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Summary  
 

Parkinson`s disease (PD) is the most common movement disorder that mainly affects the 

elderly population, featured by several typical motor symptoms due to degeneration of 

the midbrain neurons and subnormal level of dopamine in the striatum. The role of 

ageing in neurodegenerative diseases has greatly acknowledged in the last decades, 

whereas, it remains elusive how ageing contributes to the development of these 

diseases. In particular, a general mechanistic understanding of the relationship between 

ageing and PD is yet to be defined.  

The α-synuclein protein is the main culprit in PD since one of the main pathology 

hallmark found in PD brains, the so-called Lewy bodies or Lewy neurites, are primarily 

consisted of aggregated α-synuclein. Physiologically, α-synuclein is a small, soluble 

protein and mainly located at the presynapse. Under pathological conditions, α-synuclein 

adopts an alternative β-sheets enriched conformation and further form into larger and 

condensed aggregates. Those aggregates are found in the cell soma as well as in 

proximal dendrites. Misfolded α-synuclein is thought to be a template that recruits 

endogenous α-synuclein to form pathology and spread throughout the nervous system. 

These pathological processes can further induce neuroinflammation, neurotransmission 

failure, oxidative stress and eventually axonal degeneration and cell death.  

Studies have shown that the injection of α-synuclein pre-formed fibrils (PFFs) or other 

pathogenic α-synuclein containing materials into animal brains, also known as “seeding”, 

can trigger a spreading and LBs-like pathology. However, the age-dependent functional 

and morphological consequences of PFFs injection are still not investigated yet.  

To seek for the underlying causes of PD pathogenesis and progression, I focus my study 

on the impact of age upon α-synuclein spreading, dopaminergic neurotransmission and 

neuroinflammation with two types of seeding models. The first model is mice injected 

with PFFs into the midbrain. I found that the electrically evoked ex vivo striatal dopamine 

release was significantly decreased in adult mice (5-month-old) after 2 months of PFFs 
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inoculation, but not before. While the dopamine release in young mice (2-month-old) 

was not affected at each detected time point. To understand why dopamine release was 

remarkably decreased in older mice, I firstly quantified the number of dopaminergic 

neurons in the SNpc. Stereological quantification revealed that the number of neuronal 

cells was not reduced. It suggests that the injection of PFFs into the SNpc rather affects 

the striatal dopamine release in the adult mice without loss of dopaminergic neurons.  

To understand if the injection of PFFs affects the young and adult mice differently, I 

further analyzed the distribution pattern of α-synuclein aggregates in both SNpc and 

striatum of each age group. I found that young mice developed a much higher amount of 

aggregates in the SNpc compared to adult mice. Interestingly, the spreading of pathology 

from SNpc to striatum was significantly lower in the young mice compared to the adult 

mice. This suggests that the young mice are probably more efficient in converting 

misfolded α-synuclein into highly condensed aggregates in the midbrain with lower 

spreading potency, which restricts its propagation into the striatum. 

To understand if the dopaminergic terminals in the striatum are affected by PFFs 

injection in SNpc, I quantified the volume covered by dopaminergic terminals in the 

striatum of each age group. I found that dopaminergic innervation tended to be 

decreased in the mice without evident alteration of dopamine release. While 

surprisingly, I did not observe a terminal reduction in adult mice with impaired dopamine 

release. To better understand the terminal alteration, I then analyzed the cumulative 

frequency distribution of the size of these terminals. Results showed that decreased 

dopaminergic innervation coincided with an increased proportion of smaller sized 

terminals. It suggests that the large terminals seem susceptible to the pathology and as 

compensation, new small terminals might be formed to preserve the normal function of 

dopamine release. 

Considering that neuroinflammation might interfere with the alteration of dopaminergic 

terminals differently in young and adult mice, I further analyzed the volume covered by 

microglia in both SNpc and striatum of each age group. Results showed that the young 
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mice kept a higher microglial coverage in both SNpc and striatum consistently from 1 to 2 

months after PFFs injection. However, the adult mice displayed a slightly increased 

microglial activation after 1 month but lost this property after 2 months of injection. 

Intriguingly, the observed age-dependent microglial activity coincided with the alteration 

of dopaminergic terminals and distribution pattern of the aggregates. 

To further understand the role of microglia in α-synuclein pathology spreading, I applied 

another seeding model that displaying a more prominent spreading feature. After the 

injection of PFFs into dorsal striatum, mice were treated with a CSF1R inhibitor PLX5622 

to eliminate microglia from the brain globally. After microglia depletion, α-synuclein 

pathology in the cortex was significantly enhanced compared to the control mice, which 

highlights the importance of microglia in the progression of α-synuclein pathology. To 

explore the potential mechanisms of microglia affecting α-synuclein spreading, I injected 

PFFs into the dorsal striatum of Trem2 KO mice. Trem2 plays an important role in the 

proliferation and phagocytic activity of microglia. Similar to the PLX5622 treatment, 

knock-out of Trem2 also led to a significantly higher amount of α-synuclein aggregates in 

the cortex. Taken together, it suggests an intriguing role of microglia in the spreading of 

α-synuclein pathology, probably through a Trem2 dependent manner. 

In conclusion, the results of my current study provide new insights into the impact of 

ageing on α-synuclein spreading, dopaminergic neurotransmission and microglial 

activation that are linked to the progression of PD. Compared to the adult mice, in the 

brains of young mice the enhanced formation of aggregates, which reduces the diffusion 

of the seeding contents, seems to be more efficient and the further pathological 

propagation is restricted. The preserved striatal dopamine release in the young mice may 

be attributed to the enhanced microglial activation, probably through terminals pruning. 

Besides, loss of Trem2 in microglia significantly affects α-synuclein spreading, which 

supports the notion that microglia phagocytic capability is a critical factor in the 

pathophysiology of PD. 
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1. Introduction 

1.1  Neurodegenerative diseases 

Neurodegenerative diseases are chronic disorders characterized by progressive 

degeneration (or termed loss) of specific neuronal cell types in selective and distinct 

brain regions. The gradual loss of neurons alters the structure as well as the function of 

the brain. Pathological hallmarks of these diseases are defined by abnormal formation of 

protein-based aggregates. However, the constitution of such aggregates changes within 

these heterogeneous group of disorders, such as Alzheimer`s disease (AD), Parkinson`s 

disease (PD), amyotrophic lateral sclerosis (ALS), and up to date, none of these diseases 

is curable [1]. Among many factors, ageing is considered to be the most important risk 

factor [2]. However, the ageing population keeps increasing rapidly during the past 

decades owing to the improvement of the living quality, lifespan, the well-developed 

hygiene and medical care system, which prominently increase the prevalence of these 

age-dependent diseases. Nowadays, the clinical intervention is always limited due to the 

lack of efficient diagnostic tools, and the long term treatment also brings a high financial 

burden for the family and society as well as emotional stress on patients themselves. 

Therefore, it is of great importance to improve the diagnostic options and seek effective 

treatments, but more importantly, to understand the causes and mechanisms underlying 

each disease. 

The onset of the neurodegenerative diseases is mostly sporadic, with only a small 

portion linking to a genetic aetiology. Both sporadic and familial cases present diverse 

forms of cognitive decline or behavioural changes, while at the pathological level, they 

share many features in common. Firstly, neuronal loss and dysfunction are chronic and 

progressive and usually associated with specific abnormal protein aggregations. 

Secondly, these diseases start to develop before the onset of clinical symptoms, affecting 

distinctive vulnerable brain regions [3]. At the molecular level, the disease-related 

proteins are associated with the pathological hallmarks according to different disease 

types as summarized in Table 1 [3-5]. 
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     Table 1. A brief overview of representative neurodegenerative diseases.    

Disease Key 
protein(s) 

Main  
pathology 

Affected  
region(s) 

Related 
gene(s) 

Alzheimer`s 
disease 

β-amyloid 
Tau 

Amyloid plaques 
Neurofibrillary 
tangles (NFTs) 

Frontal lobes 
Basal forebrain 
Olfactory bulb 
Locus coeruleus 
 

APP 
PS1 
PS2 

Parkinson`s 
disease 

α-synuclein Lewy bodies(LBs) 
Lewy neurites(LNs) 
 

Substantial nigra 
Brainstem 
Striatum 
Amygdala 
Cerebral cortex 
Hippocampus 
 

SNCA 
LRRK2 
GBA 
PARK7 
PRKN 

Multiple 
system atrophy 

α-synuclein Glial cytoplasmic 
inclusions (GCIs) 

Substantial nigra 
Putamen 
Cerebellum 
 

SNCA 

Amyotrophic 
lateral sclerosis 

TDP-43 
FUS 
SOD1 

TDP-43 inclusions 
FUS inclusions 
Hyaline inclusions 

Motor cortex 
Brainstem 
Spinal cord 

TARDBP 
FUS 
SOD1 
 

Creutzfeldt-
Jakob disease 

PrPsc Protease-resistant 
PrPe  

Cerebral cortex 
Thalamus 
Cerebellum 

PRNP 

 

        

1.2  Parkinson`s disease: a common α-synucleinopathy 

1.2.1 Epidemiology and clinical symptoms 

Parkinson`s disease is one of the most common neurodegenerative diseases second to 

Alzheimer`s disease as widely known [6]. The aetiology of PD consists of a mixture of 

factors, such as ageing, genetic risk factors as well as environmental aspects. As an age-

related and chronically progressive disease, PD affects about 1% of all people over 60 

years of age and is more commonly seen in men compared to women, with a male-to-



Introduction 
 

3 
 

female ratio of 1.5 to 1 [7]. And about 90% of the PD cases are sporadic [6]. 

Motor deficits are the consequences of degeneration in the midbrain (Fig.1 A-B). By 

describing in the essay titled “An essay on the shaking palsy” in 1817, James Parkinson is 

the first author who described a series of six patients cases with a particular disorder [8] 

that included the clinical syndromes of bradykinesia (slowness of movement), akinesia 

(difficulty in initiating willed movements), rigidity (increased muscle tone), and tremors 

in hands and jaw. In addition to the motor symptoms, patients also suffer from a large 

spectrum of non-motor syndromes, such as behavioural changes, sensory abnormalities, 

autonomic dysfunction, sleep disturbances and even fatigue [9]. Besides, cognitive 

decline, which ranges from mild deficits to dementia (at end-stage), is another 

prominent non-motor symptom in PD [10]. A great number of patients suffer from 

cognition impairments as the disease develops. According to the autopsy series report, 

80% of PD patients tend to develop dementia 20 years later after diagnosis [11]. Among 

PD patients, the mortality rate is approximately three times higher compared to healthy 

age-matched subjects [12].   

 

1.2.2 Genetic and environmental risk factors 

Genetic factors contribute to the aetiology of the familial PD cases, though take a tiny 

portion among the overall PD patients. As reported in 1997 by Polymeropoulos and co-

workers that mutations in SNCA gene (which encodes α-synuclein protein) were 

identified, suggesting that even a single gene mutant is enough to present PD phenotype 

at the early onset [13]. Similar to SNCA, the locus property of leucine-rich repeat kinase 

2 (LRRK2) is also pleiomorphic and autosomal dominant, and its genetic variants (like 

p.G2019S) are the major causes for the inherited PD cases [14]. The homozygous 

mutations of glucosylceramidase beta (GBA) gene have been primarily reported to cause 

the Gaucher`s disease. However, the heterozygous mutations of GBA are later confirmed 

to highly correlate to developing PD [15]. There are also some autosomal recessive genes 

relating to the early onset of PD, such as mutations in PARK2 (also termed Parkin, which 
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is responsible for nearly 50% recessive cases), PTEN-induced kinase 1 (PINK1), and DJ-1 

[14]. Some other related risks factors of PD, including microtubule-associated protein tau 

(MAPT), cyclin-G-associated kinase (GAK), N-acetyltransferase 2 (NAT2) and 

apolipoprotein E (APOE), have also been identified by genome-wide association study 

(GWAS) or other functional assays [16-19].  

Ageing may be the most significant risk factor for many neurodegenerative diseases like 

PD when the function of multiple organelles is compromised with age. For example, the 

mitochondrial DNA level in the SN neurons gradually decreases with age, which 

contributes to the dysfunction of mitochondria [20]. Declination of proteasome subunit 

expression can cause a deficiency in the proteasome system [21]. The efficacy of 

autophagy is also affected by ageing [22], leading to the uncompleted process of 

degradation and in turn, results in an increased level of protein accumulations. 

Moreover, the oxidative stress becomes even more active with age [23], as the nitration 

of tyrosine residues contribute to the formation of the abnormal α-synuclein protein 

that involves in PD [24]. Besides, environmental factors like long-term exposure to 

pesticides or other chemicals may raise the chance of PD onset. Additionally, a high 

intake of milk and dairy products is also thought to link PD [25]. Other potential risk 

factors are also listed, such as the traumatic brain injury, diabetes, cancer, body-mass 

index (BMI), hypotension, fat and alcohol [26], which indicate the importance to conduct 

a healthy lifestyle including physical exercises.  

 

1.2.3 Pathological hallmarks 

Most of the PD cases are sporadic (also called idiopathic), and the inherited cases are 

less than 10% [16, 27]. For sporadic forms of PD, a critical neuropathological hallmark is 

Lewy bodies (LBs) (Figure 1 C-E), which was first described as inclusion bodies seen in 

paralysis agitans (p.a.) by Fritz Heinrich Lewy in 1912 [28]. The inclusions are sized 5-25 

µm with a dense granular core as well as the radiated filaments halo at the surrounding 

[29]. Such inclusions also occur in the axonal structures in the form of elongated fibrils, 
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called Lewy neurites (LNs), which are highly distributed in brain regions like the striatum 

and amygdala. LNs usually appear at the early stage during the disease progression [30, 

31]. Nowadays, it is already known that these inclusions are primarily composed of 

abnormal aggregates of α-synuclein together with neurofilaments, ubiquitin and other 

proteins [32, 33]. By sharing the similar neuropathology basis of α-synuclein deposits in 

different brain-wide areas, PD, dementia with Lewy bodies (DLB) as well as multiple 

system atrophy (MSA) are generally categorized as α-synucleinopathies [34].  

According to the hypothesis by Braak and co-workers, the development of pathology 

does not follow a random pattern but typically, the inclusions show up along the 

topographical range and are classified as a six-stage progression (Figure 1 F-G). From the 

theory, the aggregated depositions initially appear in the brainstem, olfactory bulb and 

the enteric nervous system, which are the regions that mostly relate to the early onset of 

PD before clinical symptoms [35]. As pathology develops, lesions form in the midbrain 

especially in SNpc and are highly related to the motor deficits. At last, the cortical areas 

are involved at the advanced stage with intracellular α-synuclein inclusions appearing in 

neurites and glial cells [36]. Whereas, from the gastrointestinal (GI) biopsies of PD 

patients, α-synuclein accumulates in the stomach, duodenum and the colon [37, 38], 

which suggests that the pathology probably originates even earlier in the GI tract before 

further spreading to the brain [39, 40] though the accurate pathway remains unclear. 

However, instead of a cause for the neurodegeneration, LBs might occur as a final form 

of the deposits containing cellular damage. Additionally, neuronal degeneration in PD 

can happen before the formation of LBs, and even present in the cells that are not dead 

[41].  
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Figure 1. Brain features of Parkinson`s disease. A, the midbrain from a healthy subject with the 
normal level of pigmentation. B, the midbrain from a PD patient with a remarkable decrease of 
pigmentation in substatntia nigra pars compacta [7]. C-E, the immunostaining of α-synuclein in 
substantial nigra from PD patients [33]. C, α-synuclein positive LBs (long arrows) in the pigmented 
nerve cells and LNs (short arrows), scale bar 20 µm. D, two α-synuclein positive LBs in a 
pigmented nerve cell, scale bar 8 µm. E, an extracellular α-synuclein positive LB, scale bar 4 µm. F-
G, the staging theory of sporadic PD from Braak [35]. dm, dorsal motor nucleus of the 
glossopharyngeal and vagal nerves; co, coeruleus-subcoeruleus complex; sn, substantia nigra; mc, 
anteromedial temporal mesocortex; hc, high order sensory association areas and prefrontal 
fields; fc, first order sensory association areas, premotor areas, primary sensory and motor fields. 

 

1.2.4 Vulnerability of dopaminergic neurons and treatments 

Though the pathology distributes and neurodegeneration appears in different brain 

regions, neurons in the SNpc (substantia nigra pars compacta) are the most vulnerable 

population in PD [42]. Neuronal loss in SNpc can reach a degree of 80% in the patients, 

which causes a dramatically decreased dopamine (DA) level in striatum and results in 

severe motor problems. Usually, neuronal loss in SNpc happens mainly in the 

ventrolateral and the caudal part [43], but the striatal nerve terminals loss seems much 

severer than the cell loss in SNpc [44].  

Though not clearly known, one possible reason for the susceptibility of dopaminergic 

neurons in PD might be that the waste clearance system of these cells is not efficient 

enough. Also, mitochondria activity can be compromised due to the interaction with 

different forms of α-synuclein. As pointed out by Jim Surmeier and collaborators, the 
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most frequent types of cells that are affected by the inclusions, share similar features: 

the long and very branchy axons located plenty of synapses, and the constant calcium 

activity, which is very demanding in ATP production and consumption [45]. These 

features might partially explain the vulnerability of dopaminergic neurons in PD. 

