
Current Research in Neurobiology 4 (2023) 100065

Available online 16 December 2022
2665-945X/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Characterisation of functional deficits induced by AAV overexpression of 
alpha-synuclein in rats 

F. Gubinelli a, L. Sarauskyte a, C. Venuti a, I. Kulacz a, G. Cazzolla a, M. Negrini a, D. Anwer a, 
I. Vecchio a, F. Jakobs a, F.P. Manfredsson b, M. Davidsson b,c, A. Heuer a,* 

a Behavioural Neuroscience Laboratory, Department of Experimental Medical Sciences, Lund University, Lund, Sweden 
b Department of Translational Neuroscience, Barrow Neurological Institute, Phoenix, AZ, USA 
c Molecular Neuromodulation, Department of Experimental Medical Sciences, Lund University, Lund, Sweden   

A R T I C L E  I N F O   

Keywords: 
Parkinson’s disease 
Choice reaction time 
Alpha-synuclein 
AAV 
Visuo-spatial neglect 

A B S T R A C T   

Background: In the last decades different preclinical animal models of Parkinson’s disease (PD) have been 
generated, aiming to mimic the progressive neuronal loss of midbrain dopaminergic (DA) cells as well as motor 
and non-motor impairment. Among all the available models, AAV-based models of human alpha-synuclein (h- 
aSYN) overexpression are promising tools for investigation of disease progression and therapeutic interventions. 
Objectives: The goal with this work was to characterise the impairment in motor and non-motor domains 
following nigrostriatal overexpression of h-aSYN and correlate the behavioural deficits with histological 
assessment of associated pathology. 
Methods: Intranigral injection of an AAV9 expressing h-aSYN was compared with untreated animals, 6-OHDA and 
AAV9 expressing either no transgene or GFP. The animals were assessed on a series of simple and complex 
behavioural tasks probing motor and non-motor domains. Post-mortem neuropathology was analysed using 
immunohistochemical methods. 
Results: Overexpression of h-aSYN led to progressive degeneration of DA neurons of the SN and axonal terminals 
in the striatum (STR). We observed extensive nigral and striatal pathology, resembling that of human PD brain, 
as well as the development of stable progressive deficit in simple motor tasks and in non-motor domains such as 
deficits in motivation and lateralised neglect. 
Conclusions: In the present work we characterized a rat model of PD that closely resembles human PD pathology 
at the histological and behavioural level. The correlation of cell loss with behavioural performance enables the 
selection of rats which can be used in neuroprotective or neurorestorative therapies.   

1. Introduction 

Cognitive decline and dementia significantly contribute to a reduc
tion in the quality of life of patients suffering from Parkinson’s disease 
(PD) and related disorders. Despite being major causes of disability, 
these symptoms do not respond well to standard treatments. Whereas 
the motor consequences have been heavily studied, preclinical in
vestigations have largely neglected psychiatric and cognitive symptoms, 
although up to 80% of Parkinson’s patients develop symptoms such as 
dementia. The development of preclinical rodent models that display 
relevant histopathological as well as behavioural features is imperative 
for the development and evaluation of therapeutic approaches. 

Traditional preclinical rodent models of PD are based on a chemically 
induced lesion, e.g., by 6-hydroxydopamine (6-OHDA) administration 
along the nigrostriatal pathway, which results in a rapid degeneration of 
the dopaminergic (DA) cell bodies and their striatal terminals (Unger
stedt, 1968; Kirik et al., 1998) and a unilateral injection results in 
behavioural impairments in motor and sensorimotor domains mani
festing contralateral to the side of injection (Olsson et al., 1995; Kirik 
et al., 1998; Schallert et al., 2000). Despite being an excellent model for 
testing dopamine replacement strategies, it lacks several of the histo
pathological hallmarks visible in the human disease such as neuronal 
and axonal inclusions in the form of alpha-synuclein (aSYN) or neuro
filament aggregates, termed Lewy bodies and Lewy neurites, 
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respectively (Spillantini et al., 1997). Several variations of aSYN over
expression models have been generated based on transgenic lines or 
viral vector-based overexpression (Kirik et al., 2002; Klein et al., 2002; 
Lo Bianco et al., 2002; Yamada et al., 2004; Chung et al., 2009; Magen 
and Chesselet, 2010; Decressac et al., 2012b; Gubinelli et al., 2022; 
Negrini et al., 2022). Transgenic animals do not recapitulate the severe 
behavioural impairments seen in the human disease, and the first gen
eration of viral vector-based models were variable in lesion severity 
within an experimental group (Kirik et al., 2002; Lo Bianco et al., 2002). 
The level of nigrostriatal degeneration varies considerably between 
vector serotypes, promotor-transgene combinations, and production 
batches, but also within experimental groups. At present, many ther
apeutical approaches are preclinically tested in rodent models using 
simple tests of motor asymmetry, such as the stepping test, the cylinder 
test or the drug-induced rotation tests. However, PD is notably a much 
more complex disorder affecting many motor and non-motor domains. 
Despite the inability to recapitulate the entirety of human motor func
tion in the rat, we can identify and probe specific features. In human PD 
patients it is movement initiation and sequencing of voluntary move
ments that is more affected than muscle strength and patients display 
distinctive impairments in simple and choice reaction time tasks (Rogers 
and Chan, 1988). Rodents with unilateral dopamine lesions develop 
distinct impairments in the speed and accuracy of initiating motor re
sponses on the side of the body opposite to the lesion whilst the 
execution speed is impaired bilaterally (Carli et al., 1983; Robbins et al., 
1983; Brasted et al., 1998; Dowd and Dunnett, 2004; Dowd et al., 2005b; 
Heuer and Dunnett, 2012, 2013; Heuer et al., 2013a, 2013b, 2013c). 
Furthermore, visual dysfunction has frequently been reported in pa
tients with PD (Boller et al., 1984; Levin et al., 1991; Davidsdottir et al., 
2005). Patients who are affected with a lateralised deficit often present 
with a bias towards the less affected side on several tests of visuo-spatial 
function (Villardita et al., 1983; Lee et al., 2001b; a; Harris et al., 2003; 
Laudate et al., 2013) and visual dysfunction is associated with cognitive 
impairment (Davidsdottir et al., 2005). We have recently characterised a 
novel iteration of the AAV-h-aSYN overexpression model and demon
strated the development of stable behavioural deficits on a series of 
commonly used motor tests as well as the development of histopatho
logical features that closely resemble Lewy body-like structures (Gubi
nelli et al., 2022; Negrini et al., 2022). 

The aim of the present study was twofold: Firstly, we aimed to 
characterise the behavioural deficits which manifest after AAV-h-aSYN 
overexpression on the lateralised choice reaction time task which al
lows for the dissociation of movement times, reaction times, as well as 
response accuracy towards stimuli presented ipsilateral or contralateral 
to the lesion. Secondly, we aimed to correlate the behavioural deficits 
with the degeneration and histopathology that develops in the nigros
triatal dopaminergic pathway. The lateralised choice reaction time task 
utilized in the present study is conducted in the 9-hole operant chamber. 
The animals have to execute a lateralised response to brief visual stimuli 
that are randomly presented to either side of the animals’ head, which 
allows for a dissociation of movement initiation and response times to 
either side of the animals’ body (Carli et al., 1985). The ability to 
characterise the precise nature of the deficit will help to guide and 
analyse therapeutical interventions. Behavioural readouts tap in to 
motor and non-motor domains such as reaction and movement times, 
motivation, and attentional neglect. Based on the data presented in the 
current manuscript we demonstrate – for the first time-the development 
of lateralised neglect on a choice reaction time task in rats following 
intranigral h-aSYN overexpression, in addition to behavioural deficits on 
several motor tasks. Animals with moderate lesions were identified by a 
combined deficit on the behavioural tasks at the earliest timepoint. 
Importantly, the observed deficits developed progressively and are thus 
useful for the selection of animals for downstream investigations into 
neurorestorative or neuroprotective therapies. 

2. Materials and methods 

2.1. Experimental outline 

A schematic of the experimental timeline and the respective groups is 
presented in Fig. 1A. After habituation and food restriction animals were 
trained on the behavioural tasks outlined below. After baseline perfor
mance had been collated, rats were matched on their combined per
formance on all tasks into the following experimental groups: uninjected 
control (control), AAV no transgene (AAV-noTG), AAV GFP (AAV-GFP), 
AAV human wild type alpha-synuclein (AAV-h-aSYN) and 6-hydroxy
dopamine (6-OHDA) (Fig. 1A). After surgery (Fig. 1B and C), we 
monitored the development of behavioural deficits at 4-, 8- and 12- 
weeks post-lesion on the simple behavioural tasks and at the 12-week 
timepoint for 15 consecutive days on the operant task (until week 14) 
(Fig. 1D). After all post-lesion behavioural data have been collected and 
analysed, animals were perfused (week 16), and brains were extracted 
and collected for further analysis. 

2.2. Assignment to experimental groups 

Of the 36 rats that were injected with the AAV-h-aSYN vector we 
stratified the animals into mild and moderate impairment groups, based 
on their behavioural performance. As has been reported previously in a 
similar study correlating the behavioural deficits after unilateral 6- 
OHDA injections with the extent of damage to nigrostriatal DA system 
(Grealish et al., 2010) we assigned animals to different groups based on 
their combined performance on three commonly used tests of motor 
function. Animals that presented a bias score >20% on each of the three 
simple motor tasks (cylinder, stepping and corridor test) were placed in 
the moderate group, whereas animals that did display a bias of <20% 
were assigned to the mild impaired group. The final group sizes were as 
following: control, n = 8; AAV-noTG, n = 6; AAV-GFP, n = 12; 
AAV-h-aSYN mild, n = 24; and AAV-h-aSYN moderate, n = 12; 6-OHDA, 
n = 9. 

2.3. Animals 

Sprague-Dawley rats (females, 250 g on arrival, approximately 63 
days old, n = 71) sourced from Janvier (France) were kept under a 
12:12 h light/dark cycle, constant temperature of 21 ◦C, 50% humidity, 
and ad libitum access to water and food, except during periods of food 
restriction as outlined below. After arrival, animals were housed for 5 
days for acclimatization, before starting any experimental procedure. 
Surgical and experimental procedures were designed, approved, and 
performed in accordance with the EU directive for the use of animals in 
research (2010/63/EU), approved by the local ethical committee and 
registered with the Swedish Department of Agriculture 
(Jordbruksverket). 

2.4. AAV production 

AAV9-CBA-h-aSYN (AAV-h-aSYN) and AAV9-CBA-no transgene 
(AAV-noTG) viruses were produced as previously described using 
chloroform extraction (Davidsson et al., 2020; Negrini et al., 2020). 
Briefly, for h-aSYN, HEK293T cells were triple transfected with 
ITR-transgene, pAAV2/9n and the helper plasmid pXX6 using PEI. AAVs 
were harvested 72h post-transfection using polyethylene glycol 8000 
(PEG8000) precipitation and chloroform extraction followed by PBS 
exchange in concentration columns. AAV9-CBA-GFP (AAV-GFP) was 
produced as previously described using Iodixanol gradient ultracentri
fugation (Sandoval et al., 2019; Davidsson et al., 2020). In brief, the ITR 
flanking genome was packaged into AAV9 capsids using PEI transient 
transfection. HEK293 cells were triple transfected with transgene, 
pAAV2/9n and the helper plasmid pXX6. AAVs were purified using an 
iodixanol ultracentrifugation gradient and concentrated in 
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concentration columns. For each production, six 500 cm2 flasks were 
used, resulting in 200 μL purified AAV vector. AAVs were titered using 
droplet digital PCR (ddPCR)(Hindson et al., 2011; Lock et al., 2014), 
with primers specific for the ITRs (forward primer 5′-CGG CCT CAG TGA 
GCGA-3′ and reverse primer 5′-GGA ACC CCT AGT GAT GGA GTT-3′). 
Titers were then normalized to 2.5 × 1012 genome copies (gc)/ml using 
modified Phosphate Buffer Saline (PBS) Mg++/Ca++. 

2.5. Stereotaxic surgery 

Animals were anesthetised with a mixture of 5% isoflurane with 
oxygen as carrier gas and placed into a stereotactic frame. Injections 
were performed using a pulled glass capillary connected to a 10 μl 
Hamilton syringe (Heuer et al., 2013a). For the AAV-noTG, AAV-GFP 
and AAV-h-aSYN groups, 4 μl of virus (2 μl per coordinate) were 
unilaterally injected into the substantia nigra (SN) at two different sites 
(in mm from Bregma): i.) A/P: − 5.3, M/L: − 1.8, D/V: − 8; ii.) A/P: − 5.6, 
M/L: − 2.5, D/V: − 7.5. For the 6-OHDA group, a single unilateral in
jection of 3 μl of toxin (4 μg/μL, calculated from freebase weight HBr 
salt) was performed in the medial forebrain bundle (MFB) at the 
following coordinates (in mm from Bregma): A/P: − 4.0, L: − 1.3, V: − 7.0 
(Torres et al., 2011). All injections were performed at 0.5 μl/min and the 
needle was left in place for an additional 4 min to allow for diffusion, 
and then gently removed. 

2.6. Behavioural analysis 

All behavioural tests and analysis were performed by the same 
researcher, blinded to the respective experimental group. All the ani
mals were placed on a food restriction regimen (85%–90% of their free- 
feeding body weight) one week prior to the onset of behavioural testing. 
We first assessed the behavioural performance on the Cylinder test and 
the Stepping test followed by the corridor test and the lateralised choice 
reaction time task at each timepoint. After the behavioural data had 
been collated for each time-point, animals were returned to ad libitum 
access to food. 

2.6.1. Stepping 
Forelimb akinesia test (stepping test) was performed as described pre

viously (Olsson et al., 1995). In brief, one forelimb was restrained, and 
the test was performed on a benchtop surface over a distance of 90 cm 
over 5 s. The number of adjusting steps performed by the left and right 
front paws are recorded in forward and backward directions. Three 
consecutive repetitions for each paw (both forward and backward) were 
taken. The three trials for each paw were averaged and results are 
expressed as percentage bias score [(Contralateral – Ipsilateral)/(Ipsi
lateral + Contralateral)*100]. 

2.6.2. Cylinder 
Cylinder test was performed as described previously (Schallert et al., 

2000), with a trial duration of 5 min and a glass cylinder with an inner 
diameter of 22 cm. A total count of the first 20 touches on the cylinder’s 
wall by the right or left forepaw were counted. Results are expressed as 
percentage bias score [(Contralateral – Ipsilateral)/(Ipsilateral + Con
tralateral)*100]. 

2.6.3. Corridor 
The Corridor test was performed using the adjacent version configu

ration and as described previously (Dowd et al., 2005a). The corridor 
was fitted with 10 pairs of parallel fitted plastic wells, which were baited 
with five 20 mg precision sucrose pellets each. Animals were habituated 
for 5 min in an empty corridor, and then transferred to the testing 
corridor containing 20 total pots (10 adjacent). A retrieval is counted 
when the animal explored with the nose into the wells; the total number 
of 20 retrievals (or 5 min have elapsed) on the left and right sides of its 
body axis were counted. Results are then averaged expressed as a per
centage bias score [(Contralateral – Ipsilateral)/(Ipsilateral + Con
tralateral)*100]. 

2.6.4. Lateralised choice reaction time task 
Lateralised choice reaction time task was performed as previously 

described in detail (Dowd and Dunnett, 2004, 2005b; a; Heuer and 
Dunnett, 2012, 2013). Testing was performed on a bank of 9-hole op
erant chambers controlled by MED-PC IV software (Med Associates Inc – 

Fig. 1. Experimental outline and lateralised choice reaction time task overview. 
A: Table of group descriptions and timeline of key experimental timepoints. B: Schematic of AAV vector capsid and transgene cassette displaying the construct used 
in the current experiment and the injection sites into the rat midbrain. noTG = no transgene, GFP = green fluorescent protein, h-aSYN = human alpha-synuclein, 6- 
OHDA = 6-hydroxydopamine, pA = polyadenylation, ITR = Inverted Terminals Repeats, CBA = Chicken Beta Actin. C: Schematic of 6-OHDA injection aimed at the 
medial forebrain bundle. D-F: Schematic representation of the lateralised choice reaction time task. A trial is started with an illumination of the centre hole. The rat is 
then required to perform a sustained nose-poke into the illuminated hole. After a variable delay a brief (300 ms) visual stimulus is presented randomly to either side 
of the animals’ head. The rat is then required to respond with a nose-poke into the previously illuminated hole in order to obtain a food reward. The time taken from 
stimulus presentation to withdrawal from the centre hole is indicative of the reaction time whereas the time from withdrawal to execution of the lateralised response 
is taken as movement time. 
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USA), installed on a Windows computer. Rats were tested in daily 
30-min sessions. Initial training to perform the operant task was done as 
reported previously (Dowd and Dunnett, 2005a; Heuer et al., 2013a). 
The 9-hole operant chamber is designed with a curved array of 9 
response holes on one wall and a magazine connected to a pellet 
dispenser on the opposite wall. Furthermore, stimulus lights are 
installed in each of the response holes and the magazine as well as a 
house light. Nose-pokes into each of the response holes and the maga
zine are detected by infrared beams. In the operant choice reaction time 
task used in the present study, the centre hole (H5) as well as one hole to 
the left (H3) and one hole to the right (H7) with respect to the animals’ 
head were used, whilst all other response locations were covered by well 
blanks. Each trial started with illumination of H5 and the rats were 
required to perform a sustained nose-poke into the illuminated centre 
hole. After a variable delay (50 ms, 100 ms, 150 ms, or 200 ms) the 
centre hole light was extinguished and randomly one of the two lateral 
response holes (H3 or H7) were briefly illuminated (300 ms). A response 
into the illuminated response location would result in the illumination of 
the magazine as well as the delivery of one reward sucrose pellet (45 mg, 
Sandown Scientific). An incorrect response would result in a time out 
interval (TOI) of 5 s with all lights extinguished. Premature withdrawals, 
a failure to execute the lateralised response within 3 s or repeated H5 
pokes would also result in a TOI. The main outcome measures that were 
recorded were: total number of trials initiated (TTI), efficiency defined 
as total trials usable (where a lateralised response had been made)/TTI 
as %, accuracy (correct trials/trials usable as %), reaction time (latency 
from onset of the lateralised stimulus to detection of withdrawal from 
H5, and movement time (latency from H5 withdrawal to execution of 
the lateralised response) (Fig. 1D). Baseline was acquired over a period 
of 5 consecutive days. For the 12-weeks post lesion testing, the animals 
were tested over a period of 15 consecutive days with the same 300 ms 
stimulus-duration. As commonly done for this type of assessment, 
consecutive days of testing were grouped into blocks to properly assess 
and demonstrate the stability of the lesion (Dunnett and Iversen, 1981; 
Dunnett, 1985; Montoya et al., 1990; Reading et al., 1991; Brasted et al., 
1997; Dunnett et al., 1999; Eagle et al., 1999; Heuer & Dunnett, 2012, 
2013; Kaindlstorfer et al., 2012; Heuer et al., 2013a, 2013b, 2013c). In 
this study, the post-lesion testing was grouped into three blocks of 5-day 
each, named LX-1, LX-2, and LX-3, respectively. 

2.7. Perfusion and tissues processing 

Animals were sacrificed with an intraperitoneal injection of sodium 
pentobarbital (200 mg/kg). They were then transcardially perfused with 
50 ml 0.9% saline solution, followed by 250 ml of 4% paraformaldehyde 
(PFA) in phosphate buffered saline (PBS) solution (pH = 7.4). Brains 
were extracted and post-fixed in PFA for 24h at 4 ◦C, and then trans
ferred into 25% sucrose until saturated. All brains were sectioned into 
40 μm coronal 1:12 series using a freezing sledge microtome (SM200R, 
Leica) and stored in antifreeze solution at − 20 ◦C until use. 

2.8. Proteinase K treatment 

Sections were removed from the antifreeze solution and washed 3 
times in PBS and then mounted on permafrost-glass. Glass slides were 
left to dry overnight and incubated the following day in proteinase K 
(pK) solution (25 μg/ml; QIAGEN) for 1 h at room temperature before 
proceeding with the immunostaining for human synuclein (aSYN211) as 
described below. 

2.9. Immunohistochemistry 

All primary and secondary anti-bodies used in in the current manu
script are presented in Supplementary Table 1. DAB- and fluorescent- 
immunohistochemistry (DAB-IHC and FL-IHC) were performed as 
described previously (Heuer et al., 2013a). Briefly, sections were 

removed from the antifreeze solution and washed 3 times in PBS (pH =
7.4). Subsequently, sections were incubated for 15 min in PBS with 3% 
H2O2 and 10% methanol to quench endogenous peroxidase activity. 
Sections were then washed 3 times in PBS and incubated for 1 h at room 
temperature (RT) in a blocking solution (5% appropriate serum and 
PBS-T (PBS containing 0.25% Triton X-100)). After, sections were 
transferred into the primary antibody (See Supplementary Table 1) in 
5% serum and incubated overnight at 4 ◦C with gentle agitation. The 
following day, sections were washed 3 times in PBS and incubated for 1 
h at RT in blocking solution. Next, sections were incubated in the 
appropriate secondary antibody in 5% serum for 1 h at RT. Sections were 
then washed 3 times in PBS and incubated for 1 h with the ABC complex 
(ABC, Vector Laboratories) following the vendor’s protocol. Sections 
were washed 3 times in PBS and the colour reaction was produced by 
incubation in DAB substrate (DAB, Vector Laboratories) with H2O2. 
After colour reaction occurred, sections were washed in PBS and 
mounted on gelatine-coated glass slides, airdried overnight, and then 
dehydrated for 5 min in increasing series of ethanol (2 × 70%, 2 × 95%, 
2 × 99.5%) and lipids were removed through 2 x 5-min incubation in 
Xylene before cover-slipping with DPX mounting medium (Sigma). For 
fluorescent-immunohistochemistry, quenching, ABC, and DAB steps 
were omitted. Secondary antibody incubation was performed with 
appropriate fluorophore-conjugated antibodies, and after washing sec
tions were either incubated for 5 min at room temperature with DAPI 
and then washed and mounted, or directly mounted on gelatine-coated 
glass slides and cover slipped once dry with PVA/DABCO mounting 
medium. The thioflavin S (ThioS) assay was performed as described 
previously (Cresto et al., 2021). Briefly, ThioS (Sigma) was diluted in 1% 
distilled water, filtered before each use, and kept in dark at 4 ◦C. After 
final washes, FL-IHC sections were mounted on gelatine coated slides 
and left to dry for few minutes. Mounted sections were then dipped in 
70% and 80% ethanol for 1 min each, and then incubated for 7 min in 
ThioS in dark. Slides were washed for 1 min in 80% and 70% ethanol 
and in distilled water for 30 s before being cover slipped with PVA/
DABCO mounting medium. For DAB-immunohistochemistry, acquisi
tion was carried out using a Leica DMI8 inverted microscope with a 20x 
and 63x objective. For high magnification brightfield images an 
Olympus A×70 microscope with a 100x objective was used. For 
fluorescent-immunohistochemistry acquisition was carried out using a 
Leica SP8 confocal microscopy using 20x and 63x objectives. 

2.10. Densitometry 

Scans of mounted sections were acquired using a flatbed scanner 
(Epson V850 Pro) at 600 DPI. The level of staining intensity was 
measured from 3 different consecutive striatal sections (starting point 
A/P: 1.6 mm) and 3 consecutive midbrain sections (starting point A/P: 
− 4.8) for TH-DAB, aSYN-DAB using ImageJ (NIH, V.2.1.0) software. 
Striatal boundaries between dorsal and ventral part were drawn as 
described elsewhere (Grealish et al., 2010). Each image was first 
transformed to grayscale 8-bit image and calibrated using a step-tablet 
from Epson with known optical density (OD) values using the Fiji 
Rodbard function. The area of interest was outlined, and the average 
grey pixel intensity value was measured. The O.D. value of the corpus 
callosum was used as a reference value of non-specific background and 
this value was subtracted from values obtained from areas of interest. 

2.11. Axonal swellings quantification 

TH+ and h-aSYN+ axonal swellings were quantified following TH 
and h-aSYN DAB-IHC in the pre-frontal cortex (PFC) and striatum (STR), 
respectively. For PFC, a 63x a single field of view was captured in the 
dorso-medial area. For the STR, three 63x fields of view were captured 
respectively in the dorso-medial, dorso-lateral, and central region as 
previously described (Decressac et al., 2012b; Phan et al., 2017). Z-stack 
images for each area were acquired using a Leica DMI8 inverted 
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microscope with a z-step size of 1 μm though the entire thickness of the 
tissue. Images were then 3D stacked together using Fiji software and the 
number of TH+ and h-aSYN+ axonal swellings were quantified as 
described previously (Quintino et al., 2022). Swellings were defined as 
3D immunoreactive structures with a volume larger than 3 μm3 

(Decressac et al., 2012b) and a circularity of 0.3–1 (Phan et al., 2017). 
Results were expressed as total number of TH+ and h-aSYN + swellings 
with a volume larger than 20 μm3. 

2.12. Cell quantification 

2.12.1. Stereology 
Quantifications of TH-DAB-positive cells was performed according to 

previously published protocol (Ip et al., 2017) for unbiased stereology. 
Briefly, standardized z-stack mosaic images of 8–11 midbrain-stained 
sections with a spacing of 240 μm were acquired with a 20x magnifi
cation using a Leica bright field microscopy. Files were then stacked 
together using Fiji software, and TH+ cells were counted in the areas of 
interest (SN) using the protocol with following changes: a) grid size: 
170 μm × 170 μm, b) optical dissector size: 20 μm, c) length of one side 
optical dissector 55 μm. Only cells inside the areas of interest and 
following the rules valid for unbiased stereology were counted. Results 
are expressed as percentage of loss (%) to the contralateral hemisphere. 

2.12.2. NeuN count 
NeuN+ cells were quantified manually in the ipsilateral and contra

lateral SN as described previously (Negrini et al., 2022). In brief, z-stacks 
of 1 μm through the entire thickness of the tissue (40 μm) were taken 
with a Leica DMI8 microscope at ×20 magnification. Individual image 
stacks were mosaic merged to generate one overview image of the entire 
midbrain at the level A/P: − 5.0 mm from Bregma. We utilized the 
medial terminal nucleus of the accessory nucleus of the optic tract as a 
visual landmark to delineate the VTA and the SN. The final images were 
uploaded into ImageJ and the cell counter plugin was used to count 
individual cells in the SN by an experimenter blinded with regards to 
experimental groups. 

2.12.3. Microglial count 
Microglial cells were quantified using an in house developed AI- 

based algorithm for images detection following IBA1 DAB-IHC in the 
SN. For AI training, IBA1 z-stack images of different midbrain areas were 
acquired in RGB using a Leica DMi8 inverted microscope with a z-step 
size of 1 μm though the entire thickness of the tissue. Images were 
processed to EDF and were divided into training, validation, and a test 
dataset with 600, 120, and 120 images, respectively. Bounding boxes 
were manually created using the roboflow online annotation tools and 
exported to coco format for the training model. The final training set 
contained a total of 15249 cells and an average of 22.4 cells per image. 
The architecture of the Faster RCNN model with the backbone ResNet- 
101 were trained on the training dataset and evaluated on the test 
dataset using detectron2 vision library implemented in PyTorch. Faster 
RCNN (Ren et al., 2017) is a two stage architecture containing a region 
proposal network, that generates region proposals, which is concur
rently fed to the detector network for object classification. The loss 
function of Faster RCNN consists of a classification loss function to 
penalize incorrect classification and the bounding box loss function to 
compute the mean absolute difference between the true and the pre
dicted bounding boxes. For training, SGD solver were used with base 
learning rate 0.001, LR scheduled with gamma of 0.05 and a keeping 
batch size 4. The model was trained on Google Colab pro for 100 epochs. 
For evaluation of the model, the mean average precision was taken into 
consideration. Mean average precision is the mean of average precision 
over all categories and intersection of union thresholds. Cells were 
counted manually and compared with the artificial neural network 
approach by calculating the Pearson correlation coefficient between 
them. Final quantifications were then performed on three 20x images of 

the SN of the injected and non-injected side for each animal. Images 
were taken as z-stacks using a Leica DMI8 inverted microscope with a 
z-step size of 1 μm though the entire thickness of the tissue. Results are 
expressed as average number of IBA1+ cells in the ipsilateral and 
contralateral side of each group. 

2.13. Quantitative real-time PCR (qPCR) 

To assess the degree of nigral h-aSYN overexpression, the SN was 
dissected from PFA-fixed sections. Briefly, 3 sections of the central 
midbrain were washed 3x in sterile DPBS (Gibco), and then the SN of the 
injected hemisphere was dissected with sterile blade. The tissue was 
homogenised, and RNA was extracted using RNA extraction kit for fixed 
tissues (E.Z.N.A. FFPE RNA Kit, Omega Bio-Tek) following the vendor’s 
protocol. The RNA concentration was determined using a NanoDrop 
(Thermo Scientific). Reverse transcription was performed with 300 ng of 
RNA following vendor’s protocol (iScript cDNA Synthesis Kit – Biorad). 
SYBR green qPCR was performed using iTaq Universal SYBR Green 
Supermix (Biorad), following standard procedures and in triplicates. The 
data were quantified using the ΔCt-method and normalized to GAPDH. 
GAPDH and h-aSYN primer (specific to human aSYN) sequences were 
previously validated and published (Aldrin-Kirk et al., 2014): GAPDH: 
fwd 5′-CAA CTC CCT CAA GAT TGT CAG CAA-3′, rev 5′-GGC ATG GAC 
TGT GGT CAT GA-3’; h-aSYN: fwd 5′-CAG GGA GCA TTG CAG CA-3′, rev 
5′-GTG GGG CTC CTT CTT CAT TC-3’. 

2.14. Statistics 

Data (excluding operant behavioural data) were analysed using 
GraphPad Prism V.8 with a significance level of α = 0.05 for all the 
analysis. For multigroup comparison, one-way ANOVA followed by 
Bonferroni post-hoc test was used. When two variables were present, 
repeated measures ANOVAs with Tukey’s post-hoc test was used (group 
and weeks as dependant variables). Levels of significance in the figures 
were showed in comparison to the control group. For pairwise and non- 
pairwise comparisons respectively paired or unpaired Students t-test 
was applied. All operant behavioural data were analysed using GEN
STAT v13.1 software package with Newman-Keuls post hoc test for 
multiple comparisons. A significance level of α = 0.05 was chosen for all 
analyses. The operant behavioural data were analysed using a repeated 
measures analysis of variance with the factors Group (control, noTG, 
GFP, h-aSYN mild, h-aSYN moderate, 6-OHDA), Week (Baseline, LX-1, 
LX- 2, L-3), and Side (Ipsilateral, Contralateral). All data were collated 
over a 5-day block of testing and response latencies (reaction and 
movement times) are expressed as arithmetic mean ± SEM. The main 
outcome measures analysed were the number of usable trials (Total 
trials usable, TTU), Efficiency (Total trials initiated/TTU*100), Accu
racy (Correct trials/TTU*100), Latencies for correct responses (Correct 
reaction time, CRT and correct movement time, CMT). TTU and Effi
ciency are summed over the 4 delays whereas the remaining parameters 
were averaged over the 4 delays. For correlation analysis we used linear 
(r coefficient of Spearman) regressions with a significance level set at α 
= 0.05. Levels of significance annotations are as following: *p < 0.05; 
**p < 0.01; ***p < 0.001 and are only presented for significant differ
ences with the control group. The full table of all cross comparisons 
made for all behavioural tests are provided in tabular form in Supple
mentary Tables 2–12. All data were expressed with SEM error bars. 

2.15. Data sharing 

All materials and data will be made available upon reasonable 
request. 

3. Results 

Recently we characterised a novel iteration on the AAV-vector based 
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overexpression model using h-aSYN to model early (Gubinelli et al., 
2022) and advanced (Negrini et al., 2022) parkinsonism in rats. In these 
studies, we observed classic anatomopathological nigrostriatal degen
eration, as well as progressive appearance of behavioural deficits, 
depending on the severity of the nigrostriatal degeneration. The aim of 
the present study was to evaluate and characterise impairment in the 
motor and non-motor domains arising after unilateral intranigral 
AAV-h-aSYN overexpression in rats on a complex motor learning task. 
We aimed to correlate the behavioural deficits with the degeneration 
and histopathology that develops in the nigrostriatal dopaminergic 
pathway following h-aSYN overexpression and to establish criteria that 
would indicate whether the behavioural deficits were stable. Therefore, 
we allocated rats of the h-aSYN group into a mild and a moderate lesion 
group, based on their behavioural impairments on a combined deficit of 
>20% on three tests of motor behaviour, as previously reported in mice 
(Grealish et al., 2010). 

3.1. Overexpression of h-aSYN leads to a stable protein expression in 
striatum and midbrain 

We first evaluated the level of transgene expression following AAV 
delivery at 16 weeks post injection for the AAV-GFP, AAV-h-aSYN mild 
and AAV-h-aSYN moderate group. DAB-IHC for GFP and human h-aSYN 
revealed strong expression of either GFP or h-aSYN in striatal terminals 
and nigral cell bodies in the ipsilateral hemisphere for all the respective 
groups (Fig. 2A–C). O.D. analysis of high magnification images of 
transgene expression in the striatum (STR) (Fig. 2D and E and 2H-J) 
revealed a significant difference between the ipsilateral and contralat
eral hemispheres in animals of the AAV-GFP (t11 = 5.17, p < 0.001), 
AAV-h-aSYN mild (t23 = 12.76, p < 0.001) and AAV-h-aSYN moderate 
group (t11 = 9.49, p < 0.001). Similarly, O.D. analysis of high magni
fication images from midbrain sections (Fig. 2F and G and 2K-M) 
revealed a significant difference between the ipsilateral and contralat
eral injected substantia nigra (SN) for the AAV-GFP (t11 = 4.90, p <
0.001), AAV-h-aSYN mild (t23 = 15.12, p < 0.001) and AAV-h-aSYN 
moderate group (t11 = 9.47, p < 0.001). This suggests that the trans
gene expression was similar in all AAV injected groups. No h-aSYN or 
GFP labelling could be detected in animals of the untreated control or 
the 6-OHDA group (data not shown). To confirm overexpression and 
localization of h-aSYN in the AAV-h-aSYN moderate SN, we performed 
qPCR specifically against overexpressed h-aSYN (Supplementary Fig. 
1A) which demonstrated strong h-aSYN transgene overexpression 
(Group; F2,15 = 10.34 p < 0.01) when compared with the control and 
AAV-noTG group (both, p < 0.01). To further confirm the expression of 
the transgenes of interest (h-aSYN and GFP) in midbrain dopaminergic 
cells, we performed fluorescent immunohistochemical (FL-IHC) label
ling for GFP or h-aSYN (aSYN211), tyrosine-hydroxylase (TH) and the 
Vesicular Monoamine Transporter 2 (VMAT2) (Fig. 2N-OIII). As can be 
seen from the high magnification images, the transgenes of interest were 
strongly expressed in dopaminergic cells. Furthermore, we observed 
that overexpression of h-aSYN led to the formation of phosphorylated 
synuclein (pSer129), a classic histopathological hallmark of human Lewy 
bodies (Fig. 2P-PIII). 

3.2. Overexpression of h-aSYN leads to neurodegeneration of the 
nigrostriatal dopaminergic system 

After confirming overexpression of GFP and h-aSYN in midbrain 
dopamine (DA) neurons, we investigated whether the presence of h- 
aSYN would induce physiological changes in the nigrostriatal DA sys
tem. Using tyrosine-hydroxylase (TH) as a marker for DA cells and fi
bres, we performed DAB-IHC labelling for TH for all groups. The 
transgene overexpression (GFP or h-aSYN) as well as the injection of 6- 
OHDA lead to degeneration of DA fibres and cell bodies along the 
nigrostriatal pathway ipsilateral to the side of injection (Fig. 3A–D; 
Supplementary Figs. 2A–B). High magnification images of coronal 

striatal (Fig. 3E–J) and nigral (Fig. 3EI-JI) sections labelled for TH also 
revealed a reduction in the striatal axonal density, as well as in nigral 
cell bodies and fibres for the GFP, h-aSYN (both mild and moderate) and 
6-OHDA; this was not visible in the control and noTG groups. 

Quantification of staining intensity using optical density (Fig. 3K) 
revealed no reduction in TH immunoreactivity in striatal sections for the 
control group (t7 = 1.15, p = n.s.) and the noTG group (t5 = 0.75, p = n. 
s.), whereas a significant reduction was detected in the h-aSYN mild (t23 
= 6.75, p < 0.001), h-aSYN moderate (t11 = 5.24, p < 0.001), GFP (t11 =

2.33, p < 0.05) and 6-OHDA groups (t8 = 16.08, p < 0.001). Subse
quently we performed unbiased stereological quantification at 16 weeks 
post lesion (Fig. 3L) to quantify the cellular loss of TH-labelled cells in 
the SN. There was a significant difference between the experimental 
groups (Group; F5,63 = 51.65, p < 0.001) in the percentage of TH cell 
loss on the injected side. There was no bias in the number of TH+ cells 
between the ipsilateral and contralateral SN in animals of the control 
(0.7%) and noTG (4%) (both, p = n.s.). Cell loss was highest in the 
animals injected with the neurotoxin 6-OHDA (85%), GFP (44%) and h- 
aSYN moderate (27%) groups (all vs control, p < 0.001). Although an
imals of the mild group did display a TH cell loss of 15%, this was not 
significantly different from the control group. 

To confirm that the neurons are lost, rather than a loss of the TH 
phenotype, we also quantified the total number of neurons using the pan 
neuronal maker NeuN (Fig. 3M) and FL-IHC co-labelling for TH and 
NeuN (Supplementary Figs. 2C–H) for all experimental groups. In line 
with our previously published results (Gubinelli et al., 2022; Negrini 
et al., 2022), the loss of TH coincides with a loss of NeuN+ cells in the SN 
(Group; F5,49 = 4.60, p < 0.01), in the transgene overexpression groups 
and the 6-OHDA group, confirming the degeneration of dopaminergic 
cells. Interestingly, whereas the loss of TH+/NeuN+ cells was limited to 
the location of the A9 cell group in the 6-OHDA group (Supplementary 
Fig. 2H), in groups where a transgene was overexpressed this loss 
extended to surrounding nuclei (Supplementary Figs. 2E–G). This sug
gests that the overexpression of the transgenes leads to a degeneration 
and loss of dopaminergic cells in the ipsilateral SN. 

3.3. Behavioural evaluation on simple and complex behavioural tasks 

3.3.1. Simple behaviour 
We evaluated the development of motor deficits on a series of simple 

behavioural tests that are well established for unilateral dopaminergic 
lesions using the neurotoxicant 6-OHDA or the AAV vector-based 
overexpression of h-aSYN (Olsson et al., 1995; Schallert et al., 2000; 
Dowd et al., 2005a; Gubinelli et al., 2022; Negrini et al., 2022). 
Behavioural performance was assessed using the cylinder and stepping 
test at baseline, 4- and 8-weeks and on the corridor test at baseline, 8- 
and 12 weeks post-surgery. 

3.3.1.1. Cylinder test. Forelimb use asymmetry was assessed using the 
Cylinder test. There was a significant difference in forelimb use asym
metry between the experimental groups at the 3 timepoints (Fig. 4A; 
Week*Group, F10,121 = 9.62; p < 0.001). Post-hoc analysis revealed a 
significant difference in the percentage bias of the 6-OHDA lesion group 
(79%) at the 4-week timepoint, compared to all experimental groups 
(control: 1%, noTG: 13%, GFP: 17%, and h-aSYN mild: 15%; all, p <
0.05) with exception of the h-aSYN moderate group (p = n.s.). Inter
estingly, although the animals of the h-aSYN moderate group displayed 
a reduced use of the contralateral paw (44%), this failed to reach sig
nificance at this timepoint. At the 8-week time-point, the 6-OHDA 
lesioned group bias remained stable (81%). Interestingly the h-aSYN 
moderate group bias increased at the 8-week time-point (70%) which 
was significantly different to the control and noTG (both, p < 0.001) and 
the GFP group (30%; p < 0.05). This is indicative of a progressively 
developing bias which manifests at similar levels to the one of a classical 
neurotoxin lesion, albeit over a longer duration. Animals of the h-aSYN 
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mild group did not display any deficits on the cylinder test at any of the 
timepoints assessed. The cylinder bias correlated significantly with TH+

loss (Spearman’s Rho: − 0.665, p < 0.001) which indicates a strong 
relationship between the two factors (Rea and Parker, 2014) (Fig. 4I). 

3.3.1.2. Stepping test. Forelimb akinesia was assessed using the stepping 
test (Olsson et al., 1995; Schallert et al., 2000). There was a significant 
bias on the stepping test between the experimental groups on the 3 
timepoints assessed (Fig. 4B; Week*Groups; F10,126 = 6.91, p < 0.001). 
At the 4-weeks timepoint, animals of the 6-OHDA lesion group displayed 
a large bias (65%) compared to all other experimental groups (all, p <
0.05) whereas the h-aSYN moderate group displayed a bias of 37%, 
which was different from the control and the noTG groups (both, p <
0.05). At the 8-week timepoint the deficit of the 6-OHDA lesioned group 
remained stable (74%), which was significantly different from all groups 
(all, p < 0.05), except for the h-aSYN moderate group. Furthermore, the 
bias of animals in the h-aSYN moderate group increased and animals of 
this group performed significantly worse compared to all remaining 
groups (all, p < 0.05), again indicating a progressively developing 
deficit which reached the level of a 6-OHDA lesion over a protracted 
timeframe. Interestingly the h-aSYN mild group did display a significant 
difference (36%) from the control group (p < 0.01), however not from 
the noTG and GFP groups (both, p = n.s.). The stepping bias correlated 
significantly with TH+ cell loss (Spearman’s Rho: − 0.473, p < 0.001) 
which indicates a relatively strong relationship between the two factors 
(Rea and Parker, 2014) (Fig. 4J). 

3.3.1.3. Corridor test. Lateralised sensory-motor neglect was evaluated 
using the corridor test. There was a significant difference on the corridor 
test between the experimental groups and on the three time-points 
assessed (Fig. 4C; Week*Groups; F10,126 = 4.38 p < 0.001). Overall, 
the variation within groups was larger on the corridor test compared to 
the cylinder and stepping test, and statistical analysis revealed fewer 
intergroup differences. At the 8-week timepoint animals of the control, 
noTG, and GFP groups displayed a minor bias (12–26%), whereas the 
bias of the remaining groups was 34% for h-aSYN mild, 51% for the h- 
aSYN moderate, and 53% for the 6-OHDA group. Statistically, the there 
was no difference between the h-aSYN moderate and 6-OHDA groups (p 
= n.s.), however both groups were significantly more impaired when 
compared to the control (both, p < 0.05). At the final time-point of 
assessment, again, only the h-aSYN moderate (81%) and the 6-OHDA 
(90%) groups displayed a bias which was significantly different from 
the control, the GFP and the h-aSYN mild groups (all, p < 0.05). The 
corridor bias correlated significantly with TH+ loss (Rho: − 0.410, p <
0.001) which indicates a relatively strong relationship between the two 
factors (Rea and Parker, 2014) (Fig. 4K). 

In summary these results reveal a stable deficit on all three behav
ioural tests in the 6-OHDA lesion group which was detectable at the 
earliest timepoints assessed. The performance on all three behavioural 
tests correlated highly with the TH cell loss seen in the midbrain. In the 
h-aSYN overexpression model, the behavioural deficits developed pro
gressively over time in animals of the h-aSYN moderate group and was 
similar to the 6-OHDA deficit at the final behavioural timepoint. The 
progressive nature of the deficit over the protracted time-period will 

make this model relevant for testing of disease modifying targets. 

3.3.2. Lateralised choice reaction time task 
After confirming that rats injected with AAV-h-aSYN displayed a bias 

on the test of simple motor behaviour we re-tested all animals in the 
operant boxes on the lateralised choice reaction time task for 15 
consecutive days. 

3.3.2.1. Total trials usable (TTU). All rats were trained in the lateralised 
choice reaction time task over a 6-week period and performed at high 
levels during the 5-day block of data acquisition (Fig. 4D). There was no 
difference in the number of usable trials (TTU, 157.73 ± 10.76) between 
the groups on the operant task during baseline performance, indicating 
well matched groups (Group, F5,63 = 0.63, p = n.s.). After the surgical 
session, when first reintroduced into the operant boxes, all groups per
formed fewer TTU compared to the baseline condition (Week*Group, 
F15,189 = 4.10, p < 0.001). Post-hoc testing revealed that at the first 
block of retesting (LX-1) there were no differences between the control 
(95.78), noTG (101.57) and the GFP (111.71) groups (all, p = n.s.) and 
neither between the lesioned groups 6-OHDA (45.42), h-aSYN mild 
(69.47), and h-aSYN moderate (50.17) groups (all, p = n.s.). However, 
the latter three groups were performing significantly less TTU compared 
to the former three (all, p < 0.05). The control, noTG, and GFP groups 
did increase the number of TTU over the next two 5-day blocks 
(120–140 TTU on average) and at neither the LX-2 nor the LX-3 block 
displayed a significant difference between them (all, p = n.s.). Animals 
of the 6-OHDA lesion group and the moderate h-aSYN group continued 
to produce significantly fewer TTU than the three control groups (all, p 
< 0.001); moreover, at the latest timepoint (LX-3), they were also per
forming significantly fewer TTU than the h-aSYN mild group (both, p <
0.05). 

3.3.2.2. Efficiency (EFF). Efficiency was defined as the total number of 
usable trials divided by the number of initiated trials expressed as a 
percentage. Pre-surgery, all rats performed on the operant task with a 
high efficiency (>90%), indicating that most of the initiated trials were 
completed with a lateralised response (Fig. 4E). For the first block after 
the surgery (LX-1), the three control groups (control, noTG, GFP) dis
played a reduced efficiency, but they recovered to pre-surgery levels at 
block LX-2 and LX-3. Animals that received either the AAV-h-aSYN 
vector in the SN or 6-OHDA into the MFB became less efficient in 
completing the lateralised response (Week*Group, F15,189 = 2.99, p <
0.001). During the first block of re-testing, efficiency was 59% for the h- 
aSYN mild, 47% for the h-aSYN moderate and 55% for the 6-OHDA 
group; this was significantly lower than the EFF observed for three 
control groups (all, p < 0.01). These groups also increased their EFF over 
the next two blocks of testing (LX-2 and LX-3) with the h-aSYN mild 
group (84%) not performing significantly different from the three con
trol groups (all, p = n.s.); on the other hand, the h-aSYN moderate (74%) 
and 6-OHDA (69%) groups performed with significantly lower EFF than 
the three control groups (all, p < 0.001). This demonstrates that 
although animals initiated fewer trials, most of these trials were suc
cessfully completed. 

Fig. 2. Evaluation of transgene overexpression. 
A-C: Representative overviews for the GFP (A), h-aSYN mild (B) and h-aSYN moderate (C) labelled for GFP and aSYN211, respectively. D: Schematic representation of 
the analysed area for striatal optical density. Red area represents the striatum, while the black square represents the area where microscope picture was acquired. E: 
Optical Density measurements comparing GFP and aSYN211 labelling intensity between the ipsilateral and contralateral striatum. Data are expressed as mean ± SEM; 
*** = p < 0.001. F: Schematic representation of the analysed area for midbrain optical density. Red area represents the substantia nigra, while the black square 
represents the area where microscope picture was acquired. G: Optical Density measurements comparing GFP and aSYN211 labelling intensity between the ipsilateral 
and contralateral substantia nigra. Data are expressed as mean ± SEM; *** = p < 0.001. H-J: Representative brightfield photomicrographs of striatal sections labelled 
for GFP (H) and h-aSYN (I–J) respectively for the GFP and h-aSYN mild and moderate groups. K-M: Representative brightfield photomicrographs of midbrain sections 
labelled for GFP (K) and aSYN211 (L–M) respectively for the GFP and h-aSYN mild and moderate groups. N–NIII: High magnification confocal microscope images of 
individual neurons in the midbrain of the AAV-GFP injected group demonstrating colocalization between GFP, TH and VMAT2. O-PIII: High magnification confocal 
microscope images of individual neurons of the h-aSYN moderate group demonstrating a colocalization between h-aSYN, TH and VMAT2 or pSer129. 
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3.3.2.3. Accuracy (ACC). During baseline testing all rats performed 
with a high accuracy score (>83%) in response to stimuli on both sides, 
which was similar for all groups (Side*Group, F5,63 = 1.57, p = n.s.) 
(Fig. 4F-FI). After the surgery, rats of all groups maintained a high 
response accuracy when the response was directed to the ipsilateral side 
of the animals’ head. We could already detect a significant difference 
between groups during baseline testing (analysis restricted to ipsilateral 
side; Group, F5,63 = 7.51, p < 0.001) where animals of the GFP and 6- 
OHDA group performed with higher accuracy to ipsilateral stimuli 
(92% and 94% respectively) when compared with the h-aSYN moderate 
group (both p < 0.01). The 6-OHDA lesioned group displayed the 
highest response accuracy during baseline which was also higher than 
the one observed for the noTG and h-aSYN moderate groups (both, p <
0.05). Importantly, the increased performance of the 6-OHDA lesion 
group is biased against our experimental hypothesis, and the h-aSYN 
groups did not differ significantly in their response performance from 
animals in the control and noTG groups. There was a small reduction in 
response accuracy to ipsilateral stimuli from the baseline to the first 
week of post-surgery testing (analysis restricted to ipsilateral side; 
Week*Group, F5,63 = 3.03, p < 0.05) where the control group performed 
with a significantly lower accuracy compared to all other groups (all, p 
< 0.05). However, over the following two blocks of post-surgery testing, 
all groups increased their response accuracy to ipsilateral stimuli to 
>80% and in the last block (LX-3) there was no difference in accuracy 
between all experimental groups (analysis restricted to ipsilateral side; 
Groups, F5,63 = 2.18, p = n.s.). Interestingly, albeit non-significant, 
animals of the moderate and 6-OHDA lesion groups performed with 
the highest response accuracy towards ipsilateral stimuli with 92% and 
95% accuracy respectively. This could be most likely explained by the 
fact that these groups developed a bias towards this side of responding 
(discussed further below). At baseline, when analysing response accu
racy towards stimuli presented on the side contralateral to the lesion, the 
GFP (93%) and 6-OHDA (94%) groups displayed a higher accuracy 
when compared to the other four experimental groups (>84%) (analysis 
restricted to the contralateral side; Group, F5,63 = 5.57, p < 0.001). In 
particular, the GFP group displayed a higher response accuracy than the 
control, noTG and h-aSYN mild group, whereas the 6-OHDA group 
performed with a higher response accuracy than the control, h-aSYN 
mild and h-aSYN moderate groups (all, p < 0.05). Again, both h-aSYN 
injected groups performed with an accuracy similar to the control and 
noTG groups (all, p = n.s.). After surgery, all injected groups performed 
with a lowered response accuracy towards contralateral stimuli (anal
ysis restricted to the contralateral side; Week*Group, F15,189 = 12.83, p 
< 0.001). The control group performed with the highest accuracy during 
all three post-surgery blocks and at LX-3 achieved an accuracy similar to 
the baseline value (88%). The noTG group displayed a 22% reduction in 
response accuracy after the lesion which was significantly lower than 
the control group (p < 0.001) at LX-1 but recovered to pre-lesion per
formance (89%) and was not different from the control group (p = n.s.) 
at the last two blocks of assessment. The GFP injected group developed a 
deficit (67%) similar to the one observed in the noTG group at LX-1, 
which was also significantly lower than the control group (p < 0.001). 
Although the animals of the GFP group did improve (>81%), their 
response accuracy remained significantly lower than the one of the 
control groups at the last post-surgery timepoints (both, p < 0.05). This 
demonstrates the sensitivity of the operant assessment to detect small 
but significant differences which were not detected in all the other 

simple behavioural assessments reported above. Interestingly the accu
racy of the three remaining groups did stay stable over the three post- 
surgery weeks of testing with the 6-OHDA lesion group being the most 
impaired. During all timepoints, animals of the 6-OHDA group per
formed with low accuracy towards contralateral stimuli (<7%) which 
was significantly different to all other groups at all time-points (all, p <
0.001). Animals of the h-aSYN moderate group were also severely 
impaired, albeit performed with a higher accuracy than the 6-OHDA 
lesioned animals, which was significantly lower than all three control 
and the h-aSYN mild group (all, p < 0.001). The h-aSYN mild group also 
displayed a stable accuracy deficit over the three post-surgery time
points (<68%) which was significantly lower than all the three control 
groups at all timepoints assessed (all, p < 0.001). Furthermore, the 
contralateral response deficit correlated highly with the TH loss in the 
SN (Rho: − 0.503, p < 0.001) which indicates a strong relationship be
tween the two factors (Rea and Parker, 2014) (Fig. 4L). 

In summary, animals that received h-aSYN or 6-OHDA injections 
developed a stable response bias towards ipsilateral stimuli which is 
reflected in the increased accuracy on the ipsilateral side and the 
decreased accuracy towards stimuli on the contralateral side. Further
more, the operant task revealed similar stable deficits in the GFP 
injected animals. This is a powerful demonstration of the sensitivity of 
operant assessment where small deficits can be readily detected. 

3.3.2.4. Reaction times. Reaction time was defined as the latency from 
presentation of the lateralised stimulus to the withdrawal of the nose 
from the central hole. All groups performed with fast reaction times 
during baseline acquisition (Fig. 4G-GI). When animals had to react to 
stimuli presented to the ipsilateral side, there was no difference between 
the groups at any block of testing (analysis restricted to ipsilateral side; 
Week*Group, F15,189 = 1.17, p = n.s.). When the lateralised response 
was presented on the contralateral side, however, reaction times were 
significantly increased after the surgery for the 6-OHDA and h-aSYN 
moderate group (analysis restricted to contralateral side; Week*Group, 
F15,189 = 3.51, p < 0.001). Whereas animals of the control, noTG, GFP 
and h-aSYN mild group did react with a speed of 300 ms to contralateral 
stimuli (all, p = n.s.), animals of the 6-OHDA lesion group displayed 
increase reaction times of >600 ms for all three post-surgery time- 
points, which was significantly different from the four above mentioned 
groups (all, p < 0.01). Animals of the moderate group displayed 
increased reaction times already at the first week of post-surgery 
assessment, however this increase only returned significant for the 
second (LX-2) and third block (LX-3) of post-surgery assessment (all, p <
0.01). 

3.3.2.5. Movement times. Movement time was defined as the latency 
from withdrawal of the nose from the centre hole to the execution of the 
lateralised response (Fig. 4H-HI). Before surgery, all animals performed 
the lateralised response rapidly (Group, F5,63 = 0.95, p = n.s.), and there 
was no difference between the side of response (Side, F1,63 = 3.69, p = n. 
s.). After vector delivery, there was a significant difference between 
groups in the latency to execute the lateralised response (Week
*Side*Group, F15,189 = 4.29, p < 0.001). Although response latencies 
were increased in general after the surgery for some groups, this increase 
was more pronounced when responses had to be directed to the side 
contralateral to the lesion (Sides, F1,63 = 10.60, p < 0.001). Responses to 

Fig. 3. Neuronal loss following AAV delivery at 16 weeks post injection. 
A-D: Representative overviews of TH immunolabelling for the control group (A), noTG group (B), h-aSYN mild group (C) and h-aSYN moderate group (D). E-J: 
Representative brightfield photomicrographs of striatal sections labelled for TH for the control (E), noTG (F), GFP (G), h-aSYN mild (H), h-aSYN moderate (I), and 6- 
OHDA (J) groups. EI-JI: Representative brightfield photomicrographs of midbrain sections labelled for TH for the control (EI), noTG (FI), GFP (GI), h-aSYN mild (HI), 
h-aSYN moderate (II) and 6-OHDA (JI) groups. K: Optical Density measurements comparing TH labelling intensity between the ipsilateral and contralateral striatum 
of all experimental groups. Data are expressed as mean ± SEM; * = p < 0.05, *** = p < 0.001. L: Percent TH cell loss quantified via unbiased stereology. Data are 
expressed as mean ± SEM; *** = p < 0.001. Significance in the figure is only displayed in relation to the control group. M. Percent NeuN cell loss. Data are expressed 
as mean ± SEM; * = p < 0.05; ** = p < 0.01. Significance in the figure is only displayed in relation to the control group. 
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the ipsilateral side were significantly prolonged (analysis restricted to 
ipsilateral side; Week*Group, F15,189 = 1.86, p < 0.05) for the h-aSYN 
mild and h-aSYN moderate groups, compared to the GFP group, at all 
post-surgery timepoints (all, p < 0.05). For the 6-OHDA lesion group, 
the execution of the lateralised response took twice as long as the three 
control groups at LX-1 (all, p < 0.05) and to all five groups at LX-2 and 
LX-3 (all, p < 0.05). When responses had to be executed on the 
contralateral side, response times were larger as well (analysis restricted 
to contralateral side; Week*Group, F15,189 = 6.83, p < 0.001). This in
crease was again most pronounced in the 6-OHDA lesion group which 
performed significantly slower compared to the three control groups at 
the first post-surgery timepoint (all, p < 0.001) and slower compared to 
all five groups at the second and third block of testing (all, p < 0.001). 
The h-aSYN mild group took longer to execute the lateralised response 
on the contralateral side compared to the three control groups at the first 
two post-surgery timepoints (both, p < 0.05), however at the final block 
of testing this group did not differ significantly anymore from the con
trol, noTG and GFP groups. The h-aSYN moderate group did also display 
increased movement times for contralateral responses compared to the 
three control groups at all post-surgery timepoints (all, p < 0.001). 
Interestingly, during the second and third block of post-surgery testing 
the animals of the h-aSYN moderate group also performed significantly 
slower than animals of the h-aSYN mild group (both, p < 0.05). 

3.4. Overexpression of h-aSYN leads to PD-like pathology in the striatum 

In human PD, typical histopathological disease hallmarks include 
axonal neurodegeneration (Tagliaferro and Burke, 2016), followed by 
aSYN aggregations into Lewy neurites (LNs) and Lewy bodies (LBs) 
(Spillantini et al., 1998a, 1998b). Axonal degeneration occurs in the 
early phase of disease progression (Kordower et al., 2013; Hsiao et al., 
2014; Kaasinen and Vahlberg, 2017). Using high magnification micro
scopy, we assessed histopathological markers of synucleinopathy in the 
TH+ DA projections in the PFC and STR – two areas well known to 
receive the majority of midbrain DA projections from the Ventral 
Tegmental Area (VTA) and SN, respectively. In the PFC, very few 
detectable TH+ swellings were visible for the control, noTG, GFP, or 
6-OHDA (Fig. 5A–C, F). However, in both AAV-h-aSYN injected groups, 
we detected pathological axonal fibres (Fig. 5D and E). Quantifications 
in the PFC (Fig. 5Q) of these TH+ swellings, revealed significant dif
ference in the number of swellings between the groups (Fig. 5S; Group; 
F5,56 = 2.42 p < 0.05). Similarly, in the STR (Fig. 5G-L) we observed few 
TH+ axonal swellings for the control, noTG, GFP and 6-OHDA group 
(Fig. 5G–I). In the STR of the h-aSYN mild and h-aSYN moderate groups 
we observed a strongly disrupted axonal network with abundant TH+

swellings (Fig. 5J and K). The numbers of TH+ axonal swellings analysed 
in three different areas of the STR (Fig. 5R) were different between the 
experimental groups (Group; F5,60 = 7.25, p < 0.001), with the most 
swellings observed in the moderate h-aSYN group (283 ± 43) and 
slightly fewer in the mild h-aSYN group (191 ± 37) (Fig. 5T). TH+

swellings in both h-aSYN overexpressing groups were significantly 
higher than the control, noTG and 6-OHDA injected groups (both, t >

3.178, p < 0.05). Although there were some axonal swellings detected in 
the GFP injected group (Fig. 5I), these did not amount to statistically 
significant levels (Fig. 5T). The number of striatal TH+ swellings per 
surviving nigral TH+ DA neurons revealed that TH+ swellings were 
twice as frequent in the AAV-h-aSYN moderate group (Fig. 5U), 
compared to the AAV-h-aSYN mild group; however no significant dif
ference was observed between the two AAV-h-SYN groups, but only in 
relationship to the control group (Group; F5,63 = 7.80, p < 0.001). 

Furthermore, abundant h-aSYN+ swellings were detected in the PFC 
(Fig. 5M-N) and STR (Fig. 5O–P) of both AAV-h-aSYN groups. The 
number of h-aSYN swellings were significantly higher in the ipsilateral 
PFC and STR compared to the side contralateral to the injection for both, 
the mild and moderate groups (Fig. 5V–W; all p < 0.05). Interestingly, 
the number of swellings in the aSYN211+ quantifications were twice as 
frequent as the comparative TH quantifications. This was the case in 
both the PFC and STR as well as for both AAV-h-aSYN injected groups, 
indicating that the majority of TH has been lost and corroborates the 
results obtained by the O.D. quantifications. Similarly to what observed 
using TH labelling, h-aSYN + swellings per surviving nigral TH + DA 
neurons (Fig. 5X) did not reveal any differences among the mild and 
moderate AAV-h-aSYN group (t24 = 0.79, p = n.s.). 

To characterise the composition of these axonal swellings we used 
high magnification confocal imaging. The majority of striatal DA fibres 
displayed a beaded dystrophic and swollen morphology (Fig. 6A-BIII). 
This is a stage in the degenerative progress before segmentation and 
fragmentation into spheroids (Zhou et al., 1998). We also found that 
most of the TH+ (Fig. 6A and B) and VMAT2+ (Fig. 6AI) dystrophic 
structures contained h-aSYN (Fig. 6BI) which was also phosphorylated 
(Fig. 6AII-BII), similarly to what is seen in the midbrain cell bodies re
ported previously (Fig. 2P-PIII). Furthermore, the axonal h-aSYN swell
ings were resistant to proteinase K digestion (Supplementary Figs. 
3A–B). 

The cell bodies of remaining midbrain DA cells in the ipsilateral SN 
also presented with insoluble h-aSYN and displayed a pathological 
morphology with punctate granular deposits and cytoplasmic inclusions 
(Fig. 6C–F). The majority of remaining midbrain DA neurons also dis
played a clear colocalization of nuclear DAPI with ThioflavinS and 
pSer129 (Fig. 6G-GIII). The presence of phosphorylated aSYN with an 
amyloid conformation suggests the presence of LBs-like structures that 
are very similar to the LBs seen and analysed in human PD patients 
(Hayashida et al., 1993; Arima et al., 1998; Duda et al., 2000; Giasson 
et al., 2000; Huang and Halliday, 2013; Irwin et al., 2013; Fares et al., 
2021). In summary, our data suggests a pathological effect of h-aSYN 
overexpression on striatal DA axonal projections. Interestingly, such 
axonal pathology seen in our preclinical model of h-aSYN-based AAV 
overexpression, closely resembles pathological features that are 
observed in humans PD patients (Hayashida et al., 1993; Giasson et al., 
2000). 

It is widely accepted that in PD brains there is an interaction between 
neurodegeneration and inflammation, and that neurodegeneration 
might be the result of abundant pathological aSYN (Beraud et al., 2013; 
Codolo et al., 2013) coinciding with markers of neuroinflammation. 

Fig. 4. Simple and complex behavioural assessment. 
A-C: Cylinder (A) and stepping (B) tests were performed at baseline, 4- and 8- weeks post lesion for all the experimental groups. Corridor (C) test was performed at 
baseline, 8- and 12-weeks post lesion for all the experimental groups. D: Lateralised choice reaction time task total trial usable (TTU) for the baseline and for the 5- 
days blocks post-lesion (LX-1, LX-2, and LX-3. E: Lateralised choice reaction time task efficiency (EFF). F-FI: Lateralised choice reaction time task accuracy (ACC) for 
ipsilateral (F) and contralateral (FI) side. G-GI: Lateralised choice reaction time task reaction time (RT) for stimuli presented at the ipsilateral (G) and contralateral 
(GI) side. H–HI: Lateralised choice reaction time task movement time (MT) for responses directed to the ipsilateral (H) and contralateral (HI) side. The number of 
asterisks denotes significant differences at the <0.05, <0.01, and <0.001 levels of significance, respectively to the control group. All data are expressed as mean ±
SEM. The full table of statistical cross comparison is provided in Supplementary Tables 2–12 for all behavioural tests. I: Scatterplot displaying the correlation between 
the loss of TH + cells as quantified by unbiased stereology and cylinder test contralateral bias. J: Scatterplot displaying the correlation between the loss of TH + cells 
quantified by unbiased stereology and bias on the stepping test. K: Scatterplot displaying the correlation between the loss of TH + cells as quantified by unbiased 
stereology and bias on the corridor test. L: Scatterplot displaying the correlation between the loss of TH+ cells as quantified by unbiased stereology and contralateral 
accuracy. The number of asterisks denotes significant differences at the <0.05, <0.01, and <0.001 levels of significance, respectively. Differences from the respective 
groups are indicated by colour. All data are expressed as mean ± SEM. 
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However, it is not clear if inflammation is the cause or consequence (or 
both) of neuronal toxicity (McGeer and McGeer, 2004; Phani et al., 
2012; Caggiu et al., 2019; Marogianni et al., 2020). To better frame the 
pathology undergoing in our developed model, we investigated whether 

high levels of h-aSYN overexpression in the midbrain would coincide 
with a neuroinflammatory response and consequent microglial activa
tion. DAB-IHC in the midbrain for the ionized calcium-binding adaptor 
molecule 1 (IBA1) revealed a localized increase of IBA1+ cells in the 

Fig. 5. Striatal axonal pathology following AAV delivery at 16 weeks post injection. 
A-F: Representative brightfield photomicrographs of PFC axonal swellings in the ipsilateral PFC labelled for TH for the control (A), noTG (B), GFP (C) h-aSYN mild 
(D), h-aSYN moderate (E) and 6-OHDA (F) groups. G-L: Representative brightfield photomicrographs of striatal axonal swellings in the ipsilateral STR labelled for TH 
for the control (G), noTG (H), GFP (I) h-aSYN mild (J), h-aSYN moderate (K) and 6-OHDA (L) groups. M-N: Representative brightfield photomicrographs of PFC 
axonal swellings in the ipsilateral PFC labelled for aSYN211 for the h-aSYN mild (M) and h-aSYN moderate (N) groups. O–P: Representative brightfield photomi
crographs of STR axonal swellings in the ipsilateral STR labelled for aSYN211 for the h-aSYN mild (o) and h-aSYN moderate (p) groups. O–P: Schematic representation 
of the analysed area for the PFC (Q) and STR (R). Black squares indicate the areas where image acquisition was performed. S: Quantification of TH+ swellings in the 
ipsilateral PFC for all the experimental groups. Data are presented as mean ± SEM. T: Quantification of TH+ swellings in the ipsilateral STR for all the experimental 
groups. Data are presented as mean ± SEM; ** = p < 0.01; *** = p < 0.001. Significance is expressed in relation to the control group. U: Ratio between number of 
TH+ STR swellings and remaining TH+ DA nigral neurons. Data are presented as mean ± SEM; * = p < 0.05; *** = p < 0.001. Significance is expressed in relation to 
the control group. V: Quantification of aSYN211+ swellings in the ipsilateral and contralateral PFC for the h-aSYN mild and h-aSYN moderate groups. Data are 
presented as mean ± SEM; * = p < 0.05; ** = p < 0.01. W: Quantification of aSYN211+ swellings in the ipsilateral and contralateral STR for the h-aSYN mild and h- 
aSYN moderate groups. Data are presented as mean ± SEM; *** = p < 0.001. X: Ratio between number of aSYN211+ STR swellings and remaining TH + DA nigral 
neurons. Data are presented as mean ± SEM. 

Fig. 6. Axonal and nigral pathology following AAV delivery at 16 weeks post injection. 
A-BIII: Representative high magnification confocal images of the h-aSYN moderate ipsilateral striatal swellings presenting with beaded morphology labelled for TH 
(A, B) VMAT2 (AI) or aSYN211 (BI) and pSer129 (AII, BII). C-D: High magnification images of midbrain cellular pathology and protein accumulation revealed by 
aSYN211 immunoreactivity without (C) or with pK treatment (D). E-F: High magnification images of midbrain cellular pathology and protein accumulation revealed 
by pSer129 (E) and TH (F) immunoreactivity. G-GIII: Representative triple fluorescent labelling of DAPI (G), ThioS (GI) and pSer129 (GII) displaying co-localization of 
phosphorylated aSYN with protein aggregates known to be present in human LBs. 
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ipsilateral hemisphere of the animals receiving intranigral delivery of 
either AAV or neurotoxin; this was not evident for the uninjected control 
group (Supplementary Figs. 4A–F). High magnification images of IBA1+

cell morphology did not reveal any apparent changes in the cells’ soma 
or processes indicative of an activated state of inflammation between the 
ipsilateral and contralateral hemisphere, as well as between different 
groups (Supplementary Fig. 4AI-FII, G). Quantification of midbrain 
IBA1+ microglial cells number (Supplementary Fig. 4H) revealed that 
the average number of cells in both ipsilateral and contralateral hemi
sphere did not differ statistically for animals of the control group (t7 =

0.95, p = n.s.). Interestingly, all the groups who received surgery, irre
spective of substance injected, displayed a similar increase in the num
ber of IBA1+ cells (all, t > 3.15, p < 0.05), which can most likely be 
ascribed to the surgical procedure, rather than an ongoing inflammatory 
response. As only a single time-point was analysed, we cannot exclude 
the possibility of an earlier inflammatory response which declined over 
time. Previously, such an early activation has been reported in response 
to aSYN overexpression (4 weeks post-surgery) (Theodore et al., 2008; 
Sanchez-Guajardo et al., 2010). High magnification confocal micro
scopy for IBA1 confirmed that the microglial cells are not in a hyper
activated morphological conformation, but rather in a semi-ramified 
state, with a relatively small soma and branches extended in the sur
rounding area (Supplementary Fig. 4G). Triple FL-IHC for TH, IBA1 and 
h-aSYN (Supplementary Fig. 4I-IIII) displays a microglial cell in close 
apposition to the cell body of a TH+ DA neuron that also contains 
h-aSYN. This suggests that even if microglial cells do not undergo spe
cific morphological changes, they might recognize h-aSYN as a potential 
disruptor of physiological conditions and localizes in close proximity of 
h-aSYN expressing cells. 

4. Discussion 

In the present work we utilized a viral vector approach to over
express h-aSYN in the midbrain of rats to model both motor and non- 
motor deficits in a preclinical rodent model of PD. AAV-h-aSYN over
expression models result in more variability in the success-rate of pro
ducing animals with stable behavioural deficits (Yamada et al., 2004; 
Chung et al., 2009; Decressac et al., 2012a, 2012b; Gubinelli et al., 2022; 
Negrini et al., 2022); this is an important limitation in preclinical studