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Abstract (250 words max) [246] 48 

Occurrence of Lewy bodies/Lewy neurites (LBs/LNs) containing misfolded fibrillar alpha-49 

synuclein (α-syn) is one of the pathological hallmarks of memory impairment-linked 50 

synucleinopathies, such as Parkinson’s disease (PD) and dementia with Lewy Bodies (DLB). 51 

While it has been shown that brainstem LBs may contribute to motor symptoms, the 52 

neuropathological substrates for cognitive symptoms are still elusive. Here, recombinant 53 

mouse α-syn fibrils were bilaterally injected in the hippocampus of female Sprague-Dawley 54 

rats, which underwent behavioral testing for sensory-motor and spatial learning and memory 55 

abilities. No sensory-motor deficits affecting Morris Water Maze task performance were 56 

observed, nor was any reference memory disturbances detectable in injected animals. By 57 

contrast, significant impairments in working memory performance became evident at 12 58 

months post-injection. These deficits were associated to a time-dependent increase in the 59 

levels of phosphorylated α-syn at serine 129 and in the stereologically estimated numbers of 60 

proteinase K-resistant α-syn aggregates within the hippocampus. Interestingly, pathological 61 

α-syn aggregates were found in the entorhinal cortex and, by 12 months post-injection, also 62 

in the vertical limb of the diagonal band and the piriform cortices. No pathological α-syn 63 

deposits were found within the Substantia Nigra, the Ventral Tegmental Area or the Striatum, 64 

nor was any loss of dopaminergic, noradrenergic or cholinergic neurons detected in α-syn 65 

injected animals, compared to controls. This would suggest that the behavioral impairments 66 

seen in the α-syn injected animals might be determined by the long-term α-syn 67 

neuropathology, rather than by neurodegeneration per se, thus leading to the onset of working 68 

memory deficits. 69 

  70 
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 71 

Significance Statement (120 words max) [92] 72 

Cognitive deficits represent significant non-motor manifestation of Parkinson’s disease and 73 

dementia with Lewy body, which deteriorates daily living activities leading to reduced 74 

independence, quality of life, and survival of affected patients. Therefore, the identification 75 

of anatomical and neuronal substrates underlying cognitive impairment can help in the 76 

development of appropriate treatments. Our data, confirm and extend previous observations 77 

showing that hippocampal alpha-synuclein pathology contribute to specific memory 78 

impairment. Thus, the alpha-synuclein pre-formed fibril infusion procedure in the rat may 79 

represent a feasible tool to model synucleinopathies with which to test possible therapeutic 80 

interventions. 81 

  82 
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Introduction (650 words max) [637] 83 

Alpha-synuclein (α-syn) is an intrinsically disordered 140-amino acid brain protein, 84 

predominantly α-helical structured when bound to membranes and widely present at 85 

presynaptic terminals in soluble and membrane-associated forms (Maroteaux et al., 1988). α-86 

syn may fold into a β-sheet-rich structure able to polymerize into highly toxic amyloid fibrils 87 

and aggregates (Eliezer et al., 2001; Uversky, 2007). Although largely unknown, α-syn is 88 

thought to be involved in synaptic vesicle release and trafficking, physiological regulation of 89 

enzymes and transporters, and neuronal apoptotic responses (Dev et al., 2003). α-syn also 90 

constitutes the filamentous neuronal inclusions known as Lewy Bodies (LBs) and Lewy 91 

Neurites (LNs), which characterize a group of neurodegenerative diseases called 92 

synucleinopathies, including Parkinson’s disease (PD), dementia with Lewy Bodies (DLB), 93 

and multiple system atrophy (MSA) (Lee et al., 2010; McCann et al., 2014). The 94 

pathophysiological mechanisms underlying synucleinopathies are still poorly understood, 95 

however, recent findings suggest that aggregated forms of α-syn act with a prion-like 96 

mechanism (Aulić et al., 2014; Luk et al., 2012; Masuda-Suzukake et al., 2013). Over the last 97 

decades, transgenic PD models have been generated expressing moderate levels of α-syn over 98 

long periods, as it occur in the disease (Antony et al., 2011; Polymeropoulos, 1997; Singleton 99 

et al., 2003; Visanji et al., 2016). While valuable, however, transgenic PD models do not 100 

recapitulate other pathological hallmarks of the disease, including nigrostriatal degeneration 101 

and motor disturbances (Blesa and Przedborski, 2014). Neurotoxic paradigms, such as 102 

intracerebral injection of 6-hydroxydopamine (6-OHDA) in rodents (Breese and Traylor, 103 

1971) or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in non-human primates 104 

(Langston et al., 1984), have been widely used, both leading to a rapid nigrostriatal 105 

degeneration associated to robust motor deficits (Meredith et al., 2008). However, none of 106 

these models exhibit α-syn and LBs/LNs pathology (Jackson-Lewis et al., 2012; Schober, 107 



 

 6 

2004). With the introduction of viral vector-based models of PD (Kirik et al., 2002), all major 108 

PD hallmarks have been obtained in rats and mice (Decressac et al., 2012; Oliveras-Salva et 109 

al., 2013). However, the supra-physiological level of α-syn, rapid time course of the 110 

pathology (1-2 months) and circumscribed (rather than widespread) α-syn aggregation seen 111 

in these animals, have raised concerns (Braak et al., 2003a; Oliveras-Salva et al., 2013). 112 

Following the hypothesis of a potential prion-like mechanism for α-syn propagation, α-syn 113 

pre-formed fibrils (α-syn PFF) have been used either in vitro or microinjected into specific 114 

rodent brain areas in vivo, triggering α-syn pathology, synaptic dysfunction, perturbations in 115 

cell excitability, and cell death in vitro (Luk et al., 2009; Volpicelli-Daley et al., 2011), as 116 

well as α-syn inclusions resembling those found in patients, also in distally located target 117 

regions, in vivo (Paumier et al., 2015). The α-syn PFF model, therefore, provides a valuable 118 

tool to replicate some aspects of histopathology in PD (Patterson et al., 2019). 119 

While brainstem LBs are thought to contribute to motor symptoms, the neural substrate for 120 

cognitive symptoms in PD remains elusive and a matter of debate. Consistent with Braak 121 

hypothesis, suggesting a caudal to rostral spread of LB/LN pathology (Braak et al., 2003b), 122 

several studies have reported that cortical or limbic LBs/LNs correlate with dementia in PD 123 

(Aarsland et al., 2005; Apaydin et al., 2002; Harding and Halliday, 2001; Hurtig et al., 2000; 124 

Irwin et al., 2012; Kövari et al., 2003). Interestingly, a potential hippocampal LB 125 

involvement in cognitive impairments is further supported by significant correlations 126 

between cognitive performances of DLB patients and post-mortem LB pathology in 127 

hippocampal CA1 (Adamowicz et al., 2017). Surprisingly, however, no study to date has 128 

addressed the anatomical, molecular and functional effects of α-syn PFF following injection 129 

in the hippocampus, a region known to be crucial for learning and memory (Squire, 1992).  130 
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Considering the above results and limitations, the present study sought to investigate the 131 

progressive pathological alterations and spreading of synthetic α-syn fibrils bilaterally 132 

injected into the hippocampus of adult rats, up to the onset of memory impairments. 133 

  134 
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Materials and Methods 135 

 136 

Expression and purification of recombinant mouse α-syn  137 

α-syn was prepared as described previously (Huang et al., 2005). Briefly, recombinant α-syn 138 

protein was purified from Escherichia coli BL21 (DE3) cells expressing mouse α-syn 139 

construct from the pET11a expression vector. E. coli cells were grown in minimal medium at 140 

37°C in the presence of ampicillin (100 g/mL) until OD600 of about 0.6, followed by 141 

induction with 0.6 mM IPTG for 5 hours. The protein was extracted from periplasm by 142 

osmotic shock, followed by boiling for 20 min and ammonium sulfate precipitation. The 143 

protein was next purified by anion exchange chromatography (HiTrap Q FF column, GE 144 

Healthcare) and fractions were analyzed by SDS-PAGE. Finally, the protein was dialyzed 145 

against water, lyophilized and stored at -80°C. 146 

 147 

Fibrillation of mouse α-syn  148 

Prior to fibrillation, the protein was filtered (0.22 μm syringe filter) and the concentration 149 

was determined by absorbance measured at 280 nm then the fibrillation was performed as 150 

described previously (Aulić et al., 2017). Briefly, purified mouse α-syn (1.5 mg/mL) was 151 

incubated in the presence of 100 mM NaCl, 20 mM Tris-HCl pH 7.4. Reactions were 152 

performed in a black 96-well plate with a clear bottom (Perkin Elmer), in the presence of one 153 

3-mm glass bead (Sigma) in a final reaction volume of 200 μL. Plates were sealed and 154 

incubated in BMG FLUOstar Omega plate reader at 37°C with cycles of 50 s of shaking (400 155 

rpm, double-orbital) and 10 s of rest. After fibrillation, the reaction mixtures were 156 

ultracentrifuged for 1h at 100 000g (Optima Max-XP, Beckman), sonicated for 5 min 157 

(Branson 2510) and resuspended in sterile phosphate-buffered saline (PBS), aliquoted and 158 

stored at -80 °C until use. The resulting α-syn fibril assemblies were then structurally 159 
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characterized by atomic force microscopy (AFM) as previously described (Aulic et al., 2017) 160 

(extended data figure 1-1).  161 

 162 

Animals and experimental design 163 

Thirty-six young adult female Sprague-Dawley rats (provided by the animal facility at the 164 

University of Trieste) weighing 220-250 g at the time of surgery were housed in high 165 

efficiency, particulate air-filtered, double-decker cage units (Tecniplast, Italy), and 166 

maintained under standard conditions of temperature, light and humidity, with ad libitum 167 

access to food and water. The animals were randomly assigned to groups receiving bilateral 168 

intrahippocampal injections of recombinant mouse α-syn PFF (n=18) or phosphate-buffered 169 

saline (PBS) alone (sham-injected, n = 10) whereas the remaining animals (intact, n = 8) 170 

were not injected and served as unoperated controls. Subgroups of randomly selected animals 171 

