors, 

potentiating neuroplasticity by modulating NMDA and AMPA receptor 

activity and expression (Carvalho et al., 2009).  

 

BDNF may play a role in regulating normal dopamine neuronal 

activity (Murer et al., 2001). In fact, nigral administration of BDNF in 

healthy rats results in rotational behaviours (Altar et al., 1992; Martin-

Iverson et al., 1994; Martin-Iverson and Altar, 1996), increased nigral 

neuron firing rate (Shen et al., 1994) and increased dopamine turnover 

(Lapchak et al., 1993; Hagg, 1998; Lau et al., 1998). With respect to PD, 

BDNF has been reported to be depleted in the striatum and the substantia 

nigra (Murer et al., 2001). Furthermore, the prominent A30P and A53T 

mutations of α-synuclein that are implicated in PD can decrease levels 

of BDNF (Kohno et al., 2004). Conversely, many PD animal models 

have demonstrated that BDNF administration can protect nigrostriatal 

dopamine neurons against toxin induced degeneration (Frim et al., 1994; 

Levivier et al., 1995; Shults et al., 1995; Tsukahara et al., 1995; Hung 

and Lee, 1996) .  
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Unfortunately, systemic administration of BDNF is not 

clinically viable because of its limited BBB permeability and potentially 

severe side effects. While studies investigating the side effects of BDNF 

are limited, many researchers and clinicians are cautious given that 

administration of trophic factors in general can induce cellular 

hyperplasia and nerve sprouting (Winkler et al., 1997), hypophagia and 

concomitant weight loss (Williams, 1991; Eriksdotter Jönhagen et al., 

1998), and hyperinnervation of cerebral blood vessels (Isaacson et al., 

1990). Given these limitations, it is of interest to utilize other 

pharmacological means to stimulate the expression of endogenous 

neurotrophic factors such as BDNF (Barber et al., 2015).    

 

When taken together, our findings are consistent with the 

proposition that CTEP provoked modulation of mGluR5 can stimulate 

pro-recovery process in the context of a PD relevant lesion. Specifically, 

the recovery of the striatal dopaminergic terminals was correlated with 

behavioural recovery.  Given our data indicating that mTORC1 appears 

to be involved, we next specifically blocked this pathway in order to 

confirm its role in the recovery effects of CTEP. To this end, rapamycin, 
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a well-known inhibitor of mTORC1, was administered.  Rapamycin 

exerts effects by first binding to the FRB domain of mTOR. This binding 

then can result in an allosteric change in mTORs catalytic binding site 

(Jacinto et al., 2004). Importantly, the FRB domain on mTORC1 is 

affected, whereas this domain is not accessible in the mTORC2 form, 

and therefore is not directly affected by rapamycin, (Sarbassov et al., 

2006).  

 

As rapamycin has a biological half life of approximately 60hrs, 

we chose a dosing schedule, wherein rapamycin was given every 48hrs 

prior to each CTEP injection. Essentially, we hoped to effectively block 

any potential mGluR5 mediated increases in mTORC1. Indeed, we did 

find that rapamycin alone (with 4 injections over 1 week) reduced 

striatal p-p70S6K(Thr389) levels indicating that mTORC1 was blocked. 

Most importantly however, rapamycin also blocked the ability of CTEP 

to reduce apomorphine induced rotations. Similarly, rapamycin pre-

treatment blocked the re-innervation of striatal terminals and increase in 

BDNF previously seen to be induced by CTEP treatment.   
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The rapamycin study supports the idea that CTEP imparts its 

beneficial effects through striatal mTOR activation. While we cannot 

discount that CTEP may be acting through other potential molecular 

mediators, these data strongly suggest that mTORC1 activation is 

required in some capacity for dopaminergic striatal recovery. Indeed, 

activation of mTOR/p70S6K has been shown to induce fibre regrowth 

following traumatic injury (Abe et al., 2010; Yang et al., 2014; Hu, 

2015). Similarly removal of PTEN, an important inhibitor of mTOR, 

has been shown to enhance neurite outgrowth of nigrostriatal DA 

neurons in a mouse model of PD (Zhang et al., 2012). Furthermore, it is 

important to underscore that while we found increases in BDNF, this 

most likely not the only post-transcriptional mTORC1 target that might 

have been modified by CTEP. Indeed, mTOR has been shown to 

increase other trophic factors, including epidermal growth factor (EGF), 

fibroblast growth factor (FGF), and erythropoietin (EPO) (Maiese, 

2015). Additionally, our own data demonstrates that CTEP results in 

modulation of different signalling cascades in different brain regions.  

For example, it will be recalled that in the motor cortex CTEP affected 

p-ERK1/2(Tyr204) and p-CaMKIIα(Thr286) after both 1 and 12 weeks 
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of drug administration. This was in contrast to the striatum, wherein 

mTOR was the primary effector.  

 

The elevation of p-ERK1/2(Tyr204) that was prompted by the 

6-OHDA and CTEP treatments might contribute to the  functional 

recovery effects observed (Roskoski, 2012). Indeed, it has been shown 

that mGluR5 mediated increases of ERK1/2 stimulate transcription 

factors that have important  neuroplastic effects, such as ELK-1 and 

CREB (Gladding et al., 2009). ELK-1 and CREB have been shown to 

increase neuroplasticity through the protein Arc/Arg3.1 (Gladding et al., 

2009; Kumar et al., 2012). Importantly, increases in Arc have been 

shown to regulate spine density and morphology  (Peebles et al., 2010) 

and several other aspects of synaptic plasticity, including long term 

depression (Chowdhury et al., 2006; Rial Verde et al., 2006). Similarly, 

ERK1/2 has been shown to stimulate the internalization of NMDA and 

AMPA receptors, which again could conceivably underlie critical 

changes in neuroplasticity (Chowdhury et al., 2006; Rial Verde et al., 

2006; Gladding et al., 2009).  
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Importantly, this data demonstrates that CTEP is able to act 

differently in distinct brain regions and that it only does so in the context 

of the lesion. Additionally, our data suggest that mGluR modulation 

only begins to manifest functional changes when it interacts with cells 

already in distress. This is important as it may reduce potential off target 

side effects and may only modulate regions specifically under stress.  

 

Finally, the last study investigated whether CTEP imparts 

relatively long term changes. In this study, we found that after a 1 week 

drug washout, there was a modest lost of CTEP efficacy with regard to 

apomorphine induced rotations, such that the drug no longer 

significantly affected this behavioural outcome. Despite this loss of 

behavioural efficacy, the impact of CTEP on dopaminergic TH+ fibre 

density in the striatum was still apparent. This indicates that modulation 

of mGluR5 with CTEP was able to stimulate striatal re-innervation, but 

continual modulation of the receptor is required to maintain the 

improved functional outcomes.  
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Comparable Pre-Clinical Therapeutics  

 

To date, several mGluR5 NAMs have been developed, including 

MPEP, MTEP, and fenobam. While all these compounds target 

mGluR5, they all have variable potency, penetration rates, and 

metabolism. The vast majority of the current pre-clinical research 

surrounds the use of mGluR5 modulation as a therapeutic option to treat 

levodopa induced dyskinesias (LIDs). Indeed, it has been shown that 

targeted modulation of mGluR5 receptors in downstream regions of the 

substantia nigra (i.e. striatum, thalamus, cortex) can compensate for 

dopamine receptor hypersensitivity seen with prolonged levodopa 

treatments (Maranis et al., 2012). MPEP,  MTEP, and Fenobam have 

been shown to be effective in treating LIDs in both rats (Ambrosi et al., 

2010; Marin et al., 2011; Bashkatova and Sudakov, 2012; Hsieh et al., 

2012; Maranis et al., 2012; Iderberg et al., 2013; Ferrigno et al., 2015) 

and non-human primates (Johnston et al., 2010; Morin et al., 2010, 

2013a; Rylander et al., 2010; Masilamoni et al., 2011; Ko et al., 2014).  

 

With respect to treating dyskinesias, it appears that modulating 

mGluR5 with these select NAMs prevents levodopa induced increases 
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in various receptors, including D1 receptor (Morin et al., 2014), NMDA, 

AMPA, and even mGluR2/3/5 (Morin et al., 2013b). Interestingly, 

modulation of other mGluRs has also shown to be beneficial in treating 

various akinetic and dyskinetic behaviours. In contrast to negative 

modulation of mGluR5, stimulation or modulation with PAMs seems 

most effective in Group II and III mGluRs. This is due to the differences 

in receptor location and role. For example, Group II receptors are highly 

expressed in the upstream substantia nigra reticulata (Nicoletti et al., 

2011). Group III receptors are highly expressed in the striatum however 

act as pre-synaptic inhibitors of gabaergic medium spiny neurons 

(Nicoletti et al., 2011). In both cases, an increase in receptor activity 

counters aberrant basal ganglia activity seen in PD. Indeed, stimulation 

of Group II mGluRs with the agonist 2R,4R-APDC decreased the 

number of apomorphine induced contralateral rotations in 6-OHDA 

treated rats (Chan et al., 2010).  Broad spectrum Group III mGluR 

agonists L-AP4 and ACPT-I improved the overall behavioural 

phenotype seen in 6-OHDA treated animals, however also resulted in 

drug related dystonic posturing (Lopez et al., 2012; Sun et al., 2013). 

Targeted modulation of Group III mGluR4 with various PAMs has been 

shown to improve akinesia seen in both 6-OHDA and mitopark PD 
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models (Jones et al., 2011; Le Poul et al., 2012; Bennouar et al., 2013). 

However in some cases, mGluR4 PAMs work most effectively as 

preventative therapeutics, having limited capacity to reverse already 

developed phenotypes (Lopez et al., 2011; Betts et al., 2012; Iderberg et 

al., 2015).  

 

Although most studies have been restricted to assessing the 

ability of mGluRs in reducing L-DOPA induced side effects (i.e. 

dyskinesias), a few reports have assessed mGluRs and primary PD 

neurodegeneration. For instance, striatal recovery and neuroprotection 

from 6-OHDA toxicity has been shown following delayed 

administration of the Group II mGluR agonist 2R,4R-APDC (Chan et 

al., 2010). Similarly, Betts et. al. (2012) found that administration of the 

Group III mGluR4 PAM VU0155041 before 6-OHDA administration 

results in neuroprotection of both the SNc and striatum. Another study 

found that administration of the broad spectrum Group III mGluR 

agonist L-AP4 before 6-OHDA administration reduces toxin induced 

degeneration (Austin et al., 2010). Importantly, although beneficial all 

of these studies involved direct infusion of the mGluR acting drugs into 

the SNc. This is obviously a major clinical caveat.    
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Focusing on mGluR5, nearly all the current literature uses a 

preventative model design; i.e. the drug administration begins either 

before or in parallel to the toxin administration. Masilamoni (2011) 

found that starting MTEP therapy 5 days before administering MPTP in 

monkeys results in protection of nigrostriatal dopaminergic neurons and 

striatal projections. Another study showed that administration of 6-

OHDA followed immediately by 28 day continual minipump infusion 

of MPEP  into the striatum results in protection of nigral TH+ neurons, 

and prevents rotational behaviour following sub-threshold doses of 

levodopa (Fuzzati-Armentero et al., 2015). Similarly, daily 

intraperitoneal injections of MPEP for 14 consecutive days immediately 

following nigral administration of 6-OHDA prevented the loss of TH+ 

nigral neurons in both the SNc and VTA (Chen et al., 2011). This study 

also found that MPEP rescues 6-OHDA deficiencies in the elevated plus 

maze and social interaction tests (Chen et al., 2011).  Yet another study 

has shown that daily intraperitoneal injections of MPEP for 14 

consecutive days starting 24 hours after nigral administration of MPTP 

prevents nigral TH+ cell loss, and significantly reduces striatal terminal 

loss compared to saline controls (Hsieh et al., 2012). In addition to 



134 
 
 

protection of the dopaminergic nigral system, it was found that MPEP 

prevents MPTP induce microglial reactivity. However, Ferrigno (2015) 

found that delaying therapeutic administration by 4 weeks negates any 

protective effects previously seen with MPEP.  

 

It is very important at this juncture to underscore the fact that 

there are no pre-clinical data whatsoever regarding the use of CTEP in 

a PD model other than what is presented in this thesis.  Secondly, CTEP 

has increased brain penetrance and persists longer in the brain than all 

of the aforementioned studies using other mGluR5 acting drugs.  

Thirdly and most importantly, only one other lab has investigated 

mGluR5 modulation with regards to recovery processes using a delayed 

onset model (Ferrigno et al., 2015). However, this study used MPEP 

with repeated i.p. injections and was not successful in demonstrating any 

behavioural improvements (Ferrigno et al., 2015). In contrast, we 

utilized CTEP and used a novel oral administration paradigm. Using this 

procedure, we are able to closely monitor dosing and achieve stable 

levels of the drug and avoid the unnecessary stress of repeated 

injections. We hope that this ensures not only more robust and stable 
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brain changes but also should facilitate more accurate behavioural 

analyses.  

 

Potential Clinical translation 

 

CTEP is an effective NAM of rodent and human mGluR5 and 

was developed by the parent company Roche (Lindemann et al., 2011). 

Compared to the other mGluR5 modulators; namely fenobam, MPEP, 

and MTEP, CTEP binds more readily to mGluR5, has a higher brain 

penetrance, and persists in the brain more than ten times longer 

(Lindemann et al., 2011). Despite CTEP’s ability to modulate human 

mGluR5, the compound itself has not been used in clinical trials. 

Instead, the structurally similar compound Basimglurant has been used 

by Roche in its clinical investigations. CTEP and Basimglurant differ 

by only one functional group; CTEP containing a trifluoromethyl group 

whereas Basimglurant has only a single fluoride group. CTEP and 

Basimglurant are both NAMs of mGluR5 and both have inverse agonist 

potential (Lindemann et al., 2011, 2015). Comparatively, Basimglurant 

does result in increased receptor occupancy in the striatum and motor 

cortex (>90%), and remains in the human body longer than CTEP 
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(Lindemann et al., 2015). Conversely, CTEP remains in the rodent body 

longer than Basimglurant. Because of this, CTEP is used in pre-clinical 

animal experiments and Basimglurant is used in human clinical trials. 

Novartis has also developed an mGluR5 NAM, mavoglurant, which is 

frequently compared to CTEP. Functionally mavoglurant behaves 

similar to CTEP and Basimglurant, with the exception of metabolic 

clearance rate which is more similar to MPEP/MTEP/Fenobam, 

persisting only in the brain for approximately 8 hours (Vranesic et al., 

2014).  

 

Many of these mGluR5 NAMs were first tested as potential 

treatments of Fragile X Syndrome. Fragile X syndrome is an inheritable 

genetic disorder that results in intellectual disability (Pop et al., 2014). 

Evidence has shown that mutations in the affected FMRP gene leads to 

increased mGluR5 activity, resulting in aberrant protein synthesis and 

synaptic plasticity processes (Pop et al., 2014). Pre-clinical evidence 

demonstrated that modulating mGluR5 with CTEP was effective in 

correcting the Fragile X phenotype in mouse models (Michalon et al., 

2012). However, multiple clinical trials testing the efficacy of 

Basimglurant in Fragile X failed to meet primary outcomes (Clinical 
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Trials: NCT01015430, NCT01517698, NCT01750957). Similarly, 

mavoglurant, the mGluR5 NAM developed by Novartis, also failed to 

meet primary outcomes in patients with Fragile X (Clinical Trials: 

NCT00718341, NCT01253629, NCT01348087, NCT01357239, 

NCT01433354). Basimglurant has also recently been tested for the 

treatment of major depression, however while initially promising this 

too has ultimately demonstrated limited efficacy in humans (Quiroz et 

al., 2016). Similarly, mavoglurant has been tested in clinical trials for 

obsessive compulsive disorders, however again this trial was terminated 

early for failing to meet early outcome measures (Clinical Trial: 

NCT01813019).  

