
 
 

 

 

 

 

 

 

 

 

 

 

Longitudinal Synaptic, Inflammatory, and Dopaminergic System Assessment in 

a SynFib Rat Model of Parkinson´s Disease 

 

 

Heidi Nykänen 

 

 

Master’s thesis 

Faculty of Biological and Environmental Sciences, University of Helsinki 

Master’s Programme in Neuroscience 

April 2022 



 

 
 

ABSTRACT 

Faculty: Faculty of Biological and Environmental Sciences 

Degree programme: Master’s Programme in Neuroscience 

Study track: Neuroscience 

Author: Heidi Nykänen 

Title: Longitudinal Synaptic, Inflammatory, and Dopaminergic System Assessment in a SynFib Rat 

Model of Parkinson´s Disease 

Level: Master thesis 

Month and year: April 2022 

Number of pages: 49 

Keywords: Parkinson’s disease, neurodegeneration, alphasynuclein, alphasynuclein fibrils, animal 

models, positron emission tomography 

Supervisors: Francisco López Picón, Merja Haaparanta-Solin, & Andrii Domanskyi 

Where deposited: HELDA – Digital Repository of the University of Helsinki 

Abstract: 

Parkinson’s disease is the most prevalent neurodegenerative movement disorder worldwide. Ever-

increasing incidence and prevalence rates are not fully explained by aging of the population. 

Pathological hallmarks of this progressive disease are the accumulation and aggregation of misfolded 

alphasynuclein (αSyn), its maturation to Lewy neurites and Lewy bodies, and loss of dopaminergic 

neurons in the substantia nigra pars compacta. Advanced disease state is associated with severe 

disability and reduction in life expectancy. 

The current treatments for Parkinson’s disease as with other neurodegenerative diseases are only 

palliative. For successful drug discoveries, improvements in animal model validity criteria, from 

model construction to recapitulation of the symptoms, are needed. Preclinical animal models of 

Parkinson’s disease currently in use have poor face validity due to absence of many pathological 

features of the human patients. 

Here I implement a novel SynFib rat model of Parkinson’s disease. Exogenous preformed human 

αSyn fibrils were delivered in combination with αSyn overexpressing viral vectors to the substantia 

nigra pars compacta to induce intense and progressive αSyn pathology with prominent dopaminergic 

cell damage. I followed the disease progression longitudinally with positron emission tomography to 

evaluate functional deficiencies in synaptic, inflammatory, and dopaminergic systems over 16 weeks. 

I detected significant increase in inflammation which decayed over time with prominent 

dopaminergic cell damage in the ipsilateral injection side. Decreased synaptic density was evident in 

the ipsilateral side at two-week time point, and the disease progression to the contralateral side had 

begun.  
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Tiivistelmä: 

Parkinsonin tauti on maailman yleisin hermorappeumaa aiheuttava liikehäiriösairaus. Taudin 

ilmaantuvuus- ja esiintyvyysluvut ovat jatkuvassa nousussa, mitä väestön ikääntyminen ei yksin 

selitä. Taudin patologisia löydöksiä ovat alfasynukleiinin kertyminen ja vääränlaisesta 

laskostumisesta johtuva aggregaatio, Lewy neuriittien ja kappaleiden kertyminen sekä 

dopaminergisten hermosolujen solukato mustatumakkeesta. Taudin pidemmälle edenneille vaiheille 

on tyypillistä vaikea toimintakyvyttömyys ja elinajanodotteen lasku. 

Nykyiset hoitomuodot niin Parkinsonin taudille, kuin muillekin hermorappeumasairauksille ovat 

ainoastaan oireita lievittäviä. Onnistuneeseen lääkekehitykseen vaaditaan parannusta eläinmallien 

validiteetin jokaisella alatasolla. Parkinsonin taudin käytössä olevissa prekliinisissä eläinmalleissa on 

huono ilmivaliditeetti monien potilailla tehtyjen patologisten löydösten puuttuessa. 

Tässä tutkielmassa esitän uudenlaisen SynFib rottamallin Parkinsonin tautiin. Eksogeenisesti 

valmistettuja ihmisen alfasynukleiinifibrillejä injisoitiin yhdessä alfasynukleiinia ekspressoivien 

virusvektoreiden kanssa mustatumakkeeseen. Injektio aiheutti intensiivisen  ja etenevän 

alfasynukleiinista johtuvan patologian ja merkittävän dopaminergisen soluvaurion. Taudin 

etenemistä seurattiin pitkittäistutkimuksessa positroniemissiotomografialla ja toiminnallisia puutteita 

arvioitiin synapsitiheydessä, inflammaatiossa ja dopaminergisessa järjestelmässä 16 viikon ajan.  

Havaitsin aivokudoksen tulehduksen ja dopaminergisen ipsilateraalisen soluvaurion lisääntyneen 

merkittävästi. Kahden viikon kohdalla synapsitiheys oli merkittävästi vähentynyt ipsilateraalisesti ja 

taudin leviäminen kontralateraaliselle puolelle oli alkanut. 
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LIST OF ABBREVIATIONS 

[11C]UCB-J = (R)-1-((3-([11C]methyl)pyridin-4-yl)methyl)-4-(3,4,5-trifluorophenyl)pyrrolidin-2-

one 

[18F]FDG = 2-deoxy-2-[18F]fluoroglucose 

[18F]F-DPA = N,N-diethyl-2-(2-(4-([18F]fluoro)phenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-

yl)acetamide 

[18F]FE-PE2I = (E)-N-(3-iodoprop-2E-enyl)-2β-carbo[18F]fluoroethoxy-3β-(4-

methylphenyl)nortropane 

αSyn = α-synuclein 

AAV = adeno-associated virus 

Am = molar activity 

CT = computed tomography 

DA = dopamine 

DAT = dopamine transporter 

DOPAL = 3,4-dihydroxyphenylacetaldehyde 

Iba-1 = ionized calcium-binding adapter molecule 1 

KO = knockout 

LBs = Lewy bodies 

MPTP = 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

NHPs = nonhuman primates 

PD = Parkinson’s disease 

PET = position emission tomography 

PFFs = preformed human α-synuclein fibrils 

pSyn = phosphorylated α-synuclein 

SN = substantia nigra 

SNc = substantia nigra pars compacta 

SUV = standardized uptake value 

SV2A = synaptic vesicle glycoprotein 2A 

TSPO = translocator protein 18 kDa 

VTA = ventral tegmental area  
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1 REVIEW OF LITERATURE 

1.1. PARKINSON’S DISEASE 

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

progressive nature (de Rijk et al., 1997). The clinical picture and the disease progression are highly 

heterogenous among individuals even with similar backgrounds. The prodromal phase, which refers 

to early symptoms of the disease, is difficult to recognize and can start up to ten years before the 

disease can be diagnosed (Gaenslen et al., 2011). Examples of these early symptoms are constipation, 

hyposmia, depression, visual changes, anxiety, and acting out during the rapid eye movement sleep 

(Gaenslen et al., 2011; Postuma et al., 2012). The risk to develop parkinsonism increases as the 

number of prodromal symptoms increase (Heinzel et al., 2019). The diagnosis of PD is based on 

clinical investigation, but further testing may help to differentiate the disease from other 

parkinsonisms (Balestrino & Schapira, 2020). The clinical picture consists of motor symptoms and 

non-motor symptoms (NMSs). The principal motor symptoms are resting tremor, rigidity, 

bradykinesia/hypokinesia/akinesia, and postural instability together with other motor symptoms such 

as gait disturbances, postural abnormalities, micrography, and hypomimia (Balestrino & Schapira, 

2020). NMSs are an important part of the diagnosis. Dysphagia, hypersalivation, sleep problems, and 

autonomic, gastrointestinal, sensorial, cognitive and neuropsychiatric disturbances are the most 

frequently observed NMSs in PD patients (Balestrino & Martinez-Martin, 2017). 

PD is an age-related disease which affects both sexes. However, women have a lower disease 

incidence, and their age of onset is higher (Pringsheim et al., 2014). The incidence and prevalence 

have risen rapidly during the past two decades (Dorsey et al., 2018; Feigin et al., 2019). In Europe, 

the rates of incidence and prevalence are 346/100000 and 1280-1500/100000 among people over 60 

years of age (von Campenhausen et al., 2005). The growing numbers can partly be explained by the 

aging of the population, since the incidence increases steadily with age. Still, when the age-related 

factors are corrected PD is indicated to continue to rise in incidence (Feigin et al., 2019). Other factors 

having an influence on incidence rates can include prolonged survival and exposure to certain 

pesticides or chemicals known to be destructive to neurons involved in PD (Breckenridge et al., 

2016). Negative associations with PD have been observed with coffee drinking, smoking, treatment 

with anti-inflammatory drugs, and physical activity (Noyce et al., 2012). 

PD is primarily a sporadic disease, however up to 10% of the cases occur in familial manner and the 

disease is inherited via autosomal dominant or recessive inheritance patterns, depending on the 
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particular mutation (Hernandez et al., 2016). The relative risk for PD in first-degree relatives of PD 

patients is two- to three-fold higher compared to healthy controls (Marder et al., 1996). The best clue, 

when suspecting a genetic form of the disease, is a young age of onset (Bloem et al., 2021). Different 

genetic causes have been found, even though the aetiology of PD in most patients is unknown. The 

most relevant pathological mutations are found in the genes SNCA, PINK1, PRKN, LRRK2, and GBA1 

(Kasten et al., 2018; Neumann et al., 2009; Polymeropoulos et al., 1997; Trinh et al., 2018). 

Current treatments are only symptomatic and do not stop the disease progression. In initial disease 

stages pharmacotherapy allows good control of motor symptoms. However, in the later stages 

levodopa-resistant symptoms arise such as dysarthria, dysphagia, dementia, hallucinations, and 

daytime sleepiness (Balestrino & Schapira, 2020). The increased disability in advanced PD is 

associated with a reduction in life expectancy, severe disability, and an increased risk of all-cause 

mortality (Ishihara et al., 2007). 

1.1.1. Pathophysiology 

Pathological characteristics of PD include accumulation and aggregation of misfolded α-synuclein 

(αSyn) in Lewy neurites and Lewy bodies (LBs) as well as loss of dopaminergic neurons in the 

substantia nigra pars compacta (SNc). By the time of the diagnosis, up to 60% of the dopaminergic 

neurons in the SNc have already been lost (Fearnley & Lees, 1991). Other pathophysiological 

findings are dysfunctions of mitochondria and lysosomes, disturbances in vesicle transport, and 

neuroinflammation (Schapira et al., 1989; Tansey & Goldberg, 2010). The nigrostriatal tract is crucial 

for the motor control feedback properties. The most important inputs to the basal ganglia come from 

the striatum which combines the incoming sensory information from various brain regions to 

coordinate motor functions (Albin et al., 1989). Projections from the basal ganglia are modulated by 

direct and indirect ganglionic pathways (Delong & Wichmann, 2009). The goal of these pathways is 

either to facilitate (direct pathway) or reduce (indirect pathway) the movement patterns with 

GABAergic inhibitory projections. Depletion of nigrostriatal dopamine (DA) induces an imbalance 

between direct and indirect pathways through the basal ganglia leading to motor impairments (Bloem 

et al., 2021). A new hypothesis is that pathological changes in neuronal firing are compensated by 

brain activity in areas unaffected by the disease pathology such as recruitment of cortical regions that 

are less connected to the basal ganglia (Michely et al., 2015). 