(5 α-syn-treated, 3 sham-injected and 2 intact rats) were sacrificed at about 7- and 9-months 172 

post-surgery, whereas the remaining subjects (8 α-syn-treated, 4 sham-injected and 4 intact 173 

rats) were allowed to survive up to 12 months post-injection. Behavioral analyses were begun 174 

at about 3 months post-injection and consisted in the sequential administration of tests 175 

specifically designed to evaluate sensory-motor, as well as spatial reference and working 176 

memory abilities. Upon completion of the last testing session, at each of the predetermined 177 

time-points, the animals were sacrificed, and the brains processed for quantitative 178 

immunohistochemistry or western blot analyses. All the experimental procedures were 179 

carried out following the Italian Guidelines for Animal Care (D.L. 116/92 and 26/2014), 180 

which are in compliance with the European Communities Council Directives (2010/63/EU) 181 

and were approved by the Ethical Committee at the University of Trieste. 182 

 183 

Surgical procedures 184 
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Stereotaxic injections of recombinant, freshly sonicated mouse α-syn PFF bilaterally into the 185 

hippocampus were performed on rats under deep anesthesia (sodium pentobarbital, 40 mg/kg, 186 

i.p.). Briefly, 7.5 μg of the protein was injected using a 10 μL Hamilton microsyringe 187 

(Hamilton, Bonaduz, Switzerland), in a volume of 5 μL sterile PBS per side at the following 188 

stereotaxic coordinates according to Paxinos and Watson (1998): AP = - 3.6; ML = ± 1.8; DV 189 

= - 3.6 (in mm, relative to bregma and outer skull surface). The dose and volume were chosen 190 

based on the results of pilot experiments. Each infusion was carried out over 5 min, waiting 191 

for additional 2 min before withdrawal, in order to prevent backflow and reduce tissue 192 

damage. For sham treatment, sterile PBS was injected using the same coordinates, volume 193 

and speed. 194 

 195 

Behavioral tests  196 

Starting from about 3 months post-injection, the animals underwent a battery of behavioral 197 

tests (normally administered between 9.00 am and 3.00 pm) conducted at different time-198 

points, in order to evaluate possible effects of the treatments upon sensory-motor and 199 

cognitive functions and their time course (figure 1). All the behavioral paradigms were based 200 

on modified versions of the water maze task originally developed by (Morris, 1984) for the 201 

assessment of spatial learning and memory in rodents. The test apparatus consisted of a 202 

circular pool, 140 cm in diameter and 50 cm deep, filled with room temperature water to a 203 

depth of 35 cm and located in a room with several external cues that could be used for 204 

orientation. Four equally spaced points (conventionally indicated as North, South, East, and 205 

West) served as start locations, also dividing the tank into four quadrants. A circular platform 206 

(10 cm in diameter) was fixed to the bottom of the pool with it top 2 cm below (and thus 207 

invisible from) the water surface. In the middle of each quadrant, a circular area of about 20 208 

cm in diameter (termed annulus) indicated the site where the escape platform could have 209 
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been, if placed in that quadrant. For each animal, the latency to find the hidden platform, the 210 

distance swum, and the swim speed were recorded by a computer-based video tracking 211 

system. 212 

Three different paradigms, designed to evaluate the sensory-motor, as well as reference and 213 

working memory abilities (Coradazzi et al., 2016; Pintus et al., 2018), were implemented. 214 

 215 

Cued test  216 

All animals first received a free 60-second swim to become familiar with the swimming pool, 217 

followed by a 3-day cued learning session to exclude the occurrence of noncognitive (e.g. 218 

visual) deficits, induced by the treatment, that may interfere with the correct execution of the 219 

test. During the cued task, the position of the escape platform was made visible by a 10x15 220 

cm striped flag and randomly changed on each of 4 daily trials.  221 

 222 

Morris water maze test 223 

Three days after conclusion of the cued test, the animals were subjected to the Morris water 224 

maze test for the assessment of reference memory. The animals were given four trials per day 225 

over five consecutive days with a 30 s intertrial time. On each trial, the animal was released 226 

into the pool from one of the starting points and then given 60 seconds to locate the platform 227 

(constantly kept in the North-East, NE, quadrant) and climb onto it. If the submerged 228 

platform was not found, the rat was gently guided by the experimenter and left on it for about 229 

30 s, prior to be placed in the next predetermined starting point, whose sequence was defined 230 

randomly, and it was changed every day. On the fifth day of testing, after the fourth trial, the 231 

platform was removed and a spatial probe trial commenced, during which the animals were 232 

allowed to swim freely for 60 s. In this test, generally used to evaluate the efficiency of the 233 

previous learning, the distance swum as well as the collisions with the annuli in each of the 234 
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four quadrants, were recorded. In order to check for possible delayed long-term effects of the 235 

α-syn treatment upon reference memory, a separate 3-days Morris water maze test, with a 236 

spatial probe trial, was administered to the animals just before sacrifice, at about 12 months 237 

post-injection. 238 

 239 

Radial Arm Water Maze Test  240 

Spatial working memory was tested using a radial arm water maze (RAWM) apparatus 241 

consisting in 6 swim alleys (50 cm length x 20 cm wide, numbered 1 to 6) radiating out of an 242 

open central area in the same pool. The submerged escape platform was placed at the end of 243 

an arm (referred to as the goal arm) and its position was changed every day over five 244 

consecutive days. In each of the 5 daily trials, the animals were released from a different 245 

starting position and given up to 60 sec to locate the hidden platform with a 30 s intertrial 246 

time. Entering an incorrect arm (i.e. an arm that did not contain the platform or an already 247 

visited arm) was counted as an entry error. For each trial, the latency to find the platform and 248 

the number of arm selection errors prior to locating the goal arm were recorded. The task 249 

design entails that the animals locate the platform by chance on the first trial each day (and 250 

thus no group difference is expected), whereas in the second and subsequent trials the 251 

acquired information on the novel platform location for that day would determine substantial 252 

improvements in performance. Therefore, differences in latency or error scores between trials 253 

1 and 2 across days, both in absolute terms and as percentage of trial 1 (savings) provided 254 

measures of working memory performance. 255 

 256 

Two-trial radial arm water maze test 257 

In the original 5-trials-a-day paradigm, the RAWM testing is conducted over 5 consecutive 258 

days, allowing animals to get used to the task contingencies and to exclude all the unspecific 259 
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factors that may affect performance. In this case, cutting the general duration of the test from 260 

5 to 2 days modified the RAWM standard paradigm, as the animals were already well 261 

habituated to the environment and have learned the rules of the task. In addition, the number 262 

of trials administered every day was reduced from 5 to 2 as it was noticed previously that the 263 

main improvement in the RAWM performance mainly occurs between the first and second 264 

trial. Thus, from 5 months post-injection and onwards, two 2-trial RAWM tests were 265 

administered over two consecutive days each week, organized as two adjacent blocks of 6 266 

weekly sessions each. Starting from approximately the 9th month post injection, the animals 267 

received the same two 2-trial RAWM testing sessions, but every second week, until 268 

significant group differences in the savings for both latency and errors were detected over 269 

three consecutive testing sessions. Subsequently, the delayed 3-days Morris water maze test 270 

was administered, as mentioned above (see also figure 1).  271 

 272 

Post-mortem procedures  273 

Upon conclusion of behavioral tests, at about 7- and 9-months post-injection, the animals 274 

under terminal anesthesia (chloral hydrate 350 mg/kg i.p.) were perfused through the 275 

ascending aorta with room temperature saline, followed by ice-cold phosphate-buffered 4% 276 

paraformaldehyde (pH 7.4). The brains were rapidly removed, kept in the same fixative for 2 277 

hours and then transferred in a phosphate-buffered 20% sucrose solution at 4°C until they had 278 

sunk. Coronal sections at 40-μm thickness were cut using a freezing microtome (Leitz 279 

Welzlar) from the prefrontal cortex level through the basal forebrain to the level of the caudal 280 

hippocampus and collected into 6 series. The sections were then stored at –20 °C in a 281 

phosphate-buffered antifreeze solution containing 30% glycerol and 30% ethylene glycol, 282 

pending immunohistochemical analysis.  283 
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Animals allowed to survive up to 12 months post-injection, under terminal anesthesia as 284 

above, were perfused through the ascending aorta with room temperature saline. After rapid 285 

removal, and using a counterbalanced left–right dissection schedule, the whole hippocampus, 286 

the prefrontal, fronto-parietal and entorhinal cortices from one hemisphere were dissected 287 

free onto a chilled glass plate, immediately frozen in crushed dry ice and kept at –80 °C for 288 

Western blot assay (see below). The remaining portions of the brain, which comprised the 289 

cortical and hippocampal regions from the opposite hemisphere, both striata and the entire 290 

basal forebrain were fixed by 24 h immersion in ice-cold phosphate-buffered 4% 291 

paraformaldehyde (pH 7.4), soaked in phosphate-buffered 20% sucrose and then cut as 292 

above. 293 

 294 

Immunohistochemistry  295 

For the detection of proteinase K (PK) resistant α-syn aggregates, one series of free-floating 296 

coronal sections were first quenched in 3% H2O2 and 10% methanol for 10 minutes to 297 

eliminate endogenous peroxidase activity, and then treated 30 min with 5μg/mL of PK. After 298 

blocking unspecific binding sites with 5% normal goat serum (NGS, Immunological 299 

Sciences), and 0.3% Triton X-100 in phosphate-buffered saline (KPBS, pH 7.4) for 2 h, the 300 

sections were incubated overnight with a rabbit anti-α-syn primary antibody (C20-R, Santa 301 