 

Clinical trials using mGluR5 modulation for motor disorders 

have been limited. In this regard, Mavoglurant failed to improve the 

chorea symptoms in patients with Huntington’s disease (Reilmann et al., 

2015). With respect to levodopa-induced dyskinesias (LID), 

mavoglurant showed initial promise (Berg et al., 2011), however an 

expanded phase II clinical trial demonstrated that mavoglurant actually 

did not improve LIDs (Stocchi et al., 2013; Trenkwalder et al., 2016). 

With these findings in hand, Novartis stopped all testing of mavoglurant 
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in their movement disorder therapeutic pipeline. Shortly afterwards 

Roche followed suit, never actually completing a clinical trial using 

Basimglurant as a potential therapeutic for a movement disorder. In 

contrast, Addex Therapeutics Dipraglurant has shown modest 

improvements in reversing LIDs in a recent phase 2a clinical trial (Tison 

et al., 2016). Unlike Novartis and Roche, Addex is pressing forward in 

an expanded phase 2b clinical trial. 

 

Exactly why these pharmacological compounds have failed to 

successfully translate to the clinic is not clear. This is especially 

surprising as many of the pre-clinical results have been validated by 

multiple different research groups. In the case of Fragile X syndrome, 

Lindemann’s group have proposed multiple potential explanations 

(Scharf et al., 2015). Firstly, that obvious limitation of animal models 

could be a potential factor. Specifically, despite Fragile X being a 

monogenic disorder, it is likely that altering the gene in rodents does not 

result in identical changes observed in humans. Secondly, are the 

limitations imposed by the clinical study design. Upon retrospective 

analysis, Lindemann argues that the clinical trials could have been better 

structured in a manner that more effectively tests their experimental 
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questions. And finally, is the concern about appropriate timing of when 

to administer the drugs. Lindemann’s group argues as Fragile X is a 

developmental disease early intervention is required to maximized 

pharmacological potential.  

 

The three factors which Lindemann’s group states may have 

caused the discordance between pre-clinical and clinical results may 

also ring true in the case of PD. Indeed, there exists no one true model 

of PD. Each model is only capable of replicating certain clinical 

features. Because of this, each model is limited with respect to potential 

clinical translation. Second and third points proposed by Lindemann 

regarding clinical trial design and timing of the drug administration in 

this case can be addressed together. In particular, the patients used in the 

clinical trials may have been at too late a stage for the drug treatment to 

be maximally efficacious. Indeed, patients were diagnosed about 12 

years earlier, had been on dopamine replacement therapy for an average 

of 10 years, and were showing dyskinesias for the preceding 4 years 

prior to the start of the experiment (Stocchi et al., 2013; Trenkwalder et 

al., 2016). Together, this suggests that the average patient enrolled in the 

clinical trials patients may be considered mid-stage in disease 
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progression. Perhaps more pronounced effects would have been evident 

in a patient population with a less progressed disease state.  

 

Appropriate timing is of utmost importance, such that any 

clinical intervention should be started as early as possible. In the case of 

PD, much of the dopaminergic system is already lost by the time that 

patients reach the clinic (Bernheimer et al., 1973; Toulouse and 

Sullivan, 2008). At such stages, the remaining neurons are likely 

incredible vulnerable and could easily developed hypersensitivity to 

levodopa. More relevant to the present thesis, the capacity for the 

reinnervation of the striatum likely decreases at advanced stages of the 

disease. This would of course, diminish the likelihood of successful 

treatment translation. This was one of the reasons we choses to titrate 

our lesion to a moderate level ~60% loss of striatal terminals, which 

causes behavioural impairment, but animals remain reasonably healthy.  

In our model, motor impairments were not basally apparent and only 

become evident when animals are behaviourally challenged.  As such, 

we suggest that perhaps more successful clinical translation in PD using 

mGluR5 NAMs can be observed with earlier intervention.  
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Future Directions 

 

Despite the high affinity of CTEP for mGluR5, it conceivably 

could bind to other GPCRs. While Lindemann (2011) did test CTEPs 

affinity to many different receptors, their screening panel was not 

exhaustive. For this reason, it would be useful to repeat some of the 

present work in mGluR5 knock out (KO) mice to ensure that this 

receptor is indeed critical. However, this study is not without its 

logistical pitfalls. It has been shown that a mGluR5 KO alone is 

sufficient to induce a neuroprotective phenotype in the 6-OHDA mouse 

model of PD (Black et al., 2010). Knocking out mGluR5 does not confer 

complete protection against 6-OHDA toxicity, and still results in 

behavioural and neurochemical changes compared to sham controls. To 

the best of my knowledge, a direct comparison of WT and mGluR5 KO 

has not been completed in any other models of PD. However, as most 

models rely on neuronal death due to oxidative stress/damage it may be 

presumed that a mGluR5 KO would have similar effects as seen in the 

6-OHDA treated animals.  

  



142 
 
 

This thesis used the 6-OHDA toxin model of PD due to its 

effectiveness at inducing nigrostriatal degeneration, its replicability 

between animals and experiments, and its relative ease of application. 

6-OHDA is an excellent model for early proof of concept pre-clinical 

experimentation. However, 6-OHDA is not a perfect model of PD and 

lacks key pathological hallmarks. As such future work should work 

beyond the 6-OHDA model.  Genetic models may offer additional 

information beyond the toxin-based approaches. One potential model 

would be the PINK1 KO rat model of PD. Current published data 

demonstrate that over an 8 month period there is approximately 50% 

loss in TH-positive neurons, increase in α-synuclein aggregation, and 

changes in various vocal and oromotor functions that precede any age-

dependent gait and motor impairments (Dave et al., 2014; Grant et al., 

2015; Kelm-Nelson et al., 2015; Villeneuve et al., 2016). Unpublished 

data from collaborators at the University of Ottawa demonstrate that 

these pathological and phenotypic changes continue to progress with 

age, demonstrating significant striatal dopamine loss and more 

pronounced behavioural phenotype beyond 12 months of age (Park, 

unpublished). The use of the PINK1 KO genetic model would be ideal 
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to further confirm CTEPs efficacy in PD, as this model is more akin to 

the human disease.  

 

Moving beyond validation of CTEP in other models of PD, other 

important questions remain. First and foremost, would be investigating 

if CTEP modulates mTORC2. While only mTORC1 related 

mTOR(ser2448) was probed in this thesis, there is a strong likelihood 

that mTOR is being phosphorylated at other sites. Indeed, mTORC2 

activation could have important disease modifying roles by driving 

structural re-organization through Rho/Rac signaling cascades (Li et al., 

2004) and further activation of mTORC1 via AKT (Huang and 

Manning, 2009). While the results of the Rapamycin study suggest that 

mTORC1 is necessary and required for CTEP mediated improvement 

assuming that mTORC1 is working in isolation would be naïve. 

Similarly, the roles of ERK1/2 and CamKIIα in the 6-OHDA+CTEP 

treated animals needs to be further investigated. It is very likely that both 

ERK1/2 and CamKIIα have supportive roles in addition to the observed 

mTOR activation. To address this, experiments using antagonists for 

ERK1/2 and CamKIIα should be used. For example, FR180204 and 
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KN-93 could be used to block ERK1/2 (Gokce et al., 2009) and CamKII 

(Vest et al., 2010; Pellicena and Schulman, 2014) activity respectively.  

 

This thesis demonstrated that CTEP was able to stimulate striatal 

dopaminergic terminal regrowth. Additionally, the alterations of overall 

neuron activity levels in downstream regions such as motor cortex 

suggest large changes to the basal ganglia circuitry. These conclusions 

are derived from changes in overall FosB+ reactivity and marked 

changes in behavioural phenotype. While FosB is an accepted indicator 

of overall cell activity, it lacks important nuanced details regarding cell 

function. As such further experiments measuring electrophysiological 

recordings of various basal ganglia regions should be completed. These 

recordings can provide useful information regarding action potential 

frequency and strength. The use of calcium or voltage sensitive dye 

image systems in conjunction with these electrophysiological 

recordings would provide even more information regarding neuronal 

health and function.  

 

Finally, additional experimentation should be done investigating 

any potential role involving CTEP/mGluR5 and synucleinopathy; a key 
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pathological feature of PD. Indeed, recent research has shown that α-

synuclein interacts with cellular prion protein (PrPC) and mGluR5, 

resulting in cognitive impairment (Ferreira et al., 2017). Furthermore, 

mGluR5/mTOR activity has strong implications in normal autophagic 

processes. Indeed, PD related decreases in autophagy has been 

implicated in Lewy body pathology progression (Tanik et al., 2013).  

While the data obtained from the 6-OHDA model suggests CTEP would 

results in an increase in mTOR levels thereby decreasing mTOR related 

autophagy (potentially exacerbating the already dysfunctional 

autophagic processes observed in PD), other researcher groups have 

demonstrated that in models with protein aggregation CTEP actually 

decreases mTOR in a context dependent manner (Abd-elrahman et al., 

2017). Together, the use of CTEP may prove beneficial at clearing toxic 

protein and reducing PD related cognitive impairments, however 

admittedly this may come at the expense of CTEPs neuro-recovery 

potential. To test these hypothesis viral overexpression of mutant α-

synuclein paired with implanted pre-form fibrils could be used to model 

Lewy-like pathology (Volpicelli-Daley et al., 2011). Similar to this 

thesis, the timing of CTEP to begin after α-synuclein aggregation has 

occurred would be extremely important.   
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Space 
Summary & Conclusions 

 

PD is an age related neurodegenerative disease characterized by 

degeneration of the dopaminergic nigrostriatal pathway and the 

accumulation of insoluble protein aggregates known as Lewy bodies 

(Klockgether, 2004; Factor and Weiner, 2008). The currently available 

PD therapies merely manage symptom severity and are not able to stop 

or even slow the neurodegenerative course of the disease. There is a 

need to focus on stabilization of the neurodegenerative condition via 

protection of the surviving neurons. There is an additional need to 

promote neuro-recovery processes. Such processes could maximize the 

utilization of the existing DA neurons, and/or recruit alternate neuronal 

pathways to promote recovery by upregulating changes in 

neuroplasticity. One such avenue is by modulating the glutamatergic 

mGluR5 GPCR. Indeed, mGluR5 has been previously shown to be 

implicated in various roles in PD pathogenesis, and as a potential 

therapeutic target.   
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This thesis has demonstrated that targeting mGluR5 with the 

NAM CTEP is able to reverse the neurodegenerative damage inflicted 

by the dopaminergic neurotoxin 6-OHDA. Importantly, a clinically 

relevant model was used throughout the thesis. Specifically, drug 

therapy occurred only after a lesion sufficient capable of inducing 

parkinsonian symptoms had been formed. In mice CTEP therapy results 

in marked improvements in both behaviour and pathology after only 1 

week, and full recovery after only 12 weeks. CTEP promoted 

dopaminergic striatal fibre re-innervation by upregulating the known 

plasticity promoting factor, mTOR. The upregulation of mTOR also 

increased striatal levels of the neurotrophic factor BDNF. This thesis 

showed that mTOR is necessary and required in this model, as blocking 

mTOR with the antagonist rapamycin prevents any pathological or 

behavioural improvements imparted by CTEP. These molecular 

findings are summarized below in (Figure 40). In addition to striatal 

mTOR, histology and western blot data in other brain regions suggest 

that CTEP modulates different signaling cascades in different regions of 

the basal ganglia. This has significant clinical importance as it implies 

CTEP has the capacity to differentially modulate mGluR5 in context and 

region-specific manners.  



148 
 
 

Unfortunately results from current clinical trials modulating 

mGluR5 have been mostly disappointing. Similar disappointing results 

were seen in other conditions (eg. Fragile X) that otherwise 

demonstrated compelling pre-clinical benefit. However, in all current 

PD-related clinical trials the primary endpoint was targeting the mid-

late stage therapy related levodopa induced dyskinesia. Its is 

conceivable that the effectiveness of such a therapy, one that is 

attempting to promote neuro-recovery and neuroplasticity, would be 

contingent on early administration.  

 

To date, CTEP has been shown to be a potentially effective 

therapeutic option in various neurodegenerative disorders including 

Alzheimer’s (Hamilton et al., 2016) and Huntington’s disease (Abd-

elrahman et al., 2017). This thesis adds to the current literature by 

demonstrating its potential role in treating PD. Furthermore, this thesis 

is the first to demonstrate that modulation of mGluR5 with a potent 

negative allosteric modulator can activate neuro-recovery well after 

neuronal damage has occurred. Regardless of the disease context, this 

thesis presents data suggesting that modulation of mGluR5 with the 
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NAM CTEP may be an effective tool in promoting neuro-recovery 

through the up-regulation of neurotrophic and neuro-plasticity factors. 
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Figure 40 Proposed Mechanism of CTEP action in Striatal DA recovery 
 

Our data suggests that striatal recovery is due to an increase in mTOR. Specifically, CTEP administration results in 
phosphorylation of Ser2448 on mTOR proteins. The targeted phosphorylation site paired with the observed increase 
in activated p70S6K suggests mTORC1 activation. In this model, activation of mTOR is driving protein translation, of 
which one of the products appears to be BDNF. It is well established that BDNF results in cytoskeletal remodeling and 
trophic support, and we believe in this case re-innervation. This re-innervation subsequently results in function 
improvements at the behavioural level.  
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Space 
Appendix 1  
 

Preface 

 

My doctoral work initially started with exploring the use of 

cytokines as a potential treatment of PD. In my first experiment we 

tested the efficacy of two peptides, granulocyte macrophage-colony 

stimulating factor (GM-CSF) and erythropoietin (EPO), in a 

prodromal/early stage model of Parkinson’s disease. The results of this 

first experiment are outlined below in the peer reviewed published 

manuscript within Appendix 1b. In brief, we found that both GM-CSF 

and EPO held neuro-recovery potential, resulting in striatal recovery/re-

innervation in rats with a minor lesion. We wished to continue this line 

of research, however continuing with a rat model was becoming cost 

prohibitive (specifically due to the cost of the cytokines). Furthermore, 

our facilities lacked the proper equipment to fully test motor deficiencies 

in rats. As such we wanted to translate our findings into mice. Rats were 

initially used as they are the standard animal used with the neuro-toxin 

6-OHDA. Before continuing our exploration of cytokines as neuro-
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recovery agents in PD, we wanted to confirm that the repeatedly 

validated 6-OHDA rat model of PD was indeed translatable into mice 

our CD1 mice. Appendix 1c outlines our work modelling the early 

stages of PD using a 6-OHDA mouse model. At this same time our 

interest were drawn to potential modulation of mGluR5 as a potential 

therapeutic avenue. As such, while still analyzing the data of our early 

stage model study we began our first CTEP study outlined in the main 

thesis. The intention of this study was to investigate the effects of 

mGluR5 modulation in the early stages of the disease. It was during this 

experiment that we discovered that something had gone wrong in the 

study outlined in Appendix 1c, as the animals were demonstrating a 

significantly more pronounced PD phenotype with respect to 

apomorphine induced rotations. Additionally, in the original design we 

had included a GM-CSF treatment group to compare with mGluR5 

modulatory therapy (further investigation of the effects of erythropoietin 

was given to another PhD student in the lab). It was here that we found 

that if our regular dose of GM-CSF is administered to animals affected 

by a large lesion, the cytokine treatment is not beneficial and is instead 

lethal. We suspect the lethality of the cytokine treatment was due to 

some form of immunological shock. We modified the dosing schedule 
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of GM-CSF, however found that the cytokine exacerbated the 6-OHDA 

induced PD-like pathology and behavioural deficits. The full GM-CSF 

results of this experiment are outlined in Appendix 1d. As the narrative 

for GM-CSF was becoming more and more convoluted raising more 

questions than answering, with the parallel success of the CTEP therapy, 

we decided to move forward focusing solely on CTEP. 