The main component of intraneuronal LBs is aggregated αSyn phosphorylated at serine 129 (Fouka 

et al., 2020). In addition, these neuronal inclusions are composed of nearly a hundred proteins such 
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as ubiquitin (Wakabayashi et al., 2013), and fragments of membranous organelles and vesicular 

structures (Mahul-Mellier et al., 2020; Shahmoradian et al., 2019). The Lewy pathology has been 

proposed to drive the neuronal pathology (Mahul-Mellier et al., 2020), but it seems to be able to exist 

silently for decades in many brain regions without causing remarkable cell death or dysfunction. 

Furthermore, in some well-known PD cases linked to genetic mutations, such as the ones in Parkin 

and LRRK2 (with the exception of G2019S), Lewy pathology is absent even at late stages of the 

disease (Poulopoulos et al., 2012). 

Dopaminergic neurons of the SNc projecting to the dorsal striatum are particularly vulnerable in PD 

(Hirsch et al., 1988). It is believed that degeneration originates at dopaminergic nerve terminals 

followed by the soma (Cheng et al., 2010). Human post-mortem studies estimated that the occurrence 

of clinical PD is parallel by almost 50% reduction of putaminal tyrosine hydroxylase (TH), the rate 

limiting enzyme of DA synthesis (Kordower et al., 2013). Within 4 years after diagnosis the 

putaminal TH and DA transporters (DAT) are lost. However, a small number or residual TH and 

neuromelanin-containing dopaminergic neurons of SNc may last over 25 years (Kordower et al., 

2013). The anatomical and functional properties of the dopaminergic neurons are believed to underlie 

their vulnerability. The dopaminergic neurons of the SNc possess highly dense and widely spread 

axonal arbors within the rat striatum (Matsuda et al., 2009), enabling hundreds of synaptic 

connections with extreme bioenergetic demands (Bolam & Pissadaki, 2012; Matsuda et al., 2009). 

Even higher bioenergetic demands are estimated in human dopaminergic neurons with even more 

synaptic connections (Bolam & Pissadaki, 2012). Moreover, dopaminergic neurons are autonomous 

pacemakers firing in a regular rhythmic manner with spontaneous action potentials involving massive 

calcium influxes (Grace & Bunney, 1984). The pacemaking is most likely important for maintaining 

the necessary background DA levels in the target areas (Puopolo et al., 2007). However, the massive 

calcium influxes increase mitochondrial activity leading to increased levels of oxidative stress 

specifically in dopaminergic neurons of the SNc, but not in the neighboring dopaminergic neurons of 

the ventral tegmental area (VTA) (Guzman et al., 2010). The vulnerability and loss of dopaminergic 

neurons of the SNc in PD is supported by the findings that the dopaminergic neurons of the VTA are 

more resistant to the disease. This is thought to be due to less extensive axonal arbors with smaller 

synaptic networks, a smaller number of L-type calcium channels, and higher expression of calcium 

binding proteins (Surmeier & Schumacker, 2013). 

In presynaptic terminals, TH converts tyrosine to L-dihydroxyphenylalanine which is converted to 

DA by aromatic amino acid decarboxylase and packed into vesicles (Molinoff & Axelrod, 1971). Re-
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uptake of DA through DAT or degradation of DA terminates the neurotransmission. This is 

particularly important as cytosolic DA and DA metabolites are sensitive to oxidation, producing 

reactive quinones that are neurotoxic and prone to modify proteins causing aggregation (Sulzer & 

Zecca, 1999). The degradation begins with oxidative deamination of DA to 3,4-

dihydroxyphenylacetaldehyde (DOPAL) concurring with hydrogen peroxide and ammonia 

generation by the outer mitochondrial membrane monoamine oxidase (Masato et al., 2019). DOPAL 

is further metabolized since it is endogenously toxic for dopaminergic neurons (Burke et al., 2003; 

Mattammal et al., 1995). Injection of DOPAL into the rat SN resulted in accumulation of high 

molecular weight αSyn species and loss of TH positive neurons linking DOPAL to αSyn pathology 

(Burke et al., 2008). In aqueous solutions DOPAL undergoes spontaneous oxidation forming quinone 

derivates with accompanying generation of reactive oxygen species (Anderson et al., 2011). 

Noticeably, DOPAL modifies αSyn reducing its affinity for vesicle-like membranes and increases the 

oligomerization of the protein (Follmer et al., 2015). Moreover, oligomers have been shown to bind 

and permeabilize lipid membranes followed by DA leak to the cytosol (Plotegher et al., 2017). The 

formed vicious cycle further accumulates DOPAL, leading to oxidative stress and protein 

modifications with toxic intermediates promoting αSyn pathology. In addition, the elevation of DA 

in the mouse SN neurons promoted the pathological αSyn oligomer formation and increased 

dopaminergic deterioration followed by prominent nigrostriatal degeneration (Mor et al., 2017). 

Elevation of cytosolic DA in mouse ventral midbrain neurons also inhibited protein degradation 

through chaperone-mediated autophagy in wild-type neurons, but not in the αSyn null neurons 

(Martinez-Vicente et al., 2008). 

Finally, calcium and αSyn appear to affect each other. Calcium binds to C-terminal domain of αSyn 

promoting αSyn aggregation, and possibly potentiating the interaction of αSyn with synaptic vesicles 

(Lautenschläger et al., 2018; Nielsen et al., 2001). In addition, in vivo inhibition of calcium-activated 

protease calpain I in αSyn overexpressing mice terminated αSyn truncation and reduced αSyn 

aggregation (Diepenbroek et al., 2014). Correspondingly, overexpression of αSyn affected 

intraneuronal calcium homeostasis by increasing the basal calcium levels (Angelova et al., 2016). 

Oligomeric αSyn induced calcium channel formation on artificial membranes followed by abnormal 

and irregular calcium influx possibly promoting calcium-dependent toxicity (Angelova et al., 2016). 

This is supported by abnormal calcium influx upon depolarization in induced pluripotent stem cell-

derived SNCA triplication cortical neurons, followed by integration of oligomeric αSyn into 

membranes which are known to associate with high calcium influx (Angelova et al., 2020). 
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1.1.2. α-synuclein 

The appearance of disease specific aggregated proteins is a hallmark of neurodegenerative diseases. 

These proteins are prone to structural rearrangements leading to misfolded proteins which can 

accumulate and form protein aggregates with a fibrillar amyloid structure. Accumulation of unfolded 

proteins in neurodegeneration leads to overload of the protein quality control (PQC) system which is 

regulated by molecular chaperones (Kim et al., 2013). Chaperones prevent self-association and 

aggregation of misfolded proteins by recognizing their exposed hydrophobic domains (Hartl et al., 

2011). The overexpression of HSP70 has been shown to inhibit the fibril formation of αSyn by 

binding to prefibrillar species of the protein (Dedmon et al., 2005). Under normal cellular conditions, 

the PQC system senses and corrects misfolded proteins. During chronic cellular stress or aging, cells 

are challenged to maintain sufficient protein homeostasis, which can ultimately lead to chronic 

expression of damaged and misfolded proteins resulting in the formation of protein aggregates (Koga 

et al., 2011). Moreover, in line with deficient protein homeostasis, there seems to occur a decline in 

the upregulation of chaperones during aging (Hall et al., 2000; Pahlavani et al., 1995). In addition, 

some specific pathological mutations induce protein binding to the transmembrane receptor Lamp2a, 

and impair the chaperone-mediated autophagy (CMA) pathway, leading to accumulation of αSyn and 

other CMA substrates (Cuervo et al., 2004). Aggregation of misfolded proteins can be divided into 

three phases (Blanco et al., 2012). In the first lag phase cell has mainly protein monomers and 

oligomers, which is followed by growth phase where protein fibrils form rapidly. The reaction ends 

in the plateau phase due to depletion of soluble proteins. However, pathological mutations in these 

proteins can even further advance protein aggregation (Balestrino & Schapira, 2020). In addition, the 

genetic increase in the number of copies of aggregation prone protein can lead to pathological effects 

by increasing the concentration of soluble proteins in the cell (Singleton et al., 2003). The increase in 

concentration can also change the stability of soluble state protein towards the amyloid state (Stroo 

et al., 2017). 

The amino acid sequence of αSyn composes of three domains: the N-terminal domain, the 

hydrophobic central NAC domain, and the C-terminal domain (Fusco et al., 2014; Middleton & 

Rhoades, 2010), of which the N-terminal domain of αSyn intermediates with anionic phospholipids 

and favors binding to small vesicles. Normally upon membrane binding, the monomeric αSyn adopts 

an α-helical conformation and assembles into multimeric form on the surface of membranes (Burré 

et al., 2014). Impairments in the association of αSyn with membrane increase the αSyn aggregation 

propensity (Burré et al., 2015). This is supported by findings that pathological mutations in the N-
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terminal domain increase aggregation in vitro and in situ (Burré et al., 2015). The NAC domain has 

been shown to facilitate the formation of αSyn aggregates (Waxman et al., 2009). Upon membrane 

binding, the hydrophobic NAC domain fluctuates between states where it is exposed to the cytosol 

or concealed in the membrane (Fusco et al., 2014). When exposured to the cytosol, the NAC domain 

recruits αSyn monomers initiating the aggregation and the disease-prone state by having the ability  

to dissolve from the membrane (Lv et al., 2019). 

αSyn has a tendency to misfold, acquire an insoluble state and form β-sheet abundant amyloid 

aggregates which accumulate and form protofilaments and amyloid fibrils (Balestrino & Schapira, 

2020). Kinetically trapped and biophysically characterized oligomers and fibrils show that small 

oligomers contain anti-parallel β-sheet conformation, have minimal amyloid configuration, and do 

not elongate among monomers (Chen et al., 2015; Cremades et al., 2012; Froula et al., 2019). Whereas 

amyloid fibrils have parallel β-sheet configuration, amyloid conformation, and capability to extend. 

Intracerebral injection of oligomers into the mouse striatum induced a small loss of dopaminergic 

neurons in the SNc (Froula et al., 2019; Luk et al., 2012a). While injection of fibrils significantly 

enhanced the loss of dopaminergic neurons in the SNc, reduced DAT positive nerve terminals in the 

striatum, produced impaired motor behavior, and acted as seeds to αSyn inclusions in the SNc, cortex, 

and amygdala. 