Cruz, 1:500), 2% NGS and 0.3% Triton X-100 in KPBS. Subsequently the sections were 302 

incubated with a biotinylated secondary antibody (goat anti-rabbit 1:300, Vector), 2% NGS 303 

and 0.3% Triton X-100 in KPBS for 1 hour. After this step, the sections were incubated with 304 

avidin biotin peroxidase complex (Vectastain ABC alite kit, Vector) for one hour and then 305 

reacted with 0,025% diaminobenzidine and 0.01% H2O2 in KPBS for 3-5 minutes. The 306 

sections were mounted on gelatin-coated slides, dehydrated through steps in ascending 307 

alcohol concentrations, clarified in xylene and coverslipped for subsequent microscopical 308 
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analyses. In order to ensure consistency during morphometric analyses (see below), tissue 309 

processing and staining were carried out under identical conditions, using all relevant 310 

sections at a time. Control tissue specimens, not exposed to the primary antibody, were also 311 

used to check for nonspecific labeling. All steps were performed at room temperature. 312 

Cresyl violet staining was performed as previously described (Gulino et al., 2019). Briefly, 313 

sections were dehydrated with increasing ethanol and then soaked in xylene. Dehydrated 314 

sections were then rehydrated and stained with a solution of 0.2% sodium acetate, 1% Cresyl 315 

violet, 3% glacial acetic acid in water for 10 min at room temperature. Sections were then 316 

washed in water, dehydrated through steps in ascending alcohol concentrations, clarified in 317 

xylene and coverslipped.   318 

For double immunofluorescence, free-floating sections were incubated overnight at room 319 

temperature with a rabbit anti-phospho-α-syn(Ser129)(D1R1R) primary antibody (Cell 320 

Signaling, 1:1000) and a monoclonal mouse anti-GFAP antibody (SIGMA, 1:400). The 321 

sections were then incubated with an Alexa 488-conjugated goat anti-rabbit secondary 322 

antibody (Life Technologies, 1:200) and then with an Alexa 594-conjugated goat anti-mouse 323 

(Life Technologies, 1:200) for 2 hours in the dark. The 4′,6-diamidino-2-phenylindole 324 

(DAPI, Sigma 1:200) compound was used for nuclear staining. Slides were mounted with 325 

Fluoromount™ Aqueous Mounting Medium (Sigma) and images were acquired using a Leica 326 

confocal microscope (Leica TCS SP2, Wetzlar, Germany).  327 

 328 

Western blotting  329 

The cortices and the hippocampi dissected for the measurement of non-phosphorylated, 330 

Ser129-phosphorylated α-syn and cellular prion protein (PrPC) expression levels, were 331 

homogenized using a manual dounce homogenizer in a RIPA (radioimmunoprecipitation 332 

assay) buffer containing 150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 333 
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0.1% SDS (sodium dodecyl sulphate), 50 mM Tris-HCl (pH 8.0), 1× phosSTOP (Roche 334 

Diagnostic) and 1× protease inhibitor cocktail (Roche Diagnostic). The homogenates were 335 

centrifuged at 10000 rpm for 10 min at 4 °C and the supernatants collected and stored in 336 

aliquots at -80 °C until use. Total protein content of brain homogenates was measured using 337 

bicinchoninic acid protein (BCA) quantification kit (Pierce) and 25 μg/mL of brain 338 

homogenates were resuspended in Laemmli loading buffer, boiled for 5 min at 100 °C for 339 

denaturation. Subsequently the samples were loaded onto the Mini-PROTEAN® TGX™ 340 

Precast Gels (Biorad), transferred to PVDF membranes (Immobilon-P, Millipore) and 341 

incubated for 30 min with 4% PFA in PBS to better detect endogenous Ser129-342 

phosphoryated α-syn (Sasaki et al., 2015). By contrast, no PFA treatment was employed for 343 

the detection of non-phosphorylated α-syn and PrPC. After incubation, the membrane was 344 

washed in TBS-T (0.1% Tween 20 in TBS) for 10 min, treated with 5% non-fat milk or BSA 345 

(w/v, in PBS) blocking solution for 1 h at room temperature in agitation and then incubated 346 

overnight at 4 °C with the following primary antibodies: rabbit polyclonal anti-phospho S129 347 

α-syn (Abcam, ab59264 1:1000); rabbit polyclonal anti-α-syn (C-20-R, Santa Cruz, 1:1000); 348 

mouse monoclonal anti PrPC (clone P, kindly provided by Prof. S. Prusiner, San Francisco 349 

1:1000) and a mouse monoclonal anti β-actin (1:50000, A3854 Sigma-Aldrich), all diluted in 350 

blocking solution.  351 

Membranes were washed with TBST and incubated in horseradish–peroxidase (HRP)-352 

conjugated goat anti-rabbit (DAKO, 1:1000) or goat anti-mouse (DAKO 1:1000) secondary 353 

Ab for 1 h. The membranes were washed in TBST and proteins were visualized following the 354 

manufacturers’ instructions using Amersham ECL Western Blotting Detection Reagent (GE 355 

Healthcare) with UVITEC Cambridge. Quantitative densitometry analysis of proteins was 356 

performed using UVBand software (UVITEC Cambridge). 357 

 358 
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Stereology 359 

All analyses were carried out on coded slides by investigators blinded to the groups’ identity. 360 

The occurrence of PK-resistant α-syn immunoreactive deposits, as either LB-like inclusions 361 

(defined as dense, darkly stained intraneuronal cores) or LN-like inclusions (defined as 362 

dense, darkly stained neurites) in the hippocampal formation, was quantified using an 363 

unbiased stereological estimation method based on the optical fractionator principle (West et 364 

al., 1991). α-syn immunoreactive neurons and processes were counted bilaterally in the CA1 365 

subfield of the hippocampus and in the dentate gyrus (i.e. the areas in close proximity to the 366 

injection site), using about 10 sections per rat located between 2.1 and 4.5 mm caudal to 367 

bregma. The same analyses were also carried out to quantitatively estimate the presence of α-368 

syn immunoreactive deposits in projection areas outside the injection site, namely the EC. 369 

The sampling system consisted of an Olympus BH2 microscope (fitted with an X-Y 370 

motorized stage and a microcator to measure distances in the Z-axis) interfaced with a color 371 

video camera (Sony) and a personal computer. The CAST GRID® software (Olympus 372 

Denmark A/S, Albertslund, Denmark) was used to delineate the hippocampus area at 4x 373 

magnification, as well as to generate unbiased counting frames which were moved randomly 374 

and systematically until the entire delineated area was sampled. Using a 100x oil objective, 375 

unambiguously positive aggregates were identified and counted. For each animal, estimates 376 

of the total numbers of neuronal and neuritic aggregates in the hippocampus and EC were 377 

obtained according to the optical fractionator formula and then plotted as mean ± sem for 378 

each time-point analyzed. Accuracy of the stereological procedure was evaluated following 379 

(Gundersen and Jensen, 1987), and values < 0.1 were considered acceptable.  380 

 381 

RNA extraction and quantitative Real Time-PCR (qRT-PCR) analysis 382 
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Total RNA was isolated from about 300 mg of prefrontal cortex and hippocampus from 383 

frozen post-mortem rat brain tissue. RNA processing and qRT-PCR experiment were the 384 

same as reported previously (Vanni et al., 2017) and the primers sequences were as follows: 385 

for Actb Forward CTGTGTGGATTGGTGGCTCT reverse 386 

CAGCTCAGTAACAGTCCGCC; for Snca Forward TGTCAAGAAGGACCAGATGGG 387 

reverse TAGTCTTGGTAGCCTTCCTCT and for Prnp forward 388 

CGGTACCAGTCCGGTTTAGG reverse GCTTTTTGCAGAGGCCAACA. Differential 389 

gene expression of Scna and Prnp was normalized to Actb expression. The relative 390 

expression ratio was calculated using the ΔΔCT method (Livak and Schmittgen, 2001).  391 

 392 

Statistical analysis 393 

Data fulfilled the criteria for normal distribution and were therefore analyzed using 394 

parametric tests for all statistical comparisons. Group differences in behavioral performance 395 

as well as in the numbers of immunostained profiles or α-syn expression levels were 396 

evaluated by either repeated or one-way analysis of variance (ANOVA), as appropriate, 397 

followed by Fisher’s Protected Least Significant Difference (PLSD) post-hoc test. All data 398 

are presented as mean ± sem, and differences were considered significant at p < 0.05.  399 

 400 

  401 
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Results 402 

Behavioral analyses 403 

All animals, regardless of their treatment, increased in body weight and exhibited fairly 404 

normal sensory-motor functioning when evaluated in the three-day cued test at 3 months 405 

post-injection (figure 2). In fact, the groups improved their performance over time (repeated 406 

measures ANOVA, effect of day on latency, F2,66 = 51.79; on distance, F2,66 = 42.44; both p < 407 

0.001) and did not differ from each other (main group effect on latency F2,33 = 0.11; on 408 

distance F2.33 = 0.13; group x day on latency F4,66 = 0.23; on distance F4,66 = 0.23; all n.s.). 409 

Moreover, swim speed, monitored as a measure of motor ability throughout the execution of 410 

the various tasks, averaged 0.2-0.3 m/sec and did not differ between groups at any time-point, 411 

indicating that the treatments did not produce any sensory or motor impairments that would 412 

affect navigation search in the pool. As revealed by statistics, rats with sham injections did 413 

not differ from the intact animals on any of the behavioral or morphological parameters 414 

analyzed. These animals were therefore combined into a single Control group (n = 18) for all 415 

illustrations. 416 

 417 

Morris water maze test 418 

Mean latencies and swim distances required to find the hidden platform in the reference 419 

memory version of the Morris water maze task administered at 3 months post-injection, are 420 

shown in figure 3A-B. All animals rapidly learned to locate the platform and improved 421 

significantly over the five testing days (repeated measures ANOVA, effect of day on latency, 422 

F4,132 = 43.93; on distance, F4,132 = 40.58; both p < 0.001), reaching an asymptotic 423 

performance already on day three. The animals appeared to learn the tasks at similar rates, 424 

and no significant differences were observed between the groups (main group effect on 425 

latency F2,33 = 0.47; on distance F2.33 = 0.60; group per day on latency, F8,132 = 0.16; on 426 
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distance F8,132 = 0.18; all n.s.). During the spatial probe trial, on the last day of testing, when 427 

the platform was removed for a 60 s free swim (figure 3C-E), all animals swam primarily in 428 

the training (NE) quadrant, where the platform was originally located (repeated measures 429 

