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Abstract:  
 

Parkinson’s disease (PD) is characterized by a range of motor and non-motor 

behavioral deficits thought to occur because of the loss of dopaminergic neurons in the 

substantia nigra (SNc). It has been thought that the appearance of the disorder stems from 

elevated alpha-synuclein (asyn) protein expression, known to form Lewy body 

inclusions. The overarching theme of the current series of experiments comprised the 

evaluation of how increased asyn expression contributes to the development of PD, and 

whether these actions could be attenuated by a DNA sequence designed to inhibit asyn 

oligomer formation (i.e., an asyn binding aptamer). A better understanding of asyn 

protein accumulation and toxic aggregate formation might provide a therapeutic avenue 

with considerable clinical relevance, especially if tolerance does not develop to the 

effects of the treatment as it does with other therapeutic approaches. As such, we assessed 

a novel asyn binding aptamer within both in vitro and in vivo models of Parkinson’s 

disease. In vitro, a single treatment with the asyn binding aptamer reduced levels of 

pAsyn, but multiple treatments unexpectedly had less noteworthy effects. Accordingly, 

the influence of the asyn aptamer was assessed in mice in vivo. It was demonstrated that 

the asyn aptamer could be detected in several brain regions and in the liver at various 

times following its administration. Ordinarily, in transgenic mice overexpressing the 

human A53T variant of asyn protein, the elevated expression of asyn protein occurs at 

about 5 months of age. Thus, transgenic mice of this age were treated with the asyn 

binding aptamer both acutely and repeatedly to detect asyn protein level changes. The 

aptamer reduced pAsyn levels compared to control wildtype animals. Indeed, Western 

blot analyses revealed that this was evident with respect to pAsyn and oligomer asyn in 
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response to both acute and repeated treatment conditions. These reductions in asyn 

conformations were evident in the more exterior and interior regions of the brain. 

Overall, the data have important preliminary implications for the development of asyn 

binding aptamer treatment strategies that target asyn processes in PD. To be sure, the 

asyn aptamer needs to be assessed further in other preclinically relevant models to 

determine the validity of the approach to halt or slow the progression of the disease.  
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Introduction 
 
Parkinson’s Disease  

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

affecting approximately 1.2% of people above the age of 40 and 4% of people over the 

age of 80 [1–5]. It is expected that this number will more than double, reaching 14.2 

million in 2040 as a direct result of the ageing population [4,6]. PD is characterized by 

numerous symptoms, which include resting tremor, bradykinesia, rigidity, postural 

instability, and stooped posture, as well as non-motor features, such as cognitive and 

behavioural symptoms, sleep disorders, autonomic dysfunction, sensory dysfunction, and 

fatigue [7–9]. In recent years, new treatments addressing the motor and non-motor 

symptoms have been developed; however, no therapeutic currently available can slow the 

progression of the disease [8,10].  

Parkinson first described Parkinson's syndrome in his Essay on the Shaking Palsy 

(1817), where he discussed the classic clinical features of neurodegenerative disorders 

[11]. However, it was the discovery of dopamine in the mammalian nervous brain and the 

subsequent dopamine neuronal loss within the substantia nigra pars compacta (SNpc) that 

fueled the understanding of this disorder [12]. The understanding that neurons in the 

SNpc formed the nigrostriatal pathway led to the discovery that replenishment of striatal 

dopamine through oral administration of the dopamine precursor L-3,4-

dihydroxyphenylalanine (levodopa, l-DOPA) alleviates most of these motor symptoms 

[11].  
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Features of PD 

Non-motor symptoms 

Several non-motor symptoms are associated with Parkinson's disease, many of 

which arise before clinical diagnosis, perhaps being present ten years earlier. These non-

motor symptoms comprise gastrointestinal dysfunction, constipation, hyposomia, and 

sleep disorders [13]. Gastrointestinal (GI) dysfunction involves almost all levels of GI 

system and may actually contribute to the development of motor and non-motor 

impairments [14]. The related constipation is characterized by colonic and anorectal 

symptoms, which may be related to lifestyle factors, particulary reduced fluid intake. 

Olfactory deficits are also prevalent amongst PD patients, with more than 90% reporting 

these symptoms [15]. Interestingly, the olfactory disturbances have been less commonly 

linked to familial PD, although they appear to be benign in familial cases linked to 

Leucine rich repeat kinase 2 (LRRK2) or parkin mutations and far more damaging in 

sporadic PD cases [16].   

Sleep disorders, such as sleep fragmentation, REM sleep Behaviour Disorder 

(RBD), and complex paroxysmal nocturnal motor behavioural disorders, are also 

common in PD [13,17]. REM sleep behaviour disorders comprise individuals’ acting out 

their dreams and display violent limb movements while fully asleep. The neurological 

reasons for this link are uncertain, although the affected nuclei in the brainstem are 

thought to play key roles in the development of this non-motor feature [16].  

 

Motor Symptoms  
 

 A constellation of motor symptoms characterizes Parkinson’s disease. As 

mentioned earlier, these comprise resting tremor, rigidity, postural instability, and 
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bradykinesia. The bradykinesia, which refers to slowness of movement, is the most 

common clinical feature of Parkinson’s disease [18]. In general, it is a hallmark feature of 

basal ganglia disorders that involve difficulties with planning, initiating, and executing 

movement, as well as with performing sequential tasks [18]. The initial manifestation of 

bradykinesia consists of slowness in performing daily activities, slow movement, and 

lengthier reaction times [18]. Rigidity has also been associated with movement disorders 

and disturbances in the basal ganglia presenting as stiffness and difficulties in 

coordinating smooth movements. One of the most widely known motor symptoms linked 

to PD is a resting tremor [19]. Parkinson’s disease patients often exhibit a 4-6 Hz resting 

tremor on one side of the body that typically manifests as a repetitive back-and-forth 

movement of any limb, or the jaw, head, or trunk, which occurs when that part of the 

body is not intentionally moving [19,20]. Together, these motor symptoms have been 

linked to circuit dysfunction of the direct and indirect nigro-striatal pathways.  

 Analysis of PD has most often focused on the degeneration of neurons within the 

SNpc. It is typically thought that neurodegeneration in PD originates in the synaptic 

terminals within the striatum and then progresses along the nigrostriatal pathway, 

ultimately affecting homeostasis and survival of dopamine (DA) cells [21]. In addition, 

there is ample reason to believe that multiple brain regions contribute to the 

symptomatology of the disorder. During the preclinical phase, which precedes 

degenerative loss, the expression levels of a range of proteins involved in synaptic 

transmission are altered in the prefrontal and cingulate cortex, which likely contribute to 

the non-motor symptoms presented [21].  
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Diagnosing PD 

Diagnosis of the disease is challenging due to the similarities with other motor 

diseases involving the basal ganglia. Indeed, PD cannot be entirely determined until post-

mortem assessment, when the disease can be confirmed through an autopsy [22]. As PD 

is a progressive neurodegenerative disorder, it often involves multiple follow-up sessions 

to track and monitor the course of the disease to be assured that symptoms are not 

attributable to other illnesses [22]. As mentioned earlier, several motor and non-motor 

symptoms progress and develop as the disease worsens. The original clinical guidelines 

for diagnosing PD were implemented by Gibb and Lees (1988) with the United Kingdom 

PD Society Brain Bank and Gelb's criteria (UKPDSBB) [23]. This method entails a 3-

step process. First, a clinician determines the presence of bradykinesia based on the level 

of muscle rigidity, resting tremors (4-6 Hz), and postural instability [23,24]. Next, 

possible explanations for Parkinsonian symptoms are evaluated, including familial and 

medical histories of the patient while also monitoring for the presence of new symptoms, 

such as oculogyric crises, supranuclear gaze palsy, or cerebellar signs related to balance 

[23]. Other indices comprising autonomic dysfunction, severe dementia, memory, and 

language disturbances, amongst other symptoms, are also evaluated [23]. Finally, an 

assessment is made to determine ‘supportive prospective positive criteria’ for PD 

whereby three or more of the following symptoms are present. These comprise unilateral 

onset, presence of resting tremor, progressive disorder, persistent asymmetry affecting 

the side of onset, and a positive response to l-DOPA [23]. One of the significant 

limitations of these original UKPDSBB diagnostic criteria was that they focus on the key 
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motor features of PD, such as bradykinesia and slow movement, and largely disregard the 

non-motor characteristics [24]. 

As an alternative to the UKPDSBB, the Movement Disorder Society (MDS) - 

Unified Parkinson’s Disease Rating Scale (UPDRS) was introduced for use in clinical 

evaluations [24,25]. Since its introduction, this tool has been modified and adapted 

repeatedly but remains the major diagnostic instrument used by physicians. This 

approach has evolved to incorporate non-motor symptom manifestations, which is critical 

given that these features may arise years before the presentation of motor symptoms 

[24,25].   

The UPDRS is separated into 4 parts that consider 65 items each ranked on a 0-4 

scale (where 0 = normal, 1 = slight, 2 = mild, 3 = moderate, 4 = severe) [25]. Part I 

focuses on assessing non-motor symptoms, such as sleep disturbances, constipation, 

urinary problems, and cognitive impairment [25]. Part 2 assesses the motor disturbances 

based on how much they interfere with daily functions, whereas Part 3 involves the 

physician assessing motor impairments. Finally, Part 4 assesses dyskinesia, including the 

presence, duration, and ON/OFF fluctuations [25]. This tool also respects the assumption 

that the pathological process of PD may begin in non-dopaminergic structures of the 

brain and periphery, giving rise to the prodromal PD phase that represents the true initial 

stage of PD [24]. In essence, this diagnostic tool acknowledged the major shift in our 

understanding of PD, in which non-motor symptoms often predominate during the initial 

phase of PD. The assessment and monitoring of these non-motor manifestations could be 

key markers in identifying the prodromal/preclinical PD window.  
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As indicated earlier, it is typically thought that the manifestation of PD stems 

from the loss of dopaminergic neurons in the SNpc, leading to a loss of dopamine 

terminals but not degeneration in the striatum [11,26]. Imaging studies confirmed that 

60% of these dopamine neurons degenerate and approximately 80% of dopamine 

depletion is required prior to the presentation of frank Parkinsonian motor symptoms 

[11,27]. Although other cells undergo degeneration, the dopaminergic cell loss is far 

more pronounced [11]. The loss of dopaminergic neurons in the SNc results in decreased 

dopamine release from the synaptic terminals in the dorsal striatum, ultimately leading to 

a loss of function in the nigrostriatal pathway. The loss of striatal dopamine triggers a 

range of motor symptoms, including bradykinesia, resting tremor, postural instability, and 

rigidity, which explains why PD is characterized as a movement disorder. In contrast, 

non-dopaminergic neuronal degeneration has been linked to the non-motor symptoms of 

PD, such as cognitive decline and autonomic dysfunction [28]. While these features can 

precede the motor symptoms, they can still play a significant role late in disease 

progression [28].  

Beyond the cell loss, individuals must also present proteinaceous inclusions, 

termed Lewy bodies, that are often found in surviving neurons. These Lewy bodies 

comprise intraneuronal deposits of lipids and proteins, principally composed of a small 

acidic protein, alpha-synuclein (asyn),  which contributes to degeneration [7,29]. 

Specifically, misfolded and aggregated forms of asyn, together with limited expression of 

parkin, ubiquitin, and other proteins, form Lewy bodies [30]. These Lewy bodies (LB) 

and Lewy neurites (LN), a smaller, axonally located form of Lewy body, are present 

throughout the brain parenchyma and are found in the soma and dendrites of neurons 
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[31]. Several diseases related to LBs have been identified, collectively referred to as 

Lewy body diseases (LBDs). These comprise a group of disorders that include 

Parkinson's disease (PD), PD with dementia (PDD), and dementia with Lewy bodies 

(DLB) [32]. Worldwide, these diseases affect more than 5 million people and are 

predominantly characterized by the progressive accumulation of the protein asyn, as well 

as by the degeneration of the neocortical, limbic, and nigral-striato pathways [33,34].   

The preclinical components of PD entail separate subcategories: Preclinical, 

Prodromal, and ultimately Clinical PD [35]. The Preclinical PD component is 

characterized by neurodegenerative Lewy pathology, during which clinical symptoms are 

not present [35]. Thereafter, during the prodromal phase, patients present with early 

symptoms that are not sufficiently pronounced for clinical diagnosis [35]. Finally, the 

Clinical PD phase reflects the point at which a clinical diagnosis can be made based on 

the presence of classical motor signs [35].  This is the turning point from the pre-

diagnostic phase to the progressive stages of PD. Unfortunately, current technologies that 

are used in tracking motor deficits still leave researchers struggling to differentiate 

between the different pre-diagnostic subcategories in PD patients. It is expected that 

advances in these technologies will allow for the differentiation of motor deficits during 

the early pre-diagnostic stages of PD, particularly among individuals with known risk 

factors.  

As with many neurodegenerative illnesses, the motor symptoms of PD develop 

with years of cellular degeneration, as do the non-motor symptoms that precede these. 

There are five progressive stages of PD that describe the development of the illness 

following a clinical diagnosis. Prior to the clinical diagnosis of PD, there is a period 
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during which motor and non-motor symptoms are present, although they may not be 

sufficiently marked to warrant a PD diagnosis [2]. This preclinical period is nonetheless 

thought to be of particular importance as it might represent a window of opportunity for 

therapeutic interventions to prevent the progression of the disease.  At present, the 

available treatments target PD symptoms as no therapies effectively slow the disease 

progression. It was suggested that at the time of clinical diagnosis, the disease pathology 

is too advanced to intervene with neuroprotective treatments even if they should become 

available [35].  

A staging model for PD was introduced that focused on the predictable spreading 

pattern of asyn [36,37]. According to this model, a progressive process occurs wherein 

specific nuclei and neuronal types within the brainstem promote the development of 

Lewy pathology, advancing upward as severity and clinical manifestations of PD increase 

[38]. It was possible to identify cell types that were particularly vulnerable to Lewy 

pathology, notably projection neurons with long, thin, unmyelinated or poorly myelinated 

axons that were especially susceptible to the development of inclusions [37,38]. In 

contrast, subcortical projection neurons with long, sturdy, myelinated axons appeared to 

be resistant to Lewy pathology [38].  

According to a model proposed by Braak [37], Lewy pathology begins when an 

environmental insult in the form of a bacteria enters the body and subsequently gains 

access to the central nervous system (CNS), where it spreads trans-synaptically from one 

vulnerable brain region to the next [38]. A “dual-hit” hypothesis was further offered in 

which it was suggested that an unknown pathogen (virus or bacterium) in the gut could 

be responsible for the initiation of sporadic PD [36,38]. Simply put, these PD cases were 
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hypothesized to originate from two locations: the neurons within the nasal cavity and the 

neurons within the gut [36,37]. These two routes may help explain the involvement of the 

olfactory structures in the early stages of Lewy pathology and why patients often 

complain about the loss of smell in the years preceding a clinical diagnosis [15]. 

Additionally, the gastric route involvement may account for the early non-motor 

symptoms, such as constipation, Irritable Bowel Syndrome (IBS) symptoms, and gastric 

dysfunctions [38].   

The Lewy pathology is hypothesized to spread according to specific patterns via 

the olfactory tract and vagus nerve, toward and within the CNS [37]. The Braak model 

suggested that two independent processes are associated with the development of 

Parkinson’s disease. At an early stage, PD is characterized by lesions in the olfactory 

bulb and anterior olfactory nucleus [39,40]. Concurrently, the Lewy pathology (toxic 

asyn aggregates) originates in the brainstem and advances rostrally, though it remains 

unclear if the brainstem is the first site affected in the disease process [38]. One of the 

fundamental underpinnings of Braaks’ hypothesis is that asyn spreads through the vagal 

nerve and the dorsal motor nucleus of the medulla oblongata, and from there towards the 

substantia nigra and eventually to the neocortex [36].  

In a subsequent stage, pathology spreads to the lower raphe nuclei, the 

magnocellular portions of the reticular formation, and the locus coeruleus [39,41]. 

Thereafter, pathology extends to the midbrain, profoundly affecting the SNpc [39,42]. 

Pathology subsequently spreads to the cortex [39], wherein the mesocortex is affected 

while the neocortex is not [37,39,42]. In this case, pathology reaches the neocortex 
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through prefrontal neocortex and then advancing to the pre-motor areas, the primary 

sensory areas, and the primary motor field [39,42].    

One of the significant foundations of Braak's model of Lewy pathology and the 

"dual-hit" hypothesis rests on how asyn can spread from neuron to neuron. One 

suggestion had been that asyn acts in a prion-like manner [36,43]. This view of the 

underlying pathology holds that misfolded asyn is an infectious protein that spreads by 

forming a toxic template that seeds misfolding for nearby asyn protein, turning a healthy 

protein into one that is toxic, which then triggers Lewy pathology [36,44]. In vitro 

research by Kumari et al., (2021) showed that when the positively charged N-terminal 

domain of monomeric asyn is near the negatively charged C-domain of fibril asyn a 

hydrostatic bond is formed [44]. This interaction leads to the partial unfolding of 

monomeric asyn (due to the lowered pH) by the C-terminal tail of asyn fibrils formed 

[44]. This unraveling exposes the NAC region of monomeric asyn and triggers 

aggregation [44].  

Evidence supporting the prion-like nature of asyn stems from the observation of 

Lewy body pathology in grafted embryonic neurons that were transplanted into the 

putamen of human PD patients [38,45,46]. Post-mortem autopsies performed in these 

patients revealed that ~10-20 years following the graft transplantation, asyn positive 

Lewy body-like inclusions were observable on the grafted dopamine neurons [46,47]. It 

was unexpected to see inclusions in such "young neurons", which suggested that PD 

progression may be mediated by a prion-like process [47]. Moreover, in animal studies, 

an intracerebral injection of exogenous asyn induced a progressive asyn immunoreactive 

staining pattern, further supporting the view that asyn pathology propagates through a 
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prion-like process [48]. To be sure, this does not exclude the involvement of other 

mechanisms, such as chronic inflammation promoted by microglia that could contribute 

to neurodegenerative diseases [49].  

 

Imaging and Potential Biomarkers 

Currently, definitive biological or imaging markers for the detection of PD are 

unavailable so that the diagnosis of the disorder, as mentioned earlier, is made based on 

stringent clinical criteria [50]. Radiotracer imaging with single-photon emission 

computed tomography (SPECT),  positron emission tomography (PET), and transcranial 

sonography (TCS) have all been used to differentiate patients with PD from healthy 

individuals [35]. New approaches have also been developed to confirm dopamine loss at 

the striatal level. These new tools include flurodopa (F-dopa) positron emission 

tomography (F-dopa-PET) and dopamine transporter (DAT) imaging with 

radionucleotide tracers through single-photon emission tomography (DAT-SPECT) 

[35,50]. Fluorodopa is an analog of l-DOPA and can be used to assess the integrity of the 

nigrostriatal pathway, whereby a PET scan is used in conjunction with this tracer to 

identify abnormalities [35]. Assessment using SPECT revealed that clinical diagnosis in a 

PD patient is accompanied by a 40-50% reduction in tracer binding within the SNc and 

further decline of striatal binding in the years following initial diagnosis amounting to 

about 11.2% [35]. An alternative to these procedures is TCS, in which hyperechogenicity 

in the SNc can be detected [35]. Using this procedure, it was observed that among 

patients with mild PD symptoms, 91% sensitivity and 82% specificity could be achieved 

[35,51]. As impressive as these various procedures have been, they are still considered 
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investigative and are used to confirm or support a clinician's diagnosis but are not 

routinely used to form a diagnosis.   

 

Basal Ganglia Pathways in relation to PD 

Overall, PD is considered a disorder of the motor cortex. As previously 

mentioned, cells within the SNc degenerate, in turn disrupting the circuitry involved in 

controlling movement. The basal ganglia comprises the substantia nigra, striatum, globus 

pallidus, and the subthalamic nucleus [52], which projects to the pre-motor cortex, 

thereby formulating a specific movement blueprint, that is acted on by the motor cortex 

[53]. The basal ganglia is involved in both positive and negative action selection (i.e., to 

act or not act) [53]. In PD, there are multiple symptoms relating to initiating movement 

(bradykinesia) and preventing involuntary movements (tremors). These motor symptoms 

exhibited by PD patients are attributable to disturbances in the direct and indirect 

pathways, which will be presented in greater detail in the section that follows.  

 

 
Figure 1: Schematic representation of the direct/indirect pathway classical model in the 

physiological condition and in Parkinson's disease (a) In the physiological condition, DA 
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arising from the SNpc is thought to activate D1-expressing striatal MSNs of the direct 

pathway (red lines) and to inhibit D2-expressing striatal neurons of the indirect pathway 

(blue lines). The output nuclei globus pallidus internal (GPi) and SNpr project to the 

thalamus, which in turn sends efferents that complete the cortico-basal ganglia-thalamo-

cortical loop. (b) In Parkinson’s disease, degeneration of nigral neurons reduces DA 

receptor stimulation in striatal MSNs. The imbalance between direct and indirect 

pathways results into abnormal activation of output nuclei and over- inhibition of 

thalamic neurons projecting to the cortex.  Figure and Figure Caption taken from [54] 

Figure 1 depicts the neuronal connections associated with motor movements, 

particularly the direct and indirect pathways that have been implicated in Parkinson’s 

disease. Among PD patients, dopamine neurons of the SNc are particularly vulnerable to 

degeneration, resulting in fewer projections to the striatum, leading to impaired neuronal 

functioning within the basal ganglia [55], [52]. This loss of functioning disturbs the 

pathways involved in motor movements and contributes to the hallmark resting tremor 

characteristic in PD patients.  

To understand the role of dopaminergic neurons in movement, it is important to 

identify first how they behave in a healthy individual. The multiple components of the 

basal ganglia work in conjunction with one another with the help of the thalamus and 

motor cortex to both coordinate movements and to inhibit movements. This is 

accomplished by the direct and indirect pathways originating from the basal ganglia [56].  

The direct pathway stems from the motor cortex, where it projects to the striatum 

through excitatory glutamatergic neurons (see Figure 1). Cortical activation initiates a 

release of glutamate, in turn, activating medium spiny neurons (MSNs) that are 
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GABAergic cells carrying inhibitory actions on neurons of the substantia nigra pars 

reticulata (SNpr) that are also GABAergic [54]. In turn, inhibiting the SNpr leads to the 

disinhibition of the thalamus through glutamatergic neurons that receive input from the 

SNpr and project to the cortex [54]. From the thalamus, excitatory pathways connect with 

the motor cortex, where synapses exist with neurons in the brainstem and spinal cord, 

thereby enabling voluntary movement [54,56].   

Paralleling the direct pathway, activation of straito-pallidal MSNs project 

indirectly to the SNpr by means of the globus pallidus pars externa (GPe) and the 

subthalamic nucleus (STN), thereby inhibiting the inhibitory neurons of the globus 

pallidus externa (GPe) [54]. This results in disinhibition of the glutamatergic neurons of 

the subthalamic nucleus. The increased discharge of these excitatory STN neurons then 

activate the SNpr GABAergic neurons that project to the thalamus [54]. Activation of this 

pathway results in decreased activity and suppression of motor movements [54,56]. The 

dopaminergic neurons from the SNpc play a major role in both pathways, and it is these 

dopaminergic neurons that project to the striatum, forming the nigrostriatal pathway [57].  

The differential motor actions between the direct and the indirect pathways are 

attributable to the different dopamine receptors located on the neurons within the 

striatum. The D1 and D2 receptors respond differently when stimulated by dopamine. 

Specifically, when dopamine binds to the D1 receptors of the direct pathway it results in 

increases in initiating voluntary movements. In contrast, when dopamine binds to the D2 

receptors involved in the indirect pathway, there is an increase in disinhibition of the 

thalamus resulting in an increase in unwanted motor movements [56]. As previously 

mentioned, up to 70% of dopaminergic neurons in the SNpc are lost in PD patients, thus 
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leading to the collapse in the functioning of the nigrostriatal pathway, culminating in 

striatal dopamine receptors becoming hyposensitive [54,56]. Excessive indirect pathway 

activity is hypothesized to supress GPe firing, increasing STN activity, and driving an 

increase in GPi-mediated thalamic activity and increases in unwanted motor 

movements[54]. At the same time, this loss of dopamine, leads to decreased direct 

pathway firing and the disinhibition of GPi neurons resulting in suppression of the 

thalamus and cortex leading to difficulty initiating motor movements [56,58]. Ultimately, 

an imbalance between the two pathways at the striatal level is thought to be fundamental 

in the expression of Parkinsonian symptoms. 

 

Environmental & Additional Risk Factors 

 Numerous risk factors contribute to the development and progression of PD, and 

it has been maintained that the disorder develops as a result of multiple hits. According to 

this multi-hit perspective, the onset and progression of the disease involves the collective 

contribution of psychological, inflammatory, and chemical challenges, which may also be 

linked to interactions with genetic factors [59]. In this regard, the possibility has been 

entertained that the factors contributing to PD exist on a spectrum with familial links that 

result in early PD diagnosis at one end and purely environmental impacts at the other. 

The most prominent contributions to PD might thus consist of the interactive effects of 

genetic vulnerability and environmental factors. Considering that not all genes associated 

with PD give rise to Parkinsonian symptoms speaks to the fundamental role of 

environmental influences in the provocation and progression of the disease [59,60]. In the 

multi-hit model of PD, the primary "hit" could entail genetic dispositions (mutations in 
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SNCA, LRRK2, and DJ-1), whereas chemical, inflammatory, and psychological 

challenges additively or synergistically serve as further hits that shape the evolution of 

the pathology [61].   

Substantial evidence has pointed to certain environmental factors imposing a 

significant risk for the development of Parkinson's disease. For instance, pesticide 

exposure through occupations such as farming, as well as rural living, and pesticide-

contaminated well water have been associated with the development of the disorder 

[35,62]. Of these pesticides, particular attention has focused on the contribution of 

rotenone and paraquat (which are structurally similar to 1-methyl-4-phenyl-1,2,3,6-

tetrahyropyridine (MPTP), an illicit compound that causes Parkinsonism in consumers), 

which have been used to create animal models of Parkinson’s disease [35].  

Earlier animal models of PD employed a neurotoxic compound, 6-

hydroxydopamine (6-OHDA), that was rapidly taken up by DA neurons and shown to 

induce rapid pathological impacts that mimic the neuroinflammation and DA loss; 

however, these toxicant models cannot effectively reproduce synucleinopathies, non-

motor symptoms, and even the progressive nature of Parkinson's disease [63]. This 

compound nevertheless produced sufficient dopamine loss to reliably elicit signs of a PD-

like condition. Likewise, the highly toxic substance, MPTP can destroy neurons upon its 

conversion to the toxic metabolite MPP+ that is known to occur within the lysosomes of 

astrocytes [64]. Astrocytes and serotonergic cells have MAO-B present, which contribute 

to the creation of the toxic metabolite that is subsequently delivered to DA nerve 

terminals through DAT, allowing for DA cell death within the SNc [64]. These models 

have not only been important in showing the involvement of dopamine in PD but have 
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also allowed for the analysis of multiple steps that contribute to the development of the 

disorder as well as factors that moderate its progression.  

In addition to pesticides, head injury has also been considered a minor but 

significant risk factor for Parkinson's disease. Indeed, individuals who suffer from 

repeated head injuries (boxers, American football and rugby players) are at elevated risk 

of developing a range of neurodegenerative conditions, including Parkinsonism, 

dementia, and motor neuron disease. In contrast to these influences, several lifestyle 

factors were negatively related to Parkinson's disease. Curiously, this included smoking 

as well as caffeine and alcohol consumption, although the source for these protective 

effects have not been fully deduced [35,62].  

 

The Genetics underlying PD 

 Parkinson’s disease is often considered as either familial involving a genetic 

component or idiopathic where there is no known cause. Approximately 90-95% of PD 

cases are classified as being idiopathic [35]. Having a family history of PD increases the 

odds of PD developing by 300-450%, and up to 10% of patients report a family history of 

PD [35,62,65]. The genes involved in this disorder can encompass either autosomal 

dominant mutant genes, like mutations in SNCA and LRRK2, or autosomal recessive 

mutant genes, namely DJ-1, Parkin, and Pink1 [21,29]. Mutations in SNCA and LRRK2 

genes have been linked to genetic PD cases and Lewy body Parkinson’s Disease (LBPD) 

[21]. Both genes have received considerable attention and have been deemed as 

potentially fundamental to the development of familial PD. In the present investigation, 

the focus of the research was exclusively on a familial model, particularly involving an 
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A53T mutation of the SNCA gene to produce and influence asyn protein changes that 

foster PD-like pathology.  

 The asyn protein is a 140 amino acid residue encoded by the SNCA gene located 

on human chromosome 4 and is predominantly expressed in presynaptic sites of multiple 

neurotransmitter pathways within the CNS. Asyn has a ubiquitous distribution throughout 

many brain regions known to be involved in complex behaviours, but as indicated earlier 

asyn pathology does not impact all brain sites equally, instead selectively targeting 

vulnerable sites [37,55,66].   

Although the focus of the present investigation is on the A53T mutation of SNCA 

gene, this should not be misinterpreted as implying less importance of other genetic 

contributions. In fact, a genetic mutation in the leucine-rich repeat kinase 2 (LRRK2) 

gene and specifically the G2019S mutation has been linked to PD and the accompanying 

inflammatory processes [67]. Not only has the G2019S mutation been associated with the 

familial form of PD, but it has also been implicated as a risk factor for the idiopathic form 

of the disease [66]. This mutation has been estimated to account for 1% of idiopathic PD 

cases and 4% of familial PD cases [66]. In addition, another mutation, that of DJ-1 

related to the autosomal recessive inheritance of Parkinson's disease, has been identified 

[68]. Mutations in the DJ-1 gene have been linked to early-onset PD, slow disease 

progression, and a good response to l-DOPA [68]. DJ-1 knockout in mice resulted in 

reduced survival and increased vulnerability to oxidative stress in both in vitro and in 

vivo models [68].  

Among the multiple genes related to PD, SNCA encoding for asyn remains the 

most likely culprit in the provocation of the disorder. Among other things, mutations in 
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the SNCA gene that encodes asyn causes autosomal dominant PD, suggesting that a gain 

of toxic function through increased asyn expression may underlie the pathogenesis in 

familial PD cases. Furthermore, several polymorphic variants at the SNCA locus affect 

the expression of asyn and are risk factors of sporadic Parkinson’s disease.  

Accumulated asyn, as already described, is the main component of LBs, and 

together with genome-wide association studies were linked to a central pathogenic role in 

both familial and sporadic PD [21]. One of the most notable genetic factors that might 

contribute to PD is the A53T mutation in the SNCA gene [69]. Two other point mutations 

on the SNCA gene, notably A30P and E46K, have also been described in families 

descending from Germany and Spain that exhibited a degree of hereditary Parkinson’s 

disease [69,70]. Individuals with the A53T mutation where threonine is substituted for 

alanine at residue 53 in the SNCA gene developed a severe form of PD that was often 

accompanied by dementia [71,72]. Likewise, families with the E46K SNCA point 

mutation demonstrate features associated with Lewy Body Dementia (LBD). In contrast, 

individuals with the A30P mutation, where phenylalanine is substituted for alanine at 

residue 30 [72], exhibited late-onset PD, which is typically accompanied by mild 

dementia [71]. Duplications of the SNCA gene were accompanied by PD similar to that of 

the sporadic disorder for the age of onset as well as symptomatology [71,73]. It also 

appeared that triplication of SNCA was associated with a more severe phenotype, as well 

as an earlier age of onset and more prominent cognitive deficits [71,73]. In most cases of 

SNCA mutations (point mutations or gene multiplications), the disease initially presents 

as PD but develops a dementia sub-component later. It was suggested that an increase in 

protein levels rather than a change in asyn's properties were sufficient for PD to emerge 
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[73]. Together, these findings imply that increased levels of phosphorylated asyn, 

possibly attributable to increased SNCA dosage (duplication or triplication) or the 

modulated clearance of asyn expression is the key event responsible for the formation of 

LBs and Lewy neurites, which eventually leads to neuronal cell death [73].  

 

SNCA/ alpha-synuclein 

The preceding discussion has made it clear that asyn is a key player in relation to 

PD pathology [55,66], being the major protein component of LB and LN [74]. Ordinarily, 

asyn exists in tissue in an equilibrium of monomeric and oligomeric confirmations that 

are not prone to form fibrils under normal physiological conditions. However, asyn can 

undergo a change in conformation from monomeric to fibrillar, whereby disequilibrium 

can result in pathology. There is some debate regarding which conformations of asyn are 

responsible for toxicity in neurodegenerative diseases. In a healthy brain, asyn is found at 

the presynaptic terminal. In Lewy bodies and Lewy neurites, asyn is in an amyloid fibril 

conformation with a cross beta quaternary protein structure [75]. This protein is natively 

unfolded but in the presence of lipid-containing vesicles, can change from an alpha-

helical structure to a beta-pleated sheet or amyloid structure found in the fibrils that make 

up Lewy bodies [76]. Lewy bodies and Lewy neurites composed of asyn are not solely 

related to PD as their presence extends to other synucleinopathies, including the Lewy-

body variant of Alzheimer’s disease, dementia with Lewy bodies, neurodegeneration with 

brain iron accumulation type 1, and multiple system atrophy (MSA) [72].  

 An important hypothesis underlying Lewy body formation is that asyn monomers 

become oligomers (protofibrils), which then combine into fibrils and aggregate to form 
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Lewy body inclusions [72,76]. Mutations in the SNCA gene directly affect the probability 

of asyn to misfold and form oligomers and/or fibrils. These mutations cause amino acid 

displacements and alter the configuration of the encoded protein. These mutations are 

associated with PD, as they disrupt the stabilized alpha-helical tetramers and produce 

excess monomers, thereby, disrupting the monomer: tetramer ratio [77–79]. Although 

conflicting opinions exist as to why this occurs, one view is that cells may package 

excess cytoplasmic debris into a less accessible and toxic form [76]. This occurs because 

monomers and oligomers are soluble, whereas the fibrils and Lewy bodies are insoluble 

within the neuronal cytoplasm [72].  

Considerable controversy has surrounded the role of different states of asyn and 

their involvement in PD pathology, particularly as Lewy bodies could potentially take on 

both a neurotoxic and a protective function. Beyond this, it has been hypothesized that 

the protofibrillary states (oligomers) and not the fibrils or Lewy bodies themselves are 

damaging to DA neurons [80]. This is thought to be attributable to the fact that oligomers 

produce radical oxygen species, increases in intracellular calcium, decreases in synaptic 

activity and neuronal excitability, ultimately leading to cell death [80].  

 

Asyn Conformations & Risk Factors  
 

Several environmental and genetic risk factors have been identified in relation to 

Parkinson's disease. These have included oxidative stress, mitochondrial dysfunction, 

neuroinflammation, point mutations, genetic-related duplication or multiplication, and 

specific polymorphisms, which may cooperate to create ideal conditions for the 

development of the disorder [55,81]. These factors also act as determinants that could 
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influence the propensity of asyn toxicity [55]. As such, asyn may express its neurotoxic 

potential when soluble monomers initially form oligomers and then progressively 

combine to form small protofibrils and further aggregate in large, insoluble asyn fibrils 

that form Lewy bodies [55]. Ordinarily, asyn exists in a balance between its soluble and 

membrane-bound configurations. Acute triggers that cause accumulation and aggregation 

of asyn can occur, leading to overproduction of the protein, failure in the molecular 

system that cleaves misfolded forms, altered pH levels, oxidative stress, and 

mitochondrial overwork.   

 Additionally, many post-translational modifications increase the likelihood of 

conformational changes of alpha-synuclein. Analysis of LBs has been fundamental in 

identifying which post-translational modifications are associated with pathogenic forms 

of alpha-synuclein. Among these modifications is phosphorylation, which is likely the 

most widely studied modification since phosphorylation of serine residue 129 is thought 

to be the dominant form of this protein in Lewy bodies, and has been used as an indicator 

for monitoring PD progression [82,83] Under normal physiological conditions, only 4% 

of asyn is phosphorylated in the brain, but in LBs, the majority of asyn (90%) is 

phosphorylated [84]. However, it is uncertain whether phosphorylation of asyn impacts 

the fibrillation process. 

 

The physiological function of asyn 

Although soluble natively unfolded conformations of asyn are present throughout 

the brain and peripheral nervous system, their function is still not fully understood. 

Currently, there is strong agreement that one of the major functions of asyn is to promote 
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membrane curvature and to contribute to binding vesicles to the presynaptic membrane 

[85,86]. Under normal physiological conditions, asyn is thought to be involved in 

neurotransmitter release through interaction with vesicle fusion complexes as a way to 

facilitate transport, release, and reuptake of these neurotransmitters [87,88]. The first 

function described for asyn was to act as a chaperone protein and control exocytosis 

through the management of synaptic vesicle pools and trafficking [55]. This hypothesis 

stemmed from research showing that expression of human asyn led to the redistribution 

of SNAP REceptor (SNARE) proteins, a family of receptors that bind to soluble N-

ethylmaleimide sensitive fusion attachment proteins (SNAP) to receptor (SNARE) 

proteins and regulate their assembly [89]. This results in an associated reduction in 

exocytosis and dopamine release in transgenic mice [89]. Although the mechanism 

underlying this redistribution remains uncertain, mutations in the SNCA gene led to 

functional changes of SNARE proteins [89]. Asyn’s role in inhibiting exocytosis prevents 

the breakdown of complexes present on vesicle surfaces that are involved in fusion with 

the plasma membrane [86].  

Under physiological conditions, asyn has been implicated as both a negative and a 

positive regulator of synaptic transmission [90]. As a positive regulator, asyn and other 

homologs support synaptic function and the release of synaptic vesicles by chaperoning 

the SNARE complex in presynaptic terminals [90]. Comparatively, loss of asyn function 

has been linked to enhanced vesicle release in dopaminergic terminals, suggesting that 

asyn normally functions to suppress vesicle release [90]. Overexpression of wild-type 

human asyn suppresses presynaptic transmission through depletion of the recycling and 

readily releasable pools of synaptic vesicles [90][91]. It should be noted that in addition 
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to SNARE, asyn interacts with other presynaptic proteins, including synapsin III and 

VMAT2, which could potentially influence vesicle release, thereby diminishing 

neurotransmitter reserves [90]. 

During exocytosis, synaptic vesicles form a fusion pore. This pore dilates before 

fully collapsing into the plasma membrane. It can also close prematurely during a “kiss-

and-run” event that serves to immediately regenerate a vesicle [86,92]. As such, this 

might indicate that the regulation of the membrane curvature plays a role in the behaviour 

of the fusion pore [86,92]. However, to better understand the role of asyn, it is important 

to consider that overexpression of asyn accelerates the release event, reducing the time 

for pore dilation, affiliated peptide release, and also preventing pore closure [86]. In 

contrast, the loss of asyn produces the opposite effect, wherein the time to decay 

increases, as does the likelihood of pore closure [86]. Overall, it appears that asyn plays 

two roles, that of promoting dilation of the fusion pore (in both an endogenous and 

overexpression scenario) and inhibiting exocytosis [86].  

 

Breaking down Asyn 

 Asyn being such a large constituent of LB and LN has strengthened the position 

that it can be an important target to untangle the molecular mechanisms and pathogenesis 

of Parkinson’s disease. This interest resulted in the structure of asyn being identified with 

the hope of defining target regions that might be able to prevent toxic conformations of 

the protein. The primary structure of asyn can be separated into several components: the 

amino-terminal domain (N-terminal, residues 1-60), the central domain (NAC domain, 



	 37	

residues 61-95) and the carboxy-terminal domain (C-terminal domain, residues 96-140) 

[39].  

The N-terminus contains the first 60 amino acids; the NAC domain-containing 

amino acids 61-95 are both parts of the binding domain of asyn and are responsible for 

asyn interactions with lipid membranes [39,79,93]. The single point mutations A30P, 

E46K, and A53T responsible for the familial form of PD are all present in this region, 

reinforcing the hypothesis that changes in the lipid-binding domain (N-terminus) may be 

connected to asyn pathology [39]. The N terminal domain also includes four repeats of 

the 11 amino acid alpha-helical lipid-binding motif (KTKEGV), which are crucial for 

enabling the formation of amphipathic alpha-helical structures upon interaction with lipid 

membranes [39,93]. The NAC (non-amyloid-Beta component) region encompasses the 

amino acid residues 61 to 95 that are hypothesized to be responsible for the initial 

intramolecular interactions that result in asyn misfolding and, ultimately, aggregation.  

The final region of the protein constitutes the C-terminus, which includes 14 

acidic residues and does not establish a defined secondary structure when in solution or 

when asyn is bound to membranes, as well as when it forms amyloid fibrils. The C-

terminus is polar by nature and can interact with the hydrophobic region of a separate 

denatured protein, sharing its structural and functional resemblance with other molecular 

chaperones [55]. The appreciable flexibility of this protein also relies on the ability of 

asyn to auto-assemble and act as an intramolecular chaperone [55].  
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Alpha-synuclein and the gut 

 For decades there has been discussion of asyn pathology originating in the gut. 

Endoscopic biopsies from children with gastric and duodenal inflammation who had 

received intestinal allografts but later contracted norovirus exhibited asyn in the 

duodenum, which was positively correlated with the degree of inflammation present [94]. 

Since asyn was expressed during acute and chronic gastrointestinal infections and this 

protein can be promoted by immune cells, supports the view that asyn is involved in gut 

inflammatory processes [87]. Beyond this, it was speculated that after prolonged 

inflammation, toxic asyn might travel from the gut to the CNS, where it contributes to 

pathology.  

 

Current Treatments:  

Regrettably, as previously mentioned, a cure for PD is not currently available, and 

treatments primarily target the symptoms experienced by PD patients. The most 

commonly prescribed drug for PD symptoms is l-DOPA, known to be particularly 

effective for bradykinesia symptoms [95,96]. L-DOPA was first introduced as a treatment 

in 1961, where it was shown to reduce symptoms [97]. As knowledge and understanding 

of l-DOPA as a treatment evolved so had physician's abilities to manage complications 

associated with l-DOPA therapy [96]. L-DOPA therapy is not without its consequences, 

and it is known to induce motor complications and fluctuations with dyskinesias based on 

the dose and duration of the treatment [95,98]. Notably, these symptoms often arise 

approximately five years following l-DOPA therapy commencement. As such, many 

physicians recommend therapeutic strategies that delay the onset of l-DOPA therapy 
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thereby delaying the onset of l-DOPA-related motor complications. Given these known 

limitations, multiple strategies can be employed to limit l-DOPA-induced dyskinesias. 

Instead of requiring a reduction in l-DOPA dose, many drug therapies can improve 

dyskinesias by simply adding an adjuvant to the treatment regime [95].  

Fortunately, in this regard, since 2014, seven new Parkinson's drugs have been 

developed to attenuate symptoms among individuals in whom other treatments are 

ineffective or that have lost their efficacy [54]. Of these newly developed drug therapies 

only one, Azilect, a monoamine oxidase (MAO) B inhibitor can be prescribed alone, 

though its efficacy is limited to early stages of PD [99]. All other newly developed 

pharmacological interventions are to be administered in conjunction with l-DOPA 

[98,99]. These different medications work in a variety of ways to improve l-DOPA 

delivery to the brain (decarboxylase inhibitors), by lowering levels of enzymes capable of 

breaking down levodopa or dopamine (catechol-O-methyltransferase inhibitors (COMT), 

MAO B inhibitors), by blocking adenosine to boost dopamine signalling (adenosine 

receptor antagonists), by mimicking the action of dopamine (dopamine agonists), or by 

rebalancing the dopamine: acetylcholine neurotransmitter reserves (anticholinergic 

medications) [98]. These medications work in various ways, but it is the combination of 

therapies which is tailored and changed throughout the disease course. Many of these 

drugs have been based on the growing understanding of the genetic contributions to PD 

development and progression.  
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Aptamers as therapeutics 

Beyond the normal role of DNA as a storage molecule, it is also capable of 

behaving like a probe or recognition element and can be used to create sensors, 

antibodies, and even therapies [100]. When a DNA molecule is used to perform a 

function such as this, it is termed an aptamer. In effect, aptamers represent a unique 

technology, whereby their specific sequence of nucleotides can fold into 3-dimensional 

shapes capable of binding non-covalently and with high affinity and specificity to a target 

molecule [100,101]. In order to design an aptamer, a process known as Systemic 

Evolution of Ligands by Exponential enrichment (SELEX) is performed in which three 

main steps are followed; selection, partitioning, and amplification [101]. The selection 

stage involves incubating an oligonucleotide library with a target molecule, which may 

comprise a library of ~1016 different sequences [100]. Following incubation with the 

target protein, any unbound sequences are removed, and this process is repeated until the 

best binding species are identified.  

Speaking of their therapeutic potential, various aptamers have been used in the 

treatment of different medical issues like age-related macular degeneration, heparin 

intolerances, as well as tumour-targeted treatments [102]. In fact, aptamers have played a 

particularly relevant role in the advancement of cancer therapies, and to date there are 

many aptamers in clinical trials [102]. The excitement surrounding these products may 

give rise to further advances in the treatment of other disorders.  
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Relevant models for the present investigation 

SHSY-5Y cells as an asyn overexpression model  
 

The SH-SY5Y cell line is a three times subcloned subline (first cloned to SH-SY, 

then to SH-S5Y, and finally to SH-SY5Y) of SK-N-SH cells, which were originally 

established from a metastatic bone tumour biopsy of a 4-year old female patient with a 

neuroblastoma of sympathetic adrenergic ganglial origin [103–105]. This cell line has 

been a widely used model for neuronal functioning due to the biochemical, structural, and 

functional similarities these cells possess when compared to neurons. This cell line is 

particularly relevant to PD research since the cells express tyrosine and dopamine-b -

hydroxylase and thus synthesize dopamine and norepinephrine, respectively. Moreover, 

SHSY-5Y cells also express the dopamine transporter (DAT), a protein expressed 

specifically by dopamine neurons in the central nervous system [106].  

Most noteworthy is that SH-SY5Y cells can proliferate in culture for extended 

periods without contamination, a key requirement of an in vitro cell line model. SHSY-

5Y neuroblastoma cells can be differentiated to better mimic mature neurons through 

treatment with chemical agents, including retinoic acid (RA),
 
phorbol esters, and specific 

neurotrophins, such as brain-derived neurotrophic factor (BDNF)[107]. Differentiation 

alters the cells so that they express cell neurites and adopt a more neuron-like phenotype 

[108,109]. When these cells are differentiated, they extend long, branched processes, 

exhibit decreased proliferation, and can even polarize [107]. Applying different chemical 

agents during the differentiation process may select for specific neuron subtypes, 

including adrenergic, dopaminergic, and cholinergic neurons [105,110]. Fully 

differentiated SHSY-5Y cells also exhibit numerous markers commonly expressed by 
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mature neurons. Additionally, a major benefit of differentiating SHSY-5Y cells is that 

this synchronizes the cell cycle so that the cell population under investigation is a 

homogenous one [109,111,112]. Consequently, the SHSY-5Y cell line has been widely 

used in experimental neurological studies, including analysis of neuronal differentiation, 

metabolism, and function related to neurodegenerative and neuroadaptive processes, 

neurotoxicity, and neuroprotection [105]. The SHSY-5Y cell line not only offers a 

powerful model for investigating neurodegenerative diseases but provides an 

inexpensive, robust, and uniquely consistent biochemical and physiological phenotype 

that is comparable between facilities and laboratories.    

 

A53T-eGFP virus  

As described earlier, mutations of the SNCA asyn gene have been associated with 

the familial forms of Parkinson’s disease. The duplications, triplications, or missense 

mutations (e.g. A53T, A30P, or G46 L) of this gene that accompany familial forms of PD 

has supported the assumption that asyn plays a fundamental role in the pathogenesis of 

this condition [70,113,114]. For the purpose of the present investigation, an A53T-eGFP 

virus (graciously donated by Dr. David Park, uCalgary) that was designed to cause cells 

to overexpress asyn was used to infect SHSY-5Y cells. This serves as an in vitro model 

that produces levels of asyn overexpression seen in A53T transgenic animals. One of the 

many benefits of using cellular models for PD research is how quickly asyn 

overexpression develops in vitro. In these cell lines, overexpression is evident within 

approximately 24 hours post-infection, whereas, in vivo animal models, at least three 

months is required for increased levels of asyn to appear in the brain. This said, it could 
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be argued that an in vivo model rather than one based on cell lines is a closer 

approximation of the human Parkinson's disease. Of course, these approaches are not 

mutually exclusive of one another, and the model and cell lines can be complemented by 

in vivo analyses.   

 

A53T transgenic murine model  

The M83 line of mice expresses the mutant human A53T mutation in the SNCA 

gene (asyn) under the direction of the mouse prion protein promoter. This specific line of 

mice is commercially available through Jackson Labs (Jax, Catalog# 004479) and was 

created by Lee et al. [115]. These transgenic mice overexpress asyn and show a decrease 

in readily available vesicles and impaired recycling of synaptic vesicles following 

endocytosis, thereby producing a reduction in the size of the synaptic vesicle pool 

[91,116]. Additionally, excess asyn results in a reduction in dopamine reuptake and 

inhibits inter-synaptic trafficking of vesicles leading to a smaller reserve of pool of 

vesicles. This mouse line is a unique preliminary model where increased levels of asyn 

are present, hence providing ideal conditions to assess an aptamer designed to bind to 

asyn and with a high propensity to reduce oligomerization.  

 

Aptamer to target alpha-synuclein 
 

The aptamer used in the present investigation comprised a 66 base pair sequence 

of single-stranded DNA with a high binding affinity for the asyn protein, specifically in 

the monomer conformation. In addition to having a high binding affinity for asyn, 

additional selection criteria were introduced during the aptamer development process to 

prevent the oligomerization of the protein. To create this aptamer, the Systematic 



	 44	

Evolution of Ligands by EXponential enrichment (SELEX) technique was used as 

described earlier. The development of the aptamer for the present investigation was 

conducted by Dr. M DeRosa (Carleton University).  

 

Modified liposomes as delivery vehicles 

 For the asyn binding aptamer to cross the blood-brain-barrier (BBB) in vivo, 

modified liposomes were used as a delivery vehicle. Using liposomes for this purpose has 

been under heavy scrutiny owing to inconsistent loading and delivery. The current use of 

our modified liposomes is not without shortcomings but expected modifications and 

improvements to liposome synthesis may enhance these delivery vehicles.  

Significance statement and specific hypotheses  
 

The present thesis is underpinned by one major theme, specifically that increased 

asyn expression contributes to the pathological development of PD, particularly through 

Lewy Body protein inclusions. A better understanding of asyn protein accumulation and 

toxic aggregate formation represents a major therapeutic avenue with considerable 

clinical relevance. In the sections that follow, I will discuss our work related to alpha-

synuclein overexpression in vitro and in vivo using different preclinical models. 

Specifically, Study 1 focused on assessing a novel aptamer designed to bind to asyn 

monomers in a cellular model of PD. Study 2 then focused on assessing the distribution 

of the novel asyn binding aptamer in which the aptamer was determined in tissue through 

qPCR. Study 3 moves on to assess the aptamer in transgenic mice carrying the A53T 

human variant of the SNCA mutation to determine asyn protein level changes. Thereafter, 

the discussion turns to the therapeutic potential of an asyn binding aptamer by using in 
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vitro and in vivo overexpression models to evaluate its safety, distribution profile, and its 

ability to reduce asyn protein expression acutely and chronically.  

 

It was hypothesized that:  

 

(1) the asyn binding aptamer would reduce aggregate formation and reduce 

phosphorylated asyn in a cellular model of asyn over-expression;  

(2) Our delivery vehicle would successfully transport the asyn binding aptamer into the 

brain, where it will be detected in different brain regions and would also be apparent 

within the liver owing to its intraperitoneal administration;  

(3) in an in vivo model of asyn overexpression, reductions in toxic formations of asyn 

protein will be evident in multiple brain regions following both acute and repeated 

administration of the asyn binding aptamer.   
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Chapter 2: 
Study 1: asyn binding aptamer in vitro using SHSY-5Y cells as a biological 

model 
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Introduction:  
 

Initial in vitro experiments were conducted to evaluate asyn in a cellular context 

that might be relevant for the later analyses in a mouse model of Parkinson’s disease. 

Specifically, the goal of these in vitro experiments was to administer, assess, and 

visualize cells in response to the asyn aptamer treatment. This provided the groundwork 

for subsequent in vivo assessments. In order to understand asyn protein in a cellular 

context, we initially investigated the protein using an enriched Green Fluorescent Protein 

(eGFP) tagged aav-virus with the common A53T mutation in the SNCA gene. This 

approach was used to induce an increase of asyn protein expression in the commonly 

used SHSY-5Y neuroblastoma cell line. To this end, the experiments; 

(1.1) validated that an A53T-eGFP virus increases pAsyn protein levels compared to a 

control virus,  

(1.2) assessed the asyn binding aptamer at different percentages using a Live vs Dead 

Cell Assay,  

(1.3) evaluated a non-binding version of the asyn aptamer using the same Live vs Dead 

Cell assay,  

(1.4) created an experimental model and visualized both phosphorylated-asyn (pAsyn) 

and filament asyn at a lengthy interval following transfection,  

(1.5) determined the impact of 3 concentrations of aptamer (5 µM, 10 µM, 25µM) as a 

single or repeated treatment and evaluated changes in the fluorescent intensity of filament 

and pAsyn following these treatments, and  

(1.6) assessed 5 µM and 10 µM asyn binding aptamer concentrations on changes in asyn 

protein levels (pAsyn and Oligo asyn) using Western blot analysis.  
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Materials and Methods  

Cell growth and Differentiation 

The initial SHSY-5Y cells, control-eGFP, and A53T-eGFP alpha-synuclein virus were 

generously donated by Dr. David Park. Cells were thawed at 37°C and added to a T-75 

tissue culture flask with 10mL of warmed (37°C) growth medium (DMEM high glucose; 

Sigma Catalog# D6429), 10% inactivated Fetal Bovine Serum; GE catalog # 

SH30071.02, and 1% penicillin-streptomycin; Sigma Catalog #P4333). Cells were 

incubated at 37°C, 5% CO2 and confluence was monitored. Cells were passaged in a T-

75 tissue culture flask to a concentration of 5 x 104 cells/mL in 10mL of complete growth 

medium every 5-7 days once 80% confluence was reached.  

 

Coating Coverslips  
 
A single 12mm sterile glass coverslip was placed in each well of a 24-well plate. A 

solution containing 10ug/mL Poly-D-Lysine (PDL) (Sigma Catalog# P0296) (1:1000 

stock) and 1.8 µg/mL laminin (1:1000 stock) was prepared in Ultra Pure Water 

(ThermoFisher Catalog# 10977015).  The solution was mixed thoroughly prior to adding 

500uL of PDL/laminin solution in each experimental well. All coverslips were 

submerged in the solution and incubated at 370C, 5% CO2 for 2 hours. The solution was 

removed and wells were air dried in a Biohazard Safety Cabinet while cell suspensions 

were prepared.  
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Plating for Experimental Use 

For experimental procedures, cells were plated at a concentration of 5 x 103 cells/mL in 

warmed (37°C) growth medium in a sterile 24-well plate with a coated glass coverslip at 

the bottom of each experimental well. Forty-eight hours following plating, the cells were 

treated with 10uM solution of retinoic acid (RA) prepared in complete growth medium. 

Complete media with 10 µMol retinoic acid was replaced every 48 hours over 1 week 

(media changes 3 times in 7 days). Between media changes, experimental plates were 

incubated at 37°C and 5% CO2. These methods were consistent in the experiments that 

followed. Any differences in the procedure are described as necessary.  

 

Statistical analyses 

In each of the experiments the data were analyzed by analysis of variance (ANOVA) to 

determine whether group differences existed. Follow-up tests for significant main effects 

were conducted using Fisher’s HSD post hoc analyses.   

 

Experiment 1.1  
 
Experimental Treatment groups 

A validation experiment was conducted to confirm that the adeno-associated A53T-eGFP 

virus increased asyn protein compared to adeno associated control-eGFP virus in the 

SHSY-5Y cell line. To assess this, pAsyn protein levels were determined for the A53T 

virus (n=3) compared to the control virus (n=3).  
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Viral Transfection 

Following a week of differentiation, cells were treated with eGFP control virus or an 

A53T-eGFP alpha-synuclein virus in DMEM (MOI of 3). The SHSY-5Y cells were 

incubated with 500uL of the virus solution at 37°C and 5% CO2 for 24 hours. Twenty-

four hours afterwards, the viral solution was removed and cells were then fixed with 4% 

paraformaldehyde for 15 minutes.  

 

Fluorescent Staining SH-SY5Y cells 

Cells were fixed in 4% paraformaldehyde for 15 minutes. Cells were then washed in 

phosphate buffered saline (PBS; pH 7.2) three times for a period of 5 min followed by a 

30-min incubation in blocking solution containing 2% Bovine Serum Albumin (BSA) in 

0.1% PBS-TX (500uL per well). Cells were then incubated with primary antibody 

(pAsyn (1:1000) AbCam #59264) in a solution containing 2% BSA in PBS for one hour. 

Cells were washed in PBS three times for a period of 5 min each and then reacted with a 

secondary antibody for the appropriate species (1:1000 Anti-rabbit Alexa 594) for 30 min 

in 2% BSA in 0.1M PBS. Cells were then washed for 5 min in Hoescht Buffer 

(1:12,000). Finally, cells were washed three times for a period of 5 min each and 

coverslips were mounted using fluoromount (Sigma; Catalog# F4680).  

 

Microscopy and Image J analysis 

The fluorescent signal was visualized with immunofluorescence microscopy using micro-

brightfield (MBF) image acquisition software on a Zeiss LS560 microscope. At least 3 

images were captured for each coverslip (3 technical replicates for all 3 biological 
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replicates) and Image J software was used to assess integrated density of pAsyn. An 

average for integrated density for pAsyn was calculated for each coverslip and compared 

across the two treatment groups.  

 

Statistical Analysis 

A t-test comparing the integrated density of pAsyn for the control-eGFP and A53T-eGFP 

virus revealed that a significant difference in mean integrated density between the groups, 

t = 2.52, p = 0.033. The analyses also revealed that comparable variances were present 

(Levene’s test, F = 2.88, p = 0.124). Figure 2 shows a sample representation of cells 

treated with the (a) control-eGFP and (b) A53T-eGFP virus demonstrating staining for 

DAPI, each eGFP virus, and pAsyn and (c) compared the integrated density of pAsyn 

seen in differentiated SHSY-5Y cells. 
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A)        B)        C) 

 

 

 

 

 

 

Figure 2: A) Depicts cells stained with DAPI (Blue), control-eGFP virus (Green), and pAsyn (White) 24 hours post viral infection B) 

Depicts cells stained with DAPI (Blue), the A53T-eGFP virus (Green), and pAsyn (White) 24 hours post viral infection. Images were 

taken at 63X using a Zeiss LS560 microscope C) Average Integrated Density for pAsyn in SHSY-5Y cells 24 hours post viral infection 

for the control and A53T-eGFP viruses  
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Experiment 1.2 
 

It was important to assess cell viability following asyn binding aptamer treatment. To do 

so, cells were differentiated using retinoic acid in complete media as described earlier 

except that cells were plated at a concentration of 5 x 103 cells/mL in warmed (37°C) 

growth medium in a sterile 96-well plate. The timeline for the varied steps in the 

procedure are provided in Figure 3. 

 

 

Figure 3: Experimental Timeline for Experiment 1.2 

Experimental Day is depicted along the X-axis and RA= retinoic acid 

 

Experimental Treatment groups 

To assess the effect of the asyn aptamer on cell viability, multiple treatment 

percentages were assessed. The asyn aptamer generously provided by Dr. Maria DeRosa 

(Carleton University) was administered to differentiated SHSY-5Y cells at the following 

percentages:  0%, 5%, 10%, 15%, 30%, 45%, 60%, 100% (n = 3 per percentage) of the 

overall complete media solution and each was assessed in triplicate. The Asyn aptamer 

was 25 µM in concentration and modified with Cy5 for fluorescent detection purposes. 

Thus, the eight treatment groups comprised the 0% Asyn Aptamer Treatment (Control) 
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and the varying percentages of asyn binding aptamer treatment. Following differentiation, 

SHSY-5Y cells were treated with the asyn binding aptamer in complete media and 

incubated at 37°C and 5% CO2. Following 24 hours of incubation with the corresponding 

asyn aptamer treatment, cells were washed with complete media and incubated for 15 

minutes. Live Cell Viability Reagent (Thermo Fisher, Catalog# R37609) was added to 

each well and cells were incubated at 37°C and 5% CO2 for 15 min.  

 

Microscopy and Image J analysis 

Images were taken using an Evos Floid microscope (ThermoFisher) and were assessed 

using Image J software.  Output was exported and analyzed using SPSS Statistics 26 

(IBM) and figures were created using Graph Pad Prism Version 5 (Le Jolla, CA).  

 

Results 

A one way ANOVA was conducted to compare the different percentages of asyn binding 

aptamer in complete media to assess how these altered the viability of the SHSY-5Y cells 

by use of a Live dead cell assay. The groups that received the asyn aptamer treatment at 

the 45%, 60%, and 100% doses were excluded from the analysis because there were no 

living cells visible (making the ratio of live to dead cells 0). The ANOVA of the percent 

dead cells as a function of the percentages of asyn aptamer administered, revealed a 

between group difference, F(4,9) = 970.59 (p <0.001). As indicated in Figure 4, it was 

apparent that cell death was elevated to a greater extent when 30% of asyn binding 

aptamer was included in the cell culture media. Indeed, at 30% asyn aptamer treatment, 

cell death was elevated by over 400%.   
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Figure 4: Comparing % Dead cells for the different percent Asyn aptamer groups (0, 5, 

10, 15, 30%) where all bars represent the mean % Dead Cells ± SEM. * p<0.01 
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Experiment 1.3 
 
Experimental Treatment groups 
 

To better understand the effect of the asyn aptamer and to determine the influence 

of elevated percent asyn aptamer in complete media on cell viability, multiple aptamer 

treatment concentrations were assessed. Experiment 1.3 paralleled that of Experiment 

1.2, except that it included a lower range of asyn aptamer concentrations to identify an 

ideal concentration of this aptamer so that cell death was not promoted. The experimental 

concentrations were: 0%, 5%, 10%, 15%, 20%, 25%, 30%, plus 30% of a non-binding 

aptamer (n = 3 per concentration) of the overall complete media solution.  Each 

experimental concentration was assessed in triplicate. The concentration of the asyn 

aptamer was 25 µM and modified with Cy5 for fluorescent detection purposes. Eight 

treatment groups comprised 0% asyn aptamer treatment (Control) and varying 

concentrations of asyn binding aptamer treatment, as well as a 30% non-binding asyn 

aptamer treatment.  

The cellular growth and differentiation procedure was identical to that of 

Experiment 1.2. Cells were maintained in an incubator at 37°C and 5% CO2.Following 

differentiation, SHSY-5Y cells were treated with the asyn binding aptamer in complete 

media and incubated at 37°C and 5% CO2. The procedure was identical to that of 

Experiment 1.2 as was the microscopy and Image J analysis.  

 
Results 

A one way ANOVA conducted to compare percent dead cells across all treatment groups 

indicated a treatment effect, F(7,9) = 5.940; p=0.008. Fishers LSD post-hoc analysis 

revealed that 0% to 20% asyn aptamer treatment produced significantly fewer (p<0.01) 
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dead cells than did the 25% and 30% asyn aptamer treatments. Also, there was no 

significant difference in the % dead cells in comparison to the 30% non-binding aptamer 

treatment group (see Figure 5).  

  



	 58	

 

 

Figure 5: Comparing % Dead cells for the different percent asyn aptamer treatment groups 

(0, 5, 10, 15, 30%) where all bars represent the mean % Dead Cells ± SEM. *p<0.05 
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Experiment 1.4 
 
Cell growth and Differentiation 

A further experiment assessed the long-term changes of asyn protein conformations 

following transfection with the A53T-eGFP virus. Cells were differentiated using retinoic acid in 

complete media. For experimental procedures, cells were plated at a concentration of 5 x 103 

cells/mL in warmed (37°C) growth medium in a sterile 24-well plate with a coated glass 

coverslip at the bottom of each experimental well. Otherwise, the procedure was identical to that 

of Experiment 1.1.  

 

Viral Transfection 

 Following a week of differentiation, cells were treated with an A53T-eGFP alpha-

synuclein virus in DMEM (MOI of 3). The SHSY-5Y cells were incubated with 500uL of the 

virus solution at 37°C and 5% CO2 for 24 hours. Twenty-four hours afterwards, viral solution 

was removed and replaced with 500uL of warmed complete growth media. Cells were incubated 

in the complete media at 37°C and 5% CO2 for an additional 18 days, during which complete 

growth media was replaced every 48 hours. The procedural timeline is provided in Figure 6. 
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Figure 6: Timeline for Experiment 1.4 

 Where days are along the X-axis, RA= Retinoic Acid, and PFA= Paraformaldehyde 

 

Fluorescent staining of SHSY-5Y cells 

At the desired time, the procedures conducted were identical to those of Experiment 1.1. In 

addition to staining for pAsyn an additional antibody (filament Asyn (1:1000 Abcam, 

#ab209538) was used to assess filament asyn protein.  

 

Fluorescent Microscopy  

Images were collected using a fluorescence microscope (Zeiss LS560) at 63X. Excitation 

wavelength for Alexa Fluor 594 was 594nm, while for A53T-eGFP was 488nm; proper filters 

were chosen to maximize signal and minimize background. Images were assessed using Image J 

software. To assess the fluorescent images, first channels were split and the red channel was 

assessed in Image J. Integrated density per area (um2) for 10-15 cells was assessed by comparing 

each cell to background integrated density. Three technical replicates were assessed for each 

coverslip. Relative integrated density was calculated and averaged for each experimental 

treatment group. Data were analyzed using SPSS Statistics 26 (IBM) and figures were created 
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using Graph Pad Prism Version 5 (Le Jolla, CA).  

 

Results 

Visualizations of the SHSY-5Y cells were prepared to identify the organization and distribution 

of different asyn conformations. As depicted in Figure 7, the images revealed that pAsyn 

collected close to the nucleus of cells, whereas filament asyn was found more widely distrubted 

in the cytosol.
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A) B) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Where A) Depicts cells stained with DAPI (Blue), A53Tl-eGFP virus (Green), and pAsyn (pSer129; purple) B) Depicts cells stained 
with DAPI (Blue), the A53T-eGFP virus (Green), and filament asyn (white)18 days post transfection. Images were taken at 63X using 
a Zeiss LS560 microscope. 
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Figure 7: Cell images taken 18 days post infection 



	 63	

Experiment 1.5 
 
Experimental Treatment groups 

 To assess the effect of the aptamer on asyn protein expression, three different 

stock concentrations were evaluated. The aptamer was administered to differentiated 

SHSY-5Y cells at 10% of the overall complete media solution using 5, 10, or 25 µM 

stock asyn aptamer concentrations and modified with Cy5 for fluorescent detection 

purposes. This experiment comprised a 2 (single vs repeated treatment) x 3 

(concentrations: 5, 10, and 25 µM) factorial design with two external control conditions. 

Specifically, the treatments were applied on either a single occasion or on 8 occasions as 

described earlier. The two control conditions comprised no virus manipulation and one in 

which a virus was present but no other treatment was administered. Two different asyn 

protein stains, as described earlier, were assessed on each experimental treatment group, 

n=3.  

 Following differentiation, SHSY-5Y cell growth media was changed every 48 

hours for 18 days post viral transfection. During the media changes asyn binding aptamer 

was also administered to the applicable conditions and the plates were incubated at 37°C 

and 5% CO2. Following 18 days of media changes and asyn aptamer treatment(s), cells 

were fluorescently stained and fluorescent microscopy was conducted as described in 

Experiment 1.4.  
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Results 

Separate univariate fixed factor ANOVAs were used for each antibody under 

investigation (two fixed factors). The analysis of the % fluorescent intensity of pAsyn 

revealed a significant Treatment Concentration x Condition (Single vs Multiple) 

interaction, F (2,24) = 103.44, p<0.001. Suggesting that Treatment concentration and 

Condition combine to have an effect on % fluorescent intensity of pAsyn. The follow-up 

tests revealed that 25 µM virus + multiple treatment condition produced a greater change 

in fluorescence than did the single treatment or that of the lower concentrations of asyn 

aptamer administered repeatedly (see Figure 8a). Furthermore, to assess the influence of 

the treatment to external controls Dunnett’s test was conducted. This test revealed that at 

the 25 µM concentration % fluorescent change in pAsyn was greater than that apparent in 

either of the two control conditions.  