Moreover, dopamine is another critical factor that leads to a specific weakness of 

neurons in SN. The combination of enhanced cytosolic calcium, α-synuclein 

accumulation, dopamine and its metabolites (like 3,4-Dihydroxyphenylacetaldehyde 

(DOPAL)) is toxic to the axonal terminals and dendrites [46, 47], which are lost at the 

early stage even before dopaminergic neuron loss in PD [48]. Pathological processes 

between neurons and other non-neuronal cells also play a vital role as the disease 

progresses. Increased gliosis has been observed in the post mortem brains of PD patients 

[49, 50], suggesting that the population of the microglial cells and astrocytes is 

dramatically increased at the late stage and most of them stay activated. As the immune 

cells in the central nervous system (CNS), these glial cells can either alter the 

morphology or produce inflammation-related cytokines or chemokines to modify the 

physiological processes as a response to the invasion of pathogens [51, 52]. Thus, 

exploring the function of glial cells and the relationship between neurons and non-

neuronal cells is also very necessary to understand the pathogenesis of PD. 

For quite a long time, neuroscientists thought that dopamine only acted as a metabolic 

precursor of norepinephrine in the brain [53]. It was until several years later that 

dopamine was identified as an essential neurotransmitter (which is awarded the 2000 

Nobel Prize in Medicine) in the CNS according to the studies in 1957-1958 by Carlsson 

and co-workers [54, 55]. Later on, it was further reported in 1959 by his students Ake 

Bertler and Evald Rosengren that the bulk location of dopamine was presented in the 

striatum [56]. Based on this research, dopamine was later found to dramatically 

decrease in the caudate and putamen in the post-mortem brains of PD patients by Oleh 

Hornykiewicz and Herbert Ehringer [57, 58]. Then the therapeutic application of the 

dopamine precursor L-dihydroxy-phenylalanine (L-DOPA) started to develop in 1967. 
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Orally administration of high-dose L-DOPA in the clinical trial by George Cotzias [59] 

received wide attention, which is still used as an effective treatment at the early phase of 

PD today [60]. L-DOPA can cross the blood-brain barrier (BBB), though the cross rate is 

around 1% via orally delivery [61], it can still enhance the DA synthesis in the living 

dopaminergic neurons of the midbrain. But for long-term use, most patients suffer from 

several side effects, such as dyskinesia, which affect their life quality. There are also 

other therapies for improving the movement deficits in case of the resistance to 

pharmacological treatments. The deep brain stimulation (DBS) uses thin metal 

electrodes implantation in specific brain regions is able to alleviate some severe deficits 

of movement performance, which began from the 1980s and was approved by the Food 

and Drug Administration of U.S. in 2002. But DBS is still a very tricky tool since the 

structure and function in the neuronal network are complicated and there are also 

potential side effects of surgeries [62], especially on immunocompromised patients.  

As newly reported, trials of therapy driven by viral vectors also shed light on PD 

treatment. For example, delivered by adeno-associated virus (AAV), glial cell line-derived 

neurotrophic factor (GDNF) or NRTN (neuturin, from the same family of GDNF) are 

driven by different promotors and overexpressed in the brain. These trials show 

beneficial effects in PD models either on the nigrostriatal system function or the 

behavioural performance [63-65]. Furthermore, the therapeutic trials that are targeting 

the protein aggregation process and the transportation of α-synuclein at the cellular 

level have been put on the stage as well [66]. 

 

1.2.5 Experimental animal models of PD 

Animal models mimicking the diseases are the vital necessary and best tool to 

investigate the mechanism of disease pathogenesis and potential treatments. The 

currently available animal models either lack of pathological features or behavioural 

deficits, but they can be selected to satisfy the research purposes and answer the 

scientific questions without invalidating the results by its weakness part.  
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The first agent used in experimental rodents for modelling PD is the injection of 6-

hydroxydopamine (6-OHDA) into SNpc, leads to the selective death of dopaminergic 

neurons within 24 hours. But this model fails to develop LBs inclusions chronically and 

sometimes also nonspecifically cause the death of other neuron types [67]. 1-methyl-4-

phenyl-1,2,3,6-tetrahyopyridine (MPTP) is another widely used agent for modelling PD, 

through disrupting the energy system in mitochondria and kills a large number of 

dopaminergic neurons through ATP depletion [12, 29, 68]. However, the effect of MPTP 

is so strong and fast that the neurons die irreversibly within a few days. Meanwhile, the 

lack of LBs pathology—the classical PD hallmark—also limits the application of this toxin-

based model [69, 70]. Similar to the MPTP model, rotenone injection induces neuronal 

degeneration in SNpc. Other phenotypes like the decreased level of tyrosine hydroxylase 

(TH) and dopamine transporter (DAT), LBs inclusions, and motor deficits are also shown 

after rotenone injection [71]. Whereas, the low rate (less than 50%) of successful 

duplication somehow limits its application. 

Apart from agent-induced PD models, genetically modified models are also widely used. 

For example, the expression of mutant and normal α-synuclein in Drosophila [72] 

duplicates the LBs pathology and motor deficits ranging with age. For mutant α-synuclein 

overexpression model controlled by the TH promoter, the neuronal loss phenotype is 

rarely shown in the studies [73, 74]. Under the control of pituitary homeobox3 (Pitx3) 

promoter, mice specifically overexpress α-synuclein A53T in the dopaminergic neurons 

present remarkable neurodegeneration, motor dysfunction and decreased striatal DA 

release [75]. Mutations of LRRK2 or parkin in transgenic models are very limited due to 

the failure either in replicating neurodegeneration or displaying pathological inclusions 

and related behavioural impairments [76, 77]. There are also some transgenic mouse 

models overexpressing wild type human α-synuclein, driven by different promoters such 

as platelet-derived growth factor (PDGF) and Thy-1. These mouse models either display 

cytoplasmic and nuclear inclusions [78] or chronic motor dysfunction and LBs-like lesions 

out of SNpc [79], which are not the typical features of PD.  
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Application of viral vectors mediated overexpression of wild type or mutant α-synuclein 

in SNpc is also used in modelling PD, which displays a progressive cell loss of DA neurons, 

motor deficits, and pathological inclusions in striatal terminals or dendrites [80-82]. 

However, the viability in mice is still a challenge. As reported by several studies during 

the recent past years, a single injection of pre-formed fibrils (PFFs) of α-synuclein [83, 

84] or other materials purified from patient brains [85], can trigger α-synuclein 

aggregation and conduct a cell-to-cell transmission of pathology throughout the brain. 

Besides, LBs pathology, progressive neurodegeneration in SNpc, altered DA level in the 

striatum and significant motor dysfunction have also seen after PFFs inoculation [83]. 

Furthermore, a combined injection of human α-synuclein PFFs and AAVs-mediated 

overexpression of human α-synuclein has also been reported. This model can speed up 

the pathogenic progression with LBs-like pathology, neuronal loss and sustainable 

neuroinflammation [86]. Considering that human PD cases progress gradually and 

chronically, animal models with accelerated pathology might not convey several 

pathological features as presented in human cases.  

However, the viral or α-synuclein fibrils based injection models can avoid the high-cost 

demand of transgenic mouse lines breeding and the time-consuming lines crossing, and 

with the advantage of controlling the pathology spreading and aggregates formation by 

injecting materials specifically in the brain regions of interest [87]. In addition, seeding 

based animal models are very suitable for investigating the physiological mechanism of 

α-synuclein aggregation and spreading, which are the critical processes of disease 

initiation. Well-designed animal models can help to understand the mechanisms 

underlying diseases and the enlarged knowledge of disease pathogenesis, in turn, can 

contribute to the improvement of currently available animal models that getting closer 

to mimic the human condition and refine the test of possible treatments to tackle or 

cure the neurodegenerative diseases. 

 

 



Introduction 
 

11 
 

1.3  The nigrostriatal neurotransmission pathway 

1.3.1 Neurotransmission: from substantial nigra to striatum 

The substantia nigra (SN) is a midbrain structure located in the basal ganglia circuit, 

which consists of two different segments: the SNpc and SNpr (substantia nigra pars 

reticulata). The SNpc is densely packed with dopaminergic neurons, with the presence of 

local interneurons and fibres from afferent areas: subthalamic nucleus (STN), cerebral 

cortex, the superior colliculus, the pedunculopontine nucleus (PPN) [88], medium spiny 

neurons (MSNs) axons from striatal striosomes [89] and from SNpc itself. The SNpr is 

composed of dendrites of DA neurons from the SNpc, and it has a strong structural and 

functional resemblance of the globus pallidus internal segment (GPi). Dopaminergic 

neurons distribute in many regions throughout the CNS. Such as in the densest midbrain 

area, the retina, the olfactory bulb (OB) and the hypothalamus. Except for the SNpc cell 

group, there is another dopaminergic modulatory system in the midbrain. The ventral 

tegmental area (VTA) is close to SNpc, and they are also similar at the functional level. 

VTA projects the dopaminergic axons to the nucleus accumbens (NAc) that locating in 

the ventral striatum, and also innervates brain regions like the frontal cortex and other 

segments in the limbic system [7]. Dopaminergic neurons population in SNpc can 

decrease about 4% per decade during the normal ageing [43], but under disease 

conditions like PD, the decrease is dramatically reaching a 70% rate compared to the 

age-matched healthy subjects [90].  

In dopaminergic neurons, the bio-synthesis of dopamine (Figure 2 A) is directly from 

tyrosine or indirectly from phenylalanine [91]. Briefly, together with other substances, 

tyrosine is converted into L-DOPA by the rate-limiting enzyme TH. After reacting with 

DOPA decarboxylase and pyridoxal phosphate, L-DOPA is further converted to dopamine 

[92]. Then, the “manufactured” dopamine is loaded into the synaptic vesicles through 

the “pick-up” process by vesicular monoamine transporter 2 (VMAT2), which provides an 

acid environment to keep dopamine in stabilization and avoids being oxidized [93]. Upon 

release to the synaptic cleft (or the extracellular space), dopamine can further bind to 
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the post-synaptic dopamine receptors (DRs) to promote or prevent an action potential 

from the postsynaptic neuron. After completing the transmission, dopamine is 

unbounded from the binding and recycled to the presynaptic neurons through the 

uptake process by DAT or monoamine transporters (MATs) locating on the pre-synapses 

[94] [95].  

By binding to different striatal DRs that coupled with G-protein, dopamine exerts its 

facilitation or inhibition effects of signalling cascades via second messenger system to 

activate associated functions in the connected brain regions. Apart from the wide 

expression in the CNS, DRs also express in the peripheral system like in the blood vessels, 

retina, kidney and adrenals [96]. There are at least five subtypes of DRs: D1, D2, D3, D4 

and D5. These dopamine receptors are generally divided into two main classes: the D1-

like family (including D1 and D5) and the D2-like family (including D2, D3 and D4) [97]. In 

the CNS, D1-like receptors mostly distribute in the striatum, NAc, SNpr, OB, amygdala 

and the frontal cortex; the D2-like receptors mainly distribute in the regions like 

striatum, GP (the lateral part), NAc core, VTA, hypothalamus and hippocampus [98]. To 

the global level, the expression of D1 receptor is the most dominant throughout the 

brain. The expression level of D1 and D2 is 10-100 times outweighing the expression of 

D3, D4 and D5 subtypes [99].  

The axonal projections that derive from SNpc neurons to the dorsal striatum are 

considered as nigrostriatal pathway (Figure 2 B-D), which is responsible for the 

movement performance and motivated behaviours since the tract goes through and 

reaches the dorsal domain of the basal ganglia [100]. There are many intrinsic pathways 

involve different brain structures within the basal ganglia. In general, there exist two 

distinct working pathways that process dopamine signals and send axonal collateral from 

the MSNs to the midbrain: the direct pathway and indirect pathway (Figure 2 D), which 

act as counterparts to each other and achieve a balance within basal ganglia circuits. The 

nigrostriatal dopaminergic pathway is an important functional network that modulating 

the direct and indirect pathway.  
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The direct pathway starts from the striatal MSNs that project inhibitory signals to the 

cells in GPi and SNpr. Like a relay, the GPi cells create inhibitory contacts to the thalamus 

cells [101]. When the GPi cells are firing, they inhibit the thalamus function and in this 

way, the thalamus cannot further excite the neocortex circuits. Thus, when the direct 

pathway gets excited, the final reactions after the two inhibitory effects on GPi and 

thalamus is the excitation of the motor cortex, which executes the necessary commands 

for movements [102]. The indirect pathway also starts in the striatum, but from another 

distinct group of cells that can inhibit the globus pallidus external segment (GPe), the 

GPe cells inhibit the activity of STN, which builds excitatory contacts to the GPi cell 

group. Therefore, when exciting the indirect pathway, the final result after these series 

of actions is the suppression of thalamocortical circuits that leads to the inhibition of the 

motor cortex. In a word, when the cortex activates the direct or indirect pathway 

(through cortico-striatal innervations), the results are further excited or being inhibited 

respectively, which emphasize that homeostasis of balance through the neural network 

requires every part of the region to contribute their proper function and regulation. 

Whereas, decreased level of dopamine leads to an imbalance between the direct and 

indirect pathway. The reduced activity in the direct pathway or the increased activity in 

the indirect pathway can result in decreased thalamocortical drive and parkinsonism 

problems [103]. 

The striatum is the main gateway structure of the basal ganglia that receives multiple 

inputs from many brain regions. In the striatum, MSNs population represent almost 95% 

(in rodents) of the total striatal neurons [104]. By projecting gamma-aminobutyric acid 

(GABA) transmitter, MSNs make inhibitory connections to the neighbour nucleus in the 

basal ganglia [105] and receive excitatory inputs from cortex and thalamus at the same 

time. Moreover, MSNs are also modulated by the dopaminergic inputs from the 

midbrain and the local striatal interneurons (GABAergic and cholinergic) [106]. The 

glutamatergic inputs from the cortex (or other areas like hippocampus, amygdala and 

thalamus) usually project onto the head of the dendritic spine of MSNs, and the 
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dopamine inputs from the SN create contacts onto the neck, allowing these inputs 

interact between each other and co-modulate the activity of MSNs [107]. MSNs in the 

dorsal striatum, receives the dopaminergic signal from the SNpc, with the effect of 

modulating the initiation of movements controlling the body, limbs and eyes. While, the 

MSNs in the ventral striatum receive dopamine signal from  VTA  and exert its effects on 

reward, motivation, and reinforcement of associative memories [108]. In the dorsal 

striatum, MSNs are subdivided into two types according to their projection cascades. 

MSNs in the direct pathway (dMSN) express D1 receptor and command the “go” action 

to initiate movements, the other type involved in the indirect pathway (iMSNs) express 

D2 receptor act as the “brake” to suppress movements. However, their projections do 

not completely differ from each other since some of the dMSNs also innervate their 

axons to the GPe or ventral pallidum (VP) [109]. Besides, the dorsal striatum is further 

subdivided into two areas: the dorsolateral and dorsomedial segments. The dorsolateral 

striatum is mainly involved in regulating the habitual behaviours and the dorsomedial 

striatum is more important in the goal-directed performance [110, 111].  

In PD, the nigrostriatal pathway is the target of L-DOPA treatment, which directly boost 

the dopamine concentration. Besides, specific subtypes of DRs are also the targets of 

many other drugs since the functions of DRs and dopamine always go along with each 

other at the same time. The pharmacological interventions used in PD mainly aim to 

repair or enhance the dopamine signalling, which can restore the balance between the 

direct and indirect pathway and finally to alleviate the neurological symptoms of PD. 

Therefore, investigating the mechanism underlying impairments along the nigrostriatal 

pathway is of great importance to understand the pathophysiology of PD. 



Introduction 
 

15 
 

 
Figure 2. The dopamine system in basal ganglia circuits. A, a schematic diagram of dopamine metabolism 

(figure adapted from [112]). 3-OMD, 3-O-methyldopa; COMT, catechol-O-methyl transferase; DDC, DOPA 

decarboxylase; MAO, monoamine oxidase. B, the dopaminergic diffuse modulatory systems arising from the 

substantia nigra and ventral tegmental area, the former projects to the caudate nucleus and putamen 

(striatum), the latter to the limbic and frontal cortices [7]. C, the diagram of representative circuits in the 

mouse basal ganglia [106]. The striatum receives excitatory inputs from cortices and thalamus, the outputs 

in basal ganglia starts from the GPi and SNr directing to the thalamus, superior colliculus and PPN. D, an 

illustration of the direct and indirect pathways through the basal ganglia (figure adapted from [7]).  
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1.3.2 The pre-synaptic protein α-synuclein and dopamine release 
Encoded by the SNCA gene, α-synuclein protein consists of 140 amino acid (aa) residues 

of 14-kDa, and is widely expressed throughout the CNS, especially in the brain regions 

like neocortex, hippocampus, OB, striatum, thalamus and the cerebellum in rodents 

[113]. α-synuclein is firstly isolated from the organ of electric ray (the Torpedo) and 

named according to its presence in the nuclear envelopes and the presynapse [114]. 

Following the discovery of α-synuclein, its homolog synuclein family members β-

synuclein and γ-synuclein have also been identified [115, 116]. Under the normal 

physiological state, α-synuclein is mostly found in the cytoplasm and a slight amount in 

the nucleus, mitochondria and endoplasmic reticulum (ER) [117-119]. 