ANOVA, effect of quadrant on swim distance, F3,99 = 36.73; on annulus crossings, F3,99 = 430 

74.06, both p < 0.001), with equal efficiency (main group effect on distance F2,33 = 0.67; on 431 

annulus crossings, F2,33 = 1.87; group per quadrant interaction for distance, F6,99 = 1.35; for 432 

annulus crossings F6,99 = 1.39, all n.s.). In addition, no group difference was observed in the 433 

total number of collisions with the annuli or swim speed (one-way ANOVA, main group 434 

effect, respectively, F2.33 = 1.87 and F2,33 = 0.01; both n.s.), indicating an equally active and 435 

spatially focused search behaviour in all animals. 436 

At about 12 months post-surgery, upon conclusion of the last 2-trial RAWM session (see 437 

below), the animals were tested again in the Morris water maze task in order to evaluate 438 

possible delayed effects of the injected α-syn PFF, as a result of their progressive spreading. 439 

Only the data referring to the spatial probe trial will be reported here (figure 4A-C). 440 

Consistent with the observations at the 3 months time-point, the α-syn treatment produced no 441 

long-term impairments in reference memory abilities. In fact, all tested animals exhibited an 442 

equally efficient and focused search behaviour in the spatial probe trial (repeated measures 443 

ANOVA effect of quadrant on swim distance, F3.39 = 9.31; on annulus crossings F3.39 = 19.49; 444 

both p < 0.001), with no obvious group differences (main group effect on distance, F2,13 = 445 

1.29; on annulus crossings, F2,13 = 2.00; group x quadrant interaction for distance, F6,39 = 446 

1.25; for annulus crossings F6,39 = 1.76, all n.s.). This applied also to the total number of 447 

crossings or swim speed. 448 

 449 

 Radial arm water maze test 450 
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Group performances in the RAWM task, when first administered at 3 months post-injection, 451 

are shown in figure 5A-E. In this design, the platform position was moved to a new arm 452 

daily, thus the animals had to re-learn its position within the five trials of each testing day by 453 

developing a new search strategy. As expected, all animals required a longer latency and 454 

made a higher number of arm selection errors (i.e. entering an arm not containing the 455 

platform or an arm which had already been visited) during the first trial of each day, but they 456 

improved over the five trials (repeated measures ANOVA, effect of trial on latency, F4,132 = 457 

57.76; on errors, F4,132 = 45.69; both p < 0.001). At the 3 months time-point, the ability to 458 

progressively reduce the latency and errors required to locate the hidden platform was similar 459 

for all animals, and no group difference was detected (main group effect on latency, F2,33 = 460 

0.19; on errors F2,33 = 0.45; group per trial interaction on latency F8,132 = 0.67; on errors, F8,132 461 

= 0.55; all n.s.). Inspection of latency and errors savings, calculated as percentage 462 

improvement between trials 1 and 2, confirmed a ~ 40-48% reduction of latency and entry 463 

errors, with no obvious group difference (one-way ANOVA with Fisher’s PLSD post-hoc 464 

test, all n.s.). The swim paths obtained on the fifth day of training from representative 465 

animals are shown in figure 5E. 466 

 467 

Two-trials radial arm water maze test 468 

Starting from 5 months and up to about 12 months post-injection, the animals were tested 469 

using a modified version of the RAWM task, with two daily trials administered over two 470 

consecutive days. The testing was then organized, with intervening sacrifices of randomly 471 

selected subjects from the various groups at different time-points post-injection, so as to have 472 

three main blocks of six sessions administered weekly or every two weeks, as outlined above. 473 

By such design, latency and error savings, calculated as percentage improvement from trial 1 474 

to 2, provided a measure of working memory performance and its possible changes over time 475 
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(figure 6A-C). During the first two blocks (weekly sessions 1-6 and 7-12 starting at 5 and 7 476 

months post-injection, respectively) animals in the groups were equally efficient in reducing 477 

both escape latency and number of errors across trials, and no significant group difference 478 

was detected (one-way ANOVA, all p > 0.05, n.s.). By contrast, in the third block of sessions 479 

(administered every two weeks starting from the 9th month post-injection), α-syn-treated 480 

animals were seen to progressively worsen their performance. In fact, the calculated percent 481 

improvements in both latency and errors appeared significantly lower than those exhibited by 482 

the Sham-injected and Intact groups already on session 15 (one-way ANOVA, p < 0.01 or p 483 

< 0.05 for both measures), and remained unmodified up to session 18, when the training 484 

criterion (i.e. significant group differences in at least three consecutive sessions) was 485 

considered fulfilled and the 2-trial RAWM testing was interrupted (actual swim paths from 486 

representative animals are illustrated in figure 6C). 487 

 488 

Morphological analyses  489 

Consistent with previous observations (Aulic et al., 2017), sonication of α-syn fibrils resulted 490 

in the formation of relatively small and homogeneous fibrillary assemblies, as revealed by 491 

AFM (extended data figure 1-1). By contrast, no such pattern was exhibited by the non-492 

preaggregated protein (not shown). 493 

The bilateral injection of synthetic mouse α-syn fibrils into the hippocampus resulted in the 494 

occurrence and progressive accumulation of α-syn-immunoreactive aggregates in various 495 

hippocampal subfields (e.g. Dentate Gyrus, DG, and Cornu Ammonis, CA1 figure 7G-L’) 496 

whereas no such α-syn aggregates were found in the brain of sham-injected or intact animals 497 

(compare e.g. with corresponding regions in Control animals figure 7A-F’). In general, the 498 

strong PK-resistant α-syn immunoreactivity occurred as both LB-like and LN-like deposits 499 

(figure 7M-N) and was detected not only in the proximity of the injection site but also in 500 
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distinct anatomically related regions, with a morphology and distribution pattern that varied 501 

in a time-dependent fashion. Thus, as estimated by stereology, relatively few α-syn-502 

immunoreactive LB-like inclusions were found in the hippocampal CA1 and dentate gyrus 503 

subfields at about 7 months post-injection, their numbers showing a significant 2.2- and 5.8-504 

fold increase at 9 and 12 months, respectively (one-way ANOVA with Fisher’s PLSD post-505 

hoc test, P < 0.05; figure 7O). Conversely, the number of LN-like deposits in the same 506 

regions was slightly higher at 7 months post-injection and exhibited a non-significant 507 

reduction at 9 and 12 months (figure 7P). LB-like and LN-like inclusions in the EC were 508 

virtually undetectable or very sparse at 7 months post-injection but they became clearly 509 

visible already at 9 months (figure 8D-F’; compare with corresponding regions in Control 510 

animals figure 8A-C’), and their numbers increased significantly over time (one-way 511 

ANOVA with Fisher’s PLSD post-hoc test, both p < 0.05; figure 8G-H). By contrast, only at 512 

12 months were α-syn immunoreactive LB-like and LN-like inclusions found in other 513 

projection areas, such as the vertical limb of the diagonal band, and the anterior and posterior 514 

piriform cortices, being barely detectable at earlier time-points (figure 9D-F’; compare with 515 

corresponding regions in Control animals figure 9A-C’). In either form, occurrence of α-syn 516 

immunoreactivity in these areas did not appear to result in disrupted morphology or 517 

architecture of local neuronal populations. Of note, cresyl violet staining of entorhinal cortex, 518 

hippocampus, and piriform cortex revealed no evidences of neurodegeneration and/or 519 

neuronal loss in α-syn injected rats (figure 9J-L; compare with corresponding regions in 520 

Control animals, figure 9G-I). Moreover, separate morphometric analyses, carried out to 521 

assess the possible toxic effects of α-syn overexpression, revealed that at no time-point post-522 

injection was any obvious loss of dopaminergic, cholinergic or noradrenergic neurons 523 

detected in the Substantia Nigra (SN), the Ventral Tegmental Area (VTA), Medial 524 

Septum/Diagonal Band of Broca (MS/DBB) or Locus Coeruleus (LC), respectively. Thus, 525 
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occurrence and distribution of tyrosine hydroxylase (TH)-, choline acetyltransferase (ChAT)- 526 

or dopamine-beta-hydroxylase (DBH)-immunoreactive neurons did not differ between α-syn-527 

injected and control animals in any of the analyzed regions (data not shown)  528 

Consistent with the above observations of a time-dependent increase of PK-resistant α-syn 529 

aggregates within the hippocampus, immunofluorescence confirmed the progressive, increase 530 

of Ser129-phosphorylated α-syn in the hippocampus of injected rats (figure 10A-C), whereas 531 

no such immunoreactivity was detected in controls (not shown). Subsequent analyses of 532 

fluorescence intensity and localization profile in P-α-syn-GFAP double immunostained 533 

specimens at 7, 9 and 12 months post-injection revealed virtually no co-localization of these 534 

markers. In fact, close inspection of the expression profile plots of P-α-syn and GFAP 535 

immunoreactivities showed very poor or no juxtaposition between the respective peaks, thus 536 

ruling out a glial occurrence of Ser129-phosphorylated α-syn as a result of intracerebral α-syn 537 

fibril treatment at any time-point post-injection (figure 10A'-C' and A"-C"). 538 

 539 

Long-term effects of α-syn fibril injection 540 

Western blot analyses  541 

At 12 months post injection, Western blot analyses were carried out on tissue homogenates 542 

from the hippocampus and the prefrontal and frontoparietal cortices of control and α-syn-543 

injected rats. Due to technical reasons (accidental loss of the homogenate samples), western 544 

blot analyses on the EC could not be carried out and will not be reported here. The analyses 545 

were designed to obtain estimates of the relative levels of non-phosphorylated and Ser129-546 

phosphorylated α-syn. The procedure (as described above) enabled the detection of a∼15 kDa 547 

band, that represents the non-phosphorylated α-syn (Fujiwara et al., 2002), a ∼80 kDa which 548 

correspond to Ser129-phosphorylated α-syn (figure 11A-C) and a ∼35 kDa for PrPC (figure 549 

11D-F). Densitometric analysis of the bands after normalization against β-actin revealed a 550 
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significant 50% increase of the Ser129-phosphorylated α-syn level only in the hippocampus 551 

of α-syn treated rats compared to controls (p < 0.01; figure 11A'). By contrast, no group 552 

differences in Ser129-phosphorylated α-syn expression were detected in prefrontal and 553 

frontoparietal cortices (figure 11B'-C'), nor did the α-syn treatment affect the expression of 554 

non-phosphorylated α-syn in any of the analyzed regions. Likewise, the expression levels of 555 

PrPC in these regions were similar in the two groups (figure 11D'-F'). 556 

 557 

qRT-PCR analysis 558 

To evaluate the differential gene expression of Scna and Prnp, qRT-PCR analysis was 559 

performed on tissue homogenates from prefrontal cortex and hippocampus of control and α-560 

syn-injected rats at 12 months post injection. Consistently, no significant changes in the 561 

expression level of Scna (encoding for α-syn) and Prnp (encoding for PrPC) mRNA were 562 

detected in either the prefrontal cortex (figure 12A) or the hippocampus (figure 12B) of α-563 

synuclein-injected rats as compared to control. 564 
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Discussion (1500 words max) [1448] 

The aim of this study was to evaluate the anatomical, neurochemical, molecular and 565 

behavioral effects of recombinant mouse α-syn PFF following intrahippocampal injection in 566 

the adult rat. The injections resulted in the time-dependent occurrence of PK-resistant α-syn 567 

aggregates within the hippocampus suggesting that neurons in this region may be particularly 568 

susceptible to transmitted α-syn pathology. Moreover, in keeping with previous findings 569 

following intrastriatal/intracortical administration in mice (Luk et al., 2012) the present data 570 

lend support to the notion that pathological α-syn can spread over considerable distances to 571 

several central regions. In fact, PK-resistant α-syn aggregates were also found in 572 

anatomically related areas, such as the EC, the vDBB and the piriform cortices, which, 573 

interestingly, was associated to the onset of specific deficits in spatial working memory, i.e. 574 

the memory function that is commonly impaired in PD patients (Bradley et al., 1989). 575 

Thus, at 7 months post injection, α-syn immunoreactivity in the hippocampus was mainly 576 

associated to neuritic processes and relatively few intracellular inclusions were detected. In 577 

the hippocampus, the numbers of Lewy-like neuritic inclusions did not vary significantly 578 

over time, whereas in the EC the estimated numbers of α-syn immunoreactive neurites were 579 

seen to increase between 7 and 9 months but remained virtually unchanged thereafter. In both 580 

regions, the immunoreactive material appeared to progressively invade somata and already at 581 

9 months, the number of neuronal profiles with dense perinuclear LB-like inclusions was 582 

seen significantly increased. Interestingly, inclusions of α-syn immunoreactive material in 583 

both the hippocampus and EC exhibited the most dramatic increases (by about 6- and 10-584 

fold, respectively) at 12 months post-injection. The time-course and dynamics of intracellular 585 

α-syn occurrence, with more dramatic increases detected between 9- and 12-months post-586 

injection, i.e. concurrently to the onset of cognitive impairments, points to a precise time 587 

window, relatively long after its injection into the brain parenchyma, when α-syn is capable 588 
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to massively accumulate inside neurons and efficiently interfere with their function. The 589 

present findings appear consistent with previous observations of remarkably slow progression 590 

of α-syn pathology in PD patients (Halliday et al., 2008; Kim et al., 2014), thus confirming 591 

the feasibility of the α-syn PFF infusion paradigm as a tool for modeling aspects of cognitive 592 

loss in PD. In fact, a significant trend towards a worsened performance in the RAWM task 593 

was seen from 9 months post injection, to become dramatically evident at 12 months. 594 

Interestingly, at no time point post-injection was any motor disturbance detected in the 595 

injected animals, nor was α-syn found within regions rich in dopamine neurons and fibers, 596 

such as the SN, the VTA or the Striatum. In addition, no obvious loss in dopaminergic, 597 

noradrenergic or cholinergic immunoreactivity was detected in α-syn-injected animals 598 

compared to controls, thus the behavioral impairments seen in the α-syn injected animals 599 

appear to be determined by the long-term persisting α-syn neuropathology in the affected 600 

neurons rather than by neurodegeneration, which is consistent with the observations by Hall 601 

and colleagues (Hall et al., 2013). These observations are also in keeping with the findings of 602 

a recent in vitro study (Froula et al., 2018) showing that treatment of excitatory hippocampal 603 

neurons with α-syn fibrils induced neuronal dysfunctions, such as a reduced frequency and 604 

amplitudes of spontaneous Ca2+ transients (Overk et al., 2015), as well as a dramatic 605 

disruption of synaptic activity, and accelerated neuronal death (Wu et al., 2019). In particular, 606 

the reduced spine density induced by α-synucleinopathy may be a pathophysiological 607 

phenotype contributing to dementia (Blumenstock et al., 2017; Kramer and Schulz-Schaeffer, 608 

2007). Froula and colleagues also found some compensatory mechanisms responding to 609 

synaptic defects induced by α-syn fibrils, which could explain the long-time window before 610 

the onset of memory impairments (Froula et al., 2018). 611 

Considering the occurrence of α-syn immunoreactivity in the EC and, at 12 months post-612 

injection, in the vDBB and the piriform cortices, i.e. all regions involved in memory 613 
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functions and the time-course and regional pattern of α-syn accumulation, the present data 614 

therefore suggest that hippocampal Lewy pathology must spread beyond its initial site, 615 

towards cognitively-relevant areas, to induce measurable memory dysfunctions. This is 616 

consistent with the model proposed by Adamowicz et al. according to which learning, and 617 

memory impairment become apparent once LB pathology concurrently affects CA1 and EC 618 

(Adamowicz et al., 2017). 619 

The mechanism underlying such spreading needs to be further elucidated. However, it has 620 

been reported that deficits in learning and memory observed in α-syn transgenic mice are 621 

accompanied by alterations in post-synaptic densities (Masliah et al., 2011) or reduction in 622 

presynaptic vesicle-associated proteins such as synaptophysin (Lim et al., 2011), suggesting 623 

that the toxicity of α-syn may be mediated by disturbances in synaptic transmission (Larsen 624 

et al., 2006; Nemani et al., 2010). Here, we did not find any colocalization of synapsin-1 625 

immunoreactivity in α-syn positive hippocampal neurons (data not shown), which 626 

nevertheless does not exclude such possibility, and warrants further analyses. 627 

In a recent investigation, Aulić et al., (2017) found that the PrPC binds α-syn amyloids to get 628 

access into the cell and accumulate into cytoplasm, thereby facilitating the cell-to-cell 629 

spreading of the pathology. Likewise, it has been reported that α-syn oligomeric species 630 

interact with PrPC through mGluR5, activating SFK kinases and, subsequently, NMDAR2B 631 

to induce neuronal dysfunction and cognitive deficits in Thy1-aSyn mice and also that the 632 

toxic effects induced by α-syn oligomers may be prevented using antibody-mediated 633 

inactivation of PrPC (Ferreira et al., 2017). Taken together these studies have identified 634 

previously unknown components of the signaling cascade triggered by α-syn, therefore 635 

suggesting that PrPC signaling might be involved in the pathogenesis of synucleinopathies 636 

and may be used as a potential therapeutic target to prevent or slow down the progression of 637 

synucleinopathies. Surprisingly, in the present study, the IP approach provided no evidence 638 
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of any complexes formed in the hippocampus between PrPC with either non-phosphorylated 639 

or phosphorylated α-syn at 12 months post-injection. Considering that the α-syn-PrPC 640 

interactions reported by both Aulic et al. (2017) and Ferreira et al. (2018) are detected in 5-8 641 

month-old animals, it is possible to assume the existence of specific stages during which the 642 

interaction of these proteins may actually take place, leading to a massive α-syn spreading, to 643 

become less pronounced at later time-points, once the spreading has occurred. This may be of 644 

potential interest, as it may highlight a valuable window of therapeutic opportunity, whose 645 

full understanding, again, requires further investigation. 646 

PrPC levels in the hippocampus, prefrontal and fronto-parietal cortices of α-syn-injected rats 647 

was similar to controls at 12 months post-injection, as well as Prnp mRNA and Snca mRNA 648 

levels in the prefrontal cortex which is consistent with previous observations (Aulić et al., 649 

2017). This finding appears to confirm that the level of PrPC and α-syn transcripts were not 650 

altered after fibrils injection and that the observed increase of pathological α-syn is likely to 651 

occur at protein level. 652 

Increased level of phosphorylated α-syn at serine 129 represents one of the hallmarks of PD. 653 

In fact, approximately 90% of α-syn deposited in LBs is phosphorylated at serine 129 654 

(Ser129) while only 4% or less of the total α-syn is phosphorylated at this residue in brains 655 

from individuals without PD (Anderson et al., 2006; Fujiwara et al., 2002). Nevertheless, the 656 

significance of phosphorylation in the biology and pathophysiology of the protein is still 657 

controversial and both in vitro and in vivo studies, examining phosphorylation of α-syn at 658 

different sites, have reported conflicting results, showing either promotion (Smith et al., 659 

2005), inhibition (Paleologou et al., 2008) or no effect (Fiske et al., 2011) on inclusion 660 

formation. However, to assess the role, if any, of the phosphorylation of α-syn fibrils in the 661 

seeding and pathological accumulation of α-syn, it was found that P-PFF are more efficiently 662 

uptaken by neurons after injection in wild-type mice, leading to increased seeding and 663 
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accumulation of the endogenous α-syn (Karampetsou et al., 2017). This evidence suggests 664 

that phosphorylation may promote aggregation to the α-syn assemblies and as such may 665 

regulate the onset of neuronal dysfunction. Similarly, we found after injection of non-666 

phosphorylated recombinant mouse α-syn fibrils in rats, a time–dependent increase of Ser-667 

129 phosphorylated α-syn into the hippocampus with the overt manifestation of cognitive 668 

deficits. Our data, therefore, not only provide a further proof of the importance of 669 

phosphorylation in the pathogenesis of disease but also allow the validation of our 670 

experimental model. 671 

In conclusion, our study shows that bilateral injection of recombinant α-syn PFF into the 672 

hippocampus of rat is sufficient to trigger α-syn pathology within the hippocampus, which 673 

spreads to EC, vDBB and piriform cortex, and leads to working memory impairment. 674 

Although the mechanism behind α-syn-mediated working memory impairment has to be 675 

further elucidated, the present study provides an additional proof that α-syn may be one the 676 

main neuronal substrates for cognitive impairment in synucleinopathies. 677 

678 



 

 31 

References  679 

Aarsland, D., Perry, R., Brown, A., Larsen, J.P., and Ballard, C. (2005). Neuropathology of 680 

dementia in Parkinson's disease: A prospective, community-based study. Annals of 681 

Neurology 58, 773-776. 682 

Adamowicz, D.H., Roy, S., Salmon, D.P., Galasko, D.R., Hansen, L.A., Masliah, E., and 683 

Gage, F.H. (2017). Hippocampal α-Synuclein in Dementia with Lewy Bodies 684 

Contributes to Memory Impairment and Is Consistent with Spread of Pathology. J 685 

Neurosci 37, 1675-1684. 686 

Anderson, J.P., Walker, D.E., Goldstein, J.M., Laat, R.d., Banducci, K., Caccavello, R.J., 687 

Barbour, R., Huang, J., Kling, K., Lee, M., et al. (2006). Phosphorylation of Ser-129 Is 688 

the Dominant Pathological Modification of α-Synuclein in Familial and Sporadic Lewy 689 

Body Disease. J Biol Chem 281, 29739-29752. 690 

Antony, P.M.A., Diederich, N.J., and Balling, R. (2011). Parkinson’s disease mouse models 691 

in translational research. Mamm Genome 22, 401-419. 692 

Apaydin, H., Ahlskog, J.E., Parisi, J.E., Boeve, B.F., and Dickson, D.W. (2002). Parkinson 693 

Disease Neuropathology: Later-Developing Dementia and Loss of the Levodopa 694 

Response. Arch Neurol 59, 102-112. 695 

Aulić, S., Le, T.T., Moda, F., Abounit, S., Corvaglia, S., Casalis, L., Gustincich, S., Zurzolo, 696 

C., Tagliavini, F., and Legname, G. (2014). Defined α-synuclein prion-like molecular 697 

assemblies spreading in cell culture. BMC Neuroscience 15, 69. 698 

Aulic, S., Masperone, L., Narkiewicz, J., Isopi, E., Bistaffa, E., Ambrosetti, E., Pastore, B., 699 

De Cecco, E., Scaini, D., Zago, P., et al. (2017). alpha-Synuclein Amyloids Hijack 700 

Prion Protein to Gain Cell Entry, Facilitate Cell-to-Cell Spreading and Block Prion 701 

Replication. Sci Rep 7, 10050. 702 



 

 32 

Aulić, S., Masperone, L., Narkiewicz, J., Isopi, E., Bistaffa, E., Ambrosetti, E., Pastore, B., 703 

De Cecco, E., Scaini, D., Zago, P., et al. (2017). α-Synuclein Amyloids Hijack Prion 704 

Protein to Gain Cell Entry, Facilitate Cell-to-Cell Spreading and Block Prion 705 

Replication. Scientific Reports 7. 706 

Blesa, J., and Przedborski, S. (2014). Parkinson’s disease: animal models and dopaminergic 707 

cell vulnerability. Front Neuroanat 8. 708 

Blumenstock, S., Rodrigues, E.F., Peters, F., Blazquez‐Llorca, L., Schmidt, F., Giese, A., and 709 

Herms, J. (2017). Seeding and transgenic overexpression of alpha‐synuclein triggers 710 

dendritic spine pathology in the neocortex. EMBO Mol Med 9, 716-731. 711 

Braak, H., Del Tredici, K., Rüb, U., de Vos, R.A.I., Jansen Steur, E.N.H., and Braak, E. 712 

(2003a). Staging of brain pathology related to sporadic Parkinson's disease. 713 

Neurobiology of Aging 24, 197-211. 714 

Braak, H., Tredici, K.D., Rüb, U., de Vos, R.A.I., Jansen Steur, E.N.H., and Braak, E. 715 

(2003b). Staging of brain pathology related to sporadic Parkinson’s disease. 716 

Neurobiology of Aging 24, 197-211. 717 

Bradley, V.A., Welch, J.L., and Dick, D.J. (1989). Visuospatial working memory in 718 

Parkinson's disease. J Neurol Neurosurg Psychiatry 52, 1228-1235. 719 

Breese, G.R., and Traylor, T.D. (1971). Depletion of brain noradrenaline and dopamine by 6-720 

hydroxydopamine. British journal of pharmacology 42, 88-99. 721 

Coradazzi, M., Gulino, R., Fieramosca, F., Falzacappa, L.V., Riggi, M., and Leanza, G. 722 

(2016). Selective noradrenaline depletion impairs working memory and hippocampal 723 

neurogenesis. Neurobiol Aging 48, 93-102. 724 

Dev, K.K., Hofele, K., Barbieri, S., Buchman, V.L., and van der Putten, H. (2003). Part II: α-725 

synuclein and its molecular pathophysiological role in neurodegenerative disease. 726 

Neuropharmacology 45, 14-44. 727 



 

 33 

Eliezer, D., Kutluay, E., Bussell, R., and Browne, G. (2001). Conformational properties of α-728 

synuclein in its free and lipid-associated states11Edited by P. E. Wright. Journal of 729 

Molecular Biology 307, 1061-1073. 730 

Ferreira, D.G., Temido-Ferreira, M., Miranda, H.V., Batalha, V.L., Coelho, J.E., Szegö, 731 

É.M., Marques-Morgado, I., Vaz, S.H., Rhee, J.S., Schmitz, M., et al. (2017). α-732 

synuclein interacts with PrPCto induce cognitive impairment through mGluR5 and 733 

NMDAR2B. Nat Neurosci 20, 1569-1579. 734 

Fiske, M., Valtierra, S., Solvang, K., Zorniak, M., White, M., Herrera, S., Konnikova, A., 735 

Brezinsky, R., and Debburman, S. (2011). Contribution of Alanine-76 and Serine 736 

Phosphorylation in alpha-Synuclein Membrane Association and Aggregation in Yeasts. 737 

Parkinsons Dis 2011, 392180. 738 

Froula, J.M., Henderson, B.W., Gonzalez, J.C., Vaden, J.H., McLean, J.W., Wu, Y., 739 

Banumurthy, G., Overstreet-Wadiche, L., Herskowitz, J.H., and Volpicelli-Daley, L.A. 740 

(2018). α-Synuclein fibril-induced paradoxical structural and functional defects in 741 

hippocampal neurons. Acta Neuropathol Commun 6. 742 

Fujiwara, H., Hasegawa, M., Dohmae, N., Kawashima, A., Masliah, E., Goldberg, M.S., 743 

Shen, J., Takio, K., and Iwatsubo, T. (2002). α-Synuclein is phosphorylated in 744 

synucleinopathy lesions. Nature Cell Biology 4, 160-164. 745 

Gulino, R., Vicario, N., Giunta, M.A.S., Spoto, G., Calabrese, G., Vecchio, M., Gulisano, M., 746 

Leanza, G., and Parenti, R. (2019). Neuromuscular Plasticity in a Mouse Neurotoxic 747 

Model of Spinal Motoneuronal Loss. Int J Mol Sci 20. 748 

Gundersen, H.J.G., and Jensen, E.B. (1987). The efficiency of systematic sampling in 749 

stereology and its prediction*. Journal of Microscopy 147, 229-263. 750 

Hall, H., Jewett, M., Landeck, N., Nilsson, N., Schagerlöf, U., Leanza, G., and Kirik, D. 751 

(2013). Characterization of Cognitive Deficits in Rats Overexpressing Human Alpha-752 



 

 34 

Synuclein in the Ventral Tegmental Area and Medial Septum Using Recombinant 753 

Adeno-Associated Viral Vectors. PLOS ONE 8, e64844. 754 

Halliday, G., Hely, M., Reid, W., and Morris, J. (2008). The progression of pathology in 755 

longitudinally followed patients with Parkinson’s disease. Acta Neuropathologica 115, 756 

409-415. 757 

Harding, A.J., and Halliday, G.M. (2001). Cortical Lewy body pathology in the diagnosis of 758 

dementia. Acta Neuropathologica 102, 355-363. 759 

Huang, C., Ren, G., Zhou, H., and Wang, C.-c. (2005). A new method for purification of 760 

recombinant human alpha-synuclein in Escherichia coli. Protein Expr Purif 42, 173-761 

177. 762 

Hurtig, H.I., Trojanowski, J.Q., Galvin, J., Ewbank, D., Schmidt, M.L., Lee, V.M., Clark, 763 

C.M., Glosser, G., Stern, M.B., Gollomp, S.M., et al. (2000). Alpha-synuclein cortical 764 

Lewy bodies correlate with dementia in Parkinson's disease. Neurology 54, 1916-1921. 765 

Irwin, D.J., White, M.T., Toledo, J.B., Xie, S.X., Robinson, J.L., Van Deerlin, V., Lee, 766 

V.M.Y., Leverenz, J.B., Montine, T.J., Duda, J.E., et al. (2012). Neuropathologic 767 

substrates of Parkinson’s disease dementia. Annals of neurology 72, 587-598. 768 

Jackson-Lewis, V., Blesa, J., and Przedborski, S. (2012). Animal models of Parkinson's 769 

disease. Parkinsonism & Related Disorders 18 Suppl 1, S183-185. 770 

Karampetsou, M., Ardah, M.T., Semitekolou, M., Polissidis, A., Samiotaki, M., Kalomoiri, 771 

M., Majbour, N., Xanthou, G., El-Agnaf, O.M.A., and Vekrellis, K. (2017). 772 

Phosphorylated exogenous alpha-synuclein fibrils exacerbate pathology and induce 773 

neuronal dysfunction in mice. Scientific Reports 7. 774 

Kim, W.S., Kågedal, K., and Halliday, G.M. (2014). Alpha-synuclein biology in Lewy body 775 

diseases. Alzheimer's Research & Therapy 6. 776 



 

 35 

Kirik, D., Rosenblad, C., Burger, C., Lundberg, C., Johansen, T.E., Muzyczka, N., Mandel, 777 

R.J., and Bjorklund, A. (2002). Parkinson-like neurodegeneration induced by targeted 778 

overexpression of alpha-synuclein in the nigrostriatal system. J Neurosci 22, 2780-779 

2791. 780 

Kövari, E., Gold, G., Herrmann, F.R., Canuto, A., Hof, P.R., Bouras, C., and 781 

Giannakopoulos, P. (2003). Lewy body densities in the entorhinal and anterior 782 

cingulate cortex predict cognitive deficits in Parkinson's disease. Acta 783 

Neuropathologica 106, 83-88. 784 

Kramer, M.L., and Schulz-Schaeffer, W.J. (2007). Presynaptic α-Synuclein Aggregates, Not 785 

Lewy Bodies, Cause Neurodegeneration in Dementia with Lewy Bodies. J Neurosci 27, 786 

1405-1410. 787 

Langston, J.W., Langston, E.B., and Irwin, I. (1984). MPTP-induced parkinsonism in human 788 

and non-human primates--clinical and experimental aspects. Acta Neurol Scand, Suppl 789 

100, 49-54. 790 

Larsen, K.E., Schmitz, Y., Troyer, M.D., Mosharov, E., Dietrich, P., Quazi, A.Z., Savalle, 791 

M., Nemani, V., Chaudhry, F.A., Edwards, R.H., et al. (2006). α-Synuclein 792 

Overexpression in PC12 and Chromaffin Cells Impairs Catecholamine Release by 793 

Interfering with a Late Step in Exocytosis. J Neurosci 26, 11915-11922. 794 

Lee, S.-J., Desplats, P., Sigurdson, C., Tsigelny, I., and Masliah, E. (2010). Pathological 795 

Propagation through Cell-to-Cell Transmission of Non-Prion Protein Aggregates in 796 

Neurodegenerative Disorders. Nat Rev Neurol 6, 702-706. 797 

Lim, Y., Kehm, V.M., Lee, E.B., Soper, J.H., Li, C., Trojanowski, J.Q., and Lee, V.M.Y. 798 

(2011). α-syn Suppression Reverses Synaptic and Memory Defects in a Mouse Model 799 

of Dementia with Lewy Bodies. J Neurosci 31, 10076-10087. 800 



 

 36 

Livak, K.J., and Schmittgen, T.D. (2001). Analysis of Relative Gene Expression Data Using 801 

Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25, 402-408. 802 

Luk, K.C., Kehm, V., Carroll, J., Zhang, B., O’Brien, P., Trojanowski, J.Q., and Lee, V.M.Y. 803 

(2012). Pathological α-Synuclein Transmission Initiates Parkinson-like 804 

Neurodegeneration in Non-transgenic Mice. Science 338, 949-953. 805 

Luk, K.C., Song, C., O'Brien, P., Stieber, A., Branch, J.R., Brunden, K.R., Trojanowski, J.Q., 806 

and Lee, V.M.Y. (2009). Exogenous α-synuclein fibrils seed the formation of Lewy 807 

body-like intracellular inclusions in cultured cells. Proc Natl Acad Sci U S A 106, 808 

20051-20056. 809 

Maroteaux, L., Campanelli, J.T., and Scheller, R.H. (1988). Synuclein: a neuron-specific 810 

protein localized to the nucleus and presynaptic nerve terminal. J Neurosci 8, 2804-811 

2815. 812 

Masliah, E., Rockenstein, E., Mante, M., Crews, L., Spencer, B., Adame, A., Patrick, C., 813 

Trejo, M., Ubhi, K., Rohn, T.T., et al. (2011). Passive Immunization Reduces 814 

Behavioral and Neuropathological Deficits in an Alpha-Synuclein Transgenic Model of 815 

Lewy Body Disease. PLOS ONE 6. 816 

Masuda-Suzukake, M., Nonaka, T., Hosokawa, M., Oikawa, T., Arai, T., Akiyama, H., 817 

Mann, D.M.A., and Hasegawa, M. (2013). Prion-like spreading of pathological α-818 

synuclein in brain. Brain 136, 1128-1138. 819 

McCann, H., Stevens, C.H., Cartwright, H., and Halliday, G.M. (2014). α-Synucleinopathy 820 

phenotypes. Parkinsonism & Related Disorders 20, S62-S67. 821 

Meredith, G.E., Sonsalla, P.K., and Chesselet, M.F. (2008). Animal models of Parkinson's 822 

disease progression. Acta Neuropathol 115, 385-398. 823 

Morris, R. (1984). Developments of a water-maze procedure for studying spatial learning in 824 

the rat. Journal of Neuroscience Methods 11, 47-60. 825 



 

 37 

Nemani, V.M., Lu, W., Berge, V., Nakamura, K., Onoa, B., Lee, M.K., Chaudhry, F.A., 826 

Nicoll, R.A., and Edwards, R.H. (2010). Increased Expression of Alpha-Synuclein 827 

Reduces Neurotransmitter Release by Inhibiting Synaptic Vesicle Reclustering After 828 

Endocytosis. Neuron 65, 66-79. 829 

Oliveras-Salva, M., Van der Perren, A., Casadei, N., Stroobants, S., Nuber, S., D'Hooge, R., 830 

Van den Haute, C., and Baekelandt, V. (2013). rAAV2/7 vector-mediated 831 

overexpression of alpha-synuclein in mouse substantia nigra induces protein 832 

aggregation and progressive dose-dependent neurodegeneration. Molecular 833 

neurodegeneration 8, 44. 834 

Overk, C.R., Rockenstein, E., Florio, J., Cheng, Q., and Masliah, E. (2015). Differential 835 

calcium alterations in animal models of neurodegenerative disease: Reversal by FK506. 836 

Neuroscience 310, 549-560. 837 

Paleologou, K.E., Schmid, A.W., Rospigliosi, C.C., Kim, H.Y., Lamberto, G.R., Fredenburg, 838 

R.A., Lansbury, P.T., Jr., Fernandez, C.O., Eliezer, D., Zweckstetter, M., et al. (2008). 839 

Phosphorylation at Ser-129 but not the phosphomimics S129E/D inhibits the fibrillation 840 

of alpha-synuclein. J Biol Chem 283, 16895-16905. 841 

Patterson, J.R., Duffy, M.F., Kemp, C.J., Howe, J.W., Collier, T.J., Stoll, A.C., Miller, K.M., 842 

Patel, P., Levine, N., Moore, D.J., et al. (2019). Time course and magnitude of alpha-843 

synuclein inclusion formation and nigrostriatal degeneration in the rat model of 844 

synucleinopathy triggered by intrastriatal alpha-synuclein preformed fibrils. Neurobiol 845 

Dis 130, 104525. 846 

Paumier, K.L., Luk, K.C., Manfredsson, F.P., Kanaan, N.M., Lipton, J.W., Collier, T.J., 847 

Steece-Collier, K., Kemp, C.J., Celano, S., Schulz, E., et al. (2015). Intrastriatal 848 

injection of pre-formed mouse α-synuclein fibrils into rats triggers α-synuclein 849 



 

 38 

pathology and bilateral nigrostriatal degeneration. Neurobiology of disease 82, 185-850 

199. 851 

Pintus, R., Riggi, M., Cannarozzo, C., Valeri, A., de Leo, G., Romano, M., Gulino, R., and 852 

Leanza, G. (2018). Essential role of hippocampal noradrenaline in the regulation of 853 

spatial working memory and TDP-43 tissue pathology. J Comp Neurol 526, 1131-1147. 854 

Polymeropoulos, M.H. (1997). Mutation in the -Synuclein Gene Identified in Families with 855 

Parkinson's Disease. Science 276, 2045-2047. 856 

Sasaki, A., Arawaka, S., Sato, H., and Kato, T. (2015). Sensitive western blotting for 857 

detection of endogenous Ser129-phosphorylated α-synuclein in intracellular and 858 

extracellular spaces. Scientific Reports 5. 859 

Schober, A. (2004). Classic toxin-induced animal models of Parkinson’s disease: 6-OHDA 860 

and MPTP. Cell Tissue Res 318, 215-224. 861 

Singleton, A.B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J., Hulihan, M., 862 

Peuralinna, T., Dutra, A., Nussbaum, R., et al. (2003). α-Synuclein Locus Triplication 863 

Causes Parkinson's Disease. Science 302, 841-841. 864 

Smith, W.W., Margolis, R.L., Li, X., Troncoso, J.C., Lee, M.K., Dawson, V.L., Dawson, 865 

T.M., Iwatsubo, T., and Ross, C.A. (2005). α-Synuclein Phosphorylation Enhances 866 

Eosinophilic Cytoplasmic Inclusion Formation in SH-SY5Y Cells. J Neurosci 25, 867 

5544-5552. 868 

Squire, L.R. (1992). Declarative and Nondeclarative Memory: Multiple Brain Systems 869 

Supporting Learning and Memory. Journal of Cognitive Neuroscience 4, 232-243. 870 

Uversky, V.N. (2007). Neuropathology, biochemistry, and biophysics of α-synuclein 871 

aggregation. Journal of Neurochemistry 103, 17-37. 872 

Vanni, S., Pecci, R., Edlow, J.A., Nazerian, P., Santimone, R., Pepe, G., Moretti, M., 873 

Pavellini, A., Caviglioli, C., Casula, C., et al. (2017). Differential Diagnosis of Vertigo 874 



 

 39 

in the Emergency Department: A Prospective Validation Study of the STANDING 875 

Algorithm. Front Neurol 8. 876 

Visanji, N.P., Brotchie, J.M., Kalia, L.V., Koprich, J.B., Tandon, A., Watts, J.C., and Lang, 877 

A.E. (2016). α-Synuclein-Based Animal Models of Parkinson's Disease: Challenges 878 

and Opportunities in a New Era. Trends in Neurosciences 39, 750-762. 879 

Volpicelli-Daley, L.A., Luk, K.C., Patel, T.P., Tanik, S.A., Riddle, D.M., Stieber, A., Meany, 880 

D.F., Trojanowski, J.Q., and Lee, V.M.Y. (2011). Exogenous α-Synuclein Fibrils 881 

Induce Lewy Body Pathology Leading to Synaptic Dysfunction and Neuron Death. 882 

Neuron 72, 57-71. 883 

West, M.J., Slomianka, L., and Gundersen, H.J.G. (1991). Unbiased stereological estimation 884 

of the total number of neurons in the subdivisions of the rat hippocampus using the 885 

optical fractionator. The Anatomical Record 231, 482-497. 886 

Wu, Q., Takano, H., Riddle, D.M., Trojanowski, J.Q., Coulter, D.A., and Lee, V.M. (2019). 887 

alpha-Synuclein (alphaSyn) Preformed Fibrils Induce Endogenous alphaSyn 888 

Aggregation, Compromise Synaptic Activity and Enhance Synapse Loss in Cultured 889 

Excitatory Hippocampal Neurons. J Neurosci 39, 5080-5094. 890 

  891 



 

 40 

Figure legends  892 

Figure 1. Experimental time-line diagram illustrating the temporal sequence of surgery, 893 

behavioral tests, sacrifices and the intervals between them. See also Extended data figure 1-1. 894 

 895 

Figure 2. Groups performance during the cued version of the Morris Water Maze test at 3 896 

months post-injection. In this task, the visually cued escape platform was moved to a 897 

different quadrant on each of the 4 daily trials, and average escape latencies (A) and swim 898 

distances (B) were recorded. Each point represents the mean value ± SEM for the block of 899 

four trials administered each day, over the three training days. 900 

 901 

Figure 3. Performance during the Water maze reference memory test at 3 months post-902 

injection. Average latency (A) and swim distance (B) required to locate the submerged 903 

platform during the acquisition phase of the spatial navigation task. Each sample point 904 

represents the mean value ± SEM for the block of 4 trials on each of the 5 consecutive days 905 

of testing. Lower diagrams illustrate the mean relative distance swum (C) and the average 906 

number of annulus crossings (D) in each quadrant during the spatial probe trial, once the 907 

escape platform was removed from the NE (training) quadrant. In (E), the actual swim paths 908 

taken by representative animals from the different groups are shown. All groups exhibited an 909 

equally efficient performance, indicating that the α-syn injection had no effects on this task. 910 

Abbreviations: NE, North-East; NW, North-West; SE, South-East; SW, South-West. 911 

 912 

Figure 4. Performance during the the spatial probe trial of the separate 3-days Morris Water 913 

Maze test administered just before sacrifice, at 12 months post-injection. The mean relative 914 

distance swum (A), the average number of annulus crossings (B) and the actual swim paths 915 

taken by representative animals from the different groups (C) are illustrated. Consistent with 916 
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the observations at the 3 months time-point, no long-term impairments in reference memory 917 

abilities were produced by the α-syn treatment. 918 

 919 

Figure 5. Working memory performance in the Radial Arm Water Maze task, at 3 months 920 

post-injection, illustrating latency (A) and number of entry errors (B) required by the animals 921 

to find the hidden platform. Each sample point represents the mean latency and errors ± SEM 922 

recorded during each 60 second-trial over five consecutive testing days. In the lower 923 

diagrams, performances are plotted as percent savings between trials 1 and 2 for latency (C) 924 

and errors (D). In (E), the actual swim paths taken by representative animals from the 925 

different groups are illustrated. All groups exhibited an equally efficient performance, 926 

indicating no clear-cut effects of α-syn on working memory at this time-point. 927 

 928 

Figure 6. Working memory performance during the 2 trials Radial Arm Water Maze, from 5 929 

to 12 months post-injection. Data represent the percentage rate of improvement between the 930 

first and the second trial (savings) in latency (A) and errors (B). All groups exhibited an 931 

equally efficient working memory during the first 2 blocks of weekly sessions, administered 932 

at 5 and 7 months post-injection, respectively, however, α-syn-treated animals progressively 933 

worsened their performance and appeared significantly impaired during the third block of 934 

sessions, administered every two weeks. In (C), the actual swim paths taken by representative 935 

animals from the different groups in the various blocks are illustrated. Asterisks indicate 936 

significant difference from Control at p < 0.01 937 

 938 

Figure 7. Representative micrographs illustrating, on the coronal plane, the negligible 939 

expression of proteinase K-resistant α-syn immunoreactivity at 7, 9 and 12-months post-940 
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injection in the hippocampal dentate gyrus (A-C, inserts shown in A’-C’) and in the CA1 941 

region (D-F, inserts shown in D’-F’) of control rats. 942 

Progressive aggregation of α-syn after injection of recombinant mouse α-syn fibrils into the 943 

hippocampus. Compared to control, a strong proteinase K-resistant α-syn immunoreactivity 944 

was found at 7, 9 and 12-months post-injection in the dentate gyrus (G-I, inserts shown in G’-945 

I’), and in the CA1 region (J-L, inserts shown in J’-L’) of injected-rats. Proteinase K-resistant 946 

α-syn aggregates occurred as darkly stained Lewy Body-like (arrows) and Lewy Neurite-like 947 

deposits (arrowheads) and are shown at higher magnification in (M-N). Box-Whiskers plots 948 

illustrate the stereologically estimated numbers at different time-points ± min to max value of 949 

Lewy Body-like (O) and Lewy Neurite-like inclusions (P) in the hippocampus of rats injected 950 

with the α-syn fibrils. Scale bars in (A), (D), (G) and (J) (for A-C, D-F, G-I and J-L): 500 951 

μm; in (A’), (D’), (G’) and (J’) (for A’-C’, D’-F’, G’-I’ and J’-L’): 100 μm; In (M) and (N): 5 952 

μm. Asterisk in (O) indicates significant time-dependent changes at p < 0.05.  953 

 954 

Figure 8. Representative micrographs illustrating, on the coronal plane, the negligible 955 

expression of proteinase K-resistant α-syn immunoreactivity at 7, 9 and 12-months post-956 

injection in the Entorhinal Cortex (A-C, inserts shown in A’-C’) of Control rats.  957 

Progressive α-syn aggregation after injection of recombinant mouse α-syn fibrils into the 958 

hippocampus. A strong proteinase K-resistant α-syn immunoreactivity occurring as both 959 

Lewy Body-like (arrows) and Lewy Neurite-like deposits (arrowheads) was also found at 7, 9 960 

and 12 months post-injection in the Entorhinal Cortex (A-C, inserts shown in D-F), of 961 

injected-rats. Box-Whiskers plots illustrate the stereologically estimated numbers at different 962 

time-points ± min to max value of Lewy Body-like (G) and Lewy Neurite-like inclusions (H) 963 

in the 2 Entorhinal Cortex of the injected rats. Scale bar in (A) and (D) (for A-C and D-F): 964 
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500 μm; in (A’) and (D’) (for A’-C’ and D’-F’): 100 um. Asterisks in (G) and (H) indicate 965 

significant time-dependent changes at p < 0.05.  966 

 967 

Figure 9. Representative micrographs illustrating, on the coronal plane, the negligible 968 

expression of proteinase K-resistant α-syn immunoreactivity at 7, 9 and 12-months post-969 

injection in the vertical limb of the Diagonal Band of Broca (vDBB) (A, insert shown in D), 970 

and the anterior and posterior Piriform Cortices (aPC and pPC) (B and C, respectively inserts 971 

shown in E, F).  972 

Spreading of α-syn aggregates. A strong proteinase K-resistant α-syn immunoreactivity was 973 

also found at 12 months post-injection in the vertical Limb of the Diagonal Band of Broca 974 

(vDBB, arrow) (A), and the anterior and posterior Piriform Cortices (aPC and pPC, arrows 975 

and arrowheads) (B and C, respectively). Scale bar in (A) and (D) (for A-C and D-F): 100 976 

μm; in (D) (for D-F): 50 μm. 977 

Cresyl violet staining of the entorhinal cortex (ENT CTX), hippocampus (HPC) and Piriform 978 

Cortices (PC) of control (G, H and I, respectively) and α-syn-injected animals (J, K, and L, 979 

respectively). Scale bar in (G) (for G-L): 100 μm. 980 

 981 

Figure 10. Confocal microscopy images illustrating the progressive increase of hippocampal 982 

Ser 129-phosphorylated α-syn (A-C) and the lack of co-localization with GFAP at 7, 9 and 12 983 

months after the injection of recombinant mouse α-syn fibrils into the hippocampus. In the 984 

lower diagrams, analysis of fluorescence intensity (A'-C') and surface plot profiles (A"-C") of 985 

confocal images in (A-C) indicate very poor or no glial occurrence of the Ser 129-986 

phosphorylated α-syn. Scale bars in A-C: 50 μm. 987 

 988 
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Figure 11. Long-term effects of intrahippocampal α-syn fibril injection on regional tissue 989 

levels of Ser129-phosphorylated α-syn (P-α-syn), non-phosphorylated α-syn (non-P-α-syn) 990 

and PrPc. Representative Western blot bands and densitometric analyses illustrate the 991 

expression levels of the various proteins in the hippocampus (A-A', D-D'), fronto-parietal 992 

cortex (B-B', E-E') and prefrontal cortex (C-C', F-F') of rats injected with α-syn fibrils and 993 

controls at 12 months post-injection. The values are shown as a percentage of P-α-syn, non-994 

P-α-syn forms or PrPc relative to β-actin, this latter being the loading control. Data are 995 

represented as mean ± SEM. Asterisk in (A') indicates significant difference from Control at 996 

p < 0.05. 997 

 998 

Figure 12. Quantification of the mRNA expression levels of Snca and Prnp in prefrontal 999 

cortex (A) and in the hippocampus (B) of rats injected with α-syn fibrils and controls at 12 1000 

months post-injection. Data are represented as mean fold change over control ± SEM. 1001 

  1002 
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Extended data figure legends 1003 

 1004 

Extended data figure 1-1. Atomic force microscopy (AFM) micrograph showing the 1005 

assemblies of the pre-aggregated α-syn fibrils prior to their intrahippocampal inoculation. 1006 

Scale bar: 1 μm. 1007 


