.  
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Appendix 1a 

Cytokines as novel trophic 
and immune modulatory 
treatments for PD 
 

Introduction 

 

Immune cells communicate using small glycoproteins known as 

cytokines, which act in both autocrine and paracrine manners (Caldwell 

et al., 2014). Cytokines can be grossly defined as either pro-

inflammatory or anti-inflammatory, although many cytokines are in 

actuality pleiotropic (Litteljohn and Hayley, 2012). By definition, pro-

inflammatory cytokines (e.g. IL-1β, TNF-α, and IL-6) increase 

inflammation, and increase immune cell activation and recruitment 

processes; important components of a healthy immune response 

immediately after a physical or toxic insult. Conversely, anti-

inflammatory cytokines (e.g. IL-4, and IL-10) reduce inflammation, and 

promote the return of immune cells into a resting state and subsequent 

dispersion or removal of unnecessary or excess immune cells.  
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A protracted neural immune response has been found to 

exacerbate various diseased conditions due to the excessive production 

of oxidative stress factors (Wadley et al., 2013; Crowley, 2014). 

Importantly, it seems that during chronic immune system activation, 

macrophage cells often become “stuck” in an autocrine loop, causing 

the immune cells to remain continually in a pro-inflammatory state. 

Additionally, with a prolonged immune response there is often not only 

an increase in pro-inflammatory signalling, but also an increase in 

cellular autophagy and concomitant increase in cytosolic debris (Ma et 

al., 2013). The accumulation of cellular waste products exacerbates the 

toxic environment promoting a further increase in immune system 

activation. Indeed, neuro-inflammation has been shown to contribute to 

PD pathology. Our lab has demonstrated that early life exposure to the 

bacterial endotoxin lipopolysaccharide (LPS) is able to enhance the 

neurodegenerative effects of paraquat to induce PD like pathology in 

mice (Mangano and Hayley, 2009; Mangano et al., 2011). This toxin is 

known to induce an increase of pro-inflammatory cytokines, even 

resulting in permanently elevated levels of various inflammatory factors 
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in adult mice that were prenatally exposed to LPS (Ling et al., 2006; 

Barlow et al., 2007).  

 

The use of cytokines as therapeutic agents initially started within 

the domain of cancer, as a main symptom of invasive cancers is a 

systemic high-jacking of the immune system to protect the developing 

malignancy. Interestingly, many of the same pathways that are 

implicated in oncogenesis and uncontrolled cancer growth are the same 

pathways implicated in pre-clinical regeneration studies. As such 

researchers started looking at cytokines for the use in regenerative 

medicine. Two cytokines that may hold potential therapeutic 

significance are the hematopoietic cytokines, erythropoietin (EPO) and 

granulocyte macrophage-colony stimulating factor (GM-CSF). Indeed, 

GM- CSF has protective effects in models of Alzheimer’s disease (Boyd 

et al., 2010), and in MPTP and paraquat models of PD (Kim et al., 

2009a; Mangano et al., 2011). Moreover, GM-CSF administration 

induced spontaneous axonal regeneration and functional recovery in 

models of traumatic spinal cord injury (Ha et al., 2005; Bouhy et al., 

2006) and reduced infarct volume following ischemic stroke (Schäbitz 

et al., 2008; Nakagawa et al., 2014). Similarly, EPO has been 
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investigated extensively for use in stroke, traumatic head injury and 

more recently, in toxin based animal models of PD (Sargin et al., 2010; 

Bond and Rex, 2014; Merelli et al., 2014). EPO was also shown to 

protect hippocampal neurons from stressor-induced apoptosis, and 

increased adult hippocampal neurogenesis (Merelli et al., 2014). 

 

GM-CSF and EPO have well-documented trophic actions in the 

periphery and can infiltrate and accumulate within the brain (Enzler and 

Dranoff, 2003). Receptors for GM-CSF and EPO have been found on 

mature DA neurons and neural progenitor cells, suggesting that they 

might influence adult neuronal functioning, as well as stimulate 

maturation (Kim et al., 2004; Ha et al., 2005). Indeed both GM-CSF and 

EPO are Type I cytokines, and therefore their receptors are composed 

predominantly of multimeric chains and signal through Jak/STAT 

related pathways (Lee and Margolin, 2011). The peripheral function of 

GM-CSF is to promote the differentiation and maturation of innate 

immune cells, and it is routinely administered to cancer patients to 

modify neutrophil production (Dale et al., 1998). Similarly, EPO has 

potent mitogenic effects on immune cells, as well as red blood cells and 

is routinely prescribed for anemia and in the context of certain cancer 
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treatments (Debeljak et al., 2014). Thus, both GM-CSF and EPO have 

well established clinical records. Mechanistically, these cytokines are 

potent inducers of BDNF and GDNF (Bouhy et al., 2006; Mengozzi et 

al., 2012), which is believed to be fundamental for their beneficial neural 

consequences. Finally, while EPO possess predominantly anti-

inflammatory and growth factor related mechanisms of action (Han et 

al., 2011), GM-CSF is known to be pleiotropic and imparts both anti-

apoptotic/neurotrophic actions (Bouhy et al., 2006; Kim et al., 2009a) 

but can also initiate and mobilize immune related cells and pro-

inflammatory signalling cascades (Henze et al., 2005; Bernasconi et al., 

2010; Parajuli et al., 2012). As such, continued pre-clinical 

investigations are required to determine the suitability of both EPO and 

GM-CSF as potential translational treatments of the human condition.  
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Hematopoietic cytokines as 
therapeutic players in early 
stages Parkinson’s disease 
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Abstract 

 

Parkinson's disease (PD) is a devastating age related 

neurodegenerative disease that is believed to have a lengthy prodromal 

state. It is critical to find methods of interfering with the progression of 

this early degenerative stage by inducing compensatory recovery 

processes to slow or prevent the eventual clinical symptoms. The current 

perspective article argues that immune system signalling molecules 

represent such a promising therapeutic approach. Two cytokines of 

interest are granulocyte macrophage-colony stimulating factor (GM-
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CSF) and erythropoietin (EPO). These hematopoietic cytokines have 

been protective in models of stroke, neuronal injury, and more recently 

PD. It is our belief that these trophic cytokines can be used not only for 

cell protection but also regeneration. However, success is likely 

dependent on early intervention. This paper will outline our perspective 

on the development of novel trophic recovery treatments for PD. In 

particular, we present new data from our lab suggesting that EPO and 

GM-CSF can foster neural re-innervation in a “mild” or partial lesion 

PD model that could be envisioned as reflecting the early stages of the 

disease. 

 

Parkinson’s disease: Animal model of early stages 

 

Parkinson’s disease (PD) is characterized by a loss of dopamine 

(DA) neurons within the nigrostriatal pathway and the presence of Lewy 

body pathological protein aggregates (Farrer et al., 2001; Sherer et al., 

2001). Clinically, PD is diagnosed based on tremors within distal limbs, 

muscle rigidity, and bradykinesia. By the time patients present with 

these motor symptoms, there has already been significant degeneration 

of DA neurons, with up to an 80% loss of striatal DA innervation 

(Bernheimer et al., 1973; Bezard et al., 2001). There are also extensive 
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non-motor symptoms, which present long before the cardinal motor 

symptoms (McDonald et al., 2003; Gökbayrak et al., 2014).  

   

Current PD treatments only manage symptom severity and are 

not able to reverse or even appreciably slow the neurodegenerative 

processes. Thus, it is of interest to investigate potential treatments that 

could stabilize these surviving neurons and possibly induce some degree 

of neuronal recovery. It might be advantageous to target processes 

linked to the early or prodromal stages of PD, as neuronal plasticity 

would likely be more amenable to modulation at such times. However, 

models of early stage PD are less common and not as well understood 

as the late stage models typically used. 

 

The neurotoxin, 6-hydroxydopamine (6-OHDA), is routinely 

used to induce PD-like pathology, inducing a loss of substantia nigra 

pars compacta (SNc) DA neurons and downstream striatal terminals 

(Kirik et al., 1998; Alvarez-Fischer et al., 2008). 6-OHDA infused 

directly into the SNc rapidly produces a robust degeneration of SNc DA 

neurons, coupled with striatal DA depletion within 48-72 hours 

(Blandini et al., 2008; Thiele et al., 2012). However, this method has the 

obvious caveat of not reflecting the chronic slow course of degeneration. 
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A more progressive lesion has been observed with lower doses of 6-

OHDA infused into the striatum rather than SNc. Indeed, intra-striatal 

6-OHDA administration induced a lesion, which gradually increased in 

size over several weeks (Sauer and Oertel, 1994; Blandini et al., 2008) 

and more closely mimicked the progression from early to later stages of 

PD. 

 

 

Novel treatment strategies 

 

One exciting new avenue for treating PD involves the use of 

trophic factors to stabilize neuronal viability and even promote some 

degree of recovery. In fact, recent studies have revealed a reduction of 

brain derived neurotrophic factor (BDNF) within the SNc of PD patients 

(Mogi et al., 1999; Salehi and Mashayekhi, 2009). Accordingly, BDNF 

can promote the survival and differentiation of mesencephalic DA 

neurons, as well as protect against the DA toxicants, MPTP and 6-

OHDA (Murer et al., 2001). Likewise, glial derived neurotrophic factor 

(GDNF), has also emerged as a potential candidate for neuroprotection 

in PD patients, based on success in various animal models (Gash et al., 

1998; Fox et al., 2001; Ai et al., 2003). However, the improvements 
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observed in clinical trials were restricted to the immediate area 

surrounding the site of infusion (Gill et al., 2003; Love et al., 2005) and 

a randomized placebo-controlled study was unsuccessful at replicating 

these beneficial effects (Lang et al., 2006). Moreover, BDNF and GDNF 

do not readily cross the blood brain barrier (BBB) and have numerous 

side effects (Pezet and McMahon, 2006; Pilakka-Kanthikeel et al., 

2013). 

 

Finding well-tolerated factors with trophic properties, which 

cross the BBB represents a considerable challenge. Two cytokines that 

may hold potential therapeutic significance are the hematopoietic 

cytokines, erythropoietin (EPO) and granulocyte macrophage-colony 

stimulating factor (GM-CSF). Indeed, GM-CSF had protective effects 

in models of Alzheimer’s disease (Boyd et al., 2010), and in MPTP and 

paraquat models of PD (Kim et al., 2009a; Mangano et al., 2011). 

Moreover, GM-CSF administration induced spontaneous axonal 

regeneration and functional recovery from traumatic spinal cord injury 

(Ha et al., 2005; Bouhy et al., 2006; Huang et al., 2007) and reduced 

infarct volume following ischemia (Nakagawa et al., 2006; Schäbitz et 

al., 2008). Similarly, EPO has been investigated extensively for use in 
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stroke, traumatic head injury and more recently, in toxin based animal 

models of PD (Sargin et al., 2010; Merelli et al., 2013; Bond and Rex, 

2014). EPO was also shown to protect hippocampal neurons from 

stressor-induced apoptosis, and increased adult hippocampal 

neurogenesis (Merelli et al., 2015). 

 

GM-CSF and EPO have well-documented trophic actions in the 

periphery and can infiltrate and accumulate within the brain (McLay et 

al., 1997; Enzler and Dranoff, 2003; Kasper, 2003). Receptors for GM-

CSF and EPO have been found on mature dopamine neurons and neural 

progenitor cells, suggesting that they might influence adult neuronal 

functioning, as well as stimulate maturation (Kim et al., 2004; Ha et al., 

2005).  

 

The peripheral function of GM-CSF is to promote the 

differentiation and maturation of innate immune cells, and it is routinely 

administered to cancer patients to modify neutrophil production (Dale 

et al., 1998). Similarly, EPO has potent mitogenic effects on immune 

cells, as well as red blood cells and is routinely prescribed for anemia 

and in the context of certain cancer treatments (Debeljak et al., 2014). 

Thus, both also have well established clinical track records.   
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GM-CSF and EPO promote striatal re-innervation 

 

It is thought that some critical threshold of neuronal loss must be 

reached before clinical PD pathology is manifested. Accordingly, a slow 

progressive “wave” of neurodegeneration may spread through the 

nigrostriatal tract over many years or decades. Accordingly, it is of 

interest to study the effects of potential treatments while the disease is 

still in an early or possibly even a prodromal stage. In the present paper, 

it was of interest to assess whether EPO or GM-CSF treatment could 

influence striatal innervation following the establishment of a partial or 

“mild” lesion that might be analogous to the early onset of the disease.  

As shown in Figure 41, we did indeed find that a modest (~10% of 

striatal area, as determined using TH staining) lesion was induced in rats 

following intra-striatal infusion of a single moderate dose of 6-OHDA 

(20 μg). However, no significant neuronal loss was evident within the 

SNc using this relatively mild paradigm, although it is possible that 

some of these SNc neurons would eventually die if we explored longer 

time intervals. Indeed, many surviving neurons had irregular shaped 

soma (Figure 42).  
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Importantly, both EPO (50 μg/kg; ip; two injections) or GM-

CSF (10 μg/kg; ip; two injections) treatments given after the presumed 

establishment of the lesion (i.e. on Days 13 and 28 following 6-OHDA) 

provoked a significant recovery (presumed re-innervation) of striatal 

terminals. The statistical analysis revealed a significant Treatment 

effect, F (2,15) = 10.7, P < 0.01, with regards to striatal lesion size 

(Figure 41). Specifically, GM-CSF and EPO administration prevented 

the striatal lesion by Day 30 following 6-OHDA.  

 

The present findings are consistent with our own previous data 

and those of others showing beneficial effects of GM-CSF (Mangano et 

al., 2011; Kosloski et al., 2013) and EPO (Xue et al., 2007; Dhanushkodi 

et al., 2013; Qi et al., 2014) in toxicant based PD models. However, 

since GM-CSF or EPO were administered after lesion establishment, the 

effects of the cytokine treatments in the current study would be expected 

to reflect some degree of recovery involving DA fibre re-growth rather 

than the prevention of fibre loss in the first place. This is a particularly 

novel finding given that the majority of studies typically focus on 

neuroprotective effects, rather than addressing the more clinically 
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relevant issue of promoting recovery following some degree of neuronal 

damage.  

 

 

 

Impact and future directions 

 

It is important to underscore that the 6-OHDA paradigm 

presently used provoked a very modest loss of striatal terminals and 

future studies are required to ascertain whether GM-CSF and EPO might 

also have reparative properties in PD models with more significantly 

sized lesions. Nonetheless, GM-CSF and EPO may be ideal trophic 

treatment candidates based on their biological profiles, preclinical data 

and track record of clinical applicability. Mechanistically, these 

cytokines are potent inducers of BDNF and GDNF (Bouhy et al., 2006; 

Mengozzi et al., 2012), which we posit to be fundamental for their 

beneficial neural consequences. Targeting trophic processes to boost 

plasticity may be a critically important shift in treatment modalities 

away from failed attempts to translate neuroprotective approaches to the 

clinic; this strategy would also work well in tandem with recent efforts 

to identify biomarkers of disease state.   
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Figure 41 Appendix 1b – Striatal damage. 
 
Thirty days after the intra-striatal infusion of 6-OHDA, (A) saline 
treated animals had a modest but statistically significant loss of TH+ 
fibres. The (B) GM-CSF and (C) EPO treated animals displayed no 
visible lesion at the 30-day time point. Data is expressed as mean ± 1 
SEM, *p < 0.01. 
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Figure 42 Appendix 1b – Stereological count of the 

SNc 
 

Neurons were counted in an unbiased manner using MBF Stereo 
investigator optical fractionator probe. There were no significant 
differences between treatment groups (left graph). Photomicrographs 
are representative of animals treated with (A) Saline; (B) GM-CSF; or 
(C) EPO in conjunction with 6-OHDA infusion. The saline (but not GM-
CSF or EPO) treated rats that received 6-OHDA displayed TH+ neurons 
with an abnormal shaped nucleus, with a reduction of projections. 
Images were taken at 40x magnification. 
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Additional findings not included in manuscript 

 

Additional time points 

 

 In addition to day 30, we investigated the effects of cytokine 

treatment at day 15. At this time point we found no difference in TH+ 

cells within the substantia nigra when counted using stereological 

methods (Figure 43). We did however find that GM-CSF exacerbated 

the effects of 6-OHDA, increasing striatal lesions to an average 21.2% 

of area compared to 9.4% in saline treated animals (p < .05) (Figure 44).  

 

Microglial activation 

 

An isolectin B4-FITC conjugate histochemical stain was used on 

striatal tissue to label microglia, on every 10th section of the striatum 

between coordinates 1.20 mm and -0.70 mm, and every 6th slice of the 

substantia nigra between the coordinates -4.80 mm and -6.30 mm. 

Isolectin B4-FITC conjugate (2.5 µg/mL) was dissolved in 10 mM PBS 

with 2% Triton-X, which was allowed to incubate at room temperature 
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overnight for 18 hours. Isolectin B4 is a marker of microglia that can be 

used to label varying states of microglial activation.  

 

A qualitative serial scan of striatal tissue sections revealed 

increased levels of isolectin B4 positive staining in GM-CSF treated rats 

at the 15-day time, relative to saline injected controls (Figure 45). In 

contrast, at this time, EPO treatment reduced levels of the microglial 

marker, compared to saline treatment. However, at the 30-day time, 

isolectin B4 staining was substantially reduced overall to such a degree 

compared to earlier interval that no differences were evident between 

the treatment groups. 
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Figure 43 Appendix 1b – Stereological count of the 

SNc at Day 15 
 
We found no difference in total number of TH+ cells within the 
substantia nigra between treatment groups 15 days after 6-OHDA 
administration.  
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Figure 44 Appendix 1b – Striatal damage at Day 15 
 

Fifteen days after the intra-striatal infusion of 6-OHDA, (A) saline 
treated animals had a modest striatal lesion. The (B) GM-CSF treated 
animals displayed an increase in striatal damage, compared to the saline 
treated animals, while (C) EPO treated animals displayed a reduced 
lesion compared to saline controls. Data is expressed as mean ± 1 SEM, 
*p < .05. 
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Figure 45 Appendix 1b – Microglial Activation at 

Day 15 
 

The GM-CSF treated animals B) displayed elevated isolectin B4-FITC 
staining, relative to rats that received saline A).  Moreover, the 
morphology of the microglial cells suggested an intermediately 
activated state. In contrast, EPO treated animals C) showed minimal 
positive staining for the microglial marker. Similarly, at the 30-day time 
following 6-OHDA, there were only a few scattered isolectin B4-FITC 
labelled cells and no observable differences were evident between the 
treatment groups. 
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Discussion on additional findings 

 

It was surprising that the effects of GM-CSF treatment varied so 

dramatically depending upon the time of administration. Indeed, the 

cytokine increased striatal damage at the 15-day time point, but reduced 

damage 30 days following 6-OHDA. We hypothesize that this 

differential effect is related to inflammatory state of the 

microenvironment in which the cytokine acts. In this regard, the 

phenotype of microglia has been reported to vary between the so called 

M1 state, wherein they release a variety of pro-inflammatory and pro-

oxidative factors; to the M2 state, which is characterized by the release 

of anti-inflammatory and protective anti-oxidant factors (Hu et al., 

2012). Along these lines, our present analyses revealed that microglia 

appeared to be activated by GM-CSF at the 15-day but not the 30-day 

time; whereas EPO reduced microglial staining at both times. Thus, the 

microglial phenotype/activation state appear to be temporally linked to 

the overall influence of the cytokine treatment on striatal TH+ fibre 

density.  The isolectin B4 data  is also consistent with reports that 6-

OHDA provokes the activation of microglia in the first two weeks 

(Walsh et al., 2011), however activation is significantly reduced four 

weeks after administration of the neurotoxin (Blandini et al., 2008). 
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Similarly, elevated microglia reactivity has been reported within the first 

14 days, with a return to basal levels within 30 days following traumatic 

striatal injury (Batchelor et al., 1999) or ischemic stroke (Lehrmann et 

al., 1997).  In effect, GM-CSF might have synergized with pro-death 

pathways when administered in the context of an inflammatory 

microenvironment, however may have the opposite effect at later times 

when most inflammatory cascades have resolved.   

 

These items were omitted from the original manuscript at the 

reviewers request, as they felt the isolectin histology was not optimal.   
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Appendix 1c 

Development of an early stage 
model of Parkinson’s disease 
(unpublished) 
 

Introduction 

 

 Initially the intention of this thesis was to examine the effects of 

potential therapeutics in a prodromal model – a model where there is 

sizeable neuropathology however is lacking in any overt behavioural 

phenotype. As no such model existed we aimed to generate one using 

low doses of intra-striatal 6-OHDA. Building on our previous findings 

described in Appendix 1b we wanted to further examine the individual 

“sick cell” phenotype – where cells had decrease projections (both 

number and thickness) and increased vacuolization. We believed that 

these phenotypic differences we observed in Appendix 1 may be as 

simple as DA neurons that were in direct contact with 6-OHDA versus 

DA neurons that were not. We believed that perhaps cells whose fibres 

were near the injection site would display the sick phenotype, as they 

would be in direct contact with the neurotoxin. Conversely, we believed 
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cells that were more indirectly affected by the microenvironment rather 

than direct toxin administration would appear comparatively healthier. 

Additionally, we wanted to see if microglia would mobilize and 

surround neurons in direct contact with the toxin, or if they would 

simply mobilize to the general SNc region. To test this, we permanently 

affixed the cannula to the skull of the mice and gave an injection of 

Fluorogold 1 week prior to the 6-OHDA injection – thereby labelling all 

the cells within the SNc that had projections within the injection site.  

 

Methods 

Animals 

 

Male CD1 mice aged 6-8 weeks on arrival were used. Animals 

were individually housed in a standard polypropylene cage and 

maintained a 12-hour light/dark cycle. Tap water and food (Tekland 

2014 Mouse Chow) was provided ad libitum, while room temperature 

and humidity were maintained at 20ºC and 50%, respectively. All 

aspects of this experiment 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. 
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Surgery 

 

The mice were anaesthetized using isoflurane inhalational 

anaesthetic (2-3% in pure O2). Animals were placed in a Kopf 

instruments stereotaxic frame, then a 3mm guide cannula and a single 

support screw were secured using Dentsply dental acrylic in the right 

anterior dorsal striatum (cannula at the coordinates 1.75mm M/L, 

0.90mm A/P, and 3.00mm D/V, with respect to bregma, and the support 

screw 3.00mm posterior to the cannula). A single infusion of 2% 

Fluorogold solution in 0.9% sodium chloride was administered at a rate 

of 0.4 µL/min using a Hamilton 10 µL syringe attached to a Harvard 

Apparatus Pico Plus pump. After the infusion the injector was allowed 

to rest for 5 minutes before being retracted. The guide cannula was 

capped with a dummy cap, and animals sutured using absorbable 

sutures. 

 

Infusion 

 

Seven days after cannulation mice were anaesthetized again 

using isoflurane inhalational anaesthetic (2-3% in pure O2). The dummy 
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cap was then removed, followed by an infusion as described above of 

either 0, 2, 4, 12, or 20µg of 6-hydroxydopamine hydrochloride (Sigma 

Aldrich, H4381) in 0.02% ascorbic acid in 0.9% sodium chloride 

solution.  

 

Behaviour 

A time-course of events can be found in Figure 46. 

 

Catwalk XT 

 

Animals were trained on the Noldus Catwalk XT system for 4 

days, wherein they had to complete 3 compliant runs within 5minutes. 

A compliant run consists of a run with a duration between 0.5 – 5 

seconds with no stopping in the middle of the CatWalk system. Animals 

that were not successful in the 5 minute trial were given a 30 minute 

break followed by a re-test until successful completion of the training 

protocol. Animals were tested on the CatWalk before surgery (pre 

surgical baseline), before administration of 6-OHDA (pre-6OHDA 

baseline), and every 10 days following 6-OHDA administration for 30 

days total.   
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Note: due to the staggering of treatment groups and an error in machine 

calibration, the data from the 20µg of 6-OHDA group has been omitted.  

 

Rota Rod 

 

Animals were trained on the rota rod for 2 days as previously 

described (Heuer, et al. 2012). Day 3 was the test day and occurred 30D 

after administration of the neurotoxin. On the test day mice were tested 

three times on an accelerating protocol in which the rotation speed was 

increased from 4 to 88 RPM over 600 seconds. Each time the animal fell 

of the apparatus would mark the end of one trial. Trials were run in 

triplicate with a 1 hour break in between each trial. The lowest of the 3 

trials was discarded, and the average of the remaining two trials was 

used as the animals score. 

 

Home-cage locomotion 

 

Animals home-cage locomotion was recorded using an infrared 

beam break apparatus (Micromax: Accuscan Instruments, Columbus 

OH, USA). Locomotor activity was measured for 12hours during the 

8pm-8am light cycle between days 29 and 30 of the experimental time-
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course. Animals were given 4 hours to acclimatize to the room prior to 

assessment. Locomotor activity was recorded as the total number of 

beam breaks during the 12hr test period.  

 

Apomorphine induced rotations 

 

On Day 30 following the infusion of 6-OHDA, animals received 

0.5 mg/kg subcutaneous injection of Apomorphine hydrochloride 

hemihydrate (0.1 mg/mL in 0.9% sodium chloride). Animal tracks were 

recorded using the Noldus Ethovision tracking camera. The number and 

direction of the rotations were recorded for 20 minutes, following a 5 

minute drug incubation period. The number of net contra lateral 

rotations are reported. 

 

Euthanization 

 

A subset of animals were euthanized 60 minutes after the 

injection of apomorphine via rapid decapitation. Of these animals the 

striatum and substantia nigra were extracted for HPLC and Western Blot 

analysis, respectively. Another subset of animals were euthanized on 

Day 30 via transcardial perfusion with 4% paraformaldehyde solution 
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following an anesthetic overdose of sodium pentobarbital. Tissue was 

post fixed for 24hrs in the same solution, followed by washes of 

increasing concentration of sucrose buffered solution. Tissue was 

allowed to rest for 72hrs in a 30% sucrose solution, then flash frozen 

and stored at -80oC until ready to be process. This tissue was extracted 

for immunohistochemical analysis.  

 

HPLC – DA, DOPAC, and HVA concentrations 

 

Levels of DA and its metabolites, DOPAC and HVA, were 

measured using high performance liquid chromatography as previously 

described (Anisman & Zacharko, 1990). The presented data is expressed 

as a ratio of the contralateral to ipsilateral sides.  

 

Autophagy 

 

Autophagy was measured 30 days after administration of 6-

OHDA by quantifying the conversion of LC3-I to LC3-II using Western 

Blot Analysis. Briefly, 2µg of crude protein extract was separated in a 

15% polyacrylamide gel. Rabbit anti-human MAP1LC3A/B (AbD 

Serotec; AHP2167) was used at a concentration of 1:16,000 with a goat 



184 
 
 

anti-rabbit IgG-HRP (Santa Cruz Biotechnology; SC-2004) secondary 

being used at 1:5,000. All bands were normalized to β-actin-HRP 

(1:20,000; Santa Cruz Biotechnology; SC-47778) and their integrated 

density values were measured using AlphaEase FC software (v 3.1.2). 

Values are expressed as a ratio of LC3-II to LC3-I.  

 

Statistics 

 

One-way ANOVAs were completed as appropriate. Post hoc 

testing was completed using Fisher’s PLSD.  
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Figure 46 Appendix 1c – Prodromal model time 

course 
 

This figure represents the schedule and timing of procedures for the 
development of an early stage model of Parkinson’s disease study. 
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Results 

Behaviours 

 Thirty days following administration of 6-OHDA animals were 

tested in with various behaviours. Extensive gait analysis was done 

using the CatWalk XT system. At baseline there was no statistical 

difference between animals. After 6-OHDA administration, there was a 

significant reduction in paw area and swing duration for left side paws. 

No other differences in the animals gait were identified (Table 33). 

Following a 12-hour dark cycle micromax recording, a one way 

ANOVA found a significant treatment effect (F(4,45) = 3.315, p = 

.0183) (Figure 47). A Fishers PLSD post hoc analysis found the 20μg 

had significantly more activity compared to all other treatment groups 

(p < .05). When tested on the accelerating rota rod a one way ANOVA 

found a significant treatment effect (F(4,50) = 4.007, p = .0068) (Figure 

48). Follow up comparisons found that the 20μg group was significantly 

impaired compared to all other treatment groups (p < .05). A one-way 

ANOVA found a significant treatment effect (F(4,35)=4.774, p = 

.0035), when comparing the number of contralateral rotations following 

an injection of apomorphine (Figure 49). Post hoc comparisons found 
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the 20μg group had significantly more rotations compared to the 0, 2, 

4μg groups (p < .05). 
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Table 3 Appendix 1c – Summary of Catwalk Data 
 

Parameter Time-point Results 

All Baseline No significant difference between 
animals 

Paw Area  Time-course Left side has reduced paw area ( p < .05) 

Swing duration Time-course Left side has reduced swing duration (p < 
.05) 

Swing Speed  Time-course No significance 

Stride length Time-course No significance 

RegIndex Time-course No significance  

BOS Time-course No significance 

 

Area: max contact area of each paw. 

Swing duration: the time in which the animals paw is not in contact 

with the floor.  

Swing speed: the speed of the paw while in the air (difference in time 

and distance between successive paw placements).  

Stride length: the distance between successive placements of the same 

paw. 

RegIndex: the number of normal step sequence patterns relative to the 

total number of paw placements (expressed as a %). 