The amino acid sequence of α-synuclein is divided into 3 domains (Figure 3): the N-

terminal domain (aa 1-95),  the middle NAC (non-amyloid β component) domain (aa 61-

95) and the least conserved C-terminal (aa 96-140) domain [120]. These three domains 

conformations endow the plasticity features to α-synuclein, which allows its binding to 

various ligands (like proteins and lipids) and functioning as chaperones [121]. The N-

terminus is highly conserved and responsible for interacting with membranes. Moreover, 

the N-terminus also contains some mutations linked to PD, such as A53T, A30P, A53E and 

E46K, in addition, G51D and H50Q have also been identified to cluster with this terminal 

domain [13, 122-124]. The central NAC domain is related to the protein aggregation 

[125], which is prone to form α-synuclein filaments and trigger pathology [126, 127]. The 

C-terminus is highly acidic and amphipathic with an almost unfolded conformation [128], 

which is enriched with a compact monomeric structure that is aggregation resistant. It 

has also been reported that the C-terminus collaborates with the N-terminus to protect 

the NAC domain from aggregation [129, 130]. The C-terminus is believed to interact with 

proteins and modulate the binding property of α-synuclein with membranes. Moreover, 

post-translational modification of the C-terminal domain may affect the protein 

interactions. It can induce a tendency to aggregate, the aggregation process can be even 

more rapid than the full-length α-synuclein once the C-terminus is truncated [131-133].  
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Figure 3. Diagram of α-synuclein gene and protein structure. A, the structure of SNCA gene. 
SNCA encodes α-synuclein, locates on chromosome 4q21.3-q22 and extends a domain of 111kb. 
B, the construction of α-synuclein mRNA. SNCA contains seven exons, five of them correspond to 
the coding regions. C, domains structure of the α-synuclein protein. This 140 amino acid 
sequence is divided into three distinct domain structures: the N-terminal is highly conserved and 
amphipathic; the hydrophobic NAC domain locates in the centre and is associated with the 
formation of fibrils; the C-terminal is acidic and mostly stay unfolded, phosphorylation at serine 
129 increases the chance to fibrillation and phosphorylation at tyrosine 125 can prevent 
fibrillation. N-terminal and NAC domain contribute to the membrane binding, the lipid-binding 
domain can be divided into seven 11-mer repeats, mutations that are located in the second and 
fourth stretch link to the disease pathology. (adapted from [134] and [126] ) 
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α-synuclein can form an α-helix conformation when binding to the membranes [135], 

while the in vitro recombinant and purified forms are presented as unfolded native 

proteins [136]. As located mostly at the presynapse, α-synuclein is a very important 

regulatory factor in the presynaptic function by clustering with different components 

(Figure 4). Studies have shown that α-synuclein interacts with proteins that are involved 

in the transportation or fusion of synaptic vesicles (SV). α-synuclein also binds to soluble 

N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complexes to 

maintain the homeostasis of neurotransmitters release [137, 138], which largely 

depends on its regulatory effect on the synaptic vesicle recycling. By interacting with the 

high-curvature membranes, such as the SV, the helix forms of α-synuclein can keep in 

stabilization [139]. According to the previous research, α-synuclein aggregates take part 

in the SNARE complex formation, which leads to the reduction of neurotransmitter 

release and dysfunction in the synapse possibly due to the problems in the docking and 

fusion of vesicles [137]. Whereas, under physiological condition, α-synuclein binds to the 

SNARE protein synaptobrevin 2/vesicle associated membrane protein 2 (Syb2/VAMP2) to 

promote the process of synaptic vesicle fusion [140]. Furthermore, in PD patients, the 

SNARE complex has been observed to change in the brains [141]. 

The dopamine signalling is found to be remarkably affected by α-synuclein through 

different pathways. Physiologically, α-synuclein can bind to DAT, which increases the level 

of DAT on the plasma membrane and facilitates the uptake of dopamine in the 

extracellular compart [142], while mutations of α-synuclein decrease this process [143]. 

Moreover, the α-synuclein-null mice present an impaired DAT function and a decreased 

level of DAT in the striatum [144, 145]. Upon α-synuclein depletion, the turnover of 

striatal dopamine uptake is reduced, the striatal dopamine level drops by about 36% and 

a reduced level of  TH and DAT in the striatum [146], which coincides with the neuronal 

loss in SN [147, 148]. Besides, in the dopamine readily releasing pool, the vesicle refilling 

rate has been upregulated permanently due to the absence of α-synuclein [149]. 

Overexpression of α-synuclein inhibits the activity of VMAT2, which in turn leads to the 
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increased level of cytosolic dopamine that breaks its homeostasis. Whereas, knocking 

down α-synuclein increases the density of VMAT2 on the vesicles [150]. According to a 

recent study, mice expressing mutant α-synuclein suffer from degeneration in SN, and a 

remarkable loss of projecting synapses in the striatum with an elevated dopamine level 

[151, 152]. Moreover, α-synuclein can inhibit dopamine bio-synthesis process by 

suppressing the expression and the activity of TH, probably through a decreased 

phosphorylation effect on TH [153-155]. It has also been reported that with the growing 

of age, the expression of α-synuclein in SN is increased and the TH expression is 

decreased [156]. 

Taken together, dopamine signalling may have a high demand of α-synuclein to function 

as a regulator during neurotransmission, whereas, at the same time also being very 

sensitive to the dysfunction of this protein.  

 
Figure 4. The function of α-synuclein at the synapse and its proposed role in presynaptic vesicle 
cycling regulation under different α-synuclein levels. A, the synaptic function of α-synuclein 
(adapted from [126]). B-D, the proposed role of α-synuclein in presynaptic vesicle cycling 
regulation (adapted from [134]). B, at the physiological level, α-synuclein takes a regulating role in 
different vesicle pools and in modifying vesicle docking and fusion. C, reduced level of α-synuclein 
down-regulates vesicles availability in reserve pool and promotes vesicles to release more. D, 
increased level or mutation of α-synuclein leads to the decreased vesicles release. 
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1.4  The misfolding and propagation of α-synuclein in PD 

1.4.1 Disease-related forms of α-synuclein 

In PD, α-synuclein is the major component of the pathogenic hallmarks LBs and LNs that 

containing the insoluble and fibrillary form of α-synuclein [157]. α-synuclein possesses 

the property to transform into different conformations from the physiological native 

form to the disease-related toxic species (Figure 5). The native monomeric species, 

including the monomer and tetramer (if it exists) [158, 159], help to shield the central 

NAC region from a spontaneous aggregation. The tetramer form has been reported to be 

mediated by the repeats KTKEGV [160], somehow is controversial since other studies 

doubted its existence [161, 162]. In general, the reported toxic species include the 

oligomers, fibrils and more condensed aggregates. 

The aggregation process of α-synuclein has been intensively studied to clarify the 

neuronal loss or dysfunction related to toxic α-synuclein species. In the structure of 

intracellular inclusions, α-synuclein presents as fibrils that are enriched of large β-sheet 

conformation [33]. This formation process consists of many steps that including small 

oligomers, large compact oligomers and the proto-fibrils formation, termed nucleation 

[163, 164]. Following the nucleation, fibrils eventually form through a rapid consumption 

and addition of monomers, which is thought to be the potential mechanism of α-

synuclein pathology spreading [165-167].  

For the toxicity of oligomers or fibrils or other highly condensed conformations of α-

synuclein (Figure 5), it is still debatable upon which conformation is more toxic. Several 

studies support the notion that the oligomers are more toxic.  It has been observed from 

the transgenic mouse models and patients with PD that the level of α-synuclein 

oligomers increases compared to the controls [168]. The soluble oligomers of α-

synuclein are thought to be the dominant toxic conformation in α-synucleinopathies 

though the accurate features need to be further investigated [169, 170]. Before forming 

the fibrils, oligomers can transform into more compact and stable oligomers that are 

resistant to proteinase K, and promote severe oxidative stress [171]. Moreover, PD 
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related mutations of α-synuclein (such as A53T and A30P) in mice increase the formation 

of oligomers instead of the fibrils [165, 170]. The oligomer toxicity also presents on its 

permeability through the cell membranes [172], which can form a pore-like 

conformation allowing the aberrant influx of ions, ultimately leads to the 

neurodegeneration [173]. 

Whereas, some other studies argue that the toxicity of α-synuclein fibrils is 1,000 times 

higher than the oligomers [174]. Early formation of oligomers and an accelerated level of 

α-synuclein fibrils have been observed under the mutations of A53T, A30P and E46K, 

which are related to the early-onset of PD [165, 175]. In α-synuclein PFFs injected mouse 

models, lysosomal fusion and autophagic cargo are impaired, but the formation of the 

autophagosome is not affected [176]. Moreover, striatal injection of PFFs into wild type 

mice can induce an abundant pathology in the cortex, impair the dendritic spine 

plasticity and lead to the cortical dendritic spine loss [177]. Besides, different resources 

or strains of α-synuclein also present different competent in toxicity and the ability to 

seed pathology. For example, α-synuclein materials collected from MSA cases are more 

toxic than that from PD cases in seeding pathology in rodents [178], and the properties 

of purified α-synuclein materials can be different even within MSA patients [179]. Strains 

from different species, such as deriving from human or mouse, can also interfere each 

other in the efficiency of seeding and spreading since they can be mitigated if the 

injected exogenous α-synuclein is not from the same species as expressed in the host 

[180, 181].  

Factors that trigger the abnormal process can be diverse, like oxidative stress induced by 

reactive oxygen species (ROS), has been long thought to be a risk factor in PD 

pathogenesis [182]. The quantity of abnormally oxidized proteins accelerate with age 

[183] and make neurons more susceptible. Oxidatively modified proteins are more prone 

to aggregate [24]. Herbicides and pesticides are other factors that can induce α-synuclein 

misfolding and aggregation, which can damage lysosomes. This further leads to an 

increased level of ROS, which causes mitochondrial dysfunction and failure in autophagy 
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[184-187]. In PD patients, the maturation of autophagosomes is delayed, followed by the 

impairment of the autophagy function [188, 189]. This further alters the mitochondrial 

respiratory chain function, which eventually results in abnormally accumulated ROS, 

unstable calcium homeostasis and apoptosis [190, 191].  

The abnormal α-synuclein can be processed in the cell through degradation within 

autophagy or proteasome systems [192, 193]. Autophagic degradation is determined by 

the activity of lysosomal enzymes. The mutant A53T or A30P of α-synuclein can suppress 

its degradation and prevent other substrates from being loaded into the lysosomes by 

tightly binding to the lysosomal-associated membrane protein 2A (LAMP2A) receptor 

[192]. Interestingly, dopamine can directly modify α-synuclein and further block the 

chaperone-mediated autophagy, which may partially explain the selective vulnerability 

of dopaminergic neurons in PD [194]. When the degradation function is impaired, the 

aberrant proteins can be deposited within the cytosol or released into the extracellular 

milieu through different pathways. The release of aberrant forms of α-synuclein into the 

extracellular space can be further promoted by the dysfunction of clearance [195], which 

contributes to the spreading of α-synuclein pathology throughout the brain. 

Given that α-synuclein plays a crucial role in the progression of PD, treatments targeting 

α-synuclein have been intensively investigated. It has been reported that application of 

small interfering RNA (siRNA) targeting the mRNA of α-synuclein to reduce its synthesis, 

does indeed reduce the level of α-synuclein in the hippocampus and the cortex [196]. 

The aggregation in SNpc is decreased in mice expressing human α-synuclein by an 

injection of siRNA-containing exosomes [197]. Overexpressing lysosomal transcription 

factor EB (TFEB) in rat expressing α-synuclein can promote protein degradation, reduce 

the level of α-synuclein oligomers and prevent lysosomal dysfunction and 

neurodegeneration [198]. Besides, upregulating the expression of lysosomal proteins, 

such as lysosomal integral membrane protein 2 (LIMP2) and ATPase cation transporting 

13A2 (ATP13A2), also accelerates the degradation of α-synuclein [199-201]. Binding and 

stabilizing α-synuclein to the vesicle structures is another treatment trial to reduce its 
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aggregation and misfolding [202]. Other antibodies that are against the C-terminal 

truncated α-synuclein or monoclonal α-synuclein antibodies can prevent protein 

propagation and rescue the motor deficits in the rodent models [203, 204]. However, 

further studies are still needed to understand the α-synuclein pathological process and 

seek for possible treatments for clinical therapy. 

 

 

 Figure 5. Proposed roles of α-synuclein and its disease-related forms in physiological and 
pathological processes. The function of α-synuclein depends on its different forms. At 
physiological level, the monomeric and tetrameric (if exists) forms are thought to be the native 
state of α-synuclein that regulating the fusion and clustering of presynaptic vesicles, participating 
in exocytosis and presynaptic dopamine release, binding to tubulin and enhancing microtubule 
formation. The proposed pathological forms of α-synuclein, like oligomers, protofibrils, ribbons 
and fibrils, are toxic and cause deficits in neurotransmission and microtubule formation to the 
loss-of-function level; to the gain-of-function toxic level, they can cause damage to mitochondria 
and proteostasis process, induce ER stress, neuroinflammation and promote the aggregation of 
other proteins. (adapted from [205]) 
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1.4.2 Spreading: how α-synuclein pathology develops in the brain 

The cellular transmission of α-synuclein was initially described in autopsy tissue from 

two PD patients, LBs pathology was developed in grafted fetal nigral cells more than a 

decade after the transplantation procedure [206, 207]. Followed by the initial discovery, 

the cell to cell pathological α-synuclein transmission was also observed in cell culture 

and the in vivo animal models [208]. The inoculation of exogenous human α-synuclein 

fibrils in the human cell lines and mouse brains can recruit endogenous α-synuclein to 

misfold and aggregate into LBs-like structure [209, 210]. The in vivo studies by Luk et al. 

have reported that a single injection of mouse α-synuclein fibrils into the striatum of 

non-transgenic mice cause LBs-like pathology, remarkable neuronal loss in SN and PD-

like symptoms [83]. Furthermore, fibrils injection into the OB also causes a progressive 

LBs-like pathology [211]. Apart from the direct inoculation in the brain, intramuscular 

injection of α-synuclein materials can cause LBs-like pathology [212], which suggests an 

efficient penetration of α-synuclein species across the BBB [174]. Besides, the 

introduction of human LBs enriched fractions into the macaque monkeys and mouse 

brains can also induce  PD-like pathology [213].  

Pathological α-synuclein has been reported to be transported to the healthy cells 

following a prion-like mechanism. During the transmission process, α-synuclein can be 

released into the extracellular space and taken up by the neighbour cells to contribute to 

its spreading. However, the accurate routes of α-synuclein secretion and uptake are not 

yet completely clarified. From several in vitro studies, PFFs are transported in both the 

anterograde and retrograde directions [210, 214]. α-synuclein oligomers that are 

secreted from the terminals of neuronal cells into the extracellular space can be taken up 

through retrograde axonal transport to the surrounding cells [215]. Among different 

conformations of α-synuclein like oligomers, ribbons and fibrils, the in vivo inoculation of 

oligomers presents the most dominant and efficient effect of spreading [174].  

Several pathways have been reported to participate in the release and uptake of α-

synuclein conformations (Figure 6). For example, the ATP13A2 expression dependent 
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exosomes [216, 217], clathrin- or lymphocyte-activation gene 3 (LAG3)-mediated 

endocytosis [218, 219] and tunneling nanotubes (TNTs)-dependent lysosomal vesicles 

[220].  

Exosomes can be released from cells into the extracellular space. This process helps to 

promote intercellular communication through conveying and sending around specific 

proteins or RNAs [221-223], which is probably involved in the α-synuclein spreading. 

Aberrant α-synuclein that contained in the exosomes is more toxic and easy to be taken 

up by the grafted cells compared to the freely existing α-synuclein oligomers [193, 195, 

224]. At the same time, calcium activity also contributes to the increase of exosomal 

release. According to several in vitro studies, clathrin-mediated endocytosis has been 

found to present in neurons, microglia and oligodendrocytes. Whereas, inhibiting this 

pathway did not help to completely block the entry of α-synuclein [208, 225, 226]. The 

leukocyte immunoglobulin protein LAG3 is located on the surface of neurons, which 

seems to be a specific binding site for α-synuclein since LAG3 helps the fibrillary α-

synuclein enter the cell through clathrin-mediated endocytosis [219]. Considering that 

the endosomes send molecules to lysosomes for degradation, endocytosis of α-synuclein 

oligomers might contribute to the failure of lysosomal degradation as well. Another 

specific endocytosis pathway for taking up α-synuclein is phagocytosis, which is an 

important function of macrophages and microglia. Besides, transport by TNTs is another 

way for the intercellular spread and transfer of α-synuclein [220]. TNTs contain actin that 

is interacting with membrane and form protrusions-like bridges, which can last up to 

hours between cells [227, 228]. The activity of TNTs promotes intercellular 

communication and the exchange of molecules and organelles [229]. Moreover, TNTs 

have been found to exist not only between neurons and between astrocytes themselves 

but also between neurons and astrocytes [230, 231]. It indicates that the usage of TNTs 

for intercellular information exchange is not only exclusively limited within the same cell 

type but also between different cell types [232]. Neurons and glial cells are supposed to 

exchange contents like molecules, exosomes and mitochondria through TNTs [233], 
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which suggests a possibility of α-synuclein pathology spreading among different cell 

types in the CNS. Additionally, the interplay of different proteins may also take part in 

the pathology spreading. For example, the cellular prion protein (PrPc) has been reported 

to help internalize α-synuclein fibrils into the cells by enhancing the activity of 

endocytosis, while less α-synuclein aggregates can be found in mice without PrPc 

expression [234].  