A lack of inherited mutations in the idiopathic PD means that some acquired pathological functions 

in wild-type αSyn manifest the disease. The functions of αSyn in normal cellular conditions are 

unclear. However, it is enriched in the nerve terminals indicating the relevant context for its normal 

function (Maroteaux et al., 1988). The ability of αSyn to assemble into cellular membranes suggests 

its role in endo- and exocytosis, for example, in the retrieval of the vesicle membrane after exocytosis 

(Burré et al., 2010; Vargas et al., 2014). αSyn also acts on the fusion pore promoting the pore dilation 

when vesicles fuse with plasma membrane (Logan et al., 2017). Studies also describe interaction of 

αSyn with synapsin III which is thought to regulate DA release (Kile et al., 2010). Both αSyn deletion 

and aggregation were shown to increase the number of synapsin III, and drive its redistribution 

leading to increased DA transmission (Zaltieri et al., 2015). Moreover, inhibition of synapsin III 

prevented αSyn aggregation. Expression of truncated and full-length human αSyn in the nigrostriatal 

tract of transgenic mice led to redistribution of SNARE complex, which was associated with 

reductions in exocytosis and impairments in DA release (Garcia-Reitböck et al., 2010). 

Misfolded αSyn species have ability to spread through neurons in a prion-like manner, and this 

transmission probably underlies the disease progression, when misfolded species seed the aggregation 
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process in recipient cells (Steiner et al., 2018). Exposure of striatal endogenous αSyn to injection of 

fibrillar αSyn produced Lewy-like pathology in the dopaminergic neurons of the SNc, the loss of 

dopaminergic neurons, and motor impairments similar to PD patients (Luk et al., 2012a). The prion-

like propagation can also be demonstrated in PD patients who received transplanted fetal nigral grafts 

in the striatum, and after several years the transplanted tissue harbored Lewy pathology (Kordower 

et al., 2008). To make this propagation possible, fibrils must gain entry to the cytoplasm of 

neighboring cells, for example, via cell surface heparan sulfate proteoglycans (Holmes et al., 2013). 

This can be inhibited by heparin which competes for the binding sites of the glycoproteins. Other 

facilitator of αSyn fibril uptake is LAG3 (Mao et al., 2016), and mice lacking LAG3 expression 

showed reduced toxicity with delayed pathology. Also, other propagation mechanisms have been 

suggested (Fares et al., 2021). 

The transition from fibrils to LBs is a complex process which requires structural rearrangement, time, 

and could be driven by posttranslational modifications together with interaction of αSyn with 

membranous organelles. This is elucidated in neuronal seeding model (Mahul-Mellier et al., 2020), 

where αSyn-rich neuronal inclusions recapitulated the morphological, biochemical and structural 

compositions of LBs observed in PD patients, after 21 days in culture. The seeded aggregates on day 

14 were detected as long filamentous structures in the neuronal cell bodies or in the neurites. 

However, on day 21 three distinct morphologies with significant increase in the number of aggregates 

were identified, namely round LB-like inclusions in the proximity of nucleus (22%), filamentous 

(30%), and ribbon-like aggregates (45%). The authors detected a large number of cytoskeletal and 

motor proteins associated with augmented axonogenesis, and reorganization of actin cytoskeleton 

concomitant with transition of new αSyn aggregates from the neurites to the perinuclear region. This 

was supported by enhanced biological activity in the intracellular protein transport. Furthermore, 

proteomic data showed enrichment in the mitochondrial apoptotic pathway, energy metabolism, and 

mitochondrial dynamics indicating dramatic aberrant alterations in the physiology of mitochondria 

during αSyn aggregation. Other upregulated neurotoxicity related signaling pathways were 

Huntington’s disease signaling, the ER stress pathway, autophagy, and pathways related to 

neuroinflammation. Transcriptomic changes revealed that about 70 genes related to the regulation of 

cell death were upregulated when compared to controls. Altogether, the study provides a strong 

evidence that LBs arise through a cascade of complex cellular processes. These include a recruitment 

of proteins, membranous structures, and organelles and leads to dramatic changes in the mitochondria 

and synapses eventually leading to toxicity and neuronal malfunction. The most interesting possibility 

is that aggregation and Lewy body formation represent a protection mechanism against toxicity of 
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αSyn intermediates. This is supported by the neuronal seeding model (Mahul-Mellier et al., 2020), 

where fibrillar aggregates formed in the neuronal extensions were actively transported to the 

proximity of nucleus, probably to enhance the detoxification of αSyn intermediates via molecular 

chaperones. 

1.2. ANIMAL MODELS OF PARKINSON’S DISEASE 

Mice and rats are the most used species to study the underlying pathological phenomena of PD, and 

discoveries made in the model organisms provide insights into the pathophysiology of PD patients. 

Although the level of complexity in rodents is much higher when compared to in vitro studies, both 

similarities and discrepancies exist between humans and rodents in relevance to PD. For example, 

alterations related to age, longevity, brain size, and gene-environment interplay must be taken into 

account to optimize translational research (Outeiro et al., 2021; Sittig et al., 2016).  

The best validated methodologies to induce neurodegeneration of the nigrostriatal tract are 

intracerebral injections of catecholamine-selective neurotoxins, environmental toxins such as 

rotenone or proteasome inhibitors, systemic administration of 1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), intrastriatal 6-hydroxydopamine (6-OHDA) injections, and intranigral 

injections of viral vectors overexpressing human αSyn combined with/or delivery of preformed αSyn 

fibrils (Cenci & Björklund, 2020). 

One major limitation in the existing models is that they produce αSyn aggregation and fibril 

formation, but fail to reproduce the transition of aggregated αSyn to intraneuronal LB inclusions 

(Mahul-Mellier et al., 2020). Other limitations of the rodent models are difference in DA metabolism, 

and that they lack the neuromelanin pigment which accumulates in dopaminergic neurons of the SNc 

of macaques and humans (Burbulla et al., 2017; Oliveira et al., 2021). Melanized neurons have been 

shown to be more vulnerable to neurodegeneration than non-melanized neurons in nonhuman 

primates (NHPs) and PD patients (Herrero et al., 1993; Hirsch et al., 1988; Purisai et al., 2005). NHPs 

have excellent face validity in PD research, but their use in research is highly limited due to 

troublesome conception in society. In addition, utilizing sufficient number of animals in longitudinal 

studies results in extremely high costs. Nevertheless, neurotoxin MPTP has been used to study 

pathophysiology and nigrostriatal degeneration and its impact on behavior in the PD models of NHPs 

(Crossman et al., 1985; Doudet et al., 1985). 
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1.2.1.  6-hydroxydopamine toxin model 

Toxin-induced models provoke acute dopaminergic cell death, but they do not recapitulate key 

pathological features with the progressive nature of the PD. These models are suitable for studying 

neuronal survival, disease maturation, and DA transmission. The 6-OHDA toxin model is the most 

common preclinical model for restorative neuron transplantation research in PD (Hoban et al., 2020). 

The toxin induces rapid dopaminergic cell death and significant impairment of motor behavior, but 

fails to produce synucleinopathy or inflammation. 6-OHDA, a selective catecholaminergic 

neurotoxin, is a blood-brain barrier impermeable, and therefore it requires typically unilateral 

intracerebral injection into the SN, medial forebrain bundle, or striatum (Blandini et al., 2008). The 

intrastriatal injection induces progressive destruction of axon terminals, which is followed by 

retrograde degeneration of dopaminergic neurons in the SN and ventral tegmental area (VTA) 

(Przedbroski et al., 1995; Sauer & Oertel, 1994). Animals with full lesion (> 90%) resemble the DA 

loss seen in PD patients, with more cell loss in the SNc compared to VTA (Przedbroski et al., 1995). 

Drug-induced rotation tests are used to assess motor impairments, and to determine the extent of the 

lesion (Dunnett & Lelos, 2010). 

1.2.2. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxin model 

Another toxin to induce dopaminergic cell death is MPTP, which is used mostly in mice and NHPs, 

because rats are resistant to this neurotoxin (Chiueh et al., 1984). In the neurons MPTP is metabolized 

to MPP+ which inhibits mitochondrial complex I leading to elevated oxidative stress, and followed 

by the oxidation and nitration of αSyn, which increases its propensity to aggregate (Paxinou et al., 

2001). Chronic MPTP administration leads to αSyn aggregation (Fornai et al., 2005; Masilamoni & 

Smith, 2018), and interestingly prevents behavioral defects and loss of dopaminergic neurons in αSyn 

knockout (KO) mice. 

The strength of MPTP model is the reproducible and specific damage of the nigrostriatal tract, which 

is confirmed by neuropathological data to be identical to that seen in PD patients (Langston et al., 

1983). Like in the case of 6-OHDA, the weakness of this model is the lack of LB inclusions (Halliday 

et al., 2009; Shimoji et al., 2005). However, intraneuronal inclusions resembling LBs have been 

described in NHPs (Forno et al., 1986; Kowall et al., 2000). Another weakness of MPTP model is 

that after the acute MPTP administration mice recover spontaneously over time (Airavaara et al., 
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2020). In addition, behavioral phenotype of PD patients is more or less lacking especially in mice 

(Taylor et al., 2010). 

1.2.3.  Genetic models 

Transgenic models provide insights into the causes underlying PD pathogenesis, and they may better 

replicate the genetic forms of PD than other animal models. The limitation of these models is the 

absence of progressive neuronal cell death in the SNc. In addition, a certain transgenic model may 

have variable phenotypes within individuals with same mutations (Blesa & Przedborski, 2014). 

Some αSyn transgenic mice have decreased TH and DA levels in the striatum with behavioral deficits, 

indicating that the αSyn accumulation alters the function of dopaminergic neurons (Blesa & 

Przedborski, 2014). However, no significant neurodegeneration of the nigrostriatal tract has been 

found. These αSyn overexpressing models recapitulate the neurodegeneration when certain promoter 

is regulating the expression of the transgene, and when the level of expression is sufficiently high. 

For example, murine Thy-1 promoter causes the αSyn pathology and loss of striatal DA levels with 

only moderate dopaminergic cell death in the SNc (Ikeda et al., 2009; Lam et al., 2011; Rockenstein 

et al., 2002). Tetracycline-regulated transgenic mice overexpressing αSyn A53T regulated by the 

Pitx3 promoter developed motor impairments, robust midbrain neurodegeneration, decrease of the 

DA release, dysfunctional autophagy and lysosome degradation pathways, and fragmentation of the 

Golgi apparatus (Lin et al., 2012). Bacterial artificial chromosome transgenic mice expressing wild-

type human αSyn developed deficits in DA release in the dorsal striatum, aggregation of proteins, 

and decreased firing rates of dopaminergic neurons in the SNc. Furthermore, an age-dependent loss 

of dopaminergic neurons was observed in the SNc (Janezic et al., 2013). 