Base of Support (BOS): the average width between either the front 

limbs or hind limbs, respectively. 
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Figure 47 Appendix 1c - Micromax 
 
Total locomotion was recorded overnight during a 12hr period on day 
29/30 of the experiment using the MicroMax IR beam system. A one 
way ANOVA found a significant treatment effect (F(4,45) = 3.315, p = 
.0183). A Fishers PLSD post hoc analysis finds differences between the 
20μg and all other treatment groups (p < .05).  
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Figure 48 Appendix 1c – Rota Rod 
 
Animals were tested on the accelerating Rota Rod on day 30 of the 
experiment. A one way ANOVA found a significant treatment effect 
(F(4,50) = 4.007, p = .0068). Follow up comparisons found a significant 
difference between the 20μg group and all other treatment groups (p < 
.05).  
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Figure 49 Appendix 1c - Apomorphine induced 

rotations 
 
Animals were given injections of apomorphine 30 days after 
administration. The net contra-lateral rotations over a 20 minute period 
were recorded. A one-way ANOVA found a significant treatment effect 
(F(4,35)=4.774, p = .0035). Post hoc analysis found a significant 
difference between the 20μg group and the 0, 2, 4μg groups (p < .05). 
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Molecular 

Striatal tissue was analyzed using HPLC for dopamine and 

dopamine metabolites. A one way ANOVA found a significant 

treatment effect (F(4,33) = 6.391, p = .0006) when comparing striatal 

dopamine levels (Figure 50). Follow up comparisons found significant 

decrease in dopamine between the 0μg group and all other treatments (p 

< .05). Similarly, there was a significant difference between the 20μg 

and all other treatments (p < .05). When comparing the dopamine 

metabolite DOPAC, a one way ANOVA found a significant treatment 

effect (F(4,33) = 4.028, p = .0091) (Figure 51). A post hoc analysis 

found that the 12 and 20μg groups had significantly less DOPAC 

compared to sham controls (p < .05). When comparing HVA levels, a 

one way ANOVA find no significant treatment effect (F(4,33) = 1.348, 

p = .2731) (Figure 52). 

 

 The amount of LC3 I/II, and indicator of autophagic processes, 

was measured in striatal tissue lysates by western blot. A one way 

ANOVA found a significant treatment effect (F(4,6) = 105.237, p < 

.0001) when comparing between groups (Figure 53). The follow up 

comparisons found a significant difference that the 0μg group had 
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significantly lower LC3 I/II levels compared to all other treatments (p < 

.05). Conversely, 20μg treated animals had significantly higher levels 

of LC3 I/II compared to all other treatment groups (p < .05). 
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Figure 50 Appendix 1c – HPLC Striatal Dopamine 
 
Striatal dopamine levels at day 30 was measured using HPLC. A one 
way ANOVA found a significant treatment effect (F(4,33) = 6.391, p = 
.0006). Follow up comparisons found that the 0μg group had 
significantly higher levels of dopamine compared to all other treatments 
(p < .05). Similarly, the 20μg group had significantly lower striatal 
dopamine levels compared to all other treatments (p < .05).  
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Figure 51 Appendix 1c – HPLC Striatal DOPAC 
 
Striatal DOPAC levels at day 30 was measured using HPLC. A one way 
ANOVA found a significant treatment effect (F(4,33) = 4.028, p = 
.0091). Follow up comparisons found a significant difference between 
the 0μg group and all other treatment groups (p < .05).  
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Figure 52 Appendix 1c – HPLC Striatal HVA 
 
Striatal HVA levels at day 30 was measured using HPLC. A one way 
ANOVA found no significant treatment effect (F(4,33) = 1.348, p = 
.2731).   
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Figure 53 Appendix 1c – LC3 I:II in the striatum 
 
LC3 I:II, a marker of autophagy, was measured in the striatum 30 days 
after 6-OHDA administration. A one way ANOVA found a significant 
treatment effect (F(4,6) = 105.237, p < .0001). Post hoc analysis found 
that LC3 I:II levels were significantly lower in the 0µg group. 
Conversely, the 20μg had significantly more LC3 I:II levels compared 
to all other treatments (p < .05).  
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Discussion 

  

The intention of this study was to develop an early 

stage/prodromal model of PD. We also wished to investigate further the 

“sick” looking cells observed in Appendix 1b, by first labeling the cells 

with a retrograde tracer. From this data a 20µg dose of 6-OHDA results 

in mild PD phenotype; minor motor deficits (Figure 47, Figure 48, 

Figure 49), and minimal nigrostriatal damage (Figure 50Figure 51, 

Figure 52). However, as we demonstrated in the earlier Model 

Determination Chapter we know that 20µg 6-OHDA results in a large 

striatal lesion and extensive substantia nigral cell loss. Exactly why in 

this case there was such minimal cell loss is unclear. From out post 

mortem location checks it appeared like the infusions were on target. It 

is possible that perhaps the first infusion of fluorogold caused some 

terminal damage, thereby reducing the uptake efficiency on the 

dopamine neurons and subsequently lowering the ability of 6-OHDA to 

induce dopaminergic neuron cell death. However, fluorogold is a 

commonly used retrograde tracer – if that were the case such a 

phenomenon would be identified in the literature, which it is not. 

Perhaps the canula created a micro lesion/glial scar after implantation 
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damaging nerve terminals. Similarly, it could be possible that the 

volume injected (2µl) was too large and the majority of the toxin was 

removed from the infusion side up the guide cannula by capillary action. 

Regardless of the reason, this information collected in this experiment 

is not usable as we have since demonstrated on many different occasions 

that 20µg of 6-OHDA indeed does not produce a prodromal like state. 

Furthermore, our research interests evolved, and we became more 

interested in a clinically relevant model to test our therapeutics.  
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Additional Tests 

 

Odor test 

 

The loss of olfaction – hyposmia – is being recognized as one of 

the first symptoms of PD (Factor and Weiner, 2008). Indeed hyposmia 

is a common symptom associated with other neurodegenerative 

diseases, including Alzheimer’s and dementia with Lewy bodies (Factor 

and Weiner, 2008). 

 

We tested two methods described in the literature to determine 

if we could induce an aversive response to a strong odor using 

unaltered/intact mice (ie. the animals had no surgery). The first method 

reported by Katzav (2014) involved the use of wintergreen oil – a 

chemical similar to menthol, however with a much stronger odor. We 

infused 1ml of solution into a 1 inch gauze pad with increasing 

concentrations of the wintergreen oil and recorded the amount of time 

each animal spent near the odor source. We found that even at 0.01% 

wintergreen oil the majority of the animals completely avoided the 

infused pad (Figure 54). For reference the concentration of wintergreen 

oil in many common chewing gum flavors is approximately 0.05%. 
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We then tested an aversion response by loosely scruffing naïve 

mice and placing a 1.5ml tube containing increasing concentrations of 

menthol near their nose. We expected the mice to pull their head away 

from the tube as a reactionary response to the strong odor. However, of 

the 3 mice tested not one exhibited an aversive reaction to the menthol 

solution, even when presented with 100% pure concentrate. Importantly 

we chose these test odors as other olfaction tests either rely on the use 

of predator odors – which would induce a sizeable cortisol stress 

response which we wanted to avoid – or the use of hidden foods – which 

require food deprivation and extensive training. 

 

We were unable to identify a good odorant that produced a 

graded aversion response and had no more pilot animals to continue 

testing odors and methods. Unfortunately, we had to abandon this line 

of investigation, and no such test was implemented in our studies. 
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Figure 54 Appendix 1c – Wintergreen Oil Aversion 

Pilot 
 
We exposed mice to varying concentrations of wintergreen oil in 
attempts to get a graded aversion response. Unfortunately, of the three 
mice tested, two of them had immediate aversion responses at 0.01%, 
while mouse 3 demonstrated no consistent response to the odorants.  
.   
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Appendix 1d 

 

GM-CSF in a late stage model 
of Parkinson’s disease (unpublished) 
 

 

Introduction 

 

 We wished to continue the line of research started in Appendix 

1b, further investigating the potential use of cytokines as therapeutics in 

PD. Ashley Thompson (PhD Candidate) took over the EPO line of 

questioning while I continued with GM-CSF.  

 

Methods 

 

Animals 

Male CD-1 mice sourced from Charles River (Kingston, Ontario, 

Canada), aged 6-8 weeks upon delivery were used for all described 

experiments. Animals were individually housed in techniplast blue line 

individually ventilated polypropylene cages (approx. dimensions: 
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400x200x200mm) with no enrichment other than nestlets. Animals were 

maintained on a standard 12h light/dark cycle. Tap water and chow 

(Teklad, #2014) was provided ad libitum, while room temperature and 

humidity were maintained at 20ᵒC and 50%, respectively. All aspects of 

this experiment 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.  

 

Surgery 

The mice were anaesthetized using variable flow isoflurane inhalational 

anesthetic (1.5-5% in pure O2). Animals were then placed in a Kopf 

instruments Model 940 stereotaxic frame (Kopf Instruments, Tujunga, 

CA, USA). An L-shaped PlasticsOne 328OP cut 3mm below the 

pedestal was inserted into the right striatum at the coordinates 1.00mm 

anterior, 1.75mm lateral, and 3.00 ventral relative to bregma and skull 

surface. A single 2μl infusion of vehicle solution (in 0.9% saline 

solution containing 0.02% ascorbic acid) or 6-hydroxydopamine 

hydrochloride (20μg, Sigma-Aldrich, H4381) was administered at a rate 

of 0.4μl/min using a Harvard apparatus picoplus pump equipped with a 

10μl Hamilton syringe. The cannula was retracted after a 5 minute 
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incubation period. Bonewax (Stoelting, Wood Dale, IL, USA) was 

placed over the drill hole and the incision closed using non-absorbable 

nylon sutures. Animals were given tramadol (20mg/kg at 2.5mg/ml, 

Chiron Compounding Pharmacy, Guelph, ON, Canada) twice a day for 

3 days, beginning on the day of surgery. Mice were given a 30 day 

period before any pharmacological manipulation to ensure a maximal 6-

OHDA induced lesion.  

 

Pudding training 

Starting 3 weeks after the surgery, mice were introduced to our pudding 

administration regimen. During the 7 day training period mice were 

given daily access to 0.1ml chocolate pudding (Loblaws No Name 

Chocolate Pudding Cups, 20297693001_EA) on a plastic petri dish 

(Falcon, 35x10mm) starting immediately when the lights turn on in the 

morning. Day 1 mice were allowed free access for 10 minutes. Days 2-

7 the dish was removed immediately after the mouse consumed the 

pudding. By the end of the training regimen most mice consume all their 

pudding within 1 minute.  
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Study Design 

Animals were equally divided into one of 5 treatment groups, detailed 

in Table 4 below.  

 

Drug Administration 

Thirty days following the surgery mice began, mice were given either 

vehicle or CTEP in a pudding suspension (Axon Medchem, Axon 1972) 

every 48hrs for 12 weeks at 2mg/kg, starting immediately when the 

lights turn on in the morning. Mice were also given either vehicle of 

GM-CSF (R&D systems, #415-ML) in a 0.9% saline solution via intra-

peritoneal injection. GM-CSF was to be given at a dose of 50μg/kg 

every 3 weeks for a 12 week period. Following some adverse reactions, 

the dosing schedule was changed to 50 μg/kg at week 1 and then 6.25 

μg/kg every 6 weeks afterwards.  

 

Behavioural testing 

Prior to each behavioural test, mice were habituated to the testing room 

for at least a 20 minute period. 
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Apomorphine Induced rotations 

Animals were administered apomorphine hydrochloride hemihydrate 

(sub cutaneous injection, 0.5mg/kg at 0.1mg/ml in 0.9% saline, Sigma-

Aldrich, A4393) 30 days following the surgical procedure to confirm 

parkinsonian phenotype. Any mice that received 6-OHDA and did not 

demonstrate net contralateral rotations were removed from the study. 

Briefly, immediately following the injection of apomorphine animals 

were placed into large open container (27x48x20cm) and recorded from 

above. After a 5 minute drug incubation period, net contralateral 

rotations were counted over a 20 minute period. For the acute (1 week) 

study mice were challenged with apomorphine on 3 occasions – 30 days 

after surgery, 4 hours following the bolus IP injection of CTEP, and after 

1 week of CTEP administration. For the chronic (12 week study) mice 

were challenged with apomorphine on 2 occasions – 30 days after 

surgery, and again after the 12 weeks of CTEP administration. For the 

washout study, mice were challenged on 2 occasion - 30 days after 

surgery, and again after the drug washout period.  
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Accelerating Rota Rod 

Animals were trained on the rota rod (Omnitech Electronics) over a 2 

day period. On day one animals were placed on the rota rod apparatus 

which was maintained at a continual speed of 11RPM. If the animal fell 

from the apparatus they were immediately returned over a 5 minute 

period. This process was repeated three times total with an inter-trial 

interval of 60 minutes. Day two was a repeat of Day 1, however the rota 

rod was maintained at 22RPM. On the third day animals were tested 

using an accelerating protocol with a rotation speed increasing from 

4RPM to 88 RPM over a 600 second period. Maximum speed achieved 

before falling off the apparatus was recorded. Animals were tested over 

3 trials. The lowest of the 3 trials was discarded and the average of the 

remaining 2 trials were used as the animals scored. The test day 

coincided with the last day of the experiment. To reduce test-retest 

confounds, animals were only tested on the rota rod on the last day of 

experimentation.  

 

Modified Reversal Morris Watermaze 

This protocol has been adapted from previously used methods by Nunez 

(Nunez, 2008) and Salmaso (Salmaso et al., 2012). Only mice in the 
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chronic administration study were tested in the watermaze. Briefly, our 

watermaze was located in a dimly lit room. On each wall were unique 

identifiers for orientation. Mice received 2 days of training, the first of 

which occurred 2 weeks prior to experiment end, and the second of 

which occurred 4 days prior to experiment end. Mice were introduced 

into the pool from the same entry point for each trial. The platform 

(8.25cm in diameter submerged ~0.5cm under the water surface) 

remained in a fixed location during the training period. Mice received 

two sets of 6 training trials, separated by a 1hr break and an inter-trial 

interval of 10minutes. The trial ended either when the mouse found the 

platform or 60 seconds had elapsed. Mice that did not find the platform 

were directed to platform before being removed from the pool. 

Immediately following the 12th trial on training day 2, mice were tested 

in the probe trial, where the platform was moved to the opposite 

quadrant. Time to find the platform was recorded using behavioural 

tracking software (ANY-maze, Stoelting). This paradigm is a measure 

of cognitive flexibility.  
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Euthanization 

Animals were randomly assigned into one of two groups – histology or 

western blot. Animals that were assigned to the histology group were 

deeply anesthetized with an overdose of sodium pentobarbital. Mice 

were then transcardially perfused using chilled 0.9% saline followed by 

4% PFA solution in 0.1M phosphate buffer. Extracted brains were post 

fixed for 24hrs in 4% PFA, followed by sequential washes of 10% 

sucrose in 0.1M phosphate buffer over another 24hr period. Tissue was 

then incubated in a 30% sucrose solution in 0.1M phosphate buffer for 

72hrs. Following this last sucrose wash tissue was flash frozen and 

stored at -80ᵒC. Animals that were assigned to the western blot group 

were euthanized by rapid decapitation. Extracted brain tissues were 

immediately micro dissected, placed on dry ice, and stored at -80ᵒC.  

 

Statistics 

One-way, Two-way, or Repeated-measurement ANOVAs were 

completed as appropriate. Post hoc testing was completed using 

Fisher’s PLSD. 
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Table 4 Appendix 1d – GM-CSF in a late stage 

model of PD: Study Design 
 

 
Vehicle GM-CSF CTEP 

GM-CSF 
+CTEP 

6-OHDA     
Sham     

 

N ≈ 12/group 
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Results 

Thirty days following the infusion of 6-OHDA animals started 

receiving either vehicle, CTEP, or GM-CSF over a 12 week drug 

administration period. Prior to the drug administration phase, all animals 

were challenged using apomorphine. A one-way ANOVA found a 

significant treatment effect (F(4,45) = 7.008, p = .0002) when 

comparing net contralateral rotations (Figure 55). Post hoc analysis 

found a significant difference between the Sham treatment group and all 

other groups (p < .05). Animals were challenged once again with 

apomorphine following the 12 week drug administration period. A one-

way ANOVA found a significant treatment effect (F(4,45) = 16.693, p 

< .0001) (Figure 56). Post hoc analysis found that CTEP significantly 

reduced apomorphine induced rotations, even when given in 

combination with GM-CSF (p < .05). However, GM-CSF alone in 6-

OHDA treated animals was no different to saline controls (p < .05). 