However, there are still many questions that are needed to be addressed to understand 

the mechanisms of the pathological α-synuclein spreading. Among many factors, the role 

of ageing is still not clearly understood in the formation of pathological α-synuclein and 

its consequences in brain function.  

 
Figure 6. Possible modes of cell-to-cell proteins transfer between neurons. In the diagram, there 
are two synapse-connected neurons and one separate neuron. Protein like α-synuclein can be 
released by a small vesicle called exosome (mode 1) as well as the TNTs (mode 2). Exosomes can 
travel across synapses or even further, to promote the protein transfer to other cell types. TNTs 
can also trigger communication between different cell types in a long-distance range. As α-
synuclein presents at presynapse, it is possible to be released and taken up at the synapse (mode 
3) during neurotransmission. Little is known about the possible pathway (mode 4) that proteins 
are released as a secondary effect of synaptic or cellular compromise. (adapted from [235]) 
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1.5  Neuroinflammation in Parkinson`s disease 

1.5.1 Microglia: in rest and activation states 

Microglia are the principal immune cells in the CNS and take a crucial role in brain 

development, maintaining a balance of the neuronal environment, responding to injury 

and contributing to the tissue repair [236]. The first description as microglia was in 1919, 

by a Spanish researcher Pio del Rio-Hortega, who also discovered the other glial cell 

types like astrocytes and oligodendrocytes [237] (Figure 7). In the last two decades, the 

knowledge of microglia functions (Figure 8) has grown exponentially. Microglia originate 

from the primitive yolk sac myeloid progenitors that actively seed the brain parenchyma 

during mid-embryonic development [238, 239]. In the brain parenchyma, microglia take 

a portion of 10-15% out of the total glial population [240] and present heterogeneity in 

the morphology across different brain regions [241]. As immune-like cells, microglia 

become highly mobile once activated [242]. Moreover, microglia can migrate to a focal 

lesion spot [243], secrete different cytokines as immune response and clear away the 

pathogens, dying cells, debris as well as abnormal proteins to maintain the innate 

immune homeostasis environment [244-246]. Microglia can also release neurotrophic 

factors like brain-derived neurotrophic factor (BDNF) and GDNF, which are vital 

molecules for neuronal viability [247].  

Under physiological condition, microglia stay resting and survey for detrimental changes, 

this relatively quiescent mode is maintained by several factors. For example, triggering 

receptor expressed on myeloid cells 2 (Trem2), signal regulatory protein alpha (Sirp 

alpha), the C-X3-C motif chemokine receptor 1 (CX3CR1), colony-stimulating factor 1 

(CSF1R) and cell-surface transmembrane glycoprotein CD200 receptor (CD200R) [248, 

249].  Especially, apart from its strong link in AD, Trem2 is a newly identified risk factor 

for PD, as its rare missense mutation p.R47H does enhance the susceptibility for the 

disease [250]. Trem2 is specifically expressed in microglia, acts as a modulator for 

microglial activation and plays a very important role in microglial phagocytosis function, 

proliferation and survival [251-254]. Suppressing the expression of Trem2 leads to 
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microglia activation shifting from the anti-inflammatory state into a pro-inflammatory 

phenotype [255]. The overexpression of Trem2 in MPTP induced PD mouse model can 

remarkably prevent dopaminergic neuron loss and neuroinflammation [256]. Another 

newly reported study suggested that knock-down of Trem2 increases the α-synuclein 

aggregates induced inflammation and a higher level of neuronal apoptosis in vitro, and 

the knock-out of Trem2 promotes neurodegeneration as well as the microglial 

inflammatory phenotype [257].  

Being activated by different stimuli, microglia can present in different states: the M1 and 

M2 phenotypes. Generally, the M1 phenotype of activated microglia can be induced by 

lipopolysaccharide (LPS) or interferon γ (IFN-γ). The M1 phenotype can produce pro-

inflammatory cytokines like tumour necrosis factor α (TNF-α), interleukin-1β (IL-1β), IL-6 

and IL-12. Besides, cytotoxic molecules like superoxide, NO productions and ROS can also 

be secreted by M1 phenotype, which enhance the pro-inflammatory effects during 

injuries and infections [258-262]. Whereas, M2 phenotype exerts an anti-inflammatory 

and neuroprotective effect [263], by producing IL-4, IL-13, IL-10 and transforming growth 

factor β (TGF-β) to improve tissue repair.  

Microglia activation has been shown in the post-mortem brains of patients with PD as 

early as reported by McGeer et al.[49], since then plenty of studies reported over-

activated microglia, termed microgliosis in PD animal models [264, 265]. In PD brains, 

the long-lasting microglial activation is correlated with increased expression of many 

cytokines including TNF-α, IL-1β, IL-6 and IFN-γ. And these pro-inflammatory factors are 

partially responsible for a progressive degeneration of dopaminergic neurons [266, 267]. 

The application of positron emission tomography (PET) has further been confirmed 

microglial activation in vivo. In brain regions like the midbrain, putamen, pons and cortex 

in patients with PD, DLB and MSA, α-synuclein deposition and neurodegeneration have 

been found to coincide with increased microglial activation [268-271]. The extent of 

microglial activation can be different depending on different disease types. For example, 

the inflammation response is much more widespread in MSA compared to PD cases 
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[272], regions that are affected by microgliosis are different in DLB and AD [273].  

Despite many factors that link to PD pathogenesis, intense attention has been taken to 

the factors of microglia and neuroinflammation, which are supposed to play a regulatory 

role in the progression of disease [274, 275]. Evidences also have shown that the regular 

intake of anti-inflammatory medicines like ibuprofen is associated with a lower risk of PD 

onset [276, 277]. Dopaminergic neurons as the most vulnerable cells population in PD 

are susceptible under the inflammatory condition no matter if in the in vivo animal 

models or in vitro cell culture [278, 279], and the inflammatory response can be induced 

by microglia activation [280]. Besides, the enhanced activity of microglia in SN of early 

PD is in correlation with a loss of dopaminergic terminals and the severity state of the 

disease [269, 281]. Nevertheless, detrimental factors released by the dying dopaminergic 

neurons can promote the activation of microglia and this overreaction, in turn, 

exacerbates the neurodegeneration [282, 283]. However, some studies hold the view 

that removing microglia is beneficial [284]. For example, elimination of microglia by a 

CSF1R inhibitor PLX5622 can block the interaction between microglia and amyloid 

plaques. It increases cognition in AD mice, without changing behaviour and memory 

performance in controls [285].  

Activation of microglia is a complicated process and is specifically dependent on the 

biological substrates. Thus, more detailed studies are still needed to clarify its role in the 

progression of PD. 

 

Figure 7. Del Rio-Hortega`s four types of glia ( from [286]). A, gray matter protoplasmic 
neuroglia. B, white matter fibrous type neuroglia. C, microglia. D, white matter interfascicular glia 
(oligodendrocytes). 
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Figure 8. Main functions of microglia. At rest state, microglia is responsible for surveillance. 
Under the pathological condition, microglia are activated and in the immune state, such as 
phagocytose of apoptotic cells, myelin and axonal debris, and protein aggregates. To the synapse 
level, microglia can take actions in monitoring and pruning. Microglia are also able to interact 
with other cell types in the brain: take part in the neuronal connectivity and function, 
communicate with neural stem cells (NSCs) and neurogenesis, interact with oligodendrocyte for 
myelination and remyelination, as well as contribute to the permeability of BBB and 
vasculogenesis. (adapted from [237]) 

 

1.5.2 Interaction between microglia and α-synuclein in PD 

The morphology of microglia in PD is supposed to be diverse depending on the disease 

conditions and is responsible for different functions (Figure 9). Among many factors that 

induce microglial activation, the interaction between α-synuclein and microglia is 

intriguing and of great importance to understand the disease pathogenesis and 

pathophysiology in PD.  

Activated microglia have been found to be the most abundant when exposed to fibrillary 
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α-synuclein [174]. Extracellular LBs and other α-synuclein immuno-reactive aggregates 

are always accompanied by activated microglia [49]. Injection of α-synuclein monomers 

or oligomers into SN can induce microgliosis, which suggests that α-synuclein can be the 

direct stimuli to activate microglia and cause neuroinflammation [287, 288]. LPS 

injection in the wild type mice and A53T mutation overexpression transgenic mice can 

also induce acute inflammation. Whereas, the long-lasting neuroinflammation only 

displays in the transgenic mice after LPS injection. Meanwhile, the progressive 

degeneration along the nigrostriatal pathway, aggregated α-synuclein and LBs pathology 

have also been seen in this model [289]. Besides, the extracellular α-synuclein, no matter 

aggregated or the soluble form can stimulate the phagocytosis state of microglia [290].  

Though microglial activation has been observed in various animal models related to α-

synuclein toxicity [291-294], the basic mechanism is not completely clear yet. As a vital 

regulatory factor in immune response, depletion of major histocompatibility complex II 

(MHCII) has been reported to suppress microglial activation with reduced 

neurodegeneration [295]. Extracellular α-synuclein is thought to be the endogenous 

agonist for Toll-like receptor 2 (TLR2) to induce the activation of microglia [296]. 

Moreover, α-synuclein oligomers are supposed to bind to the heterodimer TLR1/2 on the 

cellular membrane and induce a myeloid differentiation primary response gene 88 

(MyD88)-dependent pro-inflammatory response [297]. The depletion of TLR4 leads to 

the abnormal clearance activity of microglia in processing recombinant or overexpressed 

α-synuclein both in vivo and in vitro, with an aggressive neuronal degeneration [298, 

299]. It has also been reported that α-synuclein can act as a chemoattractant to enhance 

the migration of microglia [300]. Furthermore, α-synuclein-induced microglial pro-

inflammatory responses might be mediated by microRNA-155 [301]. In PD cases, the 

macrophage marker cluster differentiation 68 (CD68), which is expressed by phagocytic 

microglia, has been found to link to the duration of the disease. Besides, CD68 has a 

remarkable correlation with the expression level of MHCII and α-synuclein deposition in 

SN [302].  
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α-synuclein has been reported to enter microglia by promoting endocytosis activity and 

micropinocytosis, probably through binding to the ganglioside and gangliosidosis 1 

(GM1) dependent lipid rafts [303-305]. TNTs can be another possible way to transfer 

abnormal α-synuclein into microglia. Macrophages have been reported to exchange 

materials with neighbour cells and clear bacterial species through TNTs pathway [306, 

307]. Given that microglia and macrophages are similar at the functional level and TNTs 

exchange pathway exists in the neuron to neuron transfer of α-synuclein, it is possible 

that neurons can transfer α-synuclein to microglia through TNTs activity. According to an 

in vitro study, microglia can take up exosomes that containing α-synuclein through 

micropinocytosis but fail to completely degrade the fibrillary α-synuclein [308]. The 

failure of microglial degradation is usually due to the dysfunction in the lysosomal 

pathway. In both familial and sporadic PD cases, an impaired lysosomal function has 

been observed in the neurons [195, 309]. However, among neurons, microglia and 

astrocytes, microglia exert the most efficient effects on clearing the extracellular α-

synuclein [310]. Besides, the degradation of α-synuclein depends on microglial activation 

phenotype and the conformation of α-synuclein [290, 310], though the clear mechanism 

is not known yet. Thus, the interaction between microglia and α-synuclein is still an 

interesting topic to understand the pathogenesis of PD. 

Considering that the majority population of patients with PD are aged people, 

senescence itself is already a problematic factor regarding the activity of cells. The 

normal ageing is featured with slowly accumulated metabolic elements and slightly 

chronic sterile inflammation with undetectable microorganism pathogen [311, 312]. 

With senescence, microglia suffer from morphology alteration, decreased activity in 

phagocytosis and a slight increase of pro-inflammatory reaction [313, 314]. Their 

morphology in the dystrophic state is featured with de-ramified, spheroid conformation, 

short and twist cytoplasmic as well as fragmented processes [315]. Compared to the 

young mice, microglia isolated from the adult mice present several detrimental features. 

For example, the impaired phagocytosis of exosome-dependent or free-mobile α-
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synuclein oligomers and an enhanced secretion level of pro-inflammatory factors [316]. 

Moreover, the total number of microglia is also decreased with age [317]. The expression 

of MHCII and IL-1 have been reported to increase in the normally senescent microglia 

[318, 319]. Due to its senescence limitation, age-related alterations of microglia are very 

likely to account for a role in the disease progression. Therefore, investigating the 

relationship among pathology spreading, neuroinflammation related microglial 

activation and functional alterations is very important to understand the pathogenesis of 

PD and might also help to establish reliable treatments. 

 

 
Figure 9. Different microglia phenotypes in Parkinson`s diseases. Demonstration and description 
of different microglia phenotypes, morphology and their corresponding functions. In the diagram, 
arrowhead-up symbols mean increase; arrowhead-down symbols mean decrease; bipolar 
arrowhead mean unchanged. (adapted from [320]) 
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2. Hypothesis and aims of the study 
To investigate the fundamental causes of the pathogenesis and progression of PD, I focus 

my study on the spreading of α-synuclein aggregates and its interaction with ageing, 

dopamine neurotransmission and neuroinflammation. Evidence in the literature shows 

dysfunctional striatal dopamine release in both overexpression and knock-out of α-

synuclein animal models [145, 321, 322], but the effect of inoculation of exogenous α-

synuclein along the nigrostriatal dopaminergic signalling pathway is not reported in the 

literature. Experimental seeding models are mainly used for studying pathological α-

synuclein spreading in the brain, but it remains unknown how seeding of α-synuclein in 

the PD-vulnerable region SNpc would affect the dopamine release function in striatum 

over time. Also, there are no studies about how young brains differ from adult brains in 

dealing with acute inoculation of exogenous α-synuclein PFFs, especially when it is 

related to α-synuclein aggregation, spreading and neurotransmission.  

At last, neuroinflammation is another important non-cell-autonomous risk factor in PD 

that I would like to consider in my study. In particular, microglia have been reported to 

be involved in the progression of PD through uncontrolled neuroinflammation [302, 

323]. It has also been shown that microglia can interact with α-synuclein [280], affect 

dopaminergic terminals [269] and change their properties depending on age [318]. The 

effects of detectable inflammation through microglia plasticity at different stages of the 

progression is a topic still under debate, since it can be double-sided [324], either 

protecting the normal physiology of neuronal activity but also drive disease progression 

when uncontrolled.  Therefore, to stress the role of microglia in the pathology spreading 

along nigrostriatal dopaminergic pathway, especially under the impact of age, is an 

interesting and important aspect for a better understanding of PD pathogenesis. 

In the present study, I aim to investigate the striatal dopamine release function following 

the exogenously inoculated α-synuclein PFFs in SNpc, its pathological spreading pattern, 

the alteration of dopaminergic innervation and the dynamic changes of microglia in an 

age-dependent manner. I would like to answer the following questions:  
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- Is the striatal dopamine release impaired after the inoculation of PFFs in SNpc?  

- How α-synuclein aggregates develop and propagate from the midbrain (the injection 

site) to the striatum (projecting site), in young and adult brains respectively? 

- If any, do the dopaminergic physiological dysfunctions precede or follow the 

formation of pathological α-synuclein aggregates?  

- What is the impact of PFFs inoculation on the dopaminergic network in terms of 

neuronal loss and altered innervation? 

- Does the alteration of function and morphology coincide with neuroinflammation 

differently depending on age? 
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3. Methods and materials 

3.1  Animals 

The first mouse line used in this study is TH-IRES-Cre animals characterized by Lindeberg 

and colleagues [325]. Briefly, they are knock-in mice expressing Cre-recombinase from 

the 3'-untranslated region of the endogenous TH gene using an internal ribosomal entry 

sequence (IRES). The resulting Cre expression matches the normal pattern of TH 

expression, while the pattern and level of TH are not altered in the knock-in mice. 

Crossings with two different LacZ reporter mice demonstrated Cre-mediated genomic 

recombination in TH expressing tissues. Besides, LacZ was found in some unexpected cell 

populations (including oocytes), indicating recombination due to transient 

developmental TH expression. Moreover, Trem2 KO mouse line was also used, which was 

generated by Colonna lab [326], a portion of the transmembrane cytoplasmic domains 

encoded by exon 3 and 4 of Trem2 was replaced by a floxed NeoR cassette, which was 

subsequently excised by Cre. The Trem2 mutation was backcrossed to C57BL/6 

until >98% of the loci were derived from the B6 strains; additional backcrossing to B6J 

has been done. Trem2 -/+ mice were intercrossed to generate Trem2 -/- mice. 

Furthermore, C57Bl/6 wild type (Jackson Laboratory, Bar Harbor, ME, USA) mice were 

also used. All animals were housed in groups under pathogen-free conditions and bred 

in the animal housing facility at the German Center of Neurodegenerative Diseases and 

Center for Neuropathology and Prion Research of Ludwig-Maximilians-University 

Munich, with food and water provided ad libitum (21 ± 2 °C, at 12/12 hour light/dark 

cycle). After stereotactic injection, mice were housed separately for surgery recovery. All 

experiments were approved by the Bavarian government (Az 55.2-1-54-2532-214-2016) 

and performed according to the animal protection law. 
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3.2  Genotyping 

All mouse lines were genotyped by regular polymerase chain reaction (PCR) assay. Tissue 

from each mouse was collected for DNA extraction (Invisorb® DNA Tissue HTS 96 Kit/C, 

Stratec molecular). Briefly, tissues were incubated with Lysis Buffer G for overnight under 

52°C with shaking, the supernatant was collected and transferred into collection plate 

after centrifuge, then further incubated with binding buffer A. The filtrated fraction was 

discarded after centrifuge, two times of centrifugation was followed after washing the 

pellet fraction with washing buffer. Finally, DNA extractions were collected by warm 

(52°C) elution buffer. Then, DNA extractions were applied to PCR for identifying 

genotype. Primers details are listed in Table 2. PCR products were further analyzed by gel 

electrophoresis for the final identification.  