 

ANOVA for filament asyn protein indicated that neither the treatment (5, 10, and 25 

µM), the treatment condition (single vs multiple), nor the interaction reached statistical 

significance (as seen in Figure 8b). 
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A)            B)  

     

Figure 8: A) Mean Relative Change in Fluorescent intensity of pAsyn protein ± SEM for cells treated with 5µM, 10 µM, and 25 µM 
Asyn Aptamer    B) Mean Relative Change in Fluorescent intensity of Filament Asyn protein ± SEM for cells treated with 5 µM, 10 
µM, and 25 µM Asyn Aptamer. * = p<0.05 
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Figure 9: Visualization of virally infected SHSY-5Y cells treated once with 5 µM asyn binding aptamer in an 18 day post infection 
cellular model. Cells are stained for DAPI, eGFP (A53T virus), Cy5 labelled asyn binding aptamer, pAsyn, and a merged image 
(shown on the far right).  
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Figure 10 : Visualization of virally infected SHSY-5Y cells treated once with 5 µM asyn binding aptamer in an 18 day post infection 
cellular model. Cells are stained for DAPI, eGFP (A53T virus), Cy5 labelled asyn binding aptamer, filament asyn, and a merged 
image (shown on the far right).  
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Experiment 1.6  
 
Experimental Treatment groups 

Experiment 1.6 assessed the influence of the aptamer on asyn protein expression using 

Western blot analysis to parallel the earlier study using immunofluorescent staining. The 

asyn aptamer was administered to differentiated SHSY-5Y cells at 10% of the overall 

complete media solution using 5 µM or 10 µM stock asyn aptamer concentrations and 

modified as previously described. Six treatment groups were processed for Western blot 

analysis. The treatments comprised asyn being provided at a concentration of 5 or 10 µM 

on either a single or multiple occasions as described in the preceding study. As well, a no 

virus and virus control condition was included in this experiment.  Two different 

Westerns for Asyn (pAsyn Antibody, abcam # 59264) and Oligomer Asyn (Syn33, Sigma 

Catalog# ABN2265) were performed for each of the treatment groups (n=3 per group for 

each Western).  

 

Sample Preparation – Western Blot 

Once the experimental manipulations had been completed, samples were collected for 

Western Blot analyses. To this end, all media was removed from each well. Then, 1 mL 

of sterile PBS was added to each well and a sterile cell scraper was used to collect cells 

from the bottom of each well. Using a pipette, the lifted cells and 1 mL PBS were 

deposited into a 15 mL Falcon Tube. This process was repeated twice again. In order to 

collect enough protein for Western blot techniques, technical triplicates were merged 

yielding a total of 9 mL of PBS and all possible scraped cells for each sample. All 15 mL 

falcon tubes were centrifuged at 700G for 10 min at 4°C. Each cellular pellet was kept at -
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80°C and the remaining liquid was discarded.  

 

Protein Quantification  

In order to prepare each sample for Western blot analysis, proteins were quantified using 

Pierce’s BCA Protein Assay Kit (ThermoFisher, Catalog# 23227) and a 96 well 

microplate. The kit instructions were followed and sample quantification was determined 

using a microplate reader (Molecular Devices, Spectra Max 190) and reading at 540nm. 

Samples were preserved in 5X Loading Buffer in a ratio of 4:1. Samples were prepared to 

concentrations of 1 ug/uL of protein and then vortexed and heated for 5 min in a heat 

block set to 105 oC. After heating, samples were placed on ice for 5 min and stored at       

-20oC until processed for Western blot analyses. 

 

Western Blot  

For asyn protein detection from cell culture, total protein was determined using a 

REVERT total protein solution as previously described [67]. Following determination of 

total protein levels and appropriate washes in tris buffered saline (TBS; pH 7.5; 2 X 5 

min each), membranes were blocked for 60 minutes in a TBS solution containing 0.5% 

fish gelatin (Sigma Catalog # G7041). Membranes were then placed in a 0.5% fish 

gelatin TBS solution containing either a purified mouse anti-alpha-synuclein (1:2000; 

Sigma Syn33, Catalog# ABN2265) or an anti-alpha-synuclein (1:1000; Abcam, Catalog # 

Ab59264), for a period of 90 min in 0.05% fish gelatin in TBS with 0.1% tween. 

Following incubation in the primary antibody and subsequent washes in TBS-T, 

membranes were incubated in infrared conjugate directed against the species to which the 
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primary antibody was raised (Rabbit 800, LI-COR) at a concentration of 1:20 000 in a 

0.5% fish gelatin TBS solution containing 0.2% tween and 0.01% SDS. Membranes were 

washed in TBS to remove any unbound antibody, protein bands were read for 6 min on a 

Licor Odyssy system at the appropriate wavelength. 

 

Results 

Separate ANOVAs were conducted to assess both normalized pAsyn signal and 

normalized oligomer asyn (Syn33) for the different treatment groups. The 2 

concentrations (5 µM or10 µM) x 2 conditions (single vs multiple) ANOVA revealed that 

the 5 µM dose was significantly lower than that of the 10 µM treatment, F(2,22) = 4.72, 

p=0.024. As well, the Treatment dose x Repeated condition interaction approached 

statistical significance, F(1,22) = 3.829, p=0.068, showing that the effect of the 5 µM dose 

was prominent in the single treatment condition, whereas this was not apparent with the 

10 µM treatment concentration. The Dunnett’s test further indicated that the control 

samples were significantly lower than those in the 10 µM condition as well as the 5µM 

treatment administered repeatedly. The virus control likewise differed from the 10 µM 

single and multiple treatment groups. In contrast, the ANOVA comparing normalized 

Syn33 signal revealed no effect of the asyn aptamer treatment, F(5,18)= 0.213 (p=0.952), 

and likewise no statistically significant differences existed with respect to the Syn33 

signal for the different treatment groups (see Figure 11 and 12). 



	 71	

A) 

 

 

 

 

B) 

 

Figure 11: A) Comparing Normalized (A) pAsyn (pSer129) expression (x 103)  ± SEM and (B) Representative Blots of differentiated 

SHSY-5Y cells treated with 5 µM or 10 µM Asyn binding aptamer in a long-term cell culture experiment 
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A) 

 

B) 

 

 

 

 

Figure 12 A) Comparing Normalized Oligomer Asyn (Syn33) expression (x10^3) ± SEM and (B) Representative Blots of 

differentiated SHSY-5Y cells treated with 5 µM or 10 µM Asyn binding aptamer in a long-term cell culture experiment 
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Discussion:  
 
 

The 25 µM asyn aptamer dose led to an unexpected, pronounced elevation of 

pAsyn protein. In fact, this outcome was in the direction opposite to that predicted. It is 

possible that this effect was a reliable one, but it is equally possible that it was artifactual. 

Unfortunately, with only 3 samples in each group, a small n bias may have resulted in a 

unreliable outcome. Accordingly, in subsequent studies only the 5 µM and 10 µM doses 

were used. Furthermore, in this study the protein quantification used for Western blot 

analyses was low (1µg/µL), which may have limited the accuracy of the findings. As a 

result of this low protein yield, potential differences that might have existed between 

treatment groups could not be detected. Since this procedure is unique and has not 

previously been evaluated in the context of the present investigation, earlier studies were 

not available to offer guidance as to best practices.  

One of the concerns in using the aptamer, much like any other method to modify 

functioning, there was the concern that the treatment would actually promote cell death. 

However, as far as could be determined, this did not materialize given that cell death was 

no greater using this specific aptamer relative to that produced by a scrambled aptamer 

variation. Further, it is possible that in vivo the aptamer could be broken down by various 

body organs, immune related responses, or removed by reparative and restorative 

processes. In the present investigation the aptamer was left in place without being 

eliminated, the possibility ought to be considered that asyn binding aptamer may have 

had additive or synergistic effects when administered to cells repeatedly in vitro. 

 Finally, a further limitation of evaluating the aptamer in vitro concerned the 

potential influence of multiple endogenous factors that could not be assessed. 
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Accordingly, it might be more appropriate to evaluate the actions of the asyn binding 

aptamer in vivo, which was done in the ensuing experiments.    
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Chapter 3: 
Study 2: Distribution of the asyn binding aptamer in vivo   
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Introduction: 
 
 Having investigated the asyn binding aptamer in a cellular model it was of interest 

to determine whether systemic administration of the asyn aptamer reaches the brain in 

vivo, as well as to determine the longevity of aptamer presence. In vitro experiments had 

suggested that a single treatment with the asyn binding aptamer produced reductions of 

pAsyn and filament asyn (confirmed by fluorescent intensity staining). Additionally, 

decreased pAsyn and oligomer asyn were observed (confirmed by Western blot analysis). 

In contrast, the findings of Experiments 1.5-1.6 suggested that the asyn binding aptamer 

may have an additive effect when repeatedly administered to SHSY-5Y cells in a cell 

culture model. These findings suggest that our asyn binding aptamer treatment might not 

have been effective in isolated cells. Yet, analyses conducted in vitro do not have the 

benefit of peripheral factors that could influence the breakdown of the aptamer. In 

essence, the model would be best assessed in vivo wherein the collective influences on 

aptamer disposition could be determined.   

To introduce this aptamer into a murine model we adopted a delivery vehicle 

designed to cross the blood-brain-barrier (BBB). In these experiments we employed a 

previously developed modified liposome as a delivery vehicle [117]. This pegylated 

liposome has a transferrin receptor aptamer (TRA) modification on the surface that was 

designed to hijack the transferrin receptors of endothelial cells of the brain. The asyn 

binding aptamer was loaded into these liposomes using a dialysis procedure.  

With this method in hand, a series of experiments assessed the asyn binding 

aptamer in wildtype mice of the M83 line. This particular line of mice was used since we 

had planned to subsequently assess the impact of the asyn binding aptamer in transgenic 
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mice (Chapter 4) and thus it was important to determine the effects in an appropriate 

wildtype control mouse. Furthermore, in these experiments we evaluated the distribution 

of the asyn binding aptamer in several brain regions as well as the liver. The liver was 

selected because it is known to house many transferrin receptors and also because it is the 

first location in which the asyn binding aptamer will appear following its administration. 

Of relevance was that this in vivo model afforded the opportunity to determine, at least in 

a preliminary way, the time-course for the asyn binding aptamer’s presence.  
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Materials and Methods:  
 
Experiment 2 
 
Animals and general experimental design 

Eighty male B6C3F1/J mice were obtained at 8-10 weeks of age from The Jackson 

Laboratory, Bar Harbor, ME and were acclimated to the vivarium for 10 days prior to 

commencing the experiment. All animals were individually housed in standard 

polypropylene cages (27 x 21 x 14 cm) and maintained on a 12-hour light/ dark cycle 

with lights on at 08:00 hours. A diet of 2014 Purina mouse chow and water was provided 

ad libitum and room temperature was maintained at ~ 21°C. All procedures were 

approved by the Carleton University Animal Care Committee in accordance with the 

guidelines set out by the Canadian Council for Use and Care of Animals in Research. 

 

Experimental Procedure  

Animals were assigned to one of three treatment groups: (i) empty liposome (n=16) (ii) 

100 uL asyn Aptamer (n=32) (iii) 200uL asyn Aptamer (n=32). On the experimental test 

day, animals were administered an intraperitoneal (i.p.) injection with the assigned 

treatment. Animals within each treatment were further separated into one of four 

conditions in which mice were sacrificed at varying times following treatment (15 min, 

30 min, 1 hr, 2 hr). Thus, the design of this experiment comprised a 3 (aptamer dose) x 4 

(time between treatment and sacrifice) factorial with either 4 or 8 mice in each of the 

groups.   
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Brain extraction 

At the prescribed time following aptamer injection mice received an overdose of sodium 

pentobarbital (48 mg/kg i.p). Animals were then transcardially perfused using 10mL of 

Phosphate Buffered Saline (0.01M PBS) and brain tissue (motor cortex & midbrain) and 

liver samples were collected for qPCR. The tissue was immediately frozen upon 

dissection and stored at -80°C until processing.  

 

DNA Isolation 

Genomic DNA was isolated from each sample using a Qiagen DNEasy Blood & Tissue 

Kit (catalog # 69506). A small piece (~8mg) of each sample was placed in a 1.5mL 

microcentrifuge tube with 20uL of Proteinase K and 180uL of Buffer ATL. Sample and 

solutions were vortexed and incubated at 56°C overnight until completely lysed. The 

following morning, 200uL of Buffer AL and 200uL of 100% Anhydrous Ethanol was 

added to the microcentrifuge tube and vortexed. The entire mixture was transferred to a 

DNEasy Mini spin column in a 2mL collection tube. The column was centrifuged at 8000 

RPM for 1 min and flow through was discarded. The spin column was placed in a new 

2mL collection tube and 500μL of Buffer AW1 was added to the spin column, which was 

centrifuged for 1 min at 8000 RPM. Flow through was again discarded and the spin 

column was placed in a new 2mL collection tube and 500μL of Buffer AW2 was added 

to the spin column. Columns were centrifuged once more for 3.5 min at 17,220 X G. 

Flow through was discarded and the spin column transferred to a new 1.5mL 

microcentrifuge tube and 200μL of Buffer AE was added to the center of the spin column 

membrane. The sample was incubated for 1 min at room temperature (~25°C) and was 
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centrifuged for 1 min at 8000 RPM. Sample quality and concentrations were determined 

by absorbance at 280nm and 260nm with a NanoDrop Lite spectrophotometer. Samples 

were diluted with DEPC-treated water to a concentration of 10 ng/μL 

 

RT-PCR 

Samples were stored at -20°C prior to analyses. RT-PCR was conducted on all gDNA 

samples to determine Cq values using primers designed to detect the asyn aptamer. Five 

microliters of each gDNA sample were loaded into separate wells in a 96-well PCR plate. 

Two microliters of 10 mMol forward primers (5’-ATA GTC CCA TCA TTC ATT -3’), 

2μL of 10 mMol reverse primers (5’- TGA CAC TTG CTA ATA TCT- 3’), 1μL of 

DEPC-treated water, and 10 μL Sybr Green Supermix with fluorescein (Bio-Rad 

Laboratories Inc., Hercules, California) were added to each well. Samples were run in 

triplicate along with non-template controls. The plate was run on CFX Connect Real-

Time PCR Detection System (Bio-Rad) for 30 sec at 90°C, followed by 40 cycles of the 

following settings: 10 sec at 90°C for denaturing and 40 sec at 60 °C for annealing. The 

plate was then run at 65°C for 5 sec, then to 95°C for 5 sec, and back to 65°C to generate 

a melt curve by increasing temperature from 65 °C to 95°C for 5 seconds. All primers 

were tested for amplification efficiency using the standard curve method, yielding 

efficiencies over 95%.  

 

Quantification of Aptamer Molecules  

A dilution series of known aptamer concentrations was run in triplicate by RT-PCR using 

the same reactions and equipment stated earlier. The R2 for the relationship was 
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determined to be 0.99. The linear relationship between Cq value (y) and concentration (x) 

was determined to be y = -1.265ln(x) - 20.871. Since Cq values were determined for each 

sample by RT-PCR, the aforementioned equation was used to isolate for x and determine 

the detected concentration of the asyn aptamer within each sample. This concentration 

was then multiplied by Avogadro’s number (6.022 x 1022) and divided by 200,000 to 

calculate the number of molecules/ 5 μL.  

 

Results  

Figure 12a shows the average Cq values from motor cortex homogenate. The 

ANOVA revealed a significant Aptamer dose x Time interaction, F(6,68) = 4.82, p<0.001. 

Follow-up Tukey’s HSD tests of the simple effects comprising this interaction revealed 

that at 15 min both aptamer doses reduced the Mean Cq value, whereas at 30 min only 

the 200uL asyn aptamer dose produced such an outcome (p’s <0.001). No significant 

differences were detected 1 or 2 hr after asyn aptamer treatment.  

In Figure 12b the average Cq values for midbrain homogenates are shown. The 

ANOVA revealed a significant interaction between Asyn aptamer dose x Time, F(11,68) =  

7.69, p<0.001. The follow-up tests confirmed that the 100uL and 200uL doses reduced 

the Cq values throughout (p<0.001), except for a less pronounced effect of the 200uL 

dose 1hr following treatment (p = 0.077). In essence, while the interaction was 

significant, this was primarily accounted for by the single difference (at 1 hr using the 

200 uL asyn aptamer) and it is likely that the main effect of treatment was the principal 

difference between groups.   
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The average Cq values from liver homogenate are shown in Figure 12c. The 

ANOVA revealed a significant main effect of the asyn aptamer dose (F(2,17) = 41.490, 

p<0.001) as well as a significant interaction of the asyn Aptamer Dose x Time interaction 

(F(11,68) = 4.562, p<0.001). The follow-up tests for the simple effects of aptamer dose 

indicated that the Cq values at both doses were reduced relative to the control (empty 

liposome) condition at each of the four time points. These follow-up tests also indicated  

that the magnitude of this difference was less pronounced at 1 hr than at the other times 

and was greatest at 15 min. 
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A)       B)       C) 

 

Figure 13: Average Quantification Cycle (Cq) detected for the Asyn Aptamer in (A) Motor Cortex (B) Midbrain (C) Liver for B6C3F1/J male mice 

treated with 100 μL αSyn Aptamer (1X Asyn) , 200 μL αSyn aptamer (2X Asyn) or a control treatment (empty liposome). All values represent 

average Cq Values ± SEM. Significant differences determined by Tukey’s HSD post-hoc analysis are denoted by *p <0.05; ** p<0.01 
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In addition to evaluating the Cq values it was of interest to present the actual number of 

molecules that were present as a result of the experimental treatments. As the number of 

molecules is derived from the Cq value, the statistical results essentially mirrored one another. 

This said, ANOVAs were conducted to confirm the Cq findings, (the figures that follow provide 

asterisks to denote significant between group differences based on these ANOVAs and follow-up 

tests).   

In Figure 13a the average number of molecules of asyn aptamer were calculated and are 

reported for the motor cortex at all time points (15 mins, 30 mins, 1hr, and 2hr). As seen in 

Figure 11a, 15 min following treatment with the 100 µL or 200 µL asyn aptamer the number of 

molecules exceeded that of all other treatment conditions. As well, the number of molecules 

promoted by 200 µL asyn aptamer treatment 30 min following treatment exceeded that of later 

time points.  

Figure 13b shows the average number of molecules within the midbrain at the various 

time points. As seen in the Figure, 1 hr following treatment the 100 µL asyn aptamer the number 

of molecules exceeded that of all other treatment conditions (where, p<0.01). At 1 hr following 

treatment with 100 µL asyn aptamer, the number of molecules of asyn aptamer differed from the 

200 µL asyn aptamer treatment at that time and from that seen 15 min following treatment 

(p<0.05).  

The average molecules of asyn aptamer in the liver were calculated and are depicted in 

Figure 13c across all time points. As seen in this Figure 11c 15 min following treatment with 100 

µL asyn aptamer the number of molecules differed from that evident at any other time. With the 

200 µL asyn aptamer treatment the number of molecules exceeded that detected at the 1 and 2 hr 

time points (p<0.01).  
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Table 1: Number of Molecules of asyn aptamer/ 5μL for (A) Motor Cortex, (B) Midbrain, and (C) Liver Homogenate at 15 min, 30 min, 1 hr, and 2 
hr following treatment with 100 μL of asyn aptamer (1X Asyn Apt) or 200 μL of asyn aptamer (2X Asyn Apt) where numbers represent the average 
number of molecules for the treatment group.  

 
(A) Motor Cortex Homogenate  

15 mins 30 mins 1hr 2hr 
1X Asyn Apt 2X Asyn Apt 1X Asyn Apt 2X Asyn Apt 1X Asyn Apt 2X Asyn Apt 1X Asyn Apt 2X Asyn Apt 

        
4747722.05 4670857.52 385958.17 2071657.06 456619.45 531184.77 355832.61 463075.94 

 
(B) Midbrain Homogenate  

15 mins 30 mins 1hr 2hr 
1X Asyn Apt 2X Asyn Apt 1X Asyn Apt 2X Asyn Apt 1X Asyn Apt 2X Asyn Apt 1X Asyn Apt 2X Asyn Apt 

        
533121.95 536975.52 395551.40 514941.51 1144744.71 246554.49 455036.12 505264.31 

 
(C) Liver Homogenate  

15 mins 30 mins 1hr 2hr 
1X Asyn Apt 2X Asyn Apt 1X Asyn Apt 2X Asyn Apt 1X Asyn Apt 2X Asyn Apt 1X Asyn Apt 2X Asyn Apt 

         
5759575.67 8778443.72 1452567.46 6130795.08 566531.21 765989.65 1390834.29 1355822.98 
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A) 

 

 
B) 

 
 

C) 

 
Figure 14: Average Molecules of asyn aptamer/μL calculated in (A) Motor Cortex (B) Midbrain (C) Liver for B6C3F1/J male mice treated with 100 
μL asyn aptamer (1X Asyn Apt) or 200 μL asyn aptamer (2X Asyn Apt). All values represent average Molecules of asyn aptamer/µL Values ± SEM. 

Fishers LSD post-hoc analyses are presented in the figure above. *p <0.05; ** p<0.01
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Discussion 
 

A substantial finding from this set of experiments is that our delivery vehicle can 

transport the asyn binding aptamer across the BBB. One of the major challenges when it 

comes to developing treatments is that of penetrating the BBB to have disease modifying 

effects present within the central nervous system.  

It is clear from Study 2 that the asyn binding aptamer can be detected in different 

brain regions and in the liver by RT-PCR. Specifically, immediately following treatment, 

the highest levels of the asyn aptamer was present in the liver, as predicted given that the 

aptamer was administered intraperitoneally. Significantly, within 15 minutes of 

administration the aptamer was detected within the motor cortex and midbrain regions.  

One concern of these experiments is that it is uncertain whether the asyn aptamer 

detected using RT-PCR primers reflects free floating asyn aptamer or that bound to the 

target. It is possible that the asyn binding aptamer had not yet reached its target and was 

still free floating, as opposed to the aptamer being bound to its target and functioning as 

designed. Finally, it is possible that we were unable to fully detect the aptamer that had 

entered the central nervous system because of natural decomposition processes. The 

resulting fragmented sequence would not be amplified with the RT-PCR process.  

Once again, the absence of information from other studies makes it impossible to 

determine the generalizability of the present findings. Likewise, it is uncertain how long 

these brain changes persist. Accordingly, in attempting to develop preclinical models 

relevant to Parkinson’s disease it remains unclear what schedule of treatment would be 

considered most appropriate.  
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Chapter 4:  
Study 3: Assessing the asyn binding aptamer in vivo  
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Introduction 
 

Although much is understood regarding the processes leading to Parkinson’s 

disease, as indicated earlier the treatments available are limited to diminishing symptoms 

of the disorder and often treatment resistance may develop. Moreover, after chronic l-

DOPA use dyskinesia may evolve [95]. The value of the asyn aptamer in a treatment 

capacity is of fundamental importance, particularly if it turns out to be effective when 

used on a long-term basis, provided that treatment resistance and motor complications do 

not develop. As a first step in evaluating these possibilities, experiments were undertaken 

to determine whether PD-like motor features would develop in transgenic mice (Jax, 

#004479) and whether these indications would be paralleled by pAsyn immunostaining 

within the motor cortex, possibly reflecting increased Lewy body formation. As well, 

analyses were performed to determine transgene protein repeats which might reflect the 

ideal crosses between mouse strains that ought to be used in modeling Parkinson’s 

disease. A final experiment evaluated the influence of the asyn aptamer in modifying 

cellular signs of PD-like features in a rodent model through Western blot analyses.1  

  

 
1	*The original intent of this investigation was to parallel Western blot analyses with behavioural studies to 
determine effectiveness of the asyn binding aptamer in modifying behavioural signs of Parkinson’s disease. 
Unfortunately, this became impossible owing to restrictions stemming from access to research facilities 
during COVID-19 and due to absence of access to test areas owing to delays in building construction at 
Carleton University.  	
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Materials & Methods 

Experiment 3.1 
 
Subjects and general experimental design 

 Ninety B6;C3-Tg(Prnp-SNCA*A53T)83Vle/J mice (n = 45 male & n = 45 

female) were bred in the Carleton University vivarium. The initial breeding pairs were 

hemizygous for Tg(SNCA)83Vle and were obtained at 8-12 weeks of age from the 

Jackson Laboratory (Bar Harbor, ME) and were acclimated to the vivarium for 10 days 

before breeding. All animals were produced from a planned pairing and were weaned at 3 

weeks of age, at which time, a 2mm ear notch was collected and used to determine the 

genotype. All animals were group-housed (max 4 per home cage) with littermates of the 

same sex in standard polypropylene cages (27 x 21 x 14 cm) and maintained on a 12 hr 

light/ dark cycle with lights on at 08:00 hr. A diet of 2014 Purina mouse chow and water 

was provided ad libitum and room temperature was maintained at ~ 21°C. All procedures 

were approved by the Carleton University Animal Care Committee following 

recommendations set out by the Canadian Council for Use and Care of Animals in 

Research. 

 

Apparatus  

Noldus Catwalk 

The Noldus Catwalk (XT system version 8.0) used to evaluate gait abnormalities was 

located in a separate room. It consisted of a corridor that directs the free movement of 

animal in a straight line, a hardened glass walkway that allows the Catwalk to capture 

each individual footprint, and a high-speed camera to capture the animals motor 
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movements. All gait analyses were collected in a dark room where the only equipment 

giving off light was the catwalk equipment and corresponding computer monitor.  

 

Behavioural Procedure  

Mice were individually placed on the catwalk and their motor gait was recorded. Each 

trial comprised a mouse traversing the target region within 5 sec for gait information to 

be collected. Mice received 3 training trials per day for 5 days prior to the test day. On 

day 6, the test day, the same procedure was used and the data obtained were statistically 

analyzed. Between all training and experimental test day sessions all components of the 

catwalk were wiped clean with 70% ethanol.  

 

Procedure  

Animals were assigned to one of five age groups (3, 4, 5, 6, and 7 months old) with 18 

mice per age group (n = 18; equal males and females). These groups were further divided 

based on the three genotypes (i) wildtype (WT) (ii) 1X transgene (1X Tg) which 

comprised the presence of the asyn transgene band (assessed at genotyping), and (iii) 2X 

transgene (2X Tg) reflected by a brighter asyn transgene band (assessed at genotyping). 

This provided a 3 (genotype) x 5 (age) factorial design. However, as a subsequent 

analysis indicated that there were no significant differences in hemizygous and 

homozygously dominant animals for the A53T transgene, these mice were pooled in 

further analyses. Thus, the final design comprised a 2 (genotype) x 5 (age) factorial 

design. 
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Brain extraction 

Following testing on the Noldus Catwalk animals were taken to a separate room where 

they received an overdose (0.15mL) of sodium pentobarbital 48 mg/kg, i.p.  Ear punch 

samples of 2mm in diameter were collected for qPCR using a Fine Science Tools ear 

punch (Catalog #24214-02). The ear punch tissue was stored at -80°C until further 

processing. Animals were transcardially perfused using 5mL of 0.9% saline (pH 7.2) 

followed by approximately 50 mL of 4% paraformaldehyde (PFA). Brains were extracted 

and post-fixed at 4°C in 4% PFA for 24 hours. The following day, brains were placed in a 

10% sucrose 0.1M phosphate buffered (PB) solution pH 7.4) on two occasions 

approximately 6 hr apart and maintained at 4°C between washes. Brains were then placed 

in a 30% sucrose 0.1M PB solution at 4°C until processing for immunohistochemistry.  

 

DNA Isolation 

Genomic DNA was isolated from each 2mm diameter ear punch sample. Crude DNA 

extraction was accomplished by Qiagen DNEasy Blood and Tissue sample kit (Catalog# 

69506). Sample quality and concentrations were determined by absorbance at 280nm and 

260nm using a NanoDrop Lite spectrophotometer. Samples were diluted with DEPC-

treated water to a concentration of 10 ng/μL. 
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qPCR 

 Samples were stored at -20°C until RT-PCR was performed using gDNA samples to 

determine Cq values with primers designed to detect the alpha-synuclein transgene 

relative to a mouse transgene. Five µL of each sample was loaded into separate wells of a 

96-well PCR plate. Ten µL of Kappa Taqman mastermix, 0.8 μL of 40 mMol Asyn 

Transgene Forward Primers (5’-TGA CGG GTG TGA CAG CAG TAG -3’), 0.8μL of 

40mMol Asyn Transgene Reverse Primers (5’-CAG TGG CTG CTG CAA TG - 3’), 

5.8μL of DEPC-treated water, 0.3 μL of 5 μMol Transgene Probe (FAM 5’ – CCC TGC 

TCC CTC CAC TGT CTT – 3’) and 0.3 μL of 5 μMol Mouse transgene control probe 

(HEX 5’– CCA ATG GTC GGG CAC TGC TCA A – 3’) were added to each well. The 

second, separate reaction for the mouse transgene included 0.8 μL of 40 mMol Mouse 

Transgene Forward Primers (5’- CAC GTG GGC TCC AGC ATT – 3’) and 0.8 μL of 40 

mMol Mouse transgene reverse primers (5’- TCA CCA GTC ATT TCT GCC TTT G -

3’), 5.8 μL of DEPC-treated water, 0.3 μL of Transgene Probe (FAM 5’ – CCC TGC 

TCC CTC CAC TGT CTT – 3’) and 0.3 μL of Mouse transgene control probe (HEX – 

CCA ATG GTC GGG CAC TGC TCA A – 3’) were added to each well. For each of the 

two single-plex reactions, samples were run in triplicate with non-template controls. The 

plate was run on CX5 Real-Time PCR Detection System (Bio-Rad) for 3 min at 90°C, 

followed by 40 cycles of the following settings: 5 sec at 90°C for denaturing and 30 sec 

at 60 °C for annealing. All primers were tested for amplification efficiency using a 

standard curve, yielding efficiencies of over 95%.  
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Immunohistochemistry  

Brains were sectioned coronally at 35 um using a Leica CM1900 cryostat (Weztler, 

Germany). Sections were stored in a 0.1% sodium azide 0.01M PB solution at 4 °C. 

Following sectioning, brains were stained for phosphorylated asyn protein (1:1000; p-

ser129; Abcam Catalog # ab59264). Sections were washed for 3 x 5 min in a 0.2% 

Triton-X 0.01M phosphate buffered saline (PBS-TX) solution then blocked for 30 min in 

a 0.3% H2O2 PBS-TX solution. These sections were then washed for 3 x 10 min in PBS-

TX solution then blocked in a 2% Animal Free Blocker (AFB) (Vector) in PBS-TX 

solution (blocker solution) for 30 min followed by incubation in primary antibody 

(rabbit-anti-alpha-synuclein AbCam, 1:1000) for 2 days at room temperature. Sections 

were then washed for 3 x 5 min in PBS-TX solution and incubated for two hr in 

secondary antibody (biotinylated goat anti-rabbit IgG Catalog # Ab6721, 1:500) made in 

blocker solution. Sections were then rinsed for 3 x 10 min in PBS-TX followed by a 1 hr 

incubation in an avidin-biotinylated complex (ABC Elite Kit; Vector Laboratories). 

Sections were then washed 3 x 10 min in PBS and exposed to 3,3’-Diaminobenzidine 

(DAB) reaction containing 30% hydrogen peroxide for visualization of HRP. Sections 

were washed in PBS 3 x 5 min following DAB exposure. All sections were then slide 

mounted and dried overnight. Sections were then dehydrated using a series of alcohol and 

Clearene (Leica Biosystems; Catalog # 3803600) washes and sequentially cover-slipped 

using Paramount.   
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Results  

Asyn Transgene expression differed significantly across genotypes. A preliminary 

analysis was conducted to determine differences among genotypes with respect to asyn 

transgene expression. Seven mice were found to be outliers (± 3 SD from the mean) and 

were not included in the analyses. As depicted in Figure 15 and confirmed by a one-way 

ANOVA a significant difference was evident among genotypes with respect to transgene 

expression, F(2,80) =13.510; p<0.01. Tukey’s Post-hoc analyses revealed that WT 

transgene expression was significantly lower than that of the transgene groups (p<0.01), 

which did not differ from one another (p = 0.698). Since the two transgenic groups did 

not differ from one another with respect to asyn transgene expression they were pooled 

for all further analyses.  

 

 

Figure 15: Comparing relative Asyn transgene expression (ΔCq) across genotypes in WT, 
Tg, and 2XTg in B6;C3-Tg(Prnp-SNCA*A53T)83Vle/J mice. All values represent 
average ΔCq Values ± SEM. *** p<0.01 
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PAsyn cellular density significantly increased with age in Tg and WT animals. 

The cellular density of pAsyn (µm3) depicted in Figure 15 is reported for wildtype (WT) 

and pooled transgenic (Tg) mice at 3 to 7 months of age.  A 2 (genotype) x 5 (age) 

ANOVA of pAsyn cellular density revealed a significant effect of age, F(4,78) = 3.75 (p = 

0.015). Tukey’s HSD post-hoc analyses indicated that pAsyn cellular density was 

elevated at 5, 6, and 7 months of age relative to that apparent at 3 months (p<0.05). 

Neither the transgenic manipulation nor the interaction involving this variable was 

statistically significant.  

 

 

Figure 16: Comparing Asyn Cellular density (μm3) at different ages (3, 4, 5, 6, and 7 
months) in the motor cortex of WT and Tg B6;C3-Tg(Prnp-SNCA*A53T)83Vle/J mice. 
All values represent average cellular density values ± SEM. * = p<0.01 relative to 3-
month old animals 
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The Noldus catwalk provided quantitative data on the run duration (in seconds) of 

each subject’s test trial and the distance between each subject’s paws (hind vs front) 

which is known as the base of support (BOS). A 2 (genotype) x 5 (age) ANOVA was 

performed for run duration and revealed no significant effects or interactions, as depicted 

in Figure 17. The BOS revealed a significant effect of age, F (4,78) = 2.753 (p=0.034). As 

depicted in Figure 18 a) the front paw base of support increased with age, but Fisher’s 

LSD post-hoc tests indicated that this difference was only statistically significantly 

between 3 month and 6 month old animals (p<0.05). This outcome was not attributable to 

the inordinately high front paw BOS in wildtype mice as 6 month old Tg mice also 

exhibited a marked increase in BOS relative to 3 month old animals. A separate 2 

(genotype) x 5 (age) ANOVA for the BOS of the hind paws separation revealed no 

significant effects or interactions. 
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Figure 17: Comparing run duration (in seconds) across ages (3,4,5,6,7 months) for WT 
and Tg  B6;C3-Tg(Prnp-SNCA*A53T)83Vle/J mice. All values represent an average run 
duration (sec) for each genotype at the specific age indicated ± SEM. 
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A) 			 	 	 	 	 	 	 	 B) 

                   

 

 

Figure 18: Comparing Base of Support (BOS) across ages (3,4,5,6,7 months) for WT and Tg B6;C3-Tg(Prnp-SNCA*A53T)83Vle/J 
mice. A) BOS front paws B) BOS hind paws. All values represent an average distance between paws (mm) for each genotype at the 
specific age indicated. All values represent an average ± SEM. *= p <0.05.   
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Experiment 3.2 
 
Subjects and general experimental design 

Breeding pairs comprising six female mice hemizygous for Tg(SNCA)83Vle (Catalog# 

004479) and six male wildtype controls (Catalog# 00101) were obtained at 8-12 weeks of 

age from The Jackson Laboratory, Bar Harbor, ME. At 10 days following arrival in the 

laboratory, the female mice B6;C3-Tg(Prnp-SNCA*A53T)83Vle/J mice and the male 

WT mice were paired for breeding purposes. After weaning, offspring were group-

housed (max 4 per home cage) with littermates of the same sex in standard polypropylene 

cages (27 x 21 x 14 cm) and maintained on a 12 hr light/ dark cycle with lights on at 

08:00 hr. A diet of 2014 Purina mouse chow and water was provided ad libitum and the 

room temperature was maintained at ~ 21°C. Of the offspring, both wildtype and 

hemizygous male mice were weaned at 21 days of age. All procedures were approved by 

the Carleton University Animal Care Committee and complied with the guidelines set out 

by the Canadian Council for Use and Care of Animals in Research. 

 

Procedure  

At 5 months of age, animals were assigned to one of four experimental groups (i) Control 

WT (n=12), (ii) Control transgenic mice (n=12), (iii) Transgenic mice that received a 

single treatment with the asyn binding aptamer (n=12), and (iv) Transgenic mice that 

received multiple (5) treatments of the asyn aptamer (n=12). Animals in the control 

treatment groups received a 0.1mL injection of 0.9% saline daily for 5 days. The two 

treatment groups likewise received a single 0.1mL injection on each of the 5 days 

between 9:00 hr and 12:00 hr. The single treatment group received the asyn binding 



	 101	

aptamer treatment on the first day followed by saline injections daily on each of the 

remaining treatment days. Animals in the multiple treatment group received asyn aptamer 

treatment for each of the 5 consecutive days. All animals were sacrificed by rapid 

decapitation 7 days following the last injection.   

 

Treatment details 

As in the preceding experiments, the asyn aptamer treatment was synthesized and 

prepared by DeRosa and associates (Chemistry Department, Carleton University). The 

asyn aptamer was a 66 nucleotide base sequence of single-stranded DNA that had been 

designed to bind to asyn with high affinity and specificity. The asyn aptamer was 

modified with a Cy5 label and was encapsulated in a liposome carrier vehicle. As shown 

previously by Chen et al., the liposome carrier was modified with a DNA transferrin 

receptor aptamer (TRA) to improve delivery across the BBB [118]. Overall, the aptamer 

and delivery vehicle consisted of a 38 nanomoles asyn aptamer with 120 nanomoles of 

transferrin receptor aptamer (TRA). See Table 2 for the specific sequence details.  
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Table 2: The specific synthesized aptamer sequences used for in vivo experiments. 
Prepared and synthesized by the DeRosa Lab (Carleton University, Ottawa ON).  

 

Name Sequence (5’® 3’)  Length 

ASYN APTAMER 
-CY5 

5' - Cy5- ATA GTC CCA TCA TTC ATT GTA 
TGG TAC GGC GCG GTG GCG GGT GCG 

GGG AGA TAT TAG CAA GTG TCA 
66 

TRA 
5' - GAA TTC CGC GTG TGC ACA CGG TCA 

CAG TTA GTA TCG CTA CGT TCT TTG 
GTA GTC CGT TCG GGA T 

 64 

SCRAMBLED ASYN 
APTAMTER 

5' - GAT CAT GTA AGT GCG TGA GAG CGA 
GTA GCT CGA CAC GAA TCA GAA TAC 

ATT GCC GCT GTG TTA TAA  
66 

 

Brain extraction 

Following decapitation, brains were extracted and half of the brains from each treatment 

group was used for Western Blot, and the other half of the brains was used for 

immunostaining purposes. To collect tissue for Western Blot, brains were quickly excised 

and placed on a chilled micro-dissecting block that contained slots (0.5mm apart) for 

single edged razor blades. In this way, after the brain was sliced, micro-punches from 

coronal sections were taken from the frontal cortex, motor cortex, caudate, and substantia 

nigra to assess the presence of asyn protein. All region punches were immediately placed 

on dry ice and stored at -80°C until protein extraction.  

The brains collected for immunostaining were post-fixed at 4°C in 4% PFA for 24 

hours. The following day brains were placed in a 10% sucrose in 0.1M phosphate-

buffered (PB) solution (pH 7.4) twice approximately 6 hours apart and maintained at 4°C 

between solution changes. Brains were then placed in a 30% sucrose in 0.1M PB solution 

at 4°C until processing for immunohistochemistry.  
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Protein Extraction – Western Blot 

On the day of extraction, 10 mL of RIPA-like extraction buffer (Fisher, Catalog # 

P189900) was mixed with one tablet of protease inhibitor cocktail (Roche's Complete 

Mini EDTA-free cat#1836170). Extraction buffer was added to each sample (150 µL) 

and brain tissue was sonified. Samples were kept at room temperature for 15 mins and 

centrifuged for 10 min at 12,000 RPM (13,800G) at 4oC. The supernatant in each sample 

tube was removed and the remaining liquid was used to determine protein concentration. 

In order to prepare each sample for Western blot analysis, proteins were 

quantified using Pierce’s BCA Protein Assay Kit (ThermoFisher, Catalog# 23227) in a 

96 well microplate. Kit instructions were followed and sample quantification was 

determined using a microplate reader (Molecular Devices, Spectra Max 190) at 540nm.  

Samples were preserved in 5X Loading Buffer in a ratio of 4:1. Samples were 

prepared to concentrations of 10 µg/µL of protein per sample for all brain regions. They 

were vortexed and heated for 5 min in a heat block set to 105 oC. After heating, samples 

were placed on ice for 5 min and stored at -20 oC until processing for Western blot 

analyses. 

 

Western Blot  

For asyn protein determination, total protein was first determined using a 

REVERT total protein solution as previously described [67]. Following determination of 

total protein levels and appropriate washes in tris buffered saline (TBS; pH 7.5; 2 X 5 

min each), membranes were blocked for 60 min in a TBS solution containing 0.5% fish 

gelatin (Sigma). Membranes were then placed in a 0.5% fish gelatin TBS solution 
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containing either a purified mouse anti-alpha-synuclein (1:2000; Sigma Syn33, Catalog# 

ABN2265), anti-alpha-synuclein (1:1000; Abcam, Catalog # Ab59264), for a period of 

90 min in 0.05% fish gelatin in TBS with 0.1% tween. Following incubation in the 

primary antibody and subsequent washes in TBS-T, membranes were incubated in 

infrared conjugate (Rabbit 800, LI-COR) at a concentration of 1:20 000 in a 0.5% fish 

gelatin TBS solution containing 0.2% tween and 0.01% SDS. Membranes were washed 

in TBS to remove any unbound antibody, protein bands were read for 6 min on a Licor 

Odyssy system (ThermoFisher) at the appropriate wavelength. 

  



	 105	

Results  
 

A one-way ANOVA was conducted for the normalized pAsyn levels within three 

different brain regions (See Figure 19).  These analyses revealed significant treatment 

effects within the PFC, Caudate, and SNc, F’s (3,20) = 4.51, 7.78, and 6.92, p’s <0.05, 

0.01, 0.01, respectively.  Fisher’s HSD follow-up tests indicated that within each of the 

brain regions pAsyn levels were elevated in the control transgenic mice relative to the 

control wildtype mice. In the PFC, the pAsyn was reduced by the multiple aptamer 

treatment relative to the control transgenic mice, but this did not occur following a single 

asyn aptamer treatment. Within both the caudate and SNc, in contrast, the single asyn 

aptamer treatment reduced pAsyn compared to that evident in the control transgenic 

mice. In fact, the effects of the single treatment were more pronounced with a single asyn 

aptamer treatment (not multiple asyn aptamer treatments) in the caudate.
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A)     PFC            B)      Caudate       

                
C)      SNc         D) 

  
Figure 19: Normalized pAsyn protein levels (x103) in the A) Prefrontal cortex (PFC), B) Caudate and C) Substantia Nigra (SNc) and D) 
representative blots for WT and Tg B6;C3-Tg(Prnp-SNCA*A53T)83Vle/J male mice treated with saline or the asyn binding aptamer (acutely or 
repeatedly). All values represent an average ± SEM. * denotes that the treatment group(s) are significantly different from all other treatment groups 
*=p<0.05  *** = p<0.01
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As in the analyses of the pAsyn, a one-way ANOVA was conducted for the normalized 

Syn33 levels within the three brain regions (See Figure 20). Within the PFC and the Caudate this 

analysis revealed a significant effect of the treatment, F’s (3,20) = 5.35 and 12.40 p’s <0.01, and 

0.01 respectively.  Fisher’s HSD follow-up tests indicated that within the PFC a modest non-

significant increase in Syn33 levels was evident in the control transgenic mice compared to the 

control wildtype mice, whereas, in the caudate this difference was statistically significant. 

Multiple treatments with the asyn aptamer reduced the Syn33 levels relative to the control 

transgenic mice in both these regions, whereas the single treatment was only effective in 

reducing Syn33 protein levels in the caudate. In contrast to these brain regions there were no 

differences between groups within the SNc.
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A)    PFC           B)     Caudate    

         

     C)  SNc          D)  

  
Figure 20: Normalized Syn33 protein levels (x103) in the A) Prefrontal cortex (PFC), B) Caudate and C) Substantia Nigra (SNc) and D) 
representative blots for WT and Tg B6;C3-Tg(Prnp-SNCA*A53T)83Vle/J male mice treated with saline or the asyn binding aptamer (acutely or 
repeatedly). All values represent an average ± SEM. * = p<0.05  *** = p<0.01 
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Discussion 
 

The initial experiments (Experiment 3.1) characterized the transgenic line of mice 

to determine an appropriate age and therapeutic window for intervention. It was found 

that there was a significantly different amount of pAsyn when comparing WT to Tg 

animals at 5 months of age. Additionally, it was determined that there were no 

statistically different transgene copy numbers among Tg and 2XTg animals and so in 

further experiments we chose to compare WT vs pooled Tg animals. Based on these 

experiments it was decided to age the transgenic mice to 5 months and then test the asyn 

binding aptamer as a treatment to detect changes in toxic asyn species (pAsyn and 

oligomer asyn (Syn33)) for Experiment 3.2.  

There were few significant findings from the catwalk data (trial duration and BOS 

alterations) and unfortunately it was uncertain whether changes in base of support was 

due to normal growth with age or were a direct consequence of motor deficits. It is 

possible that aging the animals beyond 7 months would make the PD phenotype with the 

atypical motor deficits more apparent. In a subsidiary study (data not shown) in which 

transgenic animals were observed at 12-14 months of age it was apparent that profound 

motor deficits occurred in the Tg mice.2  

The present investigation confirmed that WT mice had lower pAsyn and Syn33 

levels than age-matched transgenic animals across all brain regions (PFC, Caudate, and 

SNc) though these were not always significantly different from one another. The most 

encouraging finding in this investigation is that animals in the repeated treatment group 

consistently showed significantly reduced pasyn and oligomer asyn (Syn33) levels 

 
2 This observation could not be formally quantified owing to restrictions associated with testing during the 
COVID-19 lockdown. 
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compared to transgenic control (untreated) mice in all regions apart from in the SNc. 

Additionally, the repeated treatment group was notably not significantly different from 

the control WT mice; suggesting the repeated treatment may have rescued these elevated 

levels of asyn confirmations.  

In comparison, the single aptamer treatment group did not reveal many 

noteworthy changes on asyn protein levels suggesting that multiple treatments with the 

aptamer may be required to induce substantial protein level changes. Contrary to 

prediction, the single aptamer treatment in the SNc for pAsyn showed pronounced 

elevations in pAsyn. This particular Western blot analysis was repeated on 4 separate 

occasions using the same tissue samples. As such, this outcome could not be attributed to 

a spurious finding related to the procedure involved. The possibility exists that this 

finding reflected tissue contamination, although it would be difficult to reconcile why this 

effect was exclusive to the SNc. Likewise, it could be argued that the increase reflected a 

compensatory response elicited by an acute challenge, but once more it would be 

necessary to explain why this action was only present in this single brain region.   
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Chapter 5: General Discussion 
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Parkinson's disease has been considered an incurable condition that progresses 

over the course of several decades, but observable symptoms may not be apparent for 

several years. In the main, PD symptoms can be diminished by l-DOPA therapy, although 

its effectiveness diminishes over time, so that within about five years, motor 

complications reappear [95,96]. Accordingly, alternative strategies have been sought to 

attenuate symptoms and hopefully to do so for extended times. Similarly, with other 

treatments, a common theme emerged of worsening motor complications following 

multiple years of drug therapy [119–123]. In the present investigation, it was possible to 

visualize the asyn binding aptamer in cells and it was demonstrated in vitro that the asyn 

aptamer did not promote cell death. Furthermore, the aptamer had positive effects in 

reducing features of PD in a mouse model without apparent immediate adverse effects. 

After repeated treatments, this novel asyn binding aptamer could reduce levels of pAsyn 

and oligomer asyn (Syn33) in several brain regions. As mentioned previously, Lewy 

bodies  and Lewy neurites are primarily composed of asyn exhibiting pSer129 post-

translational modifications [84,124,125]. This specific modification enhances aggregate 

formation and reduces degradation [126], whereas its absence increases motor 

functionality and minimizes aggregate species formation [127]. Thus, the data of the 

present investigation are consistent with the perspective that the levels of toxic asyn 

protein may contribute to Parkinsonian symptoms. It remains to be established whether 

this treatment might also be efficacious in diminishing both motor and non-motor 

symptoms, whether it could be effective in altering the course of the disorder, and 

whether tolerance would develop with repeated use. 
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As much as these findings may facilitate the understanding of mechanisms 

underlying this neurodegenerative disease, particularly the involvement of the toxic 

protein asyn, it is undoubtedly necessary to examine in much greater detail the 

behavioural changes that accompany the molecular variations apparent in transgenic 

mice. Moreover, it will be essential to evaluate prospectively the long-term benefits of 

this treatment. Should positive protracted actions be apparent without adverse effects 

emerging, it might ultimately allow for evaluation of whether the outcomes in mice 

translate to positive actions in humans. 

Despite the potential of aptamers in the treatment of several disorders, this 

biotechnology has not been widely used. In 2004, the FDA approved pegaptanib sodium, 

“Macugen”, as the first major breakthrough for the clinical use of aptamers [128]. There 

were indications that Macugen, a vascular endothelial growth factor (VEGF)-binding 

aptamer, could be used for the treatment of age-related macular degeneration, the leading 

cause of blindness in people over the age of 50 and has also been shown to promote 

visual stability in some patients [129]. In addition, there have been indications that an 

aptamer approach, much like antibody-based manipulations, could potentially be used in 

cancer immunotherapy [102].  

Aptamers are far more appealing than antibodies because of several inherent 

advantages they possess [130–134]. First, aptamers are selected and synthesized via an in 

vitro process, allowing for a broader range of targets under modifiable conditions. This 

contrasts with antibodies that are created in vivo through much more expensive and 

complicated procedures involving live animals where their immune system dictates 

where the antibody interacts. Second, aptamer synthesis reproducibility, limited batch-to-
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batch variation, and cost-effective procedures, make aptamers more desirable. 

Furthermore, the comparative ease of chemical modifications and functionalization 

variety allows aptamers to be subjected to a greater range of temperature, ionic, and pH 

environments without being limited to physiological conditions like that of antibodies. 

Next, aptamers can undergo reversible thermal denaturing and return to their native 

conformation, allowing for increased stability for extended periods of time. 

Comparatively, antibodies have a substantially shorter shelf life and often undergo 

irreversible thermal denaturing when exposed to increased temperature. Finally, aptamers 

can adopt multiple secondary conformations that contribute to their specific target 

binding abilities. Conformational adaptations before and after aptamer-target interactions 

allow aptamers to differentiate between targets and molecules with similar structures 

without sacrificing their high binding affinity. Due to these unique advantages, aptamers 

can be utilized as an effective alternative to antibodies in various applications in the areas 

of drug delivery [135], molecular therapeutics [136], and aptasensor development. 

Earlier research attempted to use a similar aptamer approach to develop new 

diagnostic and therapeutic tools [137]. In particular, this approach was similar to that 

used by our team to select aptamers for monomeric asyn that could effectively reduce in 

vitro asyn aggregation and target asyn to lysosomal degradation [100,138,139]. This 

procedure by Zheng et al., comprised the design and creation of two different asyn 

aptamers, F5R1 and F5R2, with respective dissociation constant (KD) values of 2.40 nM 

and 3.07 nM [138]. The dissociation constant is a measure of a target concentration in 

which 50% of aptamers present are bound with the target in an aptamer-target complex 

[140,141], suggesting that these particular aptamer sequences can readily bind to asyn 
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monomers and oligomers [138]. Although this may intuitively seem beneficial, in reality, 

this is problematic since asyn has normal physiological functions. Thus, having the 

ability to bind to asyn even at low levels might not mimic pathological conditions of PD 

and could have unintended negative consequences when binding at normal physiological 

levels of asyn (e.g., by disrupting vesicle release and packaging). 

In contrast, the dissociation constant of our asyn binding aptamer was much 

higher KD= 70 nM, suggesting that it binds less readily to asyn than the aptamers 

described earlier [138]. A further advantage of the current procedure stems from the 

selection process and the design of the asyn aptamer to bind to asyn monomers and 

prevent fibril formations. In addition, several in vitro studies conducted by our 

collaborators confirmed the specificity and dissociation constants (KD) of this aptamer 

when incubated with similar targets to that of asyn (α-synuclein A53T mutant, α-

synuclein fibril, β-synuclein, and γ-synuclein) (See Appendix A).  

It is important to consider the potential of this unique delivery system in crossing 

the BBB that consists of endothelial cells that line cerebral capillaries. These cells are 

fundamental in maintaining the internal microenvironment of the brain and serve as strict 

regulators of what foreign species can pass through the BBB [142,143]. The large surface 

area of the brain provides numerous potential exchange sites. This may occur at sites 

where the barriers are relatively limited, including around the ventricles (e.g., 

circumventricular organs, such as the organum vasculosum of the lamina terminalis), the 

median eminence, and the area postrema. As well, both toxins and immune triggers can 

disrupt BBB functioning, thereby diminishing the integrity of the physical barrier. At the 

same time, the selective permeability of the BBB poses a significant challenge when 



	 117	

designing therapeutic interventions for brain illnesses since access to the central nervous 

system is limited [142,143]. There are several routes of entry into the brain through the 

BBB, including the transcellular pathway directly through the plasma membrane of 

endothelial cells and the paracellular pathway through channels of adjacent endothelial 

cells [142,143]. The transcellular pathway employs various modes of diffusion, active 

transport, and transcytosis to increase the uptake of substances into the brain [142,143]. A 

variety of different carrier- and receptor-mediated transport systems exist through 

endothelial cells, resulting in the interest and exploitation of the transferrin receptor to 

gain access across the BBB [117]. 

The primary function of transferrin receptors is to mediate the endocytosis of iron 

into endothelial cells by coupling iron and transferrin [144]. These receptors are present 

throughout the body; however, the most abundant location of transferrin receptors is 

along endothelial cells [145]. The fact that transferrin receptors are accessible from the 

bloodstream has highlighted transferrin receptors as a therapeutic access point for drug 

delivery. Specifically, DNA and RNA aptamers have been applied as novel delivery 

approaches [117,118,144]. The initial DNA and RNA mouse transferrin receptor 

aptamers (TRA) were generated as a way to examine the endocytosis of lysosomal 

enzymes conjugated with TRA across the BBB [118]. DNA aptamers exhibited greater 

stability in these in vitro investigations relative to the RNA transferrin receptor aptamer 

[118]. Furthermore, the designed TRA was non-competitive with transferrin-iron 

complexes, possessed a binding affinity of 0.25 μM, and suggested that TRAs could 

provide a uniquely effective avenue for transcytosis delivery [118]. 
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Within the field of nanomedicine, liposomes have been used as drug carriers for 

decades and remains appealing due to their multiple properties as drug delivery vehicles 

[146–149]. Liposomes are made of multiple phospholipid structures, are ampiphilic, and 

create an enclosed sphere with two distinct regions when immersed in aqueous solutions 

[147,148]. The polar phosphate head from groups of phospholipids orient themselves to 

minimize unfavourable thermodynamic interactions with the solvent, resulting in a 

hydrophilic core and a lipophilic bilayer that are stabilized through the hydrophobic 

effect and corresponding van der Waals interactions among its acyl chains. The asyn 

binding aptamer used in the present investigation was encapsulated in a 20-100 nm 

liposome and due to its small size was able to penetrate the transferrin receptors. 

The asyn aptamer not only demonstrated promising therapeutic potential but 

could potentially serve as an "aptasensor" for diagnostic purposes. As mentioned earlier, 

a significant challenge associated with PD is that there is already 60% dopamine neuron 

loss and 80% dopamine depletion in the SNc at the time of diagnosis [11,27]. As such, 

having a diagnostic tool able to detect elevated asyn levels far earlier could be a game-

changer for early diagnosis and hence disease intervention. Aptasensors function by 

exploiting aptamers as biorecognition elements to analyze the specific binding event 

between a target and its selected aptamer. There are several advantages of aptasensors, 

such as their ability for specific and reproducible detection, continuous data collection, 

rapid response time, low cost, and ease of experimental preparation, making them 

inherently attractive for a wide range of experimental procedures [150]. 

This would certainly require research investments; however, it would be relatively 

inexpensive and straightforward to print the asyn binding aptamer onto a nitrocellulose 
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membrane using a Bio dot system. The plasma from animals or patients could be applied 

to nitrocellulose membrane, which would produce a colour change, indicating whether 

elevated levels of asyn are present in the blood sample. This method of printing an 

aptamer onto a nitrocellulose membrane exploits similar mechanisms as pregnancy tests. 

By developing an asyn aptasensor, an individual showing elevated levels of asyn would 

be further assessed and monitored for the appearance of other motor and non-motor 

symptoms related to PD. Of course, this begs the question as to whether early detection 

of elevated asyn would translate into actionable methods to prevent the development of 

this neurodegenerative disorder.  

 

Limitations of the present investigation 

As much as the data of the present investigation were promising, the number of 

brain samples assessed was relatively small, and further studies with more samples are 

clearly called for. Additionally, there was no a priori reason to believe that the findings 

in males and females would be comparable. In fact however, within animal models of 

other neurodegenerative disorders, such as Alzheimer’s disease, very marked sex 

differences were reported [151]. Of course, this does not imply that this would be the 

case for Parkinson's disease, but it is known that the disorder occurs more often in males 

than females, making it that much more important to consider this variable in developing 

treatment strategies.  

In the present investigation, limited attention was devoted to the behavioural changes 

that accompanied this model of Parkinson's disease and the effects of the aptamer in 

ameliorating these symptoms. As the disease is typically diagnosed based on behavioural 
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signs, it is essential for more detailed analyses to be conducted to more closely 

approximate the diverse behavioural features evident in humans. In considering the 

usefulness of animal models, it was also suggested that it is necessary to document 

whether treatments that are effective in humans are also effective in an animal model and 

ascertain whether treatments that are ineffective in humans are equally ineffective in 

animals [152]. In the case of the transgenic model used in the present investigation, it is 

uncertain whether its validity meets these fundamental requirements. The model was 

selected based on earlier studies that had pointed to the parallel to human 

pathophysiology that focused on elevated asyn underlying PD [74,115,127,153], but this 

may not map on nicely to the behavioural profile that accompanies these biological 

disturbances. As a result, it is still necessary to determine the validity of this model more 

extensively, and it would be profitable to assess the effectiveness of the aptamer in other 

PD models.  

Unfortunately, this investigation was also unable to accurately develop a dose-

response for the asyn aptamer. Given that all in vivo experiments had the aptamer 

administered interperitoneally, it was difficult to determine the exact dose of asyn 

aptamer that crossed the BBB and the amount that remained in the periphery. 

Furthermore, it is possible that the amount of aptamer that had been loaded into each 

liposome varied somewhat, but there was no way of this being determined. This said, this 

variation would most likely be relatively insignificant in relation to its effects on brain 

functioning. Relatedly, all mice, irrespective of their weight received a constant dose of 

the aptamer. The possibility exists that in leaner animals, the amount of asyn aptamer that 
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reached the brain could differ from that of heavier animals. This possibility cannot be 

excluded and could be a source of within-group variance.3  

Now that it has been confirmed that systemic administration of the asyn aptamer 

reaches the central nervous system, an appropriate next step may be to develop a dose-

response curve based on intercranial injections to determine the amount of aptamer in the 

brain that would be needed to produce meaningful behavioural changes. Of course, 

treatment in humans would ideally occur through systemic administration. Knowing the 

approximate ratio of systemically administered aptamer and that which appears in the 

brain might provide information that will enable the development of procedures 

appropriate for human trials. This is not to say that the effects in mice are readily 

translatable to humans but nevertheless provide a reasonable starting point.  

 
Parkinson's disease is often accompanied by cognitive disturbances, sleep disorders, 

and gastrointestinal disturbances. Thus, it is possible that an aptamer treatment could 

diminish motor symptoms that accompany Parkinson's disease without necessarily 

influencing the cognitive or neurovegetative features that so often accompany the 

disorder [154–156]. Accordingly, it would be advantageous to assess some of these non-

motor disturbances and whether they are altered, preferably improved, following 

administration of the asyn aptamer. Nevertheless, even if the effects of the asyn aptamer 

were restricted to modifying motor symptoms, this would be highly advantageous and 

most certainly would enhance the quality of life among patients.  

 
3 The conditions under which these experiments were conducted were admittedly not ideal. Owing to 
ongoing construction issues within the laboratories, testing different animal cohorts in varied locations was 
necessary. On the surface, this might seem trivial, but it is known that even subtle changes within 
laboratory environments can profoundly influence behavioural outcomes within strains of inbred mice 
[157]. 
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Summary and conclusions 
 
 The underpinnings of Parkinson’s disease are fairly well established and methods 

have been devised to limit symptoms of the disorder. As tolerance develops to the effects 

of these treatments, alternative therapeutic methods have been sought. The use of 

aptamers to bind to asyn may be an effective alternative to current drug treatments. The 

present investigation demonstrated that systemic administration of an asyn aptamer gains 

access to the brain, where it reduced pAsyn and oligomer asyn following repeated 

treatments. Accordingly, it may represent an early step in developing a treatment strategy 

to diminish symptoms of the disorder and could potentially be used as a diagnostic tool to 

predict the later development of the disorder. Unquestionably, before it can be used in 

either capacity, considerable research is necessary to evaluate the safety, tolerability, and 

efficacy of this approach and whether tolerance would develop with sustained use over 

extended periods of time.   
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APPENDIX A:  
 
 
 

 

Figure 3. 19: Selectivity of ASYN2 aptasensor in the presence of 1 μM of the respective targets. ASYN2 
retained high affinity for monomeric forms of α-synuclein while showing unexpectedly low affinity for the 
A53T mutant variant.   
 
*(Taken directly from SPENCER BOISJOLI (Chemistry Collaborator) MSc Thesis with permission)   
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Supplementary Documents:  
 
 
Approval for AUP # 109155  
Use of Adenovirus to overexpress alpha-synuclein in Parkinson’s Disease cellular 
models. 
(Experiment 1.1 – 1.6) 
 

Carleton University Biohazards Committee 
Approval of New Application 
The Carleton University Biohazards Committee has examined and approved the biohazards 
application. 
As part of the Tri-Council compliance procedures, research projects must be reviewed and 
renewed annually and this process is conducted by the Research Office each year during the 
summer in advance of the August 31st deadline. You will be notified by e-mail in advance of this 
deadline. 
  
Researcher: Shawn Hayley & Matthew Holahan 
Department: Faculty of Science\Neuroscience (Department of) 
University: Carleton University 
Title of Project: Use of Adenovirus to overexpress immune and Parkinson's disease linked 
proteins in cellular models. 
Start Date: August 01, 2018 
Next Renewal Date: August 15, 2019 
Expiry Date: August 01, 2021 
Funding (if applicable): 
Awards File 
No Title Status 

108427 mGluR5 modulation as a neuro-recovery 
strategy for Parkinson's disease Active CORIS 

Awards 
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Approval for AUP # 107929 
Pharmacokinetics of novel alpha-synuclein aptamers in non-transgenic mice 
(Experiment 2.1) 

Carleton University Animal Care Committee 
Ethics Clearance Form: New application 

This is to certify that the Carleton University Animal Care Committee has examined the application for 
ethical clearance. The Committee found the research project to meet the appropriate ethical standards as 
outlined in the CCAC Guide to the Care and Use of Experimental Animals and policies set up by the Tri-
Council, Ethical Review of Research Involving Animals. 

  

Researcher: Matthew Holahan 
Department: Faculty of Science\Neuroscience (Department of) 

Protocol #: 107929 
Title of Project: Pharmacokinetics of novel alpha-synuclein aptamers in non-transgenic mice 
Start Date: October 15, 2017 
Next Renewal Date: October 15, 2018 

Expiry Date: Oct 15, 2018 
Awarded Funding (if applicable): 

Awards File 
No 

Title Status 

102314 
Utilization of aptamers as therapeutic tools to prevent 
protein aggregation in Parkinson's disease 

Completed 
CURO 
Awards 

107734 Pharmokinetic study of alpha synuclein-binding aptamers Submitted 
CURO 
Awards 

 All researchers are governed by the following conditions: 

Annual review form: You are required to submit an Annual Review Form to the Animal Care Committee at 
least one month prior to the expiry date. (This can be completed through the Researcher Portal.) Failure to 
submit the required document will result in the immediate suspension of the project by the Carleton 
University Research Office. Funded projects will have accounts suspended until the report is submitted and 
approved. 

Amendments: Any changes to the project must be submitted to the Animal Care Committee through an 
amendment form, available through the Researcher Portal. All changes must be approved prior to the 
continuance of the research. 

Suspension or termination of approval: Failure to conduct the research in accordance with the principles of the 
CCAC and the Carleton University Animal Care Committee may result in the suspension or termination of 
the research project. 
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Approval for AUP # 103009 
 
(Experiment 3.1 & 3.2) 
 

Carleton University Animal Care Committee 
Ethics Clearance Form: New application 

This is to certify that the Carleton University Animal Care Committee has examined the application for 
ethical clearance. The Committee found the research project to meet the appropriate ethical standards as 
outlined in the CCAC Guide to the Care and Use of Experimental Animals and policies set up by the Tri-
Council, Ethical Review of Research Involving Animals. 

  

Researcher: Matthew Holahan 
Department: Faculty of Arts and Social Sciences\Psychology (Department of) 

Title of Project: Breeding protocol for alpha-synuclein transgenic mice. 
Start Date: May 27, 2015 
Next Renewal Date: May 27, 2016 

Expiry Date: May 27, 2017 
Awarded Funding (if applicable): 

Awards File 
No 

Title Status 

102314 
Utilization of aptamers as therapeutic tools to prevent protein 
aggregation in Parkinson's disease 

Active 
CURO 
Awards 

  

All researchers are governed by the following conditions: 

Annual review form: You are required to submit an Annual Review Form to the Animal Care Committee at 
least one month prior to the expiry date. (This can be completed through the Researcher Portal.) Failure to 
submit the required document will result in the immediate suspension of the project by the Carleton 
University Research Office. Funded projects will have accounts suspended until the report is submitted and 
approved. 

Amendments: Any changes to the project must be submitted to the Animal Care Committee through an 
amendment form, available through the Researcher Portal. All changes must be approved prior to the 
continuance of the research. 

Suspension or termination of approval: Failure to conduct the research in accordance with the principles 
of the CCAC and the Carleton University Animal Care Committee may result in the suspension or 
termination of the research project. 
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Approval for AUP #104390 
 
(Experiment 3.1) 
 

Carleton University Animal Care Committee 
Ethics Clearance Form: New application 

This is to certify that the Carleton University Animal Care Committee has examined the application for 
ethical clearance. The Committee found the research project to meet the appropriate ethical standards as 
outlined in the CCAC Guide to the Care and Use of Experimental Animals and policies set up by the Tri-
Council, Ethical Review of Research Involving Animals. 

  

Researcher: Matthew Holahan 
Department: Faculty of Science\Neuroscience (Department of) 

Protocol #: 104390 
Title of Project: Longitudinal behavioral and neuropathological assessment of transgenic alpha-synuclein 
mice 
Start Date: April 29, 2016 
Next Renewal Date: April 15, 2017 

Expiry Date: April 27, 2018 
Awarded Funding (if applicable): 

Awards File 
No 

Title Status 

102314 
Utilization of aptamers as therapeutic tools to prevent protein 
aggregation in Parkinson's disease 

Active 
CURO 
Awards 

  

All researchers are governed by the following conditions: 

Annual review form: You are required to submit an Annual Review Form to the Animal Care Committee at 
least one month prior to the expiry date. (This can be completed through the Researcher Portal.) Failure to 
submit the required document will result in the immediate suspension of the project by the Carleton 
University Research Office. Funded projects will have accounts suspended until the report is submitted and 
approved. 

Amendments: Any changes to the project must be submitted to the Animal Care Committee through an 
amendment form, available through the Researcher Portal. All changes must be approved prior to the 
continuance of the research. 

Suspension or termination of approval: Failure to conduct the research in accordance with the principles of the 
CCAC and the Carleton University Animal Care Committee may result in the suspension or termination of 
the research project. 
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Approval for AUP # 112227 
 
(Experiment 3.2) 
 

Carleton University Animal Care Committee 
Ethics Clearance Form: New application 

This is to certify that the Carleton University Animal Care Committee has examined the application for 
ethical clearance. The Committee found the research project to meet the appropriate ethical standards as 
outlined in the CCAC Guide to the Care and Use of Experimental Animals and policies set up by the Tri-
Council, Ethical Review of Research Involving Animals.  

Researcher: Matthew Holahan 
Department: Faculty of Science\Neuroscience (Department of) 

Protocol #: 112227 
Title of Project: Using Asyn Binding Aptamer in 5 month old mice to assess changes in asyn protein following 
treatment 
Start Date: March 02, 2020 
Next Renewal Date: September 15, 2020 

Expiry Date: August 31, 2020 
Awarded Funding (if applicable): 

Awards File 
No 

Title Status 

109555 
Utilization of a DNA aptamer to assess the in vitro and in vivo 
aggregation properties of alpha-synuclein. 

Active 
A. CORIS 
Awards 

  

All researchers are governed by the following conditions: 

Annual review form: You are required to submit an Annual Review Form to the Animal Care Committee at 
least one month prior to the expiry date. (This can be completed through the Researcher Portal.) Failure to 
submit the required document will result in the immediate suspension of the project by the Carleton 
University Research Office. Funded projects will have accounts suspended until the report is submitted and 
approved. 

Amendments: Any changes to the project, including additional animals from those approved, must be 
submitted to the Animal Care Committee through an amendment form, available through the Researcher 
Portal. All changes must be approved prior to the continuance of the research. 

Suspension or termination of approval: Failure to conduct the research in accordance with the principles of the 
CCAC and the Carleton University Animal Care Committee may result in the suspension or termination of 
the research project. 
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