When tested on the accelerating rota rod, a one way ANOVA found a 

significant treatment effect (F(4,45) = 7.008, p = .0002) (Figure 57). 

Post hoc analysis found no difference between CTEP treated animals 

and sham controls (p < .05). Saline, GM-CSF, and GM-CSF+CTEP 
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animals all had significantly reduced Rota Rod performance measures 

compared to sham controls and CTEP treated animals (p < .05). Animals 

were then measured in the modified reverse Morris water maze to assess 

cognitive flexibility. A one way ANOVA found a significant treatment 

effect (F(4,45) = 5.482, p = .0011) when comparing time to reach the 

platform (Figure 58). Post hoc analysis found that CTEP is able to 

reverse any 6-OHDA induced deficits compared to sham controls, even 

if given in combination with GM-CSF (p <.05). Comparatively, GM-

CSF treatment alone was not able to reverse 6-OHDA induced deficits 

compared to saline and sham controls (p < .05). 

 

  



214 
 
 

 

 

Figure 55 Appendix 1d – Apomorphine Rotations 

Pre-Treatment 
 
Animals were given injections of apomorphine 30 days after 
administration. The net contra-lateral rotations over a 20 minute period 
were recorded. A one-way ANOVA found a significant treatment effect 
(F(4,45) = 7.008, p = .0002). Post hoc analysis found a significant 
difference between the Sham treatment group and all other groups (p < 
.05). 
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Figure 56 Appendix 1d – Apomorphine Rotations 

Post Treatment 
 
Animals were given injections of apomorphine 30 days after 
administration. The net contra-lateral rotations over a 20 minute period 
were recorded. A one-way ANOVA found a significant treatment effect 
(F(4,45) = 16.693, p < .0001). Post hoc analysis found that CTEP 
significantly reduced apomorphine induced rotation, even when given 
in combination with GM-CSF (p < .05). However GM-CSF alone  was 
no different to saline controls (p < .05).  
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Figure 57 Appendix 1d – Rota Rod 
 
Animals were tested on the accelerating Rota Rod after 12 weeks of drug 
administration. A one way ANOVA found a significant treatment effect 
(F(4,45) = 7.008, p = .0002). Post hoc analysis found no difference 
between CTEP treated animals and sham controls (p < .05). Saline, GM-
CSF, and GM-CSF+CTEP animals all had significantly reduced Rota 
Rod performance measures compared to sham controls (p < .05).  
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Figure 58 Appendix 1d – Watermaze 
 
At the end of the drug administration period, animals were tested for 
cognitive flexibility on the reversal Morris watermaze. A one way 
ANOVA found a significant treatment effect (F(4,45) = 5.482, p = 
.0011). Post hoc analysis found that CTEP is able to reverse any 6-
OHDA induced deficits compared to sham controls, even if given in 
combination with GM-CSF (p <.05) comparatively GM-CSF treatment 
was not able to reverse 6-OHDA induced deficits compared to saline 
and sham controls (p < .05).  
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Discussion 

 
Prior to the end of the study, a change in dosing for GM-CSF 

was required. The dosing schedule was originally scheduled to have 

50μg/kg administered every 3 weeks. This dose had been used 

previously in the lab, including in earlier work (Appendix 1b). One 

common symptom associated with GM-CSF injections is general 

lethargy. Indeed, experimental logs indicate that quite a few of the 

animals experienced lethargy after the first GM-CSF treatment. Three 

weeks later a second injection of GM-CSF was given at 50μg/kg. 

Unexpectedly the animals died soon afterwards. The deaths occurred 

very quickly, taking only approximately 5-10mins between injection 

and death. The GM-CSF treated animals became quickly lethargic, 

followed by labored and irregular breathing. Animals also became 

extremely cold to the touch and their exposed skin turned blue. Post-

mortem dissection found there was significant abdominal edema. 

Interestingly animals that were given both GM-CSF and CTEP did 

experience similar symptoms, however survived the second injection. In 

total 4/4 mice did not survive the second 50μg/kg GM-CSF injection. 

As the animals were run in cohorts, a decision was made to change the 
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GM-CSF dosing for the remaining animals. A final dose of 6.25μg/kg 

was used and the injections were given less frequently. With these 

alterations there were no longer any lethal side effects of the cytokine 

therapy.  

 

 It is unclear why the animals died. Based on the rapidity and the 

observable symptoms prior to their death we hypothesize that the 

animals were experiencing some form of anaphylactic reaction to the 

GM-CSF injection. Indeed, the symptoms observed prior to the animals 

death are commonly seen in allergic reactions. Assuming that indeed 

what occurred was indeed an allergic reaction to GM-CSF, exactly why 

the animals were reacted is not clear. Indeed this dosing has been used 

by our lab (Chris Rudyk, Unpublished) and others (Kosloski et al., 2013) 

without complications. This suggests that it is not solely the toxicity of 

GM-CSF that is the problem, rather an interaction with the 

environmental conditions. Perhaps the inflammatory response to the 

high dose of 6-OHDA was exacerbated by the GM-CSF injections. 

Interestingly, when given in combination with CTEP no lethal effects 

were seen. This suggests that there was nothing inherently wrong with 
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the GM-CSF solution itself (ie. no toxic contamination). There is 

evidence indicating that modulation of mGluR5 with the NAM MPEP 

has been shown to be effective in models of inflammatory pain (Micheli, 

2000), adding further support to the anaphylactic hypothesis. After 

lowering our dose, we found that GM-CSF is ineffective at treating 

larger levels of 6-OHDA induced degeneration.  

 

 Together the data presented in Appendix 1 underscores the 

importance in appropriate timing of therapeutics, and heeding caution 

and consideration to disease state. 
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Space 
Appendix 2  
 

Preface 

 

In addition to therapeutics we were interested in investigating potential 

biomarkers, something which currently does not exist in PD. Lipids, 

specifically lipid profiles, have recently gained traction as potential 

indicators of various diseases. We wanted to investigate if lipids held 

any potential as biomarkers of PD. To start we wished to simply 

determine if there were marked differences within the lipid profile 

within the substantia nigra. Our initial findings have been published and 

can be found below in Appendix 2a. Although promising, we were 

restricted in the types of lipids we could measure due to the type of 

technology available to us. As such we were limited in our ability to 

continue this line of questioning, and therefore focused our attentions 

more on therapeutic research.  
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Major alterations of 
phosphatidylcholine and 
lysophosphotidylcholine 
lipids in the substantia nigra 
using an early stage model of 
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Abstract 

 

Parkinson’s disease (PD) is a progressive neurodegenerative disease 

affecting the nigrostriatal pathway, where patients do not manifest 

motor symptoms until >50% of neurons are lost. Thus, it is of great 
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importance to determine early neuronal changes that may contribute to 

disease progression. Recent attention has focused on lipids and their role 

in pro- and anti-apoptotic processes. However, information regarding 

the lipid alterations in animal models of PD is lacking. In this study, we 

utilized high performance liquid chromatography electrospray 

ionization tandem mass spectrometry (HPLC-ESI-MS/MS) and novel 

HPLC solvent methodology to profile phosphatidylcholines and 

sphingolipids within the substantia nigra. The ipsilateral substantia nigra 

pars compacta was collected from rats 21 days after an infusion of 6-

hydroxydopamine (6-OHDA), or vehicle into the anterior dorsal 

striatum.  We identified 115 lipid species from their mass/charge ratio 

using the LMAPS Lipid MS Predict Database. Of these, 19 lipid species 

(from phosphatidylcholine and lysophosphotidylcholine lipid classes) 

were significantly altered by 6-OHDA, with most being down-

regulated. The two lipid species that were up-regulated were LPC(16:0) 

and LPC(18:1), which are important for neuroinflammatory signalling. 

These findings provide a first step in the characterization of lipid 

changes in early stages of PD-like pathology and could provide novel 

targets for early interventions in PD. 
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Introduction 

 

Parkinson’s disease (PD) is a progressive neurodegenerative 

disease which affects the dopaminergic nigrostriatal pathway, a brain 

region critical in the initiation and control of motor behaviour. The 

degeneration, which occurs over many decades (Bernheimer et al., 

1973) eventually causes severe motor and cognitive deficits (Marié et 

al., 1999; Klockgether, 2004; Menza et al., 2006). The primary 

symptoms of PD are muscle tremors and rigidity within the distal limbs, 

bradykinesia (slowed movements), and general gait disturbances. 

Typically PD patients do not begin to manifest primary symptoms until 

50-80% of the nigrostriatum has degenerated (Bernheimer et al., 1973), 

resulting in delayed treatments and an overall poorer prognosis. 

Therefore, identifying early neuronal changes which characterize the 

early phase of PD (early stage of disease that precedes the manifestation 

of full blown primary symptoms) is of great importance.  Indeed, 

identifying biomarkers that could help classify the trajectory of illness 
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in PD would greatly aid in the treatment process, as well as provide 

potential novel targets for the development of future therapeutics.  

 

We have recently utilized a low dose of the specific neurotoxin 

6-hydroxydopamine (6-OHDA) to induce a prodromal-like PD state. 

Specifically, an infusion of 6-OHDA into the dorsal striatum resulted in 

a modest partial lesion which encompassed 10% and 15% of the striatal 

volume at two and four weeks after toxin administration, respectively 

(Farmer et al., 2015). We also found that our model resulted in no 

difference in the number of neurons within the substantia nigra (SNc); 

however, as would be expected in the early stages of PD, many of the 

neurons had morphology typically seen in unhealthy cells, specifically 

increased vacuolization, decreased dendritic projections, and an overall 

decreased cell volume (Farmer et al., 2015). Additionally, numerous 

other reports have indicated that pro-death oxidative and mitochondrial 

stress pathways are likely involved in the early stages of PD, and that 

pro-inflammatory factors also arise to contribute to primary or 

secondary pathological processes active in the disease (Perier et al., 

2007; Winklhofer and Haass, 2010; Zheng et al., 2010) . At the same 

time, certain genetic mutations (e.g. LRRK2, Parkin, PINK1) can lead 
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to a familial form of PD or increase the vulnerability to a host of 

environmental insults, such as pesticides and heavy metals (Hagenah et 

al., 2007; Schweitzer et al., 2007). Surprisingly however, scant evidence 

exists regarding the potential importance of lipid alterations in PD. This 

is particularly surprising given that many of the toxicants implicated in 

PD are highly lipid soluble and in fact, accumulate to a substantial 

degree in brain lipid membranes (Prasad et al., 2007).  

 

Recent attention has focused on lipids and their role in both cell-

signalling pathways that govern survival or neurodegeneration. 

Lysophosphotidylcholines (lysoPC), for example, have been associated 

with pro-apoptotic processes by activating various deleterious signalling 

cascades, such as activation of the Bid BH3 protein and caspase-3 

(Goonesinghe et al., 2005). LysoPC species have also been shown to 

cause decreased expression of the anti-apoptotic TNF receptor-

associated factor (TRAF) 2 (Qin et al., 2009). Comparatively, 

sphingolipids (SP) have an interesting dichotomous effect, such that 

they can act as both a pro-apoptotic and anti-apoptotic second 

messenger, wherein the difference between the two signalling pathways 

appears to be dependent on the site of lipid cleavage (Giussani et al., 
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2014). Both SP and lysoPC lipid species are derived from 

phosphatidylcholines (PC), a lipid class which is an important mediator 

in various structural and signalling roles, having previously been 

implicated in numerous processes, such as cellular growth and survival 

(Wright et al., 2004). Yet, in many cases it is still unclear as to whether 

the effects are due to direct signalling by the lipids themselves as second 

messengers, or due to hyper- or hypoactivity of their associated enzymes 

(Wright et al., 2004; Giussani et al., 2014).  

 

In the present investigation, we analyzed the lipid profiles 

evident in the substantia nigra region of rats subjected to our 6-OHDA 

early stage model of PD. We then compared the relative quantity and 

structure of PC, lysoPC and SP using HPLC-ESI-MS/MS. Importantly, 

we employed a novel HPLC solvent methodology to separate and 

identify the different lipids according to their individual mass to charge 

(m/z) ratio. It is our belief that this broad lipidomics profile can be used 

as a starting point to investigate the role of lipidomic signaling in the 

etiology and progression of PD, as well as to further expand research 

directed at identifying detectable biomarkers of the neurodegenerative 

condition. 
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Materials and Methods 

 

Animals 

 

Six male Sprague Dawley rats (Charles River), weighing 

between 250-280g on arrival were used in the current experiments. The 

animals were individually housed in a standard polypropylene cage (27 

x 48 x 20 cm) and maintained a 12-hour light/dark cycle. Tap water and 

food (Harlan Rat Chow, New Jersey) was provided ad libitum, while 

room temperature and humidity were maintained at 20ºC and 50%, 

respectively. All aspects of this experiment 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. 

 

Surgery 

 

The animals were anaesthetized using variable flow isoflurane 

inhalational anesthetic (isoflurane volume of 2-3% in pure O2). Animals 
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were then placed in a Kopf instruments Model 940 stereotaxic frame 

with the incisor bar positioned 3.3 mm below the incisor line. An L-

shaped PlasticsOne 328OP Osmotic Pump Cannula was implanted in 

the right striatum at the coordinates 1.0 mm anterior, 3.0 mm lateral and 

5.0 mm ventral relative to bregma and skull surface. A single infusion 

of 20 μg of 6-hydroxydopamine (Sigma, St. Louis; purchased as a 

hydrochloride salt, n = 3) in 0.9% injectable saline (containing 0.02% 

ascorbic acid), or vehicle solution (n = 3), was given at a rate of 1 

μL/min using a Hamilton 25 μL syringe with a 22 gauge needle attached 

to a Harvard Apparatus PicoPlus 11 Pump. The vehicle solution was 

made fresh daily and the 6-hydroxydopamine hydrochloride salt was 

mixed immediately before the infusion. After the infusion the cannula 

remained in place for an additional 5 minutes before being removed to 

ensure maximal diffusion of the 6-hydroxydopamine solution. 

BoneWax® was placed over the drill hole in the skull and the incision 

site was clipped using EZclip® surgical staples. A single application of 

2% lidocaine hydrochloride topical anaesthetic jelly (Xylocaine, 

AstraZeneca) was applied to the incision site. 
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Euthanasia 

 

Animals were deeply anesthetized with an injection of sodium 

pentobarbital and subsequently euthanized via transcardial perfusion 

using a chilled 0.9% saline solution 21 days after the surgical infusion. 

The ipsilateral substantia nigra (SNc) was isolated from the extracted 

brain by dissecting the appropriate coronal section using a Kopf 

Instruments rat blocker obtaining a 2mm slice approximately -4.3mm to 

-6.3mm with respect to bregma using the Paxinos & Watson rat atlas 

(Paxinos and Watson, 1997). The coronal slice was then further 

dissected manually using a clean razor blade so as to isolate only the 

region of tissue containing the substantia nigra. The extracted tissue was 

immediately flash frozen using 100% ethanol on dry ice. All samples 

were stored at -80°C until ready for lipid extraction. 

 

Lipid Extraction 

 

Animals were deeply anesthetized with an injection of sodium 

pentobarbital and subsequently euthanized via transcardial perfusion 

using a chilled 0.9% saline solution 21 days after the surgical infusion. 
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The ipsilateral substantia nigra (SNc) was isolated from the extracted 

brain by dissecting the appropriate coronal section using a Kopf 

Instruments rat blocker obtaining a 2mm slice approximately -4.3mm to 

-6.3mm with respect to bregma using the Paxinos & Watson rat atlas 

[56]. The coronal slice was then further dissected manually using a clean 

razor blade so as to isolate only the region of tissue containing the 

substantia nigra. The extracted tissue was immediately flash frozen 

using 100% ethanol on dry ice. All samples were stored at -80°C until 

ready for lipid extraction. 