 

 Table 2. Mouse lines and primers for genotyping. 

Mouse line Primer sequence (5`-3`) Primer type Positive result 

TH-IRES-Cre GAT ACC TGG CCT GGT CTG forward 290bp + 

430bp + CAC CCT GAC CCA AGC ACT reverse 

CTT TCC TTC CTT TAT TGA GAT reverse 

Trem2 KO CCC TAG GAA TTC CTG GAT TCT CCC forward 231bp - 

316bp + TTA CAC AAG ACT GGA GCC CTG AGG A forward 

TCT GAC CAC AGG TGT TCC CG reverse 

 

3.3  Preparation of α-synuclein PFFs  

The α-synuclein monomers were kindly provided by my previous colleague S. 

Blumenstock. Monomers were produced as previously described [177]. Briefly, the 

recombinant wild type mouse α-synuclein was expressed in BL21 (DE3) E.coli using a 

pRK172 plasmid (kind gift of Kelvin Luk and Virginia Lee, University of Pennsylvania, USA) 

as previously described in other works [327, 328]. Escherichia coli BL21 (DE3) 

(Invitrogen, MA, USA) were transformed with the plasmid and expression was induced 
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with isopropylß-D-thiogalactopyranose (IPTG, Peqlab, Erlangen, Germany). Cells were 

lysed by boiling after heat-inactivation of proteases. After centrifugation, the 

supernatant was filtered through Filtropur S 0.2 filters (Sarstedt, Nümbrecht, Germany), 

loaded on a HiTrap Q HP anion-exchange column (5ml, GE Healthcare, Munich, 

Germany) and eluted with a linear 25 mM to 500 mM NaCl-gradient. Synuclein 

containing fractions were concentrated using VivaSpin 2-columns (Sartorius, Göttingen, 

Germany). Protein concentration was assessed to 5 mg/ml in 50 mM Tris-HCl, pH=7.0. 

After freezing in liquid nitrogen the protein was stored at -80 °C.  

PFFs were assembled from purified α-synuclein monomer (5 mg/ml) by incubation at 

37°C and 1400 rpm for 96 hours and stored at -80 °C [165, 329]. For fluorescent labelling, 

purified α-synuclein monomer (3.75 mg/ml, containing 100 mM NaHCO3) was incubated 

with 0.34 mg/ml Alexa Fluor® 647 NHS Ester (Life Technologies, Darmstadt, Germany) for 

18 hours at 4°C. The remaining free fluorophore was removed from the solution using 

PD-10 Columns (GE Healthcare, PA, USA) according to the manufacturer’s 

recommendations before fibril assembly as described above. Directly before injection, an 

aliquot of PFFs was sonicated four times with a handheld probe (SonoPuls Mini 20, 

MS1.5, Bandelin, Berlin, Germany) according to the following protocol: Amplitude 30%; 

Time 15 s (pulse on 3 s, pulse off 6 s).  

 

3.4  Western blotting 

Before injection, the composition of PFFs resembled from α-synuclein monomers was 

evaluated by Western blot (Fig. 10 B). Samples of α-synuclein PFFs and monomers (0.5 

µg, 1 µg and 2 µg, respectively) were prepared and separated on Mini-PROTEAN® TGX 

Stain-FreeTM gels (Bio-Rad Laboratories, Inc., CA USA). Then they were further transferred 

onto PVDF membranes (Immobilon®-P, Merck Millipore, Darmstadt, Germany). The blots 

were incubated with the primary antibody of mouse monoclonal α-synuclein (1:500, 

Santa Cruz, Dallas, TX USA) and followed by the secondary antibody of goat anti-mouse 

HRP conjugated (1:3000, Promega, Madison, WI USA). The blots were developed using 
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GE ECL reagent mix (GE Healthcare, PA USA). Finally, protein bands were detected by the 

ChemiDocTM MP Imaging System (Bio-Rad Laboratories, Inc., CA USA). 

 

3.5  Stereotactic injection of α-synuclein PFFs 

Two- and five-month-old TH-IRES-Cre mice were anaesthetized with ketamine/xylazine 

(0.13/0.01 mg/g body weight; WDT/Bayer Health Care, Garbsen/Leverkusen, Germany) 

and stereotactically injected with 1 µl (5 µg) of PFFs into the SNpc (coordinates relative 

to the bregma: -3.0 mm anterior, +1.5 mm from the midline, +4.2 mm beneath the dura) 

[330] of the right hemisphere using a 5 µl Hamilton syringe. Injections were performed 

at 100 nl/min with the needle in place after injection for at least 5 min. The left 

hemisphere as the control part was received 1 µl sterile phosphate-buffered saline (PBS). 

To verify the injection coordinates, TH-IRES-Cre mice were also bilaterally injected PFFs 

and sterile PBS mixed with AAV1.CAG.FLEX.tdTomato.WPRE.bGH (AllenInstitute864, titer 

1x1013 vg/ml, dilution 1:10).  

Two-month-old C57BL/6 wild type mice and Trem2 KO mice were anaesthetized as 

above, and stereotactically injected with 5 µl (25 µg) of PFFs into the dorsal striatum 

(coordinates relative to the bregma: +0.2 mm anterior, +2.2 mm from the midline, +2.6 

mm beneath the dura) of the right hemisphere using a 5 µl Hamilton syringe. Injections 

were performed at 400 nl/min with the needle in place after injection for at least 5 min.  

TH-IRES-Cre animals were monitored regularly after the surgery and sacrificed at 

different predetermined time points (1 and 2 months after injection) by cervical 

dislocation and further conducted the detection of evoked dopamine release on brain 

slices by fast-scan cyclic voltammetry; or transcardiac perfused (firstly with cold saline 

and then 4% paraformaldehyde (PFA)) at the indicated time points, brain tissues were 

further post-fixed with 4% PFA.  
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3.6  Fast-scan cyclic voltammetry 

Fast-scan cyclic voltammetry (FSCV) assay was used ex vivo to investigate dopamine 

release evoked by electrical stimulation in corpus callosum and record in dorsolateral 

quadrant of the sliced striatum. Five TH-IRES-Cre mice from each of the experimental 

groups were considered in this analysis, and for each mouse, PBS injected left 

hemisphere was considered as an internal control of the PFFs injected right hemisphere. 

Coronal brain slices (250 μm) containing dorsal striatum from mice were prepared as 

described previously [331, 332]. Slices were kept in oxygenated modified Kreb’s buffer as 

follows (in mM): NaCl 126, KCl 2.5, NaH2PO4 1.2, CaCl2 2.4, MgCl2 1.2, NaHCO3 25, 

glucose 11, HEPES 20, L-ascorbic acid 0.4; at room temperature until required. 

Recordings were made at 32 °C in a chamber perfused at a rate of 1.5 ml/min. Cylindrical 

carbon-fibre microelectrodes (~75 μm exposed fibre) were prepared with T650 fibers (7 

μm diameter, Goodfellow, Huntingdon, England) and inserted into a glass pipette. The 

carbon-fibre electrode was held at −0.4 V, and the potential was ramped to +1.2 V and 

back at 400 V/s every 100 ms. Dopamine release was evoked by a rectangular, electrical 

pulse stimulation (if not specified otherwise: 400 μA, 1.2 ms, monophasic) generated by 

a DS3 Constant Current Stimulator (Digitimer, Hertfordshire, UK). Delivery of electrical 

stimulation was applied every 4 min by a bipolar electrode placed ~100 μm from the 

recording electrode and always within the dorsolateral striatum area. Data collection 

was done using DEMON software [333]. Ten cyclic voltammograms of charging currents 

were recorded as a baseline before stimulation, and the average was subtracted from 

data collected during and after stimulation. Seeded/control part ratio of DA peak 

amplitude responses was obtained from four to eight control-seeded paired recordings 

across the rostral-caudal extent of the dorsolateral striatum and averaged for every 

single mouse. The time constant (τ) of the evoked DA response was used as an index of 

DA uptake. Two to four of the most representative seeded/control pairs were chosen for 

each mouse. 
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3.7  Drug treatment after α-synuclein PFFs injection 

C57BL/6 wild type mice that were injected with preformed fibrils α-synuclein into dorsal 

striatum were further subjected to PLX5622 (formulated at 1200mg/kg in chow) or 

control food pellets treatment three days after surgery, lasted for a consecutive 6 weeks. 

PLX5622, a CSF1R inhibitor, was provided by Plexxikon (Berkeley, CA) and formulated in 

AIN-76A standard food pellet by Research Diets (New Brunswick, NJ), control mice were 

treated with AIN-76A food pellet without PLX5622. Animals were monitored regularly 

after the surgery and sacrificed after 6 weeks of special food treatment, via transcardiac 

perfusion (firstly with cold saline and then 4% PFA) at the indicated time point, brain 

tissues were further post-fixed with 4% PFA.  

 

3.8  Immunohistochenmistry 

Mice were sacrificed by transcardiac perfusion at each time points as mentioned above, 

firstly with PBS followed by 4% PFA (w/v) in deep ketamine/xylazine anaesthesia. Brains 

were removed and post-fixed in PBS containing 4% PFA overnight before cutting 50-μm-

thick coronal sections with a vibratome (VT 1000 S from Leica, Wetzlar, Germany). 

Floating sections were permeabilized with 2% Triton X-100 in PBS overnight at room 

temperature and blocked with 5% normal goat serum (Sigma-Aldrich) and 4% BSA 

(bovine serum albumin, VWR) for 6 h on a shaker at room temperature. Primary 

antibodies (Anti-α-synuclein phospho S129, rabbit polyclonal, Abcam, Cambridge, UK; 

Anti-Tyrosine Hydroxylase, mouse monoclonal, Merck Millipore, Darmstadt, Germany; 

Anti-IBA1, Guinea Pig polyclonal, SYSY, Goettingen, Germany; Anti- α-synuclein Phospho 

(Ser129), mouse monoclonal, Biolegend, San Diego, CA; Anti-IBA1, rabbit, FUJIFILM 

Wako Chemicals, U.S.A) were incubated for 48 h at 4 °C in a 1:500 dilution, according to 

the manufacturer’s recommendations. Slices were washed 3 × 10 min with PBS and then 

incubated with the secondary antibodies (1:500; goat anti-rabbit Alexa Fluor 488, goat 

anti-mouse Alexa Fluor 568, goat anti-guinea pig Alexa Fluor 647, goat anti-mouse Fluor 
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488, goat anti-rabbit Alexa Fluor 647, Invitrogen, Life Technologies GmbH) for overnight 

at 4 °C. After 3 × 10 min washing in PBS, sections were incubated for 1 h with NeuroTrace 

530/615 Red Fluorescent Nissl Stain (1:500, ThermoFisher Scientific) on a shaker at room 

temperature. Sections were finally washed for 3 × 10 min with PBS before mounting 

them on glass coverslips with Dako fluorescence conserving medium (Dako, Hamburg, 

Germany). 
        Table 3. List of primary and secondary antibodies used in IHC. 

Antibody Manufacturer Host species IHC working  

dilution 

α-synuclein Phospho (Ser129) abcam rabbit 1:500 

α-synuclein Phospho (Ser129) Biolegend mouse 1:500 

Tyrosine Hydroxylase Merck Millipore mouse 1:500 

IBA1 SYSY guinea pig 1:500 

IBA1 Wako rabbit 1:500 

Alexa Fluor 488 Invitrogen goat anti-rabbit 1:500 

Alexa Fluor 488 Invitrogen goat anti-mouse 1:500 

Alexa Fluor 568 Invitrogen goat anti-mouse 1:500 

Alexa Fluor 647 Invitrogen goat anti-rabbit 1:500 

Alexa Fluor 647 Invitrogen goat anti-guinea pig 1:500 

 

3.9  Confocal microscopy 

Images were acquired by using an LSM 780 microscopy. Laser wavelengths used for 

excitation and collection range of emitted signals were as follows: Alexa fluor® 488- 488 

nm/500-550 nm; Alexa fluor® 568- 568 nm/ 578-603 nm; Alexa fluor® 647- 633 nm/ 

long-pass 670 nm, under the 40x oil objective (Plan-Apochromat 40x/1.4 oil DIC M27). 

For imaging of the midbrain, 3-dimensional 16-bit data stacks of 1024 x 1024 x 12 pixels 

with tile scans were acquired for the whole SNpc area of each hemisphere. For imaging 

of the striatum, three consecutively different positions along the dorsolateral striatum 

were acquired from 3-dimensional 16-bit data stacks of 1024 x 1024 x 20 pixels were 

acquired of each hemisphere. For cortex imaging, three consecutively different positions 
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along the primary somatosensory area were acquired from 3-dimensional 16-bit data 

stacks of 1024 x 1024 x 20 pixels were acquired from the seeding side (right 

hemisphere), under the 20x objective (Plan-Apochromat 20x/0.8 M27).   

 

3.10  Stereology 

Brain sections outlines were carried out using a Zeiss fluorescent microscope 

(Imager.M2, ZEISS, Oberkochen, Germany) fully motorized and interfacing to a Dell 

computer running StereoInvestigator® (MBF Bioscience, Williston, Vermont, USA) and 

cells labelled with corresponding markers were quantified in 8 serial coronal sections 

spanning the entire brain hemisphere in the coronal plane, for SNpc counting spaced 150 

µm (section interval is 3) apart. Outline and fiduciary marks were drawn at 2.5x 

magnification (EC-Plan-NEOFLUAR 2.5X/0.075, ZEISS, Oberkochen, Germany) to 

delineate reference points. Limits for areas of interest were drawn following a mouse 

brain Atlas [334] as well as their positive markers presented in the region. Cells were 

identified as positive for a marker if they expressed immune-reactivity visually deemed 

to be above background, even if it was very weak, which means cells exhibiting varying 

levels of immune-labelling from very weakly to very strongly stained were all identified 

as marker positive. All cell counting was done by an investigator blind to genotype and 

treatment, at 63x magnification (Plan/APOCHROMAT 63X/1.4 Oil DIC, ZEISS, Oberkochen, 

Germany) using a 3D counting frame in a sampling grid size 130 µm x 130 µm, and the 

counting frame sized 50 µm x 50 µm, with the counting probe height 12 µm. 

 

3.11 Imaris image processing 

The z-stack fluorescent images acquired by confocal microscopy were used to create 

detailed surfaces rendering TH-positive dopaminergic neurons and striatal terminals, 

IBA1-positive microglia cells, as well as pS129-positive α-synuclein aggregates. The z-

stack images were loaded in Imaris software (version 9.3.1), which was displaying as 3-
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colour channels fluorescence in a 3-dimensional isometric view.  

For midbrain images processing, the SNpc brain area was drawn following atlas 

hallmarks [330] and created a surface according to the distribution of TH-positive 

neurons, and was masked by selecting the “mask all” function with the voxels inside 

surface as 1.0 and outside as 0.0 value, which indicates this area is the region of interest 

as channel 4; for creating surfaces, the surface detail value was set as 0.415 µm for all 

three channels, and in thresholding, background subtraction was set as 1.56 µm for all 

channels; the threshold intensity value was adjusted manually for pS129 channel, kept 

the same ratio of adjusted intensity to maximum intensity between control and seeded 

side, the TH and IBA1 channels threshold intensity was used as defaulted; for adding 

filter, pS129 channel was filtered by volume with 2 µm3; then the colocalization between 

different channels was processed with the surface-coloc command by MATLab under “no 

smoothing” mode; when subtracting data of each value, filtered with “Intensity Max 

Ch=4” to guarantee these values were within the SNpc area.  

For processing the striatum images, 12 stacks were analyzed for each sample. The 

surface detail value was set as 0.05 µm for all three channels, and thresholding 

background subtraction was set as 0.05 µm for channel TH and pS129, and IBA1 channel 

used the absolute background; threshold intensity was set as 90% of maximum intensity 

value for all channels; for filter adding, pS129 channel was filtered by volume above 0.5 

µm3, and IBA1 channel was filtered by volume above 5 µm3; then the colocalization 

between each channel was processed as mentioned above and subtracted data from 

each sector after then.  

For the cortex images processing, custom-written MATLAB scripts were used. 20-stacks 

images were analyzed for each sample. Briefly, local background subtraction was used to 

diminish intensity variations between different stacks. Microglia were identified by 

applying the 90th percentile as a minimal-intensity threshold. The noise was excluded by 

applying a connected component analysis excluding patches of contiguous voxels smaller 

than 1 μm3. α-synuclein aggregates were identified by applying the 95th percentile as a 
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minimal-intensity threshold. The noise was excluded by applying a connected 

component analysis excluding patches of contiguous voxels smaller than 40 μm3. 

 

3.12 Isolation of microglia 

C57Bl/6 wild type mice at postnatal day 3-7 (P3-P7) were used for immunomagnetic 

microglia isolation by MACS® neural dissociation kit, according to the manufacture`s 

instruction (Miltenyi Biotec, Germany). Briefly, cortices were dissected on ice from P3-P7 

pups, meninges were removed in cold DPBS, tissue was further minced and added to the 

pre-prepared enzyme solution for an automatic homogenization procedure by 

gentleMACs Octo Dissociator with heaters. Debris and red blood cells were removed 

with the kit reagents by several cycles of incubation and centrifugation according to the 

manufacture`s description. CD11b (microglia) Microbeads were added to the prepared 

cell suspension to label microglial cell population, microglia were further separated from 

the cell suspension by flushing through MACs LS columns on the QuadroMacs Separator. 

All the reagents and tools used in this method were purchased from Miltenyi Biotec.  

 

3.13 Primary microglia culture and immunostaining 

The CD11b-positive microglia cell pellets were suspended in Dulbecco`s Modified Eagle 

Medium (DMEM), containing 10% fetal bovine serum (FBS), 1% Penicillin Streptomycin 

(Pen Strep), and 10ng/ml recombinant mouse granulocyte-macrophage colony-

stimulating factor (GM-CSF), at concentration 105/ml. All reagents mentioned above 

were purchased from gibco®, life technologiesTM, USA. Cell medium was added into the 

IbiTreat µ-slide 8 well culture chamber (Ibidi GmbH, Germany), maintained under a 

regular condition in the incubator. Medium was changed when cells were attached, 10 

µg/ml PFFs (labelled with Alexa FluorTM 647 carboxylic acid, succinimidyl ester, Life 

technologies, U.S.A) and the same amount of PBS were added to the culture medium, 

incubated with cells for 3h under a regular condition in the incubator. Cells were further 
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fixed in 4% PFA after washing with DPBS, then permeated with 0.5 % TritonX 100 (in PBS) 

for 15 min and blocked with 10% goat serum on a shaker for 2h under room 

temperature. Primary antibody (Anti-IBA1, rabbit, FUJIFILM Wako Chemicals, U.S.A) was 

added with dilution 1:200 for incubating overnight under 4°C. Secondary antibody (goat 

anti-rabbit Alexa 647, Invitrogen, Life Technologies GmbH) was added for 1h incubation 

at room temperature. After 3 × 10 min washing in PBS, cells were incubated with DAPI 

for 15 min on a shaker at room temperature. Cells were finally washed for 3 × 10 min 

with PBS before mounting with Dako fluorescence conserving medium (Dako, Hamburg, 

Germany), and covered with 8 x 8 mm glass cover clips (H.Saur Laborbedarf, Reutlingen, 

Germany) in each well. 

 

3.14  Statistical analysis 

Graphs were created and statistics were calculated in Prism 8.4.2 (GraphPad Software, 

San Diego, CA, USA). For dopamine release data from FSCV, two-way ANOVA followed by 

the Bonferroni Post Hoc comparisons was used to compare the percentage of seeded to 

control dopamine release ratio over different time points after injection. For the 

assessment of inter-group differences at single time points when ANOVA interaction was 

not significant, Student’s t-test (two-sided) or LSD Fisher’s test were applied. Statistic for 

the histological analysis from Imaris was performed using MANOVA within the same 

brain region (SNpc and Striatum) with the following independent factors: Treatment 

(Between factor: Control Vs Seeded side), Age (Between Factor: Young vs Adult) and, 

when shown, Anteroposteriority (Within Factor: 3 levels with different bregma values) or 

TH Colocalization (TH+ vs TH-). Normal distribution was assumed according to the central 

limit theorem, as values were calculated as the means between mice, each considered as 

the means of each 3 samples in SNpc and 12 samples in the striatum. For t-tests, the 

variance between groups was tested (F-test) and not found to be significantly different. 

Data are expressed as mean ± SEM unless otherwise indicated, with P < 0.05 defining 

differences as statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001). 



47 

4. Results 

4.1  PFFs inoculation in the nigrostriatal pathway confirmed by AAV-

driven tdTomato labels in midbrain and striatum 

To verify that the PFFs or PBS were injected into SNpc and to navigate the FSCV recording 

site in the striatum, I combined the AAV1.CAG.FLEX.tdTomato.WPRE.bGH (AAV-

tdTomato) together with the seeding materials in the stereotactic surgery (Fig.10 A). The 

composition of α-synuclein PFFs resembled from monomers was evaluated by Western 

blot (Fig.10 B). As expected, it showed several high molecular weight species in the α-

synuclein PFFs samples, while the high bands were absent in the monomer samples. 

Based on the Cre-lox system, dopaminergic neurons in SNpc were successfully labelled 

with the tdTomato fluorescent protein after 1 month of injection (Fig.10 C), indicating 

that the seeding materials were inoculated in the SNpc. Before each FSCV recording, I 

checked the striatum slices under an epifluorescent stereoscope (Fig.10 E-F). The TH 

terminals of contralateral as well as the ipsilateral sides in the striatum were also 

successfully labelled, which allowed me to record dopamine release in the dorsolateral 

striatum that was tdTomato-positive (Fig.10 D-F).  

 
Figure 10. Experimental scheme and validation of injection material and sites. A, experimental 
scheme. B, Western blot detecting α-synuclein PFFs used for injection. C, the labelled fluorescent 
tdTomato in the midbrain. D, the FSCV setup and recording site on one side of the brain slice. E-F, 
the labelled fluorescent tdTomato in contralateral and ipsilateral striatum, respectively.  
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4.2  Unilateral PFFs inoculation in SNpc affected ipsilateral striatal 

dopamine release in adult mice 

Young (2-month-old) and adult (5-month-old) mice were subjected to the bilateral 

injection of α-synuclein PFFs in the right hemisphere and the same volume of sterile PBS 

in the left hemisphere as the internal control in the SNpc. As described previously, the 

injection materials were mixed with AAV-tdTomato respectively for the validation of 

injection and navigation of recording. Next, I investigated whether the striatal dopamine 

release would change at different time points after injection in both young and adult 

mice.  

After 1 and 2 months of injection, I conducted the measurements of dopamine release in 

the striatum on ex vivo brain slices by FSCV. The results were presented as the 

percentage of dopamine release in the PFFs seeded side to the PBS control side. For the 

young mice, the function of striatal dopamine release did not alter obviously after 1 and 

2 months of injection (Fig.11 E, P>0.05) compared to the internal control. For the adult 

mice, dopamine release stayed unchanged after 1 month of injection (Fig.11 E, P>0.05), 

however, displayed a significant reduction after 2 months compared to the control side 

(Fig.11 E, [DA]e: Control = 1.852 ± 0.2573, Seeded = 1.424 ± 0.2448, paired Student t-

test: t (6) = 4.56, P < 0.01). Besides, the kinetics of dopamine uptake (τ) were also 

analyzed in both young and adult mice, which showed a tendency of slightly increased 

kinetic in the adult mice after normalization of the values to the control side (Fig.11 F, P > 

0.05). 
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Figure 11. The function of evoked striatal dopamine release in both young and adult mice at 
different time points after injection. A-D, upper curves are the concentration-time plots, lower 
are the colour plots, smaller insets are the cyclic voltammograms at 1 month after injection in 
young (A) and adult mice (C), and 2 months after injection in young (B) and adult mice (D). E, the 
evoked dopamine release concentration in the seeded side at different post-seeding time points 
in young and adult mice (**P < 0.01), values are shown as the percentage in the seeded side 
normalized by their internal control side. F. the rate of dopamine uptake following the evoked 
release, values are shown as the percentage in the seeded side normalized by their internal 
control side; no significant alterations are shown in dopamine uptake rate at each time point after 
injection in both young and adult mice (P > 0.05). 
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4.3  Effects of unilateral PFFs inoculation in α-synuclein aggregation 

and spreading within the nigrostriatal dopaminergic pathway 

4.3.1 From SNpc to striatum, phospho-α-synuclein pathology following PFFs 

inoculation developed differently in young and adult mice overtime 

without neurodegeneration or evident interhemispheric spreading 

To investigate the underlying mechanism of the different patterns of striatal dopamine 

release in young and adult mice, I first analyzed the distribution of α-synuclein 

aggregates from SNpc to striatum including the injection site (-3.0 µm from bregma) 

through the anteroposterior window between -3.5 µm to 1.4 µm from bregma, at 

different time points after injection in both young and adult mice (Fig.12 A-D).  

After 1 month of PFFs injection in SNpc, pathological α-synuclein developed and 

accumulated in the midbrain in both young (Fig.12 A, Fig.13 A-C) and adult mice (Fig.12 

C, Fig.14 A-C). However, in SNpc, the aggregation was more pronounced in the young 

compared to the adult mice, especially in the areas around the injection site. While in 

the striatum, the aggregates accumulated more in the adult (Fig.12 C, Fig.14 D-F) 

compared to the young mice (Fig.12 A, Fig.13 D-F). After 2 months of injection, the 

formation of aggregates in SNpc grew even more in both young (Fig.12 B, Fig.13 G-I) and 

adult mice (Fig.12 D, Fig.14 G-I) when compared to the 1 month after injection. Whereas, 

at 2 months after injection, the aggregates accumulated in the SNpc of young mice were 

still significantly more than that in the adult mice. While in the striatum, the formation 

of aggregates in the young mice did not change obviously after 1 and 2 months of 

injection but decreased in the adult mice (Fig.12 D, Fig.14 J-L) to a comparable level with 

the young mice (Fig.12 D, Fig.13 J-L) at 2 months after injection. (MANOVA significance in 

SNpc. Interaction Treatment x Inoculation time: F (1, 1) = 5.17, *P < 0.05; Interaction 

Treatment x Age:  F (1, 1) = 16.41, **P < 0.001. In the figures, LSD test: ## P < 0.01 for 

comparison between different inoculation time of same age; ** P < 0.01, *** P < 0.001 

for comparison between different age of same inoculation time. MANOVA significance in 
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Striatum. Interaction Treatment x Anteroposteriorly: F (1, 2) = 5.26, *P < 0.01; Interaction 

Treatment x Age: F (1, 1) = 12.21, **P < 0.001. In the figures, LSD test: # P < 0.05, ### P < 

0.001 for comparison between different inoculation of same age; * P < 0.05, *** P < 

0.001 for comparison between different age of same inoculation time) 

Additionally, I also quantified the number of aggregates in each group as shown in Figure 

S1. The number of aggregates in young mice (Fig.S1 A-B) was much lower compared to 

the adult mice (Fig.S1 C-D) after 1 and 2 months of injection. This suggests that the adult 

mice are supposed to have less capability to aggregate with misfolded α-synuclein, 

leading to more prominent spreading of pathological α-synuclein from SNpc to the 

striatum. (MANOVA significance in SNpc. Main Factor Treatment: F (1) = 66.96, **P < 

0.001. MANOVA significance in Striatum. Interaction Treatment x Age x 

Anteroposteriorly: F (1, 1, 2) = 4.9, *P < 0.05; Interaction Treatment x Age x Seeding 

Time: F (1, 1, 1) = 6.9, P < 0.05. In the figures, LSD test: ### P < 0.001 for comparison 

between different inoculation of same age; *** P < 0.001 for comparison between 

different age of same inoculation time) 

To understand if the decreased striatal dopamine release in adult mice at 2 months after 

injection was linked to the neuronal degeneration in SNpc, I further determined the TH-

positive dopaminergic neurons number according to the basic principles of the 

stereological method by the Stereo Investigator software. Results showed that TH-

positive dopaminergic neurons and the total neuronal cells of SNpc in the seeded site 

were not significantly decreased compared to the control side (Fig.12 E, P > 0.05). The 

number of total neuron in SNpc (Fig.12 F, P > 0.05), as well as the estimated SNpc 

volume (Fig.12 G, P > 0.05), were also statistically comparable to the control side. Table 4 

displays the parameters that I used for cell counting. Sampling principles and details of 

stereology counting were displayed in Figure S2.  
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Figure 12. Distribution of phospho-α-synuclein aggregates from SNpc to striatum and 
stereological counting of the dopaminergic neurons. A-D, the volume covered by α-synuclein 
aggregates in SNpc and striatum between -3.5 µm and 2.4 µm from bregma including the seeding 
site, at different time points after injection in both young (A-B) and adult mice(C-D). #comparison 
between different time points within the same region of the same age (# P < 0.05, ## P < 0.01; ### 
P < 0.001); *comparison between different ages within the same region of the same inoculation 
time (* P < 0.05, ** P < 0.01, *** P < 0.001). E-G, the stereological cell counting after 2 months of 
injection in adult mice. E, the number of TH-positive cells. F, the total neuronal cells. G, the 
estimated volume of SNpc. 
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Table 4. Parameters for stereological cell counting in the SNpc. Counting frame size is 50 µm x 50 
µm, probe height is 12 µm, the sampling grid size is 130 µm x 130 µm, as well as coefficient error 
and the average cell count per sampling site for each marker, are shown in the table. 

 

SNpc 
 

Counting 

frame 

 

   Sampling  

grid size 

Coefficient of 

error 

(Gundersen), m=1 

Average cell 

counts/sampling 

site 

 

TH 

Control 50x50x12 µm 130x130 µm 0.12 1.08 

Seeded 50x50x12 µm 130x130 µm 0.11 0.98 

 

Neurotrace 
Control 50x50x12 µm 130x130 µm 0.04 4.77 

Seeded 50x50x12 µm 130x130 µm 0.04 4.86 

 

4.3.2 From SNpc to striatum, phospho-α-synuclein positive aggregates mostly 

accumulated in the TH-positive dopaminergic neurons or terminals 

To better understand the pathology distribution, I further determined the percentage of 

phospho-α-synuclein positive aggregates in TH-positive (TH+) neurons of SNpc and 

striatal terminals, in both young and adult mice. Representative images of phospho-α-

synuclein and TH staining in both SNpc and striatum of young and adult mice were 

shown in Figure 15. 

After 1 month of injection, there were approximately 87% of aggregates located in the 

cell body and axons of TH+ neurons in the SNpc of young mice and increased significantly 

after 2 months (Fig.16 A) to a co-localization level of about 92% within TH+ area. While in 

the adult mice, about 88% of the aggregates developed in TH+ structures in SNpc after 1 

month of injection and dropped to about 36% after 2 months (Fig.16 C), with a non-

significant increase of overall aggregates volume. (MANOVA significance in SNpc. 

Interaction Age x TH Co-localization x Seeding time: F (1, 1, 1) = 8.71, *P < 0.01. In the 

figures, Bonferroni post hoc test: ## P < 0.01, ### P < 0.001 for comparison of aggregates 

in TH+ volume coverage between different inoculation of same age; *** P < 0.001 for 

comparison of aggregates in TH+ volume coverage between different age of same 

inoculation time) 

Regarding the striatum, in young mice, an approximate 99% co-localization of aggregates 
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and TH terminals after 1 month of injection was observed and around 92% after 2 

months (Fig.16 B), with no significant change in overall aggregates volume. While in 

adult mice, the TH+ area co-localized with aggregates was much higher compared to the 

young mice, with a co-localization of about 91% (Fig.16 D) after 1 month of injection. At 

2 months after injection, the TH+ area covered by aggregates was significantly reduced in 

adult mice, although with a similar co-localization of 92%, which was comparable to the 

level in young mice. (MANOVA significance in Striatum. Interaction TH Co-localization x 

Seeding time: F (1, 1) = 4.37, P < 0.05. In the figures, LSD test: ### P < 0.001 for 

comparison of aggregates in TH+ volume coverage between different inoculation of the 

same age; ** P < 0.01 for comparison of aggregates in TH+ volume coverage between 

different age of same inoculation time) 

 

4.3.3 In striatum, coverage volume and conformation of TH-positive terminals 

response to aggregates spreading differently with age  

Given that the phospho-α-synuclein aggregates were mainly located in the TH-positive 

structures and a decrease of DA release after 2 months of injection was observed in 

adult mice, I further analyzed the volume covered by the TH-positive dopaminergic 

terminals in dorsolateral striatum in both young and adult mice.  

By comparing the volume covered by striatal TH+ terminals between hemisphere 

ipsilateral (seeded side) and contralateral (PBS injected control side) to the PFFs 

injection, I found out that in the young mice, there was a non-significant tendency of TH+ 

axonal coverage reduction in the striatum after 1 month of injection (Fig. 17 A, P > 0.05), 

which became significant after 2 months (Fig. 17 B, unpaired t-test T (8) = 4.199, **P < 

0.01). In the adult mice, it showed a non-significant tendency of reduced TH+ axonal 

coverage (Fig. 17 C, P > 0.05) after 1 month of injection, but this reduced tendency did 

not become significant after 2 months (Fig. 17 D, P > 0.05). 

To understand if there is heterogeneity in the terminal populations affected by the 

injection, I further analyzed the cumulative frequency distribution (CFD) of the size (µm3) 
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of the puncta using 3D reconstruction of the Imaris software. In the young mice, the CFD 

curve of the ipsilateral seeded side was left-shifted compared to the contralateral control 

side after 1 and 2 months of injection, indicating that the proportion of small-sized 

terminals was significantly higher in the hemisphere ipsilateral to the PFFs injection after 

1 month (Fig. 17 E, two-way ANOVA Main Factor Treatment F (1, 160008) = 18960, P < 

0.001; In the figure LSD test: * P < 0.05, ** P < 0.01, *** P < 0.001) and also after 2 

months (Fig. 17 F, two-way ANOVA Main Factor Treatment F (1, 160008) = 38852, P < 

0.001; In the figure LSD test: * P < 0.05, ** P < 0.01, *** P < 0.001).  