PINK1 KO mice have moderate DA level reduction in striatum and decreasing locomotor activity, 

which are age-dependent. However, mice do not display major dysfunctions in dopaminergic neurons 

or decreased levels of DA, and showed no LB formation or nigrostriatal degeneration for up to 18 

months (Gautier et al., 2008; Gispert et al., 2009). But αSyn overexpression in the SNc of PINK1 KO 

mice caused elevated dopaminergic degeneration together with high levels of αSyn phosphorylation 

at serine 129 four weeks after the injection (Oliveras-Salva et al., 2014). 
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1.2.4.  SynFib model 

αSyn overexpression via adenoassociated virus (AAV) vectors has become one of the most 

commonly used and effective mechanisms to induce relevant PD pathology in the rodent brain. The 

progressive neurodegenerative changes in dopaminergic neurons and development of αSyn 

aggregates and inclusions are the strengths of this model (Thakur et al., 2017). However, the 

magnitude of the dopaminergic neurodegeneration is dependent on high αSyn expression levels, 

almost fivefold above normal, and the disease progression is relatively slow (Decressac et al., 2012). 

To avoid the abnormal αSyn expression levels, researchers discovered that αSyn protofibrils can act 

as αSyn aggregation seeds (Luk et al., 2012a; Luk et al., 2012b). This finding led to the discovery of 

a model which combines AAV-induced overexpression of αSyn and exogenous preformed αSyn 

fibrils (PFFs). PFFs are self-templating, transmittable, and purified misfolded αSyn aggregates, which 

induce LB-like fibrillar inclusions and cellular dysfunctions in vivo and in vitro (Er et al., 2020; Hijaz 

& Volpicelli-Daley, 2020). These aggregates are formed by PFFs recruiting endogenous αSyn. The 

effective aggregate formation occurs when both of the building blocks are from the same species and 

when the endogenous αSyn is present in the cell (Luk et al., 2016; Volpicelli-Daley et al., 2011). 

Thakur et al. (2017) injected AAV-αSyn vectors at a low titer to induce αSyn expression level 

comparable to the level seen in PD patients with PFFs dose unable to produce dopaminergic cell death 

by itself. An intranigral injection of PFFs was given four weeks after the vector injection and resulted 

in progressive synucleinopathy with fibrillar inclusions and LB-like aggregates. Findings were seen 

already 10 days after PFFs injection together with progressive neurodegeneration and dopaminergic 

cell death. Moreover, rapidly increasing and long-lasting inflammation declined over time and 

recapitulated the neuropathological changes observed in human patients. Immunostainings revealed 

that in the weeks 12 and 24 after PFFs injection the progressive loss of TH positive neurons reached 

65–70% at week 24, when control groups which received either αSyn or PFFs reached 50%. In 

addition, the striatal degeneration was more distinct in the combination group already after three 

weeks from PFFs injection, which increased from 40% to 60–65% at 12–24 weeks. The accumulation 

of phosphorylated αSyn (pSyn) was prominent already 10 days after the PFFs injection, and LB-like 

pathology was visible in numerous neurons in the SNc and VTA already at three-week time point. 

The number of pSyn positive neuros reduced significantly at the later time points, which supports the 

hypothesis that the neurons with most severe pathology had degenerated by then. In addition, in vivo 

amperometry revealed changes in DA release rate and reuptake in the striatum, which were declined 

by 70% in the rats. Even though AAV-derived αSyn was expressed in the large number of neurons 
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and not only in the nigral dopaminergic neurons, the pSyn pathology and accumulation of inclusions 

seemed to be highly selective for dopaminergic neurons of the SNc and VTA. This is supported by 

studies where DA interacts with αSyn forming oligomers and increasing its toxicity (Cappai et al., 

2005; Lee et al., 2011). 

To avoid performing two separate intracerebral surgeries, another study implemented the 

combination of AAV-induced overexpression of αSyn and PFFs in a single injection into two sites of 

the SN. Such approach can potentially decrease the variability between experimental animals (Hoban 

et al., 2020). Similar findings were detected with this model as in the sequential injection model 

described above, including pSyn accumulation in the ipsilateral side of the injection without any 

insights of the pSyn pathology in the contralateral striatum at four-week time point. 

SynFib model exhibits filamentous aggregates which are immunoreactive for the standard LB 

markers such as ubiquitin. However, the transition from fibrils to LBs has not been reported, which 

may make it an unsuitable model for LB formation (Mahul-Mellier et al., 2020). Nonetheless, these 

models enable studying pathological development towards the LB formation: fibril uptake and 

propagation, recruitment of endogenous αSyn, maturation of LB-like intracellular inclusions, and 

effects of disease pathology on cell function and dopaminergic cell survival (Domanskyi & 

Chmielarz, 2021). 

1.3. POSITRON EMISSION TOMOGRAPHY 

Positron emission tomography (PET) is a sensitive and noninvasive molecular imaging technology 

which visualizes biochemical processes in vivo. PET can be utilized as an important diagnostic tool 

to identify pathological processes and follow their progression by monitoring the distribution and 

accumulation of positron-labeled compounds (Phelps, 2000). The most commonly used positron 

emitters are carbon-11 (T½ = 20.4 min), oxygen-15 (T½ = 2.04 min), and fluorine-18 (T½ = 109.8 

min). In a strong magnetic field, a high-energy beam induces collision of positively charged particles 

with a stable atomic nucleus, which generates a positron emitting radioactive isotope with an 

additional proton. After the radioactive isotope is produced, it is associated with a biologically active 

molecule to visualize the target of interest. The short-living radioisotope-labeled molecule, i.e. 

radiotracer is typically administered intravenously to a living subject. Positrons emitted from the 

nuclei of these isotopes are antielectrons, which collide with electrons and cause annihilation. The 

masses of the positron and the electron are converted into emission of two gamma photons (á 511 

keV), which are coincidently detected in opposing scintillators of the detector ring of the PET scanner. 
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Detector pair combinations record spatial locations of annihilations from different angles around the 

subject simultaneously. After photon attenuation correction, tomographic images of tissue 

concentrations can be reconstructed. (Phelps, 2000). 

One of the most used radionuclides in PET is fluorine-18, because of its numerous beneficial 

properties (Keller et al., 2017; Keller et al., 2020). The suitable long half-life allows transportation of 

the tracers to the facilities without an on-site cyclotron and recording of late-stage biological 

reactions. In addition, increased lipophilicity and metabolic stability of the fluorine atom transmit the 

properties to the labeled molecule. The most important benefits of using fluorine-18 are a clean decay 

process (97% +β emission) and a short positron trajectory, which enables the acquisition of high-

resolution PET images. The high-resolution PET images achieved by this are especially important 

when imaging the brain or using small animals (Keller et al., 2017). The defect of fluorine-18 is that 

it is found only in few naturally occurring bioactive molecules, which would be suitable for labelling. 

For this reason, the advantage of carbon-11-labeled molecules is that they can be produced without 

adjusting their structure (Phelps, 2000). Another advantage of carbon-11 is that the short half-life 

allows to image the subject multiple times in a day, but the applicability of these tracers is limited to 

having a cyclotron on-site. 

A high molar activity (Am) is a prerequisite for successful application of radioligands as tracers of 

biological processes. Am is the ratio between radioactive and nonradioactive tracer molecules, 

expressed as MBq/µmol or GBq/nmol. 

The administered mass of the radiotracer has to be kept as low as possible to avoid unwanted 

pharmacological effects, since most of the radiotracers are produced from pharmaceutical or bioactive 

molecules (Keller et al., 2020). Other essential properties of the radiotracer are: relatively small size 

with sufficient lipophilicity or carrier system to cross cell membranes and blood-brain barrier, high 

target affinity combined with low non-specific binding, and low peripheral metabolism (Phelps, 

2000). 

Molecular imaging provides the means to link experimental in vitro paradigms to in vivo studies, 

which allows to move more effectively from in vitro settings to the in vivo environment (Phelps, 

2000). This paradigm is benefiting from the rapid evolution of disease models, which utilize 

genetically engineered rodents using transgenes, chimerics, or humanized transplants to study 

biological processes that transform cells from their normal phenotypes to those of the specific disease 

(Phelps, 2000). Preclinical in vivo imaging provides screening throughout the subject to characterize 
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the pathology of the underlying disease and to follow the progression of the pathology. The major 

emphasis is on PET and computed tomography (CT) scanners at both preclinical and clinical levels. 

These scanners merge anatomical and biological information together, which provides high in vivo 

differential screening of biological responses in transgenics, chimerics, cell trans-plants, and drug 

evaluations in a form of a three-dimensional image (Phelps, 2000). As a conclusion, molecular 

imaging provides more direct transition from biological level to patient care through molecular 

diagnostics and disease-modifying trials. 

1.3.1. [11C]UCB-J 

The synaptic vesicle glycoprotein 2A (SV2A) is essential for normal neuronal functions. Maladaptive 

structural changes or loss of synapses can cause aberrant neuronal transmission which is incorporated 

in numerous neurological disorders. As a 12-transmembrane glycoprotein, SV2A is found in neurons 

and expressed on secretory vesicles in the brain (Bajjalieh et al., 1994; Bajjalieh et al., 1992). 

Malfunction of SV2A has been associated with Alzheimer’s disease (Chen et al., 2018; Kaufman et 

al., 2015), and homozygous SV2A gene disruption mice develop severe seizures with significantly 

declined growth rate leading to death within three weeks of birth (Crowder et al., 1999). 

Three SV2A specific PET radiotracers are available for clinical studies (Mercier et al., 2017). The 

kinetic properties of the (R)-1-((3-([11C]methyl)pyridin-4-yl)methyl)-4-(3,4,5-

trifluorophenyl)pyrrolidin-2-one ([11C]UCB-J) are excellent for quantitative SV2A imaging and it is 

able to detect decreases in synaptic density in vivo in nonhuman primates and humans (Chen et al., 

2018; Finnema et al., 2016; Nabulsi et al., 2016). As a high-affinity SV2A ligand, the radiotracer is 

characterized by high brain uptake in grey matter regions and rapid metabolism with steady decline 

of regional radioactivity (Finnema et al., 2018). 