 

HPLC-ESI-MS/MS 

 

15 cm lengths of 200 μm inner diameter fused silica 

(PolymicroTechnologies, AZ, USA) were dipped in a 3:1 solution of 

Kasil 1678 potassium silicate and formamide (Promega, WI, USA) to 

make a column frit on one end. The columns were allowed to dry for 24 

hours, were shortened to 10 cm, and subsequently packed with 5 cm of 

5 μm ReproSil-Pur C4 stationary phase beads (Dr. Maisch GmbH, 

Germany) in acetone using a nitrogen pressure vessel. A PicoFrit 
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Emitter (New Objective MA, USA) was filled in a similar manner, 

however only 1 cm of ReproSil-Pur C4 beads were used. 

 

Test samples were prepared immediately before each run (1 μL 

of concentrated lipid sample, 5 μL of absolute ethanol, and 34 μL of 

deionized water). Samples were placed into a Dionex UltiMate 3000 

autosampler (Thermo Fisher Scientific, Waltham, MA) maintained at 4 

˚C and loaded onto the chromatography column using a Dionex 

UltiMate 3000 pump (Thermo Fisher Scientific, Waltham, MA, 20 µL 

total volume). All mobile phases were prepared using HPLC grade 

solvents: (A) 30% methanol in 10 mM ammonium acetate, (B) 

isopropanol with 10 mM ammonium acetate and (C) hexane. Each lipid 

mass analysis was 60 minutes in length and began with a 100% A mobile 

phase. Four minutes later solvent B was gradually increased until the 

mobile phase became 100% B at the 45.5 minute mark where is 

remained at 100% B for 1 minute. At the 46.6 minute mark solvent C 

gradually increased until the mobile phase became 100% C where it 

remained until the end of the run.  

 



233 
 
 

 

Chromatographically separated lipids were directly analyzed 

using an AB Sciex 4000 QTRAP ESI-MS/MS Hybrid Triple 

Quadrupole/Linear Ion Trap (AB Sciex, Framingham, MA). The 

QTRAP was run in positive ion mode, with the ESI nanospray voltage 

set at 3 kV, curtain gas at 20 and declustering potential at 25 V. A 

precursor ion scan and an enhanced mass spectrum (EMS) were 

conducted using a mass range of 250-1500 Da. The precursor ion scan 

was set to analyze precursors of m/z 184 with a collision energy of 40.0 

eV and collision cell exit potential of 10 V. 

 

Immediately after each lipid sample was analyzed, a 140 minute 

hexane wash was run (90% C and 10% B). Towards the end of the wash 

at the 130 minute mark the mobile phase switched to 100% B and before 

switching to 100% A at 137 minutes. A 40 minute blank was run 

immediately following the wash cycle to ensure there was no carry over. 

The mobile phase began with 100% A before gradually switching to 

100% B at starting a 4 minutes and ending at 28 minutes. The mobile 

phase remained at 100% B for another minute before returning to 100% 

A until the end of the run. All samples were run in triplicate. 
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Data Anylsis 

 

Mass spectra were analyzed using Analyst Software version 

1.5.1 (AB Sciex). The precursor m/z 184 scan was manually analyzed 

to generate a list of phosphatidylcholine and sphingolipid m/z-values. 

The m/z-values (+/-0.2Da) were then entered into MultiQuant 2.1.1 (AB 

Sciex). All desired peaks were integrated and an output containing a 

variety of parameters, such as peak area and retention time, was 

generated. The peak area of each lipid was divided by the peak area of 

the internal standard C13:0 LPC (m/z 454), and then again by the total 

weight of the substantia nigra. The triplicate data was averaged for each 

animal providing a biological n of 3 per treatment group.  LIPID MAPS 

MS Prediction Tool (Lipidomics Gateway) was then used to determine 

the classification and to predict the structure of all lipid masses 

identified in the precursor m/z 184 scan.  Statistical significance 

between treatment groups for each lipid species was determined using 

independent-samples t-tests. 
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Results 

 

Our lipidomics profile scan identified 115 different lipid species, 

of these, 19 (16.5%) were significantly changed in the 6-OHDA treated 

animals. We found that 17 (89.5%) of these significantly altered lipids 

were down-regulated and only 2 (10.5%) were up-regulated. PC species 

were primarily affected accounting for 63.2% of all significantly altered 

lipids (12/19), and were found to be entirely down-regulated (Figure 

59). Similarly, we found that lysoPC species were mainly down-

regulated (Figure 60); however two notable lysoPC lipids were up-

regulated; LPC(16:0) and LPC(18:1). The two upregulated lysoPC 

lipids were also found to be in the highest relative concentrations, with 

normalized peak area values in the 6-OHDA treated animals being 379 

and 294 for LPC(16:0) and (18:1) respectively. Comparatively, the 

average normalized peak area for all other lysoPC lipids is 1.84, and 

1.90 for PC lipids.  Finally, we found that 36.8% of the significantly 

altered lipids contained ether-linked acyl chains. A summary of our 

lipidomic detection findings can be found in Table 5. 
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Table 5 Appendix 2 – Summary table of lipidomic 

findings. 
 
Summary table of lipidomic findings. The class of lipids was determined 
using the LIPID MAPS MS Prediction Tool. 
 

  n =  

Lipids Identified 115 

Lipids with Significant Changes 19 

Lipids up-regulated in 6-OHDA Animals 2 

Lipids down-regulated in 6-OHDA Animals 17 

Phosphatidylcholines with Significant Changes 12 

Lysophosphatidylcholines with Significant Changes 7 
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Figure 59 Appendix 2 – Changes in 

Phosphatidylcholines 
 
The relative abundance of phosphatidylcholine species in the substantia 
nigra of animals treated with either 6-OHDA (20µg) or saline vehicle 
into the right anterior dorsal striatum, as determined by HPLC-ESI-
MS/MS measurements. All measurements were run in triplicate and the 
error bars represent the standard error. Only species displaying 
significant differences between treatment and control groups are shown. 
Significance was determined by independent sample t-test. The relative 
fold change of phosphatidylcholine species is represented along the X-
axis in the form of a color heat map. 
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Figure 60 Appendix 2 – Changes in 

lysophosphatidylcholines 
 
The relative abundance of phosphatidylcholine species in the substantia 
nigra of animals treated with either 6-OHDA (20µg) or saline vehicle 
into the right anterior dorsal striatum, as determined by HPLC-ESI-
MS/MS measurements. All measurements were run in triplicate and the 
error bars represent the standard error. Only species displaying 
significant differences between treatment and control groups are shown. 
Significance was determined by independent sample t-test. The relative 
fold change of phosphatidylcholine species is represented along the X-
axis in the form of a color heat map. 
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Discussion 

 

In this study we used a relatively low dose of 6-OHDA to induce 

a partial nigrostriatal lesion, which we believe may partially model a 

prodromal-like PD state. We have recently found that this animal model 

causes modest striatal lesions, coupled with morphological 

abnormalities of surviving neurons (Farmer et al., 2015). In the present 

study, we found that PC lipid species were markedly altered in animals 

treated with 6-OHDA. By far, PC species were the most affected and 

were generally down-regulated in all cases. Importantly, PC lipids are 

major components of many cell structures (Wright et al., 2004), 

including being present with exceptionally high levels in vacuole 

membranes (Gulshan and Moye-Rowley, 2011). The possibility exists 

that the decrease of PC lipids in 6-OHDA treated mice reflects some 

degree of structural rearrangement. In effect, as neurons develop PD like 

pathology (e.g. decreased dendritic projections, decreased cell volume 

and cell death) the cell may simply require significantly lower PC lipid 

concentrations.   
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In addition to structural support, PC lipids may also contribute 

to functional aspects of neuronal processes by influencing various 

signalling pathways. For instance, previous studies have reported that 

PC lipids modulate anti-inflammatory signaling (Treede et al., 2007). 

Moreover, it is known that 6-OHDA can induce microglial reactivity 

(Marinova-Mutafchieva et al., 2009; Stott and Barker, 2013; Farmer et 

al., 2015) and elevations of pro-inflammatory cytokines (Choudhury et 

al., 2011; Goes et al., 2013; Hernandes et al., 2013b). Thus, the decrease 

in PC lipids currently observed may influence cell survival in the context 

of 6-OHAD treatment by influencing inflammatory processes. 

 

Although 6-OHDA can provoke pro-apoptotic effects through 

the protein kinase Cδ (PKCδ) complex system (Hanrott et al., 2006), 

this same system can also impart anti-apoptotic consequences through 

diacylglycerol (DAG) molecules, which are primary PC lipid 

metabolites (Wright and McMaster, 2002; Argaud et al., 2004). This 

raises the possibility that the array of lipids modulated by 6-OHDA are 

likely engaged in a sort of cellular “tug of war” concerning neuronal 

survival pathways. Another potential source of anti-apoptotic DAG is 

via sphingomyelin synthase, an enzyme that combines a ceramide and 
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PC lipid to cause the synthesis of a SP and DAG molecule (Wright et 

al., 2004). Although our findings did not show any significant changes 

in SP lipids, we did find trends in which up-regulations of sphingosine 

and sphinganine approached significance.  

 

Similar to our PC results, we found an overall decrease in lysoPC 

species among 6-OHDA treated animals. However, there were two 

notable exceptions, such that LPC (16:0) and (18:1) were greatly 

increased in 6-OHDA treated animals. LysoPC are lipids synthesized 

from PCs via the enzyme phospholipase A2 (PLA2). 6-OHDA has been 

reported to induce PLA2 enzymatic activity within the nigrostriatal tract 

(Hayakawa et al., 1998; Lee et al., 2010). Interestingly, increased PLA2 

activity has been repeatedly associated with apoptotic effects (Jaattela 

et al., 1995; Kim et al., 2002) including 6-OHDA induced apoptosis 

(Ahmad et al., 2013). However the role of PLA2 is exceedingly 

complex, as the enzyme has also been implicated in anti-apoptotic 

pathways, primarily via the arachidonic acid and peroxisome 

proliferator-activated receptor (PPAR) signalling pathway (Kreisler et 

al., 2007). Arachidonic acid and PPAR system activation has also been 

shown to reduce oxidative stress and normalize mitochondrial 
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dysfunction (Kreisler et al., 2007; Ravnsjkjaer et al., 2014); both of 

which are affected by 6-OHDA (Khan et al., 2010; Asaithambi et al., 

2014; Kupsch et al., 2014; Park et al., 2014). Interestingly, both LPC 

(16:0) and LPC(18:1) have been shown to play major roles in regulating 

PLA2 enzyme activity by acting as an uncompetitive inhibitor 

(Cunningham et al., 2008). Alternatively, the accumulation of these 

LPC species could be related to impairment of other enzymes in the PC 

re-acylation or de-acylation processes. However, as the literature is 

lacking on the role of these other enzymes in PD and PD-like pathology, 

with further enzymology follow up studies required.   

 

It is also possible that the observed increase in LysoPC species 

(16:0) and (18:1) is unrelated to altered 6-OHDA induced PLA2 

enzymatic activity, and instead could be increased to serve a very 

specific and targeted role by acting as immune signalling mediators. In 

this regard, it has been shown that LysoPC (16:0) and (18:1) play a 

major role in inflammatory signaling (Cunningham et al., 2008), 

including the release of various cytokines (interlukin-1β, interlukin-6, 

chemokine ligand 2, chemokine ligand 4, and tumor necrosis factor 

alpha) (Liu-Wu et al., 1998; Gonçalves et al., 2012). Importantly, the 
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two LPC species have also have potent chemotactic abilities, being able 

to induce and recruit macrophages and T-lymphocytes to injured tissue 

(Quinn et al., 1988; McMurray et al., 1993; Ryborg et al., 1994; Liu-Wu 

et al., 1998). Given these findings, it is possible that the overall decrease 

of lysoPC species, as a class of lipids, is related to changes in PLA2 

activity, whereas, the dramatic increase in LysoPC (16:0) and (18:1) 

may arise from their involvement in inflammatory processes induced by 

6-OHDA. Finally, it is important to point out that we currently report 

relative differences between the various species rather than absolute 

lipid levels. Indeed, we are most interested in lipid profile changes that 

might be characteristic of early stages PD.   

 

In addition to “typical” PC and lysoPC species, we identified 

numerous “atypical” ether linked forms of these species; all of which 

were down-regulated. In agreement with our current findings, it has also 

been reported that PD patients had significantly decreased levels of 

ether-linked lipids (Fabelo et al., 2011). Ether linked lipids are known 

to generally be platelet activating factors, and have been shown to be 

heavily involved in the neuroinflammatory responses (Braverman and 

Moser, 2012). Importantly, drugs that antagonize ether-linked 
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phospholipids have potential clinical relevance given their reported 

neuroprotective and anti-tumorigenic effects (Lohmeyer and Bittman, 

1994; Dave et al., 2005).  

 

It is of considerable importance to underscore that we currently 

assessed lipid levels in the SNc, which normally sends projections 

“downstream” to the striatum to modulate basal ganglia activity.  Thus, 

the observed lipid changes are presumably upstream from the 

neurotoxin-injected striatum, indicating that they likely stem from 

retrograde signalling pathways. Indeed, the view is widely held that PD 

begins with a loss of function and degeneration of the axon terminals in 

the striatum, which then progresses back to the cell bodies in the SNc 

(Galvin et al., 1999; van der Putten et al., 2000; Lotharius and Brundin, 

2002; Cheng et al., 2010). Further to this point, the intra-striatal 6-

OHDA model of PD is also known to induce progressive neuronal 

degeneration over numerous weeks (Sauer and Oertel, 1994; Blandini et 

al., 2008) and causes increased neuroinflammatory responses 

(Choudhury et al., 2011; Goes et al., 2013; Hernandes et al., 2013a). 

Additionally, we used a low dose of 6-OHDA which we have recently 

reported to cause a modest but significant loss of dopamine (DA) striatal 
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terminals, but does not significantly affect the number of neurons within 

SNc (Farmer et al., 2015). Taken together, these findings suggest that 

the intra-striatal 6-OHDA model of PD can be an important tool for the 

investigation of the early stages of PD as it mimics the human condition 

in many key aspects.  

 

Mitochondrial dysfunction is an important contributor to PD 

pathology, and indeed 6-OHDA acts primarily via disruption of 

mitochondrial processes, resulting in the generation of reactive oxygen 

species (Kupsch et al., 2014; Segura-Aguilar and Kostrzewa, 2015). It 

is important to note, however, that our assay results in the extraction of 

general cellular and not specific mitochondrial lipids per se. Methods to 

isolate mitochondrial lipids in a manner that renders them amenable to 

MS analysis are difficult to perform and introduce a great deal of 

variability.  

 

In the current study, we can only identify the general structure 

of the various lipid species. Identifying the full fatty acid composition 

can be achieved with further MS2 analysis using either lithium or acetate 

adduction methods. However, these methods pose significant 
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limitations, as they are effective for standards, but can be problematic 

when using complex tissue samples (as they become difficult to separate 

chromatographically). Both adduction methods are also substantially 

less sensitive than those involving the production of protonated 

phosphocholine fragment ions, such as the precursor m/z 184 scan in 

positive ion mode (as outlined in the detailed methods section) was used 

in the current study.  