However, the adult mice displayed a different profile of the CFD pattern in TH+ terminals. 

It showed a smaller range of significant difference of terminal size in the ipsilateral PFFs 

injected side (Fig. 17 G, two-way ANOVA Main Factor Treatment F (1, 160008) = 9780, P < 

0.001; in the figure LSD test: * P < 0.05, ** P < 0.01), compared to the control side after 1 

month of injection. While at 2 months after injection, there was no significantly changed 

terminal pattern in adult mice (Fig.17 H, P>0.05).  

These results indicate that an intensifying reduction of the striatal terminals is in 

progress from 1 month to 2 months after injection in the young mice, and the reduced 

terminals are more likely to be the larger portion since the small-sized terminals showed 

an increasing proportion. Whereas, in adult mice, this process gradually disappears from 

1 month to 2 months after injection. 
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Figure 13. Representative images of phospho-α-synuclein and TH IHC staining in SNpc and 
striatum at different time points after injection in young mice. Green: phospho-α-synuclein (p-
αsyn), Magenta: TH. A-F, 1 month after injection in SNc (A-C) and dorsolateral striatum (D-F). G-L, 
2 months after injection in SNpc (G-I) and dorsolateral striatum (J-L). Scale bars: A-C and G-I, 100 
µm; D-F and J-L, 20 µm. 
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Figure 14. Representative images of phospho-α-synuclein and TH IHC staining in SNpc and 
striatum at different time points after injection in adult mice. Green: phospho-α-synuclein (p-
αsyn), Magenta: TH. A-F, 1 month after injection in SNpc (A-C) and dorsolateral striatum (D-F). G-
L, 2 months after injection in SNpc (G-I) and dorsolateral striatum (J-L). Scale bars: A-C and G-I, 
100 µm; D-F and J-L, 20 µm.  
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Figure 15. Representative images of phospho-α-synuclein and TH IHC staining in SNpc and 
striatum at different time points after injection in young and adult mice. Green: phospho-α-
synuclein (p-αsyn), Magenta: TH. Scale bars: A-F and M-R, 100 µm; G-L and S-X, 20 µm. 
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Figure 16. The co-localization of phospho-α-synuclein positive aggregates with TH-positive 
structures in SNpc and striatum at different time points after injection in young and adult mice. 
A-B, co-localization in SNpc (A) and striatum (B) of young mice after 1 and 2 months of injection, 
respectively. C-D, co-localization in SNpc (C) and striatum (D) of adult mice after 1 and 2 months 
of injection, respectively. #comparison between different time points within the same region of 
same age (## P < 0.01; ### P < 0.010); *comparison between different age within the same region 
of same inoculation time (** P < 0.01, *** P < 0.001). 
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Figure 17. Profile of striatal TH-positive terminals at different time points after injection in 
young and adult mice. A-D, the volume covered by TH-positive terminals in the estimated 
dorsolateral striatum area after 1 month (A) and 2 months (B) of injection in young mice, and 
after 1 month (C) and 2 months (D) of injection in adult mice. Only after 2 months of injection in 
the young mice, the volume covered by TH-positive terminals is significantly reduced when 
compared with the contralateral control (**P < 0.01). E-H, the cumulative frequency distribution 
of TH-positive terminals in the striatum after 1 and 2 months of injection in young (E-F) and adult 
mice (G-H). (*P < 0.05, **P < 0.01).  
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4.4  Neuroinflammation response upon α-synuclein spreading after 

unilateral PFFs inoculation 

4.4.1 In SNpc, the volume proportion of microglia increased after α-synuclein 

PFFs inoculation in young mice and kept activation overtime 

As reported previously, elevated microglial activation was found in PD brains [269, 335] 

and it can be induced by exposing the brain tissue to misfolded forms of α-synuclein, 

such as the fibrillary forms [174]. The activated microglia were also found to cluster with 

the extracellular LBs or other aggregates that are positive to α-synuclein [49]. In my 

current mouse model, I used microglial coverage volume after PFFs injection to evaluate 

the activation of microglia. Thus, to better understand the relationship between the 

alterations along the nigrostriatal pathway and microglial activation in an age-dependent 

manner, I further quantified the volume covered by IBA1-positive microglia in SNpc at 

each time point after injection in both young and adult mice. Values were presented as 

the percentage of coverage volume in the seeded side to the control side. 

In the young mice, the microglial coverage volume was higher after 1 month of injection 

and kept the high level after 2 months compared to the control side (Fig.18 U, A-D). 

While in the adult mice, microglial coverage volume was slightly increased after 1 month 

of injection and became less active after 2 months (Fig.18 U, E-H). Consider the different 

patterns of aggregates formation in SNpc between young and adult mice, the high level 

of microglial activation coincided with the efficient formation of aggregates in the young 

mice. While in adult mice, the lower level of activated microglia coincided with the less 

efficient formation of aggregates compared to the young mice. 

Collectively, in SNpc, microglial activation was increased in both young and adult mice 

after 1 month of injection, although the activation level was always higher than the 

control side in the young mice (Fig.18 U, two-way ANOVA Main Factor Age F (1, 16) = 

6.366; *P < 0.05). And the level of microglial activation was positively related to the 

efficiency of aggregates formation.  
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4.4.2 In striatum, the volume proportion of microglia varied differently in 

young and adult mice, the proliferation decreased in adult mice 

overtime 

From the above results, I observed a decreased TH-positive terminals in the striatum. 

Consider the property of microglial activation in SNpc upon α-synuclein aggregates 

formation, I speculated that the decrease of TH terminals may link to the level of 

microglial activation in the striatum. Therefore, I further analyzed the microglial coverage 

volume in the dorsolateral striatum at each time point after injection in both young and 

adult mice. 

In the young mice, the volume covered by microglia in the striatum was increased after 1 

month of injection and kept the constant high level after 2 months compared to the 

control side (Fig.18 V, I-N). While in the adult mice, the microglial coverage volume was 

increased at 1 month after injection and became comparable to its control side after 2 

months (Fig.18 V, O-T). Consider the different patterns of TH-positive terminal 

distribution in striatum between young and adult mice, the high level of microglial 

activation coincided with the decreased terminals in the young mice. While in the adult 

mice, the lower level of activated microglia coincided with the unchanged TH terminal 

volume compared to the young mice. 

To summarize, microglial activation in the striatum was increased in both young and 

adult mice after 1 month of injection, although the activation level was always higher 

than the control side in the young mice (Fig. 18 V, two-way ANOVA Main Factor Age F (1, 

16) = 6.366; *P < 0.05). And the level of microglial activation in the striatum was 

positively related to the declination of striatal TH terminals. 
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Figure 18. Representative images of IBA1 and TH IHC staining and quantification of IBA1-
positive microglia at different time points after injection in SNpc and striatum of young and 
adult mice. A-H, representative images of IBA1 and TH IHC staining in SNpc at different time 
points after injection in young and adult mice. I-T, representative images of IBA1 and TH IHC 
staining in the striatum at different time points after injection in young and adult mice. U-V, the 
coverage volume of microglia in SNpc (U) and striatum (V) after 1 and 2 months of PFFs injection 
in young and old mice (*P<0.05). Values are expressed as the ratio of the microglia coverage 
volume of the seeded side normalized by the microglia coverage volume of the internal control 
side. Scale bars, A-H, 100 µm; I-T, 20 µm.  
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4.5  Microglia repopulation or loss of Trem2 function augmented α-

synuclein PFFs induced spreading from striatum to cortex 

When PFFs were seeded in the midbrain, I observed relatively limited spreading 

phenomena to the connected projecting areas in the striatum. As reported in the 

literature, seeds are more prone to be transferred toward the retrograde route at the 

early time points [336]. To test the role of microglia in the pathology spreading after PFFs 

inoculation, I moved to another model that shows more prominent spreading effect. 

Instead of focusing on the nigrostriatal pathway, I injected α-synuclein PFFs into the 

dorsal striatum, in which model the α-synuclein pathology spreads more obviously and 

retrogradely along the cortico-striatal pathway [177].   

In this mouse model, α-synuclein PFFs were injection into the dorsal striatum of C57BL/6 

wild type mice and Trem2 KO transgenic mice at two months of age. Wild type mice then 

started to receive PLX5622 (1200 mg/kg chow), which is a CSF1R inhibitor that 

eliminating microglia from the brain [284, 285]. The wild type mice were administered 

with the food pellet without PLX5622 as control. Treatment lasted for consecutive six 

weeks, then all the mice were anaesthetized and subjected to transcardial perfusion for 

tissue collection (Fig.19). After six weeks of PFFs inoculation in the striatum, α-synuclein 

aggregates developed into the somatosensory cortex and mainly condensed in the layer 

IV-V (Fig.20). The proportion of coverage volume of both phospho-α-synuclein positive 

aggregates and IBA1-positive microglia were quantified in each group.  

In PLX5622 treated mice, microglia were mostly depleted in the cortex compared to the 

control (Fig.21 J, unpaired t-test, ****P<0.0001). Upon microglia depletion, the coverage 

volume of aggregates developed in cortex increased significantly compared to the 

control mice (Fig.21 K, unpaired t-test, *P<0.05), which indicates that microglia takes an 

important part in pathological α-synuclein spreading. To investigate the potential 

mechanism underlying the role of microglia in pathology spreading, aggregates were 

also quantified in the cortex of Trem2 KO mice after six weeks of PFFs seeding. Upon 
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knocking out of Trem2 receptor, α-synuclein aggregates accumulate significantly more in 

the cortex compared to the normal mice (Fig.21 K, unpaired t-test, *P <0.05), while the 

coverage volume of microglia also increased significantly (Fig.21 J, unpaired t-test, 

*P<0.05). Considering that Trem2 is an important receptor for regulating the 

phagocytosis function of microglia, the increase of microglia coverage volume may act as 

a compensation to the loss of Trem2 function. 

Besides, ex vivo cell culture of primary microglia isolated from the postnatal mouse pups 

was also conducted. After microglia cells recovered from isolation procedure and 

attached to the well surface, Alexa 647 labelled α-synuclein PFFs were added to the cells 

and the same volume of PBS addition as control. According to the IHC staining results, 

microglia were able to take up and process PFFs after exposure to the materials and the 

morphology of microglia also changed obviously compared to the ones exposed to PBS 

as control (Fig. S3). This result suggests that microglia can internalize α-synuclein 

materials, which supports the potential role of microglia in affecting the pathology 

spreading by interacting with α-synuclein. 

Figure 19. General experimental scheme for intrastriatal PFFs injection and mice treatment.  
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Figure 20. Representative images of phospho-α-synuclein, Nissl and IBA1 IHC staining in 
somatosensory cortex through all layers. Magenta: phospho-α-synuclein (p-αsyn). Yellow: Nissl 
stain. Cyan: IBA1. I-VI, layer I-VI. cc, corpus callosum. Scale bar, 100 µm. 
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Figure 21. Representative images of phospho-α-synuclein and IBA1 IHC staining and the 
quantification of microglia and α-synuclein aggregates in somatosensory cortex. Magenta: 
phospho-α-synuclein (p-αsyn). Cyan: IBA1. Scale bar, 50 µm. (*P<0.05, ****P<0.0001) 

 

 

 



68 

5. Supplementary figures 

 

 
Figure S1. Distribution of phospho-α-synuclein aggregates numbers from SNpc to striatum at 
different time points after injection in young and adult mice. #comparison between different 
time points within the same region of the same age (### P < 0.010); *comparison between 
different ages within the same region of the same inoculation time (*** P < 0.001).  
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Figure S2. The sampling of stereological cell counting in SNpc. Eight serial brain slices containing 
SNpc brain region were selected by bregma according to the Mouse Brain Atlas [334] for 
stereological quantification. Brian slices were cut in 50 µm thickness and picked up with an 
interval of three, spacing 150 µm from each other. 
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Figure S3. Representative immunofluorescent images of IBA1-positive primary microglia and 
Alexa 647 tagged α-synuclein PFFs. A-H, images of PBS treated primary microglia; I-P, images of 
PFFs treated primary microglia. Yellow: DAPI. Cyan: IBA1. Magenta: PFFs-Alexa 647. Scale bar, 30 
µm. 
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6. Discussion 

6.1  Age impact on pathology development triggered by PFFs seeding 

As reported in several in vitro biophysical studies, the formation of α-synuclein fibrils is 

nucleation-dependent. Following a rapid consumption of monomers, fibrils get formed. 

This is thought to be the potential mechanism of the spreading of α-synuclein pathology 

along interconnected brain regions [165-167]. Therefore, exploring the process of 

template misfolding, aggregates formation and propagation of α-synuclein is of great 

importance to understand the pathogenesis of PD and other α-synucleinopathies. 

Spreading of α-synuclein pathology has been intensively studied via in vitro or in vivo, by 

introducing the brain homogenates from patients or recombinant α-synuclein PFFs in cell 

culture and experimental animals [83, 85, 209, 210, 213, 230].  

However, it is still not clear how misfolded species conduct spreading from cell to cell 

throughout the brain. Several studies have reported the possible ways of α-synuclein 

transmission. For example, α-synuclein aggregates can be released directly from dead 

cells or may penetrate membranes by other means [337]. Alternatively, they can be 

transported through retrograde axonal trafficking [215]. Also, being conveyed and 

released by calcium-dependent exosomes [224], α-synuclein can enter the neighbouring 

cells through endocytosis [218, 219]. Besides, TNTs-dependent lysosomal vesicles 

transport has also been considered as a way to spread [220].   

As a newly important tool in PD research, a mouse model focusing on the misfolded and 

aggregated α-synuclein has received high attention. In this model, an intracerebral 

injection of recombinant α-synuclein PFFs can trigger LBs-like pathology. However, the 

different sources of α-synuclein have also been debated regarding the efficiency in 

triggering consistent pathology. By seeding in the mouse brain, wild type mouse α-

synuclein PFFs can induce the pathology within weeks, while the human source PFFs can 

take months [83, 85, 181]. In previous studies, seeding models are mostly used to 

explore the pathology development within one age group. Whereas, functional changes 

and the age impact are remained to be investigated. To close this gap, my study was 
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using the recombinant mouse α-synuclein PFFs to inoculate with the dopaminergic 

neurons in SNpc. With this model, I aimed to explore the effects of α-synuclein spreading 

on the functional and morphological alterations along the nigrostriatal dopaminergic 

pathway in an age-dependent manner. To validate the site of injection, I mixed the 

tdTomato-tagged AAVs with seeding materials to inject into different aged TH-IRES-Cre 

mice brains. As shown in Figure 10 C-F, the dopaminergic neuron population in SNpc and 

their terminals in the striatum were well labelled with the fluorescent protein. This 

confirmed that the coordinates I used for the stereotactic injection were the target SNpc 

region. 

After 1 month of PFFs inoculation in SNpc, I observed that the phospho-α-synuclein 

(pS129) positive aggregates already formed around the seeding site in both young and 

adult mice. However, according to the quantification, the young mice developed a 

significantly higher volume of aggregates in SNpc compared to the adult mice (Fig.12 A 

and C). This indicates that the younger mice tend to conduct a more efficient aggregation 

process than the adult mice once the template seeding is triggered. Interestingly, I found 

that in the striatum, the volume of aggregates was not similar to the phenomena in SNpc 

between the two age groups. In the striatum, the volume of aggregates is much higher in 

the adult mice compared to the young mice (Fig.12 A and C). Considering the 

aggregation pattern in SNpc, it is very likely that the young mice have a higher ability to 

convert the misfolded α-synuclein into highly condensed aggregates within a short time 

window. This efficient formation of aggregates might contribute to the reduced 

propagation of misfolded α-synuclein from SNpc to the striatum.  

After 2 months of PFFs inoculation, the volume of aggregates in SNpc showed a 

significant increase in both young and adult mice compared to the volume at 1 month 

(Fig.12 B and D). Whereas, the volume of aggregates in SNpc was still significantly higher 

in the young mice compared to the adult mice. While in the striatum, the volume of α-

synuclein aggregates in both young and adult group became comparable (Fig.12 B and 

D). The above observations also coincided with the diffusion pattern of pathology as 
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displayed in Figure S1. In the striatum, the number of aggregates was much higher in the 

adult mice after 1 month of inoculation, while in the young mice the number was always 

lower after injection. This result also supports the notion that the young mice tended to 

possess a stronger ability to form aggregates in SNpc when PFFs were introduced, and 

this process was significantly more efficient than that in the adult mice. Moreover, the 

higher efficient formation of aggregates within the SNpc, in turn, results in a lower 

quantity of α-synuclein pathology propagating into the striatum. 

 

6.2  DA neurotransmission and exogenous α-synuclein seeding  

The native α-synuclein is a small, soluble and mostly presynaptic protein, which plays an 

essential role in the presynaptic functions. For example, α-synuclein can bind to tubulin 

and promote the formation of microtubules, regulating the fusion and clustering of 

presynaptic vesicles. It is also involved in the exocytosis process as well as the 

presynaptic dopamine release [205]. As a critical protein in PD, the level of α-synuclein 

expression can affect dopamine release. Under physiological α-synuclein expression 

levels, the function of dopamine release is maintained. Whereas, overexpression or 

mutations of α-synuclein leads to decreased dopamine release. Furthermore, depletion 

of α-synuclein results in the enhanced level of dopamine release. As reported in the 

previous studies, the corresponding changes of neurotransmission under different levels 

of α-synuclein are probably due to the dysfunction of related factors in dopamine 

release, such as VMAT2, DAT or the alteration of synaptic vesicle pools [126, 140, 147, 

148, 150, 338].  