1.3.2. [18F]F-DPA 

Neuroinflammation is implicated in several neurological conditions. During inflammation as an 

attempt to protect the progressive dysfunction and loss of neuronal cells, microglia are activated. The 

translocator protein 18 kDa (TSPO) is used as an in vivo biomarker for neuroinflammation (Keller et 

al., 2018), as it is overexpressed in the brain during microglial activation and has relatively low 

expression levels under normal physiological conditions (Banati, 2002). The TSPO is primarily 

localized on the outer mitochondrial membrane (Anholt et al., 1986), where it transports cholesterol 
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across the inter membrane space to the mitochondrial matrix (Papadopoulos et al., 1997). In the 

mitochondria, cholesterol is used as a building block for synthesis of steroids, and to reconstruct the 

mitochondrial membrane during cell division and repair. 

Numerous TSPO-specific radiotracers have been developed due to its beneficial location on the outer 

mitochondrial membrane for molecules with low molecular weight (Keller et al., 2017). New recently 

developed tracer N,N-diethyl-2-(2-(4-([18F]fluoro)phenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-

yl)acetamide ([18F]F-DPA) has both a good affinity and a selectivity towards TSPO (Damont et al., 

2015). [18F]F-DPA is an analogue of [18F]DPA-714 (James et al., 2008), and it is synthesized by an 

electrophilic 18F-fluorination approach (Keller et al., 2017). The absence of the alkoxy-chain bridge 

between the phenyl group and the fluorine-18 atom in the [18F]F-DPA allows to position the label 

directly on the aromatic ring (Keller et al., 2018). This profitable benefit in contrast to [18F]DPA-714 

produces a higher degree stability in terms of radiometabolism. 

1.3.3. [18F]FDG 

Metabolism of glucose provides most of the ATP production in the brain. 2-deoxy-2-

[18F]fluoroglucose ([18F]FDG) is a fluorine-18-labeled glucose analog, which is commonly used in 

vivo to image glucose consumption of the tissue (Phelps, 2000). The tracer is produced when the 

hydroxyl group is exchanged to fluorine-18 at the second position of the glucose (Rokka et al., 2017). 

As glucose analog, the [18F]FDG is transported into the tissue via facilitated transport, where it is 

phosphorylated to FDG-6-phosphate by hexokinase (Phelps et al., 1979). The FDG-6-phosphate 

retains in the cell, since its metabolism usually stops after the phosphorylation by hexokinase, and 

the end-product does not proceed to the glycolytic pathway unlike the end-product of glucose (Phelps, 

2000). With this biochemical property of the [18F]FDG it is possible to detect decreased or increased 

glucose metabolism in the tissue. 

1.3.4. [18F]FE-PE2I 

Radioligand of the DAT, (E)-N-(3-iodoprop-2E-enyl)-2β-carbo[18F]fluoroethoxy-3β-(4-

methylphenyl)nortropane ([18F]FE-PE2I), can be used to study overall synaptic changes and 

especially changes in the dopaminergic system. PET imaging of the DAT has been demonstrated to 

be useful for diagnostic applications since the first DAT imaging, which was conducted with 

[11C]nomifensine (Aquilonius et al., 1987). The high concentration of the DAT in human putamen 
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(Bmax ∼ 200 pmol/g) makes DAT an excellent target for radioligand development (Madras et al., 

1998; Schou et al., 2009). 

[18F]FE-PE2I is considered to be the first optimal radioligand for the accurate DAT quantification. 

As a more selective DAT radioligand [18F]FE-PE2I has faster kinetics, which allows reduced time 

between injection and imaging, and enables shorter static imaging protocol (Sonni et al., 2016). Other 

existing radioligands lack selectivity, have slow kinetic properties, and have blood-brain barrier 

permeable radiometabolites, which most likely interfere with the DAT quantification (Shetty et al., 

2007; Zoghbi et al., 2006). With high affinity to the DAT, [18F]FE-PE2I has high in vivo target-to-

background ratio. This allows visualization of both striatal DAT and cell bodies of the dopaminergic 

neurons, which are located in the SN (Varrone et al., 2009). 
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2 AIMS OF THE STUDY 

This thesis had three main aims: 

1. To set up a rat αSyn aggregation model by combining injection of AAV vectors overexpressing 

human αSyn with human PFFs. 

2. To follow longitudinally by in vivo PET imaging the overall synaptic changes, the disease induced 

neuroinflammation, changes in the brain glucose metabolism, and the specific change in the 

dopaminergic system for up to 16 weeks after disease induction. 

3. To study αSyn expression and phosphorylation, and ionized calcium-binding adapter molecule 1 

(Iba-1) by immunohistochemistry eight- and 16-weeks post injections. 

 

The rat αSyn aggregation model together with PET imaging will be evaluated for the possible use to 

validate different treatments modulating αSyn protein aggregation in the future. 
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3 MATERIALS AND METHODS 

3.1. Animals and ethical statement 

This study was performed on thirty adult female Sprague-Dawley rats. The rats were provided by 

Janvier Labs (Saint Berthevin cedex, France) and were further maintained at the Central Animal 

Laboratory of University of Turku. Animal care followed the guidelines of the International Council 

of Laboratory Animal Science. All animals were pair-housed in individually ventilated cages, under 

standard conditions (temperature: 21 ± 1.2 ℃ and humidity: 55 ± 5% with a 12-h light/dark cycle) 

and had ad libitum access to tap water and soy-free Teklad 2916 chow (Soya free, irradiated, 16% 

protein, maintenance diet; Envigo, Horst, Netherlands). 

The study was ethically approved by the Project Authorization Board of the Regional State 

Administrative Agency for Southern Finland (license number: ESAVI/16838/2021), and all animal 

procedures were approved under the licenses: ESAVI/16273/2019 and ESAVI/16838/2021. The 

study was performed in accordance with ARRIVE guidelines (Percie du Sert et al., 2020). 

3.2. Preparation of pre-formed human αsyn fibrils 

The frozen PFFs (StressMarq #SPR-322) were thawed on the day of use. The volume of PFFs 

required per injection site was 2.5 µL. The PFF stock (2 mg/mL, lot #MA388616) was transferred to 

0.5 mL low retention tube (VWR #525-1006) by using low retention pipette tips. The tubes containing 

PFFs were loaded to the tube holder #4255. By using QSonica Q800R3 bath sonicator the PFFs were 

sonicated with the following parameters: 80% amplitude (30 s OFF, 30 s ON for 30 cycles) with the 

cooling system set to 4 ℃. On the day of use the sonicated PFF solution was kept at room temperature 

and transported in a sealed minigrip bag. 

3.3. Preparation of adeno-associated viral vectors 

The frozen AAV vectors (Vector Builder, Chicago, USA) were thawed on ice. The volume required 

per injection site was 2 µL. To avoid aggregation, the AAV vectors were sonicated 5 s at high power 

in ultrasonic bath sonicator. The AAV vectors were kept on ice during the surgeries. The AAV1-

hSYN-hSNCA-WPRE, 200817AAVC07 with a titer of 4.97x1013 GC/mL or AAV1-CAG-hSNCA-

WPRE, 200731AAVC08, with a titer of 2.14x1013 GC/mL were used for the injections.  
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3.4. Stereotaxic intracerebral injections 

The rat αSyn aggregation model was induced by stereotaxic intracerebral injections to two sites in 

the SN. The stereotaxic injections were performed according to a published protocol in two groups 

of rats: group 1 (n = 15) and group 2 (n = 11) (Hoban et al., 2020). Rats were weighed and anesthetized 

with isoflurane mixed with air (induction 4%, 700 mL/min and maintenance 1.5–2.5%, 400 mL/min). 

The sufficient depth of the anesthesia was confirmed with the lack of pedal reflex, and respiratory 

rate was monitored throughout the surgery.  Carprofen (Le Vet Beheer B.V., Oudewater, Netherlands; 

5 mg/kg subcutaneously) was used for analgesia. The 50 mg/mL stock was diluted with saline (0.9% 

NaCl-solution) to 5 mg/mL. The rat was placed on a heating mat onto a stereotaxic frame (Stoelting 

Europe, Dublin, Ireland), after which the head of the rat was fixed and shaved. A few drops of 

Viscotears (Novartis Finland Oy, Espoo, Finland; 2 mg/g) was applied to the eyes of the rat in order 

to prevent eye dryness. Lidocaine (Orion Corporation, Espoo, Finland; 500 µL subcutaneously) was 

used to provide local anesthesia in the prospective cut area.  

An incision was made to the head of the rat with scissors, and the skull was cleaned from membranes 

and blood, after which the bregma point was located. An empty 10 µL WPI NanoFil syringe equipped 

with a 33G blunt needle (WPI #NF33BL) was mounted to the microinjector holder, which was used 

to locate the injection sites. The needle was moved to the bregma point and the digitalized stereotaxic 

arm was reset to zero. To ensure that the top surface of the skull was at the same level, the needle was 

moved to measure the heights of the bregma and the lambda for anterior-posterior levels. The same 

was done at 2 mm on either side of the midline to ensure that the left and the right side are on the 

same level. No more than 0.1 mm tolerance between bregma/lambda and left/right was accepted. The 

needle was moved to specified coordinates (A/ P -5.3 mm, M/L -1.6 mm, D/V -7.2 mm and A/P -5.3 

mm, M/L -2.6 mm, D/V -6.7 mm) and two holes were made in the skull with a dental drill (Messner 

Emtronic, Steinenbronn, Germany). 

Closed Eppendorf tubes with AAV vectors and PFFs were gently flicked to mix the contents. In a 

separate Eppendorf tube 4.5 µL of AAV vectors and 5.5 µL of PFFs were mixed together. The 

injection syringe was loaded with 10 µL of mixed AAV vectors and PFFs. The needle was lowered 

to specified coordinates, and 4.5 µL of the combined dose was injected with an infusion rate of 0.4 

µL/min to the SN. The needle was left in place for an additional 3 min before retraction to avoid 

backflow of PFFs. After this, the needle was retracted slowly and the other 4.5 µL was injected to the 

other site of the SN. The incision was stitched with Ethilon 6-0 surgical suture (Ethicon) and the 

wound was covered with GLUture topical tissue adhesive. A bolus dose of 1–2 mL of pre-warmed 



 
 

21 
 
 

(+38 ºC) saline was given subcutaneously to the rat, after which the animal was allowed to recover 

on a heating mat (+38 ºC) until it had awakened and began to move.  

The animals were allowed to recover overnight and the day after the surgery the animals were checked 

for general health conditions and possible loss of stiches. The animals with open wounds were re-

stitched under anesthesia. 

3.5. Radiochemistry 

Carbon-11 was produced in the Accelerator Laboratory of Turku PET Centre by using an ACSI TR19 

cyclotron (Advanced Cyclotron Systems, Inc., Richmond, BC, Canada) as described in (Krzyczmonik 

et al., 2022). [11C]UCB-J was synthesized at the Radiopharmaceutical Chemistry Laboratory of the 

Turku PET Centre as described in (Krzyczmonik et al., 2022). 

Fluorine-18 was produced in the Accelerator Laboratory of Turku PET Centre by using a CC-18/9 

cyclotron (Efremov Scientific Institute of Electrophysical Apparatus, St. Petersburgh, Russia) as 

previously described (Keller et al., 2017). [18F]F-DPA, [18F]FDG, and [18F]FE-PE2I were synthesized 

at the Radiopharmaceutical Chemistry Laboratory of the Turku PET Centre according to previously 

described procedures (Keller et al., 2017; Long et al., 2013; Varrone et al., 2009). 

16 synthesis batches were used for [11C]UCB-J with Am 128.70 ± 45.28 GBq/µmol. Three synthesis 

batches were used for [18F]F-DPA with Am 3.02 ± 0.13 GBq/µmol, [18F]FE-PE2I with Am 725.33 ± 

271.86 GBq/µmol, and for [18F]FDG. The injected mass does not affect in the case of [18F]FDG due 

to the high glucose concentration in the body, and therefore Am is not assign for it. The radiochemical 

purity exceeded 95% in all syntheses. 

3.6. Longitudinal PET imaging 

Six animals were selected from the two previously divided groups into two separated imaging groups 

(n = 6/group), which were imaged two-, eight-, and 16-weeks after the intracerebral injections. In this 

project, the contralateral hemisphere of the rat was used as control, which allowed us to do the within-

animal comparison. The in vivo PET imaging was conducted longitudinally with an Inveon 

Multimodality PET/CT small animal scanner (Siemens Medical Solutions, Knoxville, TN, USA) with 

an energy window of 350–650 keV. The scanner has a 12.7 cm axial field of view (FOV) and 10 cm 

transaxial FOV generating images from 159 transaxial slices. The spatial resolution of the scanner is 

1.4 mm according to the manufacturer’s specifications. 
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Before imaging, the rats were weighed and anesthetized with isoflurane mixed with air (induction 

4%, 700 mL/min and maintenance 1.5–2.5%, 400 mL/min). Two rats were imaged at the same time 

during each imaging session. A few drops of Oftagel (Santen, Tampere, Finland; 25 mg/g) was 

applied to the eyes of the rats in order to prevent eye dryness. To obtain anatomical reference and to 

perform attenuation correction for the PET scans, the CT scan was performed. For [11C]UCB-J, 

[18F]F-DPA, and [18F]FE-PE2I, PET imaging was initiated immediately after the intravenous 

injection of the tracer via a cannula inserted into the lateral tail vein. For [18F]FDG a 20 min static 

scan was initiated 40 min after the intravenous injection. 

The rats of the first group were imaged with the TSPO binding radioligand [18F]F-DPA and glucose 

analog [18F]FDG. [18F]F-DPA imaging was performed by a 40 min dynamic scan (injected dose 

24.9 ± 0.9 MBq, inj. mass 34.1 ± 11.8 µg/kg) (49 frames: 30 × 10 s, 15 × 60 s, and 4 × 300 s). For the 

[18F]FDG imaging rats fasted three hours before every imaging. A 20 min static imaging was 

performed (injected dose 25.2 ± 0.6 MBq) (frame: 1 × 1200 s). 

The rats of the second group were imaged with the SV2A binding radioligand [11C]UCB-J (injected 

dose 25.1 ± 1.5 MBq, inj. mass 1.1 ± 1.8 µg/kg) and DAT radioligand [18F]FE-PE2I (injected dose 

23.4 ± 1.9 MBq, inj. mass 147.55 ± 112.39 ng/kg). The imagings followed the same protocol used for 

the [18F]F-DPA with the exception that in [18F]FE-PE2I the 60 min dynamic scan followed the 

intravenous injection of the tracer. ([11C]UCB-J 49 frames: 30 × 10 s, 15 × 60 s, and 4 × 300 s. 

[18F]FE-PE2I 51 frames: 30 × 10 s, 15 × 60 s, 4 × 300 s, and 2 × 600 s).  

The PET data were reconstructed using OSEM-3D reconstruction. 

3.7. Analysis of PET imaging data 

The PET/CT images were pre-processed in MATLAB R2017a (The MathWorks, Natick, 

Massachusetts, USA) with an in-house semi-automated pipeline for preclinical images that use 

SPM12 (Wellcome Department of Cognitive Neurology, London, UK) pre-processing functionalities 

and analysis routines. All details of the pipeline processing can be found in (López-Picón et al., 2022). 

Volume of interest (VOI) analysis of the different brain regions were analyzed and data obtained as 

standardized uptake values (SUV). For quantification, frames were summed 20–40 min for 

[11C]UCB-J and [18F]F-DPA, and 40–60 min for [18F]FE-PE2I. [18F]FDG was obtained as a single 

static image.  
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Prior to the voxel-wise analysis, single static frames with the same time frames for the SUV 

quantification were constructed by averaging the corresponding frames of the dynamic scans. 

Between group effects were tested for each tracer using a voxel-wise two-sample t-test. An 

uncorrected voxel-level significance threshold (p < 0.01 or p < 0.001) was used. 

3.8. Data analysis and statistics 

All of the results are reported as mean ± standard deviations (SD). Statistical analyses were calculated 

and plotted with Graph Pad Prism (GraphPad Software, v8, San Diego, CA, USA). The differences 

in [18F]F-DPA and [18F]FE-PE2I animals between hemisphere-specific regions in different time 

points were calculated using a non-parametric Kruskal-Wallis test. The differences in [11C]UCB-J 

and [18F]FDG animals between hemisphere-specific regions in different time points were calculated 

using a one-way ANOVA for multiple comparisons. Differences were considered significant when 

p < 0.05. 

3.9. Immunohistochemistry 

To study αSyn expression and phosphorylation, and Iba-1 accumulation in SynFib rats 

immunohistochemical stainings were performed on eight- and 16-weeks after the stereotaxic 

injections in both groups (n = 3/group). The rats were anesthetized by intraperitoneal injection with 

Mebunat 60 mg/mL (Orion Corporation, Espoo, Finland; 1–2 mL). The chest cavity was opened and 

a needle was inserted into the left ventricle for perfusion with a peristaltic pump (setting: 24 mL/min). 

A small incision was made in the right atrium. The rats were first perfused with 1 x PBS until the 

blood was removed, and then fixed with 200 mL of 4% paraformaldehyde. The brains were then 

removed and placed in the fixative for one hour in a room temperature, after which they were 

incubated in 20% sucrose in PBS for 24 hours at 4 ºC for cryoprotection. After rapid freezing in ice-

cold isopentane, coronal cryosections (14 & 18 µm-thick) were cut from the brains with a cryostat 

(Leica CM3050S, Leica Biosystems, Nußloch, Germany) at the bregma levels from 0.2 mm to -5.3 

mm and collected on a glass slides. 

The fresh frozen rat brain cryosections were thawed and endogenous peroxidases were blocked with 

0.3% H2O2 in MeOH for 30 min in room temperature, after which they were washed twice with 1 x 

PBS. The cryosections were incubated with blocking buffer (2% BSA, 2% normal goat serum and 1 

x PBS with 0.2% Triton-X pH 7.4) for one hour in room temperature, after which they were incubated 
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for 24 h at 4 °C with the primary antibodies diluted in blocking buffer: anti-Iba-1 (1:500, ab139590, 

Abcam, Cambridge, MA), anti-pSer129-αSyn (1:1000, Abcam, ab51253), and anti-αSyn filament 

(1:1000, Abcam, MJFR 14-6-4-2). 

After washing three times with 1 x PBS with 0.2% Triton X-100, the cryosections were incubated 

with biotinylated secondary antibody goat anti-rabbit IgG (1:500) diluted in blocking buffer for one 

hour at room temperature. After washing three times with 1 x PBS with 0.2% Triton X-100, the 

cryosections were incubated with avidin–biotin complex kit (Vectastain Elite ABC-HRP Kit; Vector 

Laboratories) diluted in blocking buffer for 30 min to visualize the biotinylated antibodies. After 

washing three times with 1 x PBS in 0.2% Triton X-100, the tissues were stained with SigmaFast 3,3-

diaminobenzidine tablets (Sigma-Aldrich). Finally, the tissues were dehydrated in an alcohol series 

for 5 min in each concentration, dipped in xylene, and mounted with distrene plasticizer xylene (DPX 

Mountant for histology; Sigma). The stained brain sections were scanned with the Pannoramic P1000 

microscope slide scanner, which were further examined and captured using Case Viewer v.2.1 

software (3DHISTEC). 

3.10. Exclusion criteria 

At two-week time point, two [18F]F-DPA injections failed, and therefore two rats were excluded from 

the [18F]F-DPA data analysis. At two-week time point [11C]UCB-J synthesis failed, and therefore two 

rats were excluded from the [11C]UCB-J data analysis. At 16-week time point one rat died during 

[18F]FDG PET imaging, and therefore it was excluded from the [18F]FDG data analysis. 

3.11. Author contribution 

Heidi Nykänen performed the experiments and data analysis after training and guidance by Francisco 

López Picón. Stereotaxic injections were done together with Andrii Domanskyi. 
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Figure 1. Study timeline. Stereotaxic intracerebral injections were conducted to all animals in week 0, and animals were divided into 

two separate groups. Six animals from both groups were selected to separate imaging groups, which were followed longitudinally for 

up to 16 weeks. Group 1 was imaged with radioligands [18F]F-DPA and [18F]FDG, and group 2 was imaged with radioligands 

[11C]UCB-J and [18F]FE-PE2I. On eight- and 16-week time points three animals from both groups were sacrificed for 

immunohistochemistry (IHC). The study ended after the 16-week time point, after which the animals were euthanized (*). 
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4 RESULTS 

4.1. Longitudinal SV2A in vivo imaging with [11C]UCB-J 

Changes in the synaptic density were assessed with [11C]UCB-J which detects neuronal SV2A. 

[11C]UCB-J was evenly distributed in the brain, and concentrated in the grey matter areas (Fig. 

2A&B). Damage of the dopaminergic neurons in striatum was already prominent in the two-week 

time point (Fig. 2A, white arrow). The ipsilateral striatum showed remarkably lower uptake of 

[11C]UCB-J relative to contralateral side indicating the synapse number reduction and SV2A 

decrease. Interestingly, progression of the disease pathology to the contralateral side can be seen to 

begin already at two-week time point in SynFib rats. More advanced and prominent loss of synapses 

was apparent in the 16-week time point, when the pathology had spread to the contralateral striatum 

as shown by decrease of [11C]UCB-J uptake (Fig. 2B, white arrow). [11C]UCB-J accumulated in the 

brain rapidly, having a peak approximately 5 min after the injection, which was followed with steady 

decline of regional radioactivity (Fig. 2C). Time-activity curves (TACs) show similar relatively high 

uptake and steady washout trend over time in all time points. However, the uptake of [11C]UCB-J 

was considerably higher in two-week time point compared to later time points, indicating the higher 

number of synapses in the early disease-stage. 