 

Besides identifying novel lipids that could be mechanistically 

involved in PD, the present findings could conceivably have 

implications for the development of biomarkers. Of course, for a 

molecule to be a useful biomarker it must be readily detectable in 

peripheral tissue and/or fluids. In this regard, a recent study detected 

increases in 9 ceramide class lipids in the plasma of PD patients (Mielke 

et al., 2013). Moreover, several PC and lysoPC lipid alterations were 

found in the plasma of patients with Alzheimer’s disease (Mapstone et 

al., 2014). Future studies are required to assess whether 6-OHDA 

induces peripheral lipid changes that parallel the presently observed 

brain lipid changes. However, current evidence is promising and the use 
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of lipidomics screens as a potential tool for early diagnosis of PD may 

play an important role in the future.  

 

Conclusions 

 

We report that 21 days after an intrastriatal infusion of a low 

dose of 6-OHDA there are significant decreases in PC and lysoPC 

within the SNc. Two lipids, LysoPC (16:0) and (18:1) stood out in that 

they greatly upregulated by 6-OHDA. Although speculative, these 

observed lipid changes may contribute to structural reconfiguration, 

immune system signalling, and pro- and anti-apoptotic pathways. This 

broad lipidomic profile is novel and might be used to further investigate 

the role of specific lipid species in the etiology and progression of PD, 

as well as providing potential biomarkers for PD progression. Of course, 

to be ultimately useful in this capacity, future work will be required to 

determine whether peripheral lipid species change in parallel with the 

presently observed SNc variations. Finally, it is particularly noteworthy 

that the series of marked lipid changes occurred within the SNc, which 

is of course, up-stream of the 6-OHDA injected striatum. Thus, our 

findings clearly indicate that retrograde signals likely emanated from the 
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partially lesioned striatum to modulate lipid composition within the SNc 

cell soma.   
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Space 
Appendix 3 

Spontaneous re-innervation in 
the 6-OHDA model of 
Parkinson’s disease (unpublished) 
  

Introduction 

 

As the title suggests, this appendix section is dedicated to 

discussing spontaneous re-innervation in the 6-OHDA model of 

Parkinson’s disease. Herein I discuss a large problem inherent in many 

murine models. Indeed there is evidence of spontaneous recovery in 

various models of PD including MPTP (Poli et al., 1992; Mitsumoto et 

al., 1998) and 6-OHDA (Dravid et al., 1984; Blanchard et al., 2002; 

Stanic et al., 2003). PD models are not the only ones affected. Recently 

it was found that a popular triple mutant model of Alzheimer’s disease 

is also affected by spontaneous recovery (Donating Investigator Report 

to Jackson Labs, Strain: 004807). The original intent of this study was 

to complete a long term washout following 12 weeks of CTEP 
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administration. This experiment was to assess whether the striatal 

changes imparted by CTEP after extended administration resulted in 

sustained recovery, or behavioural regression as was described earlier 

following 1 week of CTEP treatment. Unfortunately, the length of time 

between administration of 6-OHDA and experimental endpoint was too 

long, as will become apparent in the following sections.  

 

Methods 

 

Animals 

Male CD-1 mice sourced from Charles River (Kingston, Ontario, 

Canada), aged 6-8 weeks upon delivery were used for all described 

experiments. Animals were individually housed in techniplast blue line 

individually ventilated polypropylene cages (approx. dimensions: 

400x200x200mm) with no enrichment other than nestlets. Animals were 

maintained on a standard 12h light/dark cycle. Tap water and chow 

(Teklad, #2014) was provided ad libitum, while room temperature and 

humidity were maintained at 20ᵒC and 50%, respectively. All aspects of 

this experiment were approved by the Carleton University Committee 
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for Animal Care and adhered to the guidelines outlined by the Canadian 

Council for the Use and Care of Animals in Research.  

 

Surgery 

The mice were anaesthetized using variable flow isoflurane inhalational 

anesthetic (1.5-5% in pure O2). Animals were then placed in a Kopf 

instruments Model 940 stereotaxic frame (Kopf Instruments, Tujunga, 

CA, USA). An L-shaped PlasticsOne 328OP cut 3mm below the 

pedestal was inserted into the right striatum at the coordinates 1.00mm 

anterior, 1.75mm lateral, and 3.00 ventral relative to bregma and skull 

surface. A single 2μl infusion of vehicle solution (in 0.9% saline 

solution containing 0.02% ascorbic acid) or 6-hydroxydopamine 

hydrochloride (20μg, Sigma-Aldrich, H4381) was administered at a rate 

of 0.4μl/min using a Harvard apparatus picoplus pump equipped with a 

10μl Hamilton syringe. The cannula was retracted after a 5 minute 

incubation period. Bonewax (Stoelting, Wood Dale, IL, USA) was 

placed over the drill hole and the incision closed using non-absorbable 

nylon sutures. Animals were given tramadol (20mg/kg at 2.5mg/ml, 

Chiron Compounding Pharmacy, Guelph, ON, Canada) twice a day for 

3 days, beginning on the day of surgery. Mice were given a 30 day 
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period before any pharmacological manipulation to ensure a maximal 6-

OHDA induced lesion.  

 

Pudding training 

Starting 3 weeks after the surgery, mice were introduced to our pudding 

administration regimen. During the 7 day training period mice were 

given daily access to 0.1ml chocolate pudding (Loblaws No Name 

Chocolate Pudding Cups, 20297693001_EA) on a plastic petri dish 

(Falcon, 35x10mm) starting immediately when the lights turn on in the 

morning. Day 1 mice were allowed free access for 10 minutes. Days 2-

7 the dish was removed immediately after the mouse consumed the 

pudding. By the end of the training regimen most mice consume all their 

pudding within 1 minute.  

 

CTEP 

Thirty days following the surgery, mice were given either vehicle or 

CTEP (Axon Medchem, Axon 1972) every 48hrs for 12 consecutive 

weeks at 2mg/kg, starting immediately when the lights turn on in the 

morning. 
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Drug Washout 

Following the 12 weeks of drug administration, animals were given a 4 

week drug washout prior to any behavioural testing and Euthanization. 

 

Behavioural testing 

Prior to each behavioural test, mice were habituated to the testing room 

for at least a 20 minute period. 

 

Apomorphine Induced rotations 

Animals were administered apomorphine hydrochloride hemihydrate 

(sub cutaneous injection, 0.5mg/kg at 0.1mg/ml in 0.9% saline, Sigma-

Aldrich, A4393) 30 days following the surgical procedure to confirm 

parkinsonian phenotype. Any mice that received 6-OHDA and did not 

demonstrate net contralateral rotations were removed from the study. 

Briefly, immediately following the injection of apomorphine animals 

were placed into large open container (27x48x20cm) and recorded from 

above. After a 5 minute drug incubation period, net contralateral 

rotations were counted over a 20 minute period. Animals were re-

challenged with apomorphine at the end of the drug washout out period.  
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Accelerating Rota Rod 

Animals were trained on the rota rod (Omnitech Electronics) over a 2 

day period. On day one animals were placed on the rota rod apparatus 

which was maintained at a continual speed of 11RPM. If the animal fell 

from the apparatus they were immediately returned over a 5 minute 

period. This process was repeated three times total with an inter-trial 

interval of 60 minutes. Day two was a repeat of Day 1, however the rota 

rod was maintained at 22RPM. On the third day animals were tested 

using an accelerating protocol with a rotation speed increasing from 4 

RPM to 88 RPM over a 600 second period. Maximum speed achieved 

before falling off the apparatus was recorded. Animals were tested over 

3 trials. The lowest of the 3 trials was discarded and the average of the 

remaining 2 trials were used as the animals scored. The test day 

coincided with the last day of the experiment. To reduce test-retest 

confounds, animals were only tested on the rota rod on the last day of 

experimentation.  
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Modified Reversal Morris Watermaze 

This protocol has been adapted from previously used methods by 

(Nunez, 2008) and (Salmaso et al., 2012). Briefly, our watermaze was 

located in a dimly lit room. On each wall were unique identifiers for 

orientation. Mice received 2 days of training, the first of which occurred 

2 weeks prior to experiment end, and the second of which occurred 4 

days prior to experiment end. Mice were introduced into the pool from 

the same entry point for each trial. The platform (8.25cm in diameter 

submerged ~0.5cm under the water surface) remained in a fixed location 

during the training period. Mice received two sets of 6 training trials, 

separated by a 1hr break and an inter-trial interval of 10minutes. The 

trial ended either when the mouse found the platform or 60 seconds had 

elapsed. Mice that did not find the platform were directed to platform 

before being removed from the pool. Immediately following the 12th 

trial on training day 2, mice were tested in the probe trial, where the 

platform was moved to the opposite quadrant. Time to find the platform 

was recorded using behavioural tracking software (ANY-maze, 

Stoelting). This test is a measure of cognitive flexibility.  
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Euthanization 

Animals were randomly assigned into one of two groups – histology or 

western blot. Animals that were assigned to the histology group were 

deeply anesthetized with an overdose of sodium pentobarbital. Mice 

were then transcardially perfused using chilled 0.9% saline followed by 

4% PFA solution in 0.1M phosphate buffer. Extracted brains were post 

fixed for 24hrs in 4% PFA, followed by sequential washes of 10% 

sucrose in 0.1M phosphate buffer over another 24hr period. Tissue was 

then incubated in a 30% sucrose solution in 0.1M phosphate buffer for 

72hrs. Following this last sucrose wash tissue was flash frozen and 

stored at -80ᵒC. Animals that were assigned to the western blot group 

were euthanized by rapid decapitation. Extracted brain tissues were 

immediately micro dissected, placed on dry ice, and stored at -80ᵒC.  

 

Histology 

Tissue was sectioned at 40μm on a rotary cryostat. Free floating tissue 

sections were immune-labelled overnight in primary antibodies (mouse 

anti-TH 1:2000 [Immunostar 22941]). Tissue sections were incubated 

in biotinylated secondary and tertiary streptavidin HRP solutions for 

2hrs each. Using ImageJ software at the site of injection and the two 



257 
 
 

 

adjoining sites, integrated densities were measured as a ratio to its 

ipsilateral hemisphere signals after background subtraction. TH+ cells 

amounts of the SNc were assessed in a qualitative manner by a blinded 

experimenter (0 = no noticeable cell loss, 1 = minor cell loss, 2 = approx. 

50% cell loss, 3 = extensive cell loss). 
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Results 

 

 Thirty days following infusion of 6-OHDA, animals were 

challenged with apomorphine to confirm parkinsonian phenotype. 

When comparing net contralateral apomorphine induced rotations a one-

way ANOVA found a significant treatment effect (F(2,27) = 43.961, p 

< .0001) (Figure 61). Post hoc analysis found that 6-OHDA treated 

animals rotated significantly more compared to Sham treated animals (p 

< .001). Animals were then treated with either CTEP or vehicle for 12 

weeks followed by a 4 week drug washout period. After the end of the 

drug washout, animals were tested for a battery of behaviours. When 

comparing net contralateral apomorphine induced rotations a one-way 

ANOVA found no significant treatment effect (F(2,27) = 0.197, p = 

.8225) (Figure 62). When tested on the accelerating rota rod a one way 

ANOVA also found no significant treatment effect (F(2,26) = 1.598, p 

= .2216) (Figure 63). Similarly, when tested for cognitive flexibility in 

a modified reversal Morris Watermaze a one way ANOVA found no 

significant treatment effect (F(2,27) = 0.969, p = .3922) (Figure 64).  
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Because of the null results in the behaviours, histology was 

completed on only a small subset of animals. When comparing the 

integrated density values of TH labelled striatal sections, a one way 

ANOVA found no significant treatment effect (F(2,3) = 1.762, p = 

.3119) (Figure 65). When comparing TH labelled nigral sections using 

a qualitative rating scale, a one-way ANOVA finds a significant 

difference (F(2,3) = 21.000, p = .0172) (Figure 66). Post hoc analysis 

found that both the vehicle and CTEP treated animals where not 

different from each other, however both had significantly more TH+ cell 

loss in the SNc compared to sham controls (p < .05). 
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Figure 61 Appendix 3 – Apomorphine Rotations Pre 

Treatment 
 
Animals were given injections of apomorphine 30 days after 
administration. The net contra-lateral rotations over a 20 minute period 
were recorded. A one-way ANOVA found a significant treatment effect 
(F(2,27) = 43.961, p < .0001). Post hoc analysis found a significant 
difference between the Sham treatment group and all other groups (p < 
.001). 
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Figure 62 Appendix 3 – Apomorphine Rotations Post 

Washout 
 
Animals were given injections of apomorphine after 12 weeks of drug 
administration and 4 weeks of drug washout. The net contra-lateral 
rotations over a 20 minute period were recorded. A one-way ANOVA 
found no significant treatment effect (F(2,27) = 0.197, p = .8225) 
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Figure 63 Appendix 3 – Rota Rod 
 
Animals were tested on the accelerating Rota Rod after 12 weeks of drug 
administration and 4 weeks of drug washout. A one way ANOVA found 
no significant treatment effect (F(2,26) = 1.598, p = .2216).  
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Figure 64 Appendix 3 – Watermaze 
 
Animals were tested for cognitive flexibility on the reversal Morris 
watermaze after 12 weeks of drug administration and 4 weeks of drug 
washout. A one way ANOVA found no significant treatment effect 
(F(2,27) = 0.969, p = .3922).  
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Figure 65 Appendix 3 – Striatal TH Integrated 

Density 
 
The integrated density of striatal sections immunolabelled with TH was 
measured using ImageJ software for a small sample of animals. A one 
way ANOVA found no significant treatment effect (F(2,3) = 1.762, p = 
.3119). 
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Figure 66 Appendix 3 – SNc cell loss 
 
A TH stain was performed on serial sections of the SNc. A blind 
qualitative analysis of a small sample of animals comparing ipsilateral 
and contralateral sides was completed on the stained sections (0 = no 
noticeable cell loss, 1 = minor cell loss, 2 = approx. 50% cell loss, 3 = 
extensive cell loss). A one way ANOVA found a significant treatment 
effect (F(2,3) = 21.000, p = .0172). A post hoc analysis found that both 
the vehicle and CTEP treated animals had significantly more cell loss in 
the SNc compared to sham controls (p < .05).  
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Discussion 

 

With this experiment, an unintended outcome was the 

recapitulation of previous findings that demonstrated spontaneous 

recovery following 6-OHDA treatments. While spontaneous recovery in 

mice is usually accompanied by a recovery of striatal dopamine, often 

the nigra does not recover (Dravid et al., 1984; Blanchard et al., 2002; 

Stanic et al., 2003). However, some report functional recovery in the 

absence of dorsal striatal recovery (Rothblat and Schneider, 1994), 

suggesting there is some form of potential downstream compensatory 

mechanisms. In all likelihood what is occurring is a mixture of both 

situations – spontaneous DA recovery with additional downstream 

GABAergic and glutamatergic compensation.  

 

No model rodent toxin model is perfect or immune to such 

potential spontaneous recovery. Even the catastrophically quick damage 

induced by MPTP has been known to be affected by eventual 

spontaneous recovery (Poli et al., 1992; Mitsumoto et al., 1998). The 6-

OHDA model is excellent for modelling progressive nigrostriatal loss, 

capable of producing everything from a small lesion to complete 
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ablation of the nigral DA system. Additionally, the 6-OHDA model 

allows for targeted administration that you can control with excellent 

accuracy and precision compared to other systemic models. While it 

appears that the inability to carry out longitudinal studies is a limitation 

of the 6-OHDA model, it by no means negates its overall use as a model 

of PD.  
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