However, these conclusions are based on studies using transgenic animal models or in 

vitro experiments. It is still not known how the dopamine release function would change 

in the context of exogenous α-synuclein inoculation along the dopaminergic pathway. 

Though some of the research measured the DA contents and DA release based on 

seeding models, they mainly used HPLC-based methods for analyzing brain tissue 

homogenates [83], which are less sensitive tools compared to the sub-second resolution 
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FSCV and less relevant for PD research compared to the seeding model in the midbrain.  

In my study, I injected the α-synuclein PFFs into the midbrain and measured the 

dopamine release in dorsolateral striatum after two different inoculation time points, in 

two cohorts of mice with different ages (2 months old, defined as the young cohort; and 

5 months old defined as the adult cohort). Interestingly, I found exclusively in the adult 

mice, the electrically evoked dopamine release significantly decreased by about 25% 

compared to its control side after 2 months of PFFs injection (Fig.11 E). Similar to the 

distribution of aggregates in the striatum, the dopamine release did not change 

significantly in the young mice.  

In the young mice, unchanged dopamine release coincided with the low volume of 

striatal aggregates retaining after 1 and 2 months of PFFs inoculation. While in the adult 

mice, the volume of aggregated α-synuclein in the striatum was significantly higher after 

1 month of PFFs inoculation. However, the aggregates volume became comparable to 

that observed in the young mice after 2 months. It seems that the striatal neuronal 

network in the adult mice underwent a substantial compensatory activity to recover 

from the higher volume of aggregates at 1 month, and eventually resulted in a 

neurotransmitter release dysfunction at 2 months after injection.  

Moreover, the uptake rate of dopamine in each group did not change significantly 

compared to their control side (Fig.11 F). The unchanged uptake rate of dopamine 

suggests that the decreased striatal dopamine release in the adult mice is not likely to be 

related to the function of dopamine transporters. I considered the different patterns of 

dopamine release in each group might be linked to the potential loss of dopaminergic 

neuron population in SNpc. Alternatively, it is related to the morphological or functional 

alterations of these striatal terminals themselves. 
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6.3  Degeneration along the dopaminergic pathway in the seeding 

model 

In PD, as the disease progresses, neuronal loss commonly explains the cause of 

decreased dopamine level in the striatum, which further contributes to the onset of 

motor dysfunctions. Translated into animal models, phenotypical neuronal loss and 

terminal degeneration have been observed. For example, in mice overexpressing wild 

type and mutant α-synuclein, chemical reagents induced PD models, viral-vector-driven 

and PFFs or other pathological α-synuclein materials injected animal models [67-86].  

In my current study, I observed that dopamine release function was impaired after 2 

months of PFFs inoculation in the adult mice. To verify whether this declination was 

related to the nigral degeneration, I further estimated the number of dopaminergic 

neuron population in SNpc of this group. Results from unbiased stereological counting 

showed that the total number of TH-positive dopaminergic neurons and the total 

neuronal cells in SNpc did not change significantly compared to its control side. 

Therefore, the inoculation of α-synuclein PFFs in SNpc did not cause a neuronal loss after 

2 months of injection. Moreover, it also indicated that the decreased striatal dopamine 

release was not due to the loss of dopaminergic neurons in SNpc, which is consistent 

with the observations from other groups [85].  

Thus, I speculate that the alteration of striatal dopamine release might be linked to a 

specific mechanism in the local striatal network. Therefore, I focused the further analysis 

on the striatal network. Interestingly, I observed a specific distribution of the pattern of 

dopaminergic terminals that correlated with the pathophysiological phenotype of 

dopamine release. From the quantification of the volume covered by TH-positive 

terminals in the dorsolateral striatum (Fig.17 A-D), a slight but not significant decline 

occurred in both young and adult mice after 1 month of PFFs inoculation. More 

importantly, a significant decrease of the volume covered by terminals was observed in 

the young mice after 2 months of PFFs inoculation. Whereas, in the adult mice, the 



Discussion 
 

76 
 

volume covered by striatal terminals did not change obviously in the ipsilateral seeded 

side compared to the control side.  

Upon the significant decrease of the dopaminergic terminals in the young mice, I was 

curious about whether the terminal profile also changed correspondingly. Therefore, I 

further analyzed the cumulative frequency distribution of terminal sizes in the 

dorsolateral striatum of each age group. Interestingly, in the groups that sustained a 

normal dopamine release capability, the cumulative frequency distribution curves of TH-

positive terminals upon size (µm3) displayed a significant left-shifted profile in the 

seeded side compared to the control side (Fig.17 E-G). While in the adult mice that 

suffered from dopamine release declination, the terminal distribution pattern did not 

change compared to the control side (Fig.17 H), as was also seen in the total volume of 

terminals (Fig.17 D). The left-shifted profile indicates that the portion of small-sized 

terminals is significantly higher. It, in turn, reveals that the decreased terminals are very 

likely to be the portion of large-sized terminals. Considering the preserved dopamine 

release, the higher proportion of small terminals may help to maintain a normal function 

of dopamine release once being interfered by α-synuclein pathology.  

Taken together, the altered pattern of striatal terminals in the young brains suggests that 

the striatal neuronal network can preserve the function of dopamine release by 

removing a certain type of terminals. Large-sized terminals are very likely to decrease 

since the smaller ones displayed an increased portion. Considering that the aggregates 

are probably prone to form in the larger terminals, as a response, the local neuronal 

network (for example the glial activation) might be activated. As a result, the defective 

larger terminals that contain aggregates are probably removed, and the total volume 

covered by dopaminergic terminals decreases accordingly. Whereas, the portion of small 

terminals is increased, and the function of dopamine release is spared. 
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6.4  Participation of microglia in the progression of α-synuclein 

pathology  

In PD cases and other α-synucleinopathies like MSA, microglial activation has been found 

to play a role during the progression of the disease [269, 335]. Studies based on 

experimental animal models of PD also have shown the participation of 

neuroinflammation in several critical physiological processes during disease. For 

example, the relationship with different α-synuclein species and organelles like 

mitochondria [288, 308, 339]. Besides, the inflammatory responses can induce intrinsic 

vulnerability of dopaminergic neurons in SNpc. This susceptibility may relate to the 

metabolism of dopamine, high iron content, calcium signalling and deficient antioxidant 

activity [340]. As the immune cells of the brain, microglia behave differently depending 

on the different states: in surveillance or activation. Once becoming activated, microglia 

can phagocytose apoptotic cells, myelin or axonal debris and protein aggregates [237]. At 

the synaptic level, microglia are responsible for monitoring and pruning dendritic spines. 

Microglial activation can be triggered by many factors. For instance, α-synuclein has 

been reported to induce the activation of microglia, which is mediated by different 

factors like MHCII [295], TLR2 [296] and TLR4 [298, 299]. The number of phagocytic 

microglia have been found to be linked to the duration of PD, the coincidence with α-

synuclein depositions and the expression level of MCHII [302]. Besides, among many 

factors that are important for microglial proliferation and phagocytosis, Trem2 has been 

newly found to be a risk factor in PD [250, 255-257].  However, the role of Trem2 is not 

clearly established in PD, especially in terms of microglia affecting the spreading of α-

synuclein pathology.  
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6.4.1 Microglia and neurotransmission: from the SNpc to the striatum 

In my current study, I injected α-synuclein PFFs into SNpc of mice with different ages and 

measured dopamine release after 1 and 2 months, respectively. I found that pathological 

α-synuclein aggregated and propagated differently in young and adult mice. Moreover, 

the function of dopamine release also changed differently depending on age. By 

analyzing TH-positive terminals in the striatum, I noticed the coincidence between the 

alteration of dopaminergic terminals and the function of dopamine release. Decreased 

volume covered by TH terminals coincides with a spared function of dopamine release 

and vice versa. This phenomenon is reminiscent of the speculation that a certain 

mechanism or function might reduce TH terminals and further maintain the normal 

function of dopamine release. Considering the strong link between neuroinflammation 

and PD, I speculate that the alteration of TH terminals does involve microglial activation, 

which may be mediated by the misfolded α-synuclein. Thus, to find out the potential 

correlation, I determined the coverage volume of microglia in SNpc (Fig.18 U) and 

striatum (Fig.18 V) after 1 and 2 months of injection in both young and adult mice. 

After 1 month of injection, the volume covered by microglia in SNpc was increased in 

both young and adult mice compared to the control side. However, the young mice 

displayed a significantly higher level of microglial coverage than the adult mice. Similarly, 

after 2 months of injection, the volume covered by microglia in SNpc was still higher in 

the young mice. Considering the formation of aggregates in SNpc, it seems that the high 

level of microglial coverage goes along with the efficient formation of aggregates in the 

young mice. Whereas, it is to the contrary of what I observed in the adult mice. This 

suggests that the formation process of aggregates correlates with the induction of 

microglial activation.  

In the striatum, the volume covered by microglia was higher in both young and adult 

mice after 1 month of injection compared to their control sides. However, the high level 

of microglial coverage was constantly enhanced only in the young mice after 2 months. 

Combined with the observation of TH terminal distribution, it seems that the high 
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volume of microglial coverage goes along with the decreased coverage volume of 

terminals. It suggests that the reduced coverage volume of TH terminals is very likely to 

result from the high level of microglial activation. The interaction between TH terminals 

and microglia might contribute to the regulation of dopamine release, which is mediated 

by the α-synuclein pathology. Note that the volume of α-synuclein aggregates was 

significantly higher in the striatum of adult mice after 1 month of injection, while the 

coverage volume of microglia was decreased from 1 to 2 months after injection. This 

indicates that microglia in the striatum of adult mice probably compromise a lot from 

the overloaded aggregates at 1 month. Nevertheless, microglia in the adult mice seem 

not as active as that in the young mice when the pathogens have been introduced. Taken 

together, it suggests that the ability to have microglia activated is to some extent age-

dependent. Compared to the “old microglia”, the “young microglia” can react 

appropriately to the changes in the brain environment to preserve its normal function in 

neurotransmission. 

 

6.4.2 Microglia and pathology spreading: from the striatum to the cerebral 

cortex 

Since I observed that the distribution of α-synuclein pathology and the activation of 

microglia were different depending on age, it is of great interest to know how microglia 

affects the development of pathology, especially on the spreading process. Thus, I 

further moved on to another seeding model that shows more prominent spreading 

effect. As to the striato-cortical seeding, the spreading of α-synuclein species follows 

retrograde transportation. This model displays more pronounced aggregates compared 

with the nigrostriatal spreading model used so far. In this set of experiments, I injected 

α-synuclein PFFs into the dorsal striatum of wild type mice aged two months, followed 

by a consecutive six-week of PLX5622 treatment. PLX5622 is a CSF1R inhibitor that 

depletes microglia from the brain. Following the depletion of microglia, the amount of α-

synuclein aggregates was significantly higher in the somatosensory cortex compared to 
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the control mice. It suggests an essential role of microglia upon the spreading of 

pathology from the striatum to the cerebral cortex. Besides, from my in vitro 

experiments, I observed cultured primary microglia was able to engulf and uptake α-

synuclein contents (Fig. S3). Therefore, I speculate that microglia may restrict the 

pathological spreading by uptake and probably further degradation of misfolded 

proteins.  

One of the important functions of microglia is phagocytosis, which helps to scavenge 

dead cells, debris and other pathogens [237]. According to the literature, Trem2 is 

specifically expressed in microglia, which can modulate the microglial activation and 

regulate its phagocytosis function, proliferation and survival [341-344]. Apart from its 

strong link in AD, Trem2 is also a newly identified risk factor for PD and plays a vital role 

in α-synuclein related neuroinflammation [345-347]. Therefore, I further injected PFFs 

into the dorsal striatum of two months old Trem2 KO mice and measured the volume of 

aggregates in the somatosensory cortex. Interestingly, similar to the PLX5622 treated 

mice, the amount of α-synuclein aggregates in the somatosensory cortex of Trem2 KO 

mice was significantly higher compared to the control mice after six weeks of PFFs 

inoculation. It suggests an intriguing role of Trem2 in the spreading of α-synuclein 

pathology. Upon the loss of Trem2 function, the misfolded α-synuclein might become 

more prone to propagate into the cortex when the template seeding has been 

introduced in the striatum. Besides, compared to the control mice, I also observed a 

higher coverage volume of microglia in the cortex of Trem2 KO mice. The increased 

volume covered by microglia might be a compensatory response to the loss of Trem2 

function. 

In summary, during α-synuclein spreading from the striatum to the cerebral cortex, 

microglia may act as a barrier probably by uptake and degradation of misfolded protein 

species. This restrictive role of microglia in α-synuclein spreading is (perhaps not only) 

dependent on the function of Trem2.  
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6.5  Potential mechanisms and future directions 

In this current study, two types of PFFs injections into the mouse brains were used. To 

clarify the role of ageing and neuroinflammation in neurotransmission along α-synuclein 

PFFs inoculated nigrostriatal dopaminergic pathway, I injected PFFs into the midbrain of 

mice with different ages. Misfolded α-synuclein is transported in an anterograde 

direction from the SNpc to the striatum. Striatal dopamine release and detailed 

morphological measurements were analyzed at each predetermined time points in both 

young and adult mouse groups. To further investigate the role of microglia in the 

spreading of α-synuclein pathology, I injected PFFs into the dorsal striatum of mice and 

measured morphological alterations in the somatosensory cortex. In this model, the 

transmission of misfolded α-synuclein follows a retrograde transport along the cortico-

striatal pathway from the striatum to the cerebral cortex. 

Along the nigrostriatal pathway, a very efficient formation process of aggregates was 

observed in the young mouse midbrain, and the pathology propagation into striatum 

always stayed at a low level. However, this low level of striatal aggregates was enough to 

activate microglia. Microglial activation further maintained the homeostasis of striatal 

neuronal network. During maintaining of the local physiological function, a portion of TH 

terminals was probably removed. It is very likely that the large-sized terminals were 

removed since the system was prone to have more small-sized terminals according to 

the cumulative frequency distribution analysis of the terminal sizes. Moreover, 

aggregates were more commonly found to form in the large terminals, which may 

activate microglia. It suggests a role of microglia in removing large terminals containing 

misfolded proteins, by which the normal function of dopamine release in the striatum is 

preserved. Whereas, the adult mice were not able to efficiently form such aggregates, 

which led to a much stronger propagation into the striatum. This large amount of 

aggregates also triggered the activation of microglia, though not as strong as in the 

young mice. In the adult mice, the microglial activation coincided with the preserved DA 

neurotransmission at the early stage (1 month after PFFs injection) and secured the 
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striatal pathology under a low level later on. However, due to the overloaded striatal 

pathology and the different microglia age in the adult mice, microglial activation might 

be compromised. As a result, the terminals containing aggregates in the adult mice were 

preserved but do not function properly anymore, which eventually led to the observed 

dysfunction of dopamine release in the striatum. This study particularly stressed the 

impact of age on α-synuclein propagation, which further affects the neuroinflammatory 

activity as well as the dopaminergic neurotransmission. 

As to the spreading of pathology along the cortico-striatal pathway, Trem2-dependent 

microglia function plays a crucial role in acting as a barrier during spreading. PLX5622 is a 

CSF1R inhibitor that can globally eliminate microglia from the brain. Upon the depletion 

of microglia, there was significantly more α-synuclein spreading into the cerebral cortex 

following a retrograde transmission from the striatum. Similarly, mice lacking Trem2 also 

displayed a much higher amount of α-synuclein aggregates in the cerebral cortex. 

Meanwhile, the coverage volume of microglia was statistically increased in the Trem2 KO 

mice compared to the control mice. It indicates that the presence of microglia is not 

enough to prevent the insults unless they are fully functional. With this observation, my 

study highlights the role of microglia in restricting the retrograde transmission of 

misfolded α-synuclein from the striatum to the cerebral cortex, probably in a Trem2-

dependent manner.  

Although more experiments might be needed to further confirm the role of Trem2 in 

microglia-involved alleviation of α-synuclein spreading throughout the brain. For 

example, the knock-in of Trem2 might provide more information about the modulation 

mechanism. Besides, it also arouses much interest to explore the role of Trem2 in 

neurotransmission along the dopaminergic pathway for the future study. For example, α-

synuclein PFFs could be injected into the midbrain of Trem2 KO mice at different ages. 

Furthermore, the injected Trem2 KO mice would be subjected to the measurements of 

striatal DA release, to explore the pathology spreading along the nigrostriatal pathway as 

well as other morphological analysis at different inoculation time points. 
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In conclusion, my current study addressed the role of ageing in pathological α-synuclein 

spreading, dopaminergic neurotransmission, microglial activation, and their potential 

interactions. The young mouse brain shows very little α-synuclein spreading through an 

efficient way to promote local aggregation of the seeded material at the injection side, 

which involves a robust microglial activation differently to the adult mouse brain. The 

highly activated microglia might help to preserve a normal striatal dopamine release, 

which is probably through removing aggregates from affected large terminals. 

Furthermore, loss of Trem2 in microglia shows a significant effect on pathological α-

synuclein spreading. 
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