 

Fig. 2. Progression of the disease pathology and degeneration of striatal synaptic connections in SynFib rats. (A) Representative 

coronal and horizontal PET/CT images of [11C]UCB-J in vivo uptake at two-week time point, where decreased uptake of striatal neurons 

in ipsilateral side of the disease induction can be observed. (B) Decreased uptake of striatal neurons both in contralateral and ipsilateral 

side can be observed at 16-week time point. (C) Averaged time-activity curves as standardized uptake values (SUVs) for 40 min 

dynamic [11C]UCB-J scan in ipsilateral (right) and contralateral (left) hemispheres. Uptake of [11C]UCB-J decreases in both 

hemispheres along the disease progression. * indicate the location of the intracerebral injections. Scale bar in the PET images shows 

SUVs. n = 4–6/group. Values are reported as mean ± SD. 

2 wk 16 wk 

* * 
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The [11C]UCB-J showed steady decrease of uptake in the ipsilateral VTA along the disease 

progression from two to 16 weeks indicating the gradual loss of synapses (Fig. 3A). The contralateral 

VTA had dramatic decrease in SUVs from two-week time point to eight-week time point. Voxel wise 

analysis showed significantly (p < 0.01) higher [11C]UCB-J uptake when comparing two-week time 

point versus 16-week in several areas as observed in (Fig. 3B). This is in line with the disease 

progression, when higher number of synapses can be observed in the early disease-stage both in ipsi- 

and contralateral side. 

 

Fig. 3. Quantification for the 20–40 min time frames of in vivo [11C]UCB-J uptake as standardized uptake values (SUVs) in 

SynFib rats. (A) A steady decrease of uptake can be seen in the ipsilateral (right) ventral tegmental area (VTA) of the disease induction 

along the disease progression. A distinct decrease of contralateral (left) uptake can be seen from two to eight weeks. Statistical analyses 

were performed with a one-way ANOVA. (B) Statistical t-maps of [11C]UCB-J uptake show significantly (p < 0.01) higher SUVs in 

two-week time point relative to 16-week time point at the voxel level. Higher t-score indicates higher significance. * indicate the 

location of the intracerebral injections. n = 4–6/group. 

4.2. Longitudinal TSPO in vivo imaging with [18F]F-DPA 

Neuroinflammation and microglia activation were followed longitudinally with the TSPO radiotracer 

[18F]F-DPA. Inflammation was at its highest in the early disease-stage in the ipsilateral injection site 

at the two-week time point (Fig. 4A). The disease induction produced an acute inflammation at the 

injection site and in the nearby tissues, which decayed steadily over time. Eventually, after 16-weeks 

the inflammation was highly reduced (Fig. 4B). The TACs for [18F]F-DPA showed sharp uptake 

peaking approximately two min after the tracer injection (Fig. 4C). The washout phase of the tracer 

began instantly after the peak. Relatively low uptake was observed in most brain areas. However, the 

high inflammation in the ipsilateral injection site induced high tracer uptake through the dynamic 

[18F]F-DPA scan represented by TAC of the two-week time point of ipsilateral side. 

* 



 
 

28 
 
 

 

Fig. 4. A distinct inflammation in the early disease-stage in SynFib rats. (A) Representative coronal and horizontal PET/CT image 

of [18F]F-DPA in vivo uptake. At two-week time point a dramatic increase of the inflammation can be observed in the ipsilateral 

injection site of the SN. (B) At 16-week time point the inflmmation is no longer apparent. (C) Averaged time-activity curves as 

standardized uptake values (SUVs) for 40 min dynamic [18F]F-DPA scan in ipsilateral (right) and contralateral (left) ventral tegmental 

area (VTA). A robust and distinct inflmmation arises in the nearby tissue of the intracerebral injections at two-week time point. * 

indicate the location of the intracerebral injections. Scale bar in the PET images shows SUVs. n = 4–6/group. Values are reported as 

mean ± SD. 

[18F]F-DPA quantification demonstrated that inflammation was localized nearby the intracerebral 

injection site, when SUVs are higher in the VTA than thalamus at two-week time point (Fig. 5A&C). 

Significant (p < 0.01) differences were detected between ipsilateral and contralateral amygdala (Fig. 

5B). Voxel wise analysis showed significantly (p < 0.01) higher SUVs in two-week time point relative 

to 16-week time point in the ipsilateral side (Fig. 5D). The cortical activation is most probably due to 

the inflammation observed nearby the surgical wound on the skin and its healing up to 16-week time 

point. 

* * 

2 wk 16 wk 
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Fig. 5. Quantification for the 20–40 min time frames of of in vivo [18F]F-DPA uptake as standardized uptake values (SUVs) in 

SynFib rats. (C) Inflammation arises around the injection site, which can be seen in the ventral tegmental area (VTA) which is 

anatomically closer to the SN than (A) thalamus. (B) Significant difference (**p < 0.01), analyzed by non-parametric Kruskal-Wallis 

test, can be seen in the uptake between ipsilateral (right) and contralateral (left) amygdala. (D) Statistical t-maps of [18F]F-DPA uptake 

show significantly (p < 0.01) higher SUVs in two-week time point relative to 16-week time point at the voxel level. Higher t-score 

indicates higher significance. * indicate the location of the intracerebral injections. n = 4–6/group. 

4.3. Longitudinal glucose metabolism in vivo imaging with [18F]FDG 

Changes in the glucose metabolism were followed with glucose analog [18F]FDG. [18F]FDG uptake 

showed increased glucose metabolism in the ipsilateral side at two-week time point (Fig. 6A, white 

arrow). The increased metabolism declined having no remarkable difference between ipsi- and 

contralateral side at 16-week time point (Fig. 6B). Metabolism levels stayed relatively stable from 

two to eight weeks without any remarkable differences between ipsi- and contralateral side (Fig. 6C-

E). The brain glucose metabolism levels decreased until the 16-week time point (*p < 0.05 & **p < 

0.01). Voxel wise analysis of [18F]FDG uptake showed significant (p < 0.001) differences between 

two- and 16-week time points (Fig. 6F). 

* 
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Fig. 6. Glucose metabolism is the highest in the ipsilateral side at two-week time point in SynFib rats. (A) Representative coronal 

and horizontal PET/CT images of [18F]FDG in vivo uptake at two-week time point and (B) 16-week time point. At 16-week time point 

the uptake is almost evenly distributed in the brain. Significant difference, analyzed by a one-way ANOVA, in [18F]FDG uptake as 

standardized uptake values (SUVs) in ipsilateral (right) (C) hemispheres, (D) thalamus, and (E) ventral tegmental area (VTA) can be 

seen between two-week time point and 16-week time point. *p < 0.05, **p < 0.01 (F) Statistical t-maps of [18F]FDG uptake show 

significantly (p < 0.001) higher SUVs in two-week time point relative to 16-week time point at the voxel level. Higher t-score indicates 

higher significance. * indicate the location of the intracerebral injections. Scale bar in the PET images shows SUVs. n = 5–6/group. 

Values are reported as mean ± SD. 

4.4. Longitudinal DAT in vivo imaging with [18F]FE-PE2I 

Changes in the DAT were assessed by in vivo [18F]FE-PE2I imaging. The most significant difference 

in uptake was already prominent at two-week time point, which can be seen in the PET image showing 

loss of DAT in the ipsilateral side (Fig. 7A). At 16-week time point, the contralateral uptake of 

[18F]FE-PE2I decreased from the two-week time point indicating the spreading of the pathology to 

the contralateral side (Fig. 7B&C). Kinetics of [18F]FE-PE2I can be seen in the striatal TACs (Fig. 

7C). Uptake of [18F]FE-PE2I peaked sharply approximately 2–4 min after the injection, which was 

followed by steady washout of the tracer. The highest uptake in each time point can be seen in 

contralateral side of the disease induction. 

* * 
* 

2 wk 16 wk 
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Fig. 7. Dopaminergic cell damage in the ipsilateral striatum in SynFib rats. Representative coronal and horizontal PET/CT images 

of [18F]FE-PE2I in vivo uptake. (A) Already at two-week time point a dramatic decrease of [18F]FE-PE2I uptake in the ipsilateral 

striatum can be observed. (B) At 16-week time point the dopaminergic degeneration has progressed to the contralateral side supported 

by the decrease in [18F]FE-PE2I binding in the DAT. (C) Time-activity curves as standardized uptake values (SUVs) for 60 min 

dynamic [18F]FE-PE2I scan in ipsilateral (right) and contralateral (left) striatum. * indicate the location of the intracerebral injections. 

Scale bar in the PET images shows SUVs. n = 6/group. Values are reported as mean ± SD. 

Quantification of [18F]FE-PE2I uptake showed significant differences between ipsi- and contralateral 

striatum at all time points: 2 wk (p < 0.0001), 8 wk (p < 0.0001), and 16 wk (p < 0.001) (Fig. 8A). In 

addition, a progressive decrease in the contralateral uptake of [18F]FE-PE2I was detected. Significant 

differences were detected at eight-week (p < 0.05) and 16-week (p < 0.0001) time points compared 

to the two-week time point (Fig. 8A). Changes in the contralateral anterior hippocampus were also 

detected (Fig. 8B). Voxel wise analysis showed significantly higher difference in the ipsilateral 

striatum and SN in two-week time point relative to 16-week time point indicating higher number of 

transporters in early time point (p < 0.01) (Fig. 8C). Activated cortical voxel clusters are likely due 

to the radioactivity spillover. 

  

* * 

2 wk 16 wk 
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Fig. 8. Damage of dopaminergic neurons in the ipsilateral striatum induced significant difference to the contralateral striatum 

in [18F]FE-PE2I uptake in SynFib rats. Quantification for the 40–60 min time frames of in vivo [18F]FE-PE2I uptake in (A) striatum 

and (B) anterior hippocampus as standardized uptake values (SUVs). (A) Significant differences between ipsilateral (right) striatum 

relative to contralateral (left) striatum can be seen at each time point. Moreover, significant and steady decrease of uptake can be 

observed in contralateral striatum from two- to 16-week time point. (B) Significant difference in uptake can be seen in contralateral 

anterior hippocampus between two-week time point and 16-week time point. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 are 

considered to be significant by a non-parametric Kruskal-Wallis test. (C) Statistical t-maps of [18F]F-PE2I uptake show significantly 

(p < 0.01) higher SUVs in two-week time point relative to 16-week time point at the voxel level. Higher t-score indicates higher 

significance. * indicate the location of the intracerebral injections. n = 6/group. 

4.5. Immunohistochemical stainings 

Immunohistological data revealed consistent morphological changes in the brains of SynFib rats. The 

most distinct change was midbrain atrophy already distinguishable in eight-week time point, which 

became even clearer in 16-week time point (Fig. 9A&B). As is the case with neurodegenerative 

diseases, ventricular enlargement also occurred in SynFib rats. 

Anti-αSyn labeling revealed widely distributed αSyn expression in striatum, dorsal hippocampus, and 

SN in line with its location in the nerve terminals of the central nervous system (data not shown). 

Interestingly, the data revealed slightly stronger staining of αSyn nearby the ipsilateral injection site 

at eight-week time point. The progressive αSyn aggregation was assessed with anti-pSer129-αSyn 

staining. An increase in pSyn was distinct in the ipsilateral injection site at eight-week time point 

indicating pathological αSyn aggregation (Fig. 9A). Moreover, spreading of the pathology to the 

contralateral side had already begun at this earlier time point. At 16-week time point the pSyn level 

was decreased compared to the eight-week time point supporting the idea that damaged cells were 

already degenerated by the 16-week time point (Fig. 9B). However, the pathology had more 

widespread distribution in the contralateral side at the later time point. The nigrostriatal tract 

projecting from the SN to the striatum had more prominent staining at eight-week time point relative 

to 16-week time point (Fig. 10A&B). 

* 
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Fig. 9. Representative images of anti-pSer129-αSyn staining in the level of substantia nigra (SN) at eight- and 16-week time 

points. (A) Increased pSyn staining can be observed in the ipsilateral side, and spreading of the pathology to the contralateral side is 

evident already at eight-week time point. (B) Level of pSyn decreased by 16-week time point. Atrophy of the midbrain regions is 

already visible at eight-week time point and distinct at the 16-week time point. * indicate the location of the intracerebral injections. 

 

Fig. 10. Dopaminergic neurons of the substantia nigra (SN) are particularly vulnerable in Parkinson’s disease. Representative 

images of anti-pSer129-αSyn staining in the level of dorsal hippocampus visualising nigrostriatal tract projecting from the SN to 

striatum at (A) eight-week time point and (B) 16-week time point. * indicate the location of the intracerebral injections. 

  

* 

* 

* 

* 
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Microglial activation was assessed with anti-Iba-1. Upregulation of Iba-1 was observed in the 

ipsilateral side at eight-week time point (fig. 11A). The microglial activation was still concentrated 

around the injection site at the 16-week time point accombanied with increased upregulation in the 

contralateral side and in the cortical areas relative to earlier time point (fig. 11B). 

 

Fig. 11. Microglia is upregulated in the acute inflammation. Representative images of Iba-1 staining in the SN at (A) eight-week 

time point and (B) 16-week time point. Microglia is upregulated nearby the injection site in both time points, accompanied with 

upregulated expression in the contralateral side at 16-week time point. * indicate the location of the intracerebral injections.  

* 

* 
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5 DISCUSSION 

The SynFib model was constructed with combined injection of exogenous PFFs and AAV vectors 

overexpressing human αSyn. The model recapitulates many pathological features observed in human 

patients. The pathological findings are already prominent in two-week time point as demonstrated by 

PET imaging. The data gives further insight that the combined injection is a powerful tool to induce 

progressive neurodegeneration as Hoban et al. (2020) also showed. The advantage of present 

combined injection over previously introduced separate PFF and AAV injection model (Thakur et 

al., 2017) is that two highly stressful separate intracerebral surgeries increase the suffering of the 

animals, and increase the variability between individuals. PD itself is highly heterogenous among 

patients. Therefore, the variability due to multiple injections must be minimized to obtain optimal 

preclinical model giving results and insights, which can be extrapolated to human patients. The 

SynFib model recapitulates the progressive and spreading αSyn pathology with prominent 

dopaminergic cell damage, as revealed by longitudinal PET imagings and immunostainings. 

Furthermore, the rapidly increasing and long-lasting neuroinflammation with steady decline over time 

observed in this study, has also been shown before (Thakur et al., 2017). To our knowledge, this is 

the first study investigating the occurring neuroinflammation and deficiencies in the dopaminergic 

system in SynFib rats longitudinally with PET imaging. Furthermore, dynamic high sensitivity PET 

imaging with explicit spatial resolution enables to examine the accumulation of the radiotracer to 

affected brain regions throughout the imaging session. 

The exploration of the changes in synaptic density using [11C]UCB-J, showed clear changes 

correlating with disease progression and other markers. Degeneration of synaptic connections in the 

striatum was already prominent at two-week time point (Fig. 2A). The ipsilateral striatum showed 

considerable lower uptake of [11C]UCB-J relative to contralateral side indicating the the loss of 

synapses partly due to ongoing neurodegeneration. Pathology progression to the contralateral side 

propably started before the two-week time point and more advanced loss of dopaminergic neurons 

was evident at 16-week time point (Fig. 2B). 

The neuroinflammation assessed with [18F]F-DPA was acutely detected in the ipsilateral injection 

site at two-week time point (Fig. 4A). The high uptake in the injection site two weeks after the 

intracerebral injection reflects the strong microglial activation caused by the delivery of PFFs and 

AAV vectors to the SN together with the physical damaged caused by the injection. The inflammation 

that was at its highest in the ipsilateral side at two-week time point decayed steadily over time as 

reflected in the difference in uptake between two and 16 weeks (Fig. 4B). This reduction could be 
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due to cell loss together with the reduction of the acute inflammation. The uptake of [18F]FDG was 

highly increased in the ipsilateral side at two-week time point, but decreased over time to moderate 

without major differences between ipsi- and contralateral side at 16-week time point (Fig. 6A&B). I 

hypothesise that the acute increase in [18F]FDG is associated with the acute ipsilateral inflammatory 

processes and microglia activation. 

As stated earlier, SNc dopaminergic neurons projecting to the dorsal striatum are especially 

vulnerable in PD (Hirsch et al., 1988). To gain further insight into the changes in the dopaminergic 

system, [18F]FE-PE2I was used to assess changes in DAT. As soon as two weeks after the combined 

intracerebral injection, significantly lower [18F]FE-PE2I uptake in each time point was evident in the 

ipsilateral striatum (Fig. 8A). Interestingly, a progressive and significant decrease in contralateral 

uptake of [18F]FE-PE2I was detected indicating the spreading and progression of the disease 

pathology. Thakur and co-workers observed 70% decline in DA release and reuptake with in vivo 

amprerometry at 10 days after PFFs injection without any neurodegeneration (Thakur et al., 2017). 

The data presented in this thesis, both the significant loss of synaptic density in the striatum and the 

loss of DAT, supports this previous finding. Based on this, it can be assumed that these pathological 

changes occur especially in the dopaminergic neurons. 

The accumulation of misfolded αSyn in the projecting dopaminergic neurons was further investigated 

with anti-pSer129-αSyn immunohistochemistry. An increase in the pSyn expression was distinct in 

the ipsilateral injection site at eight-week time point indicating αSyn aggregation (Fig. 9A). 

Moreover, spreading of the pathology to the contralateral side had already begun by then, indicating 

the ability of misfolded αSyn species to spread through neurons, and seed the aggregation process in 

recipient cells (Steiner et al., 2018). At 16-week time point the level of pSyn was decreased supporting 

the idea that degenerated cells were already lost by then (Fig. 9B). However, the pathology had more 

widespread distribution in the contralateral side at this time point. Interestingly, the nigrostriatal tract 

projecting from the SN to the striatum had prominent staining at eight-week time point and 16-week 

time point indicating the concentrated αSyn pathology in the vulnerable dopaminergic neurons (fig. 

10). In vivo and immunohistochemical data of the SynFib animals show progressive disease 

pathology both in the ipsilateral and contralateral side. These results are important since pSyn 

pathology has been difficult to demonstrate in the contralateral side in the previous studies with this 

model (Hoban et al., 2020). 

The SynFib model demonstrates the capability of PFFs to seed the aggregation of both transgenic and 

endogenous αSyn. SynFib model develops filamentous aggregate inclusions, but the transition from 
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fibrils to LBs has not been reported, and therefore it remains to be seen if the model is suitable to 

study LB pathology (Mahul-Mellier et al., 2020). However, SynFib model enables to study 

pathological progression towards the LB formation; fibril uptake and propagation, recruitment of 

endogenous αSyn, maturation of fibrillar inclusions, and effects of disease pathology to cell function 

and dopaminergic cell survival (Domanskyi & Chmielarz, 2021). 

The study has some of limitations. The first limitation is the small number of animals in both imaging 

groups. Although, the findings shared similarities in all animals the data would be more reliable with 

higher sample size combined with the use of both sexes. However, the longitudinal in vivo PET data 

allowed us to follow the same animal over time when compared to ex vivo studies which need the 

higher number of animals to gain significant results. The other limitation is the lack of the control 

groups. Our goal was to use the contralateral side as a control for ipsilateral side, which however is 

not valid because of the observed pathology in the contralateral side. 

To further investigate the SynFib model, set up of control groups is needed to compare the data 

reliably. Moreover, the immunohistochemistry should be started as early as week two post 

intracerebral injections, and more dopaminergic markers (TH, DAT and AADC) and aggregated  

αSyn should be assessed. The novel SynFib model developed in the current study opens the oportunity 

for longitunidal studies in the neurodegeneration mechanisms in PD, and would allow 

pharmacological interventions to slow the disease progression. 

Within 4 years after the diagnosis the putaminal TH and DAT are lost in PD patients. (Kordower et 

al., 2013). Termination of DA neurotransmission is especially important as cytosolic DA and its 

metabolites are prone to oxidation, producing reactive quinones with neurotoxic abilities to modify 

proteins eventually leading to aggregation (Sulzer & Zecca, 1999). The degradation metabolite 

DOPAL has been shown to be endogenously toxic for dopaminergic neurons creating high molecular 

weight αSyn species linking the molecule to αSyn pathology (Burke et al., 2008; Burke et al., 2003; 

Mattammal et al., 1995).  

Accordingly, with the results presented in this thesis I propose the following hypothesis. The 

accumulation and misfolding of αSyn leads eventually to prominent loss of DAT in the early disease-

stage, which can be seen with [18F]FE-PE2I imaging at the two-week time point. Which initially 

triggers the accumulation of αSyn in PD patients remains to be resolved. Because the reuptake of the 

cytosolic DA is inefficient due to loss of DAT, the degradation pathway is heightened. Furthermore, 

the ability of αSyn to bind to lipid membranes followed by DA leak further increase the concentration 
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of cytosolic DA and neurotoxic DOPAL. This pathological cycle further increases the amount of 

DOPAL with the ability to form high-molecular weight αSyn and cause loss of TH positive 

dopaminergic neurons. In addition, the previous studies establish the ability of DA to promote αSyn 

oligomerization and dopaminergic degeneration leading to nigrostriatal neurodegeneration. Hence, 

the pathology of early disease-stages arouses from αSyn pathology, which is later advanced by DA 

itself.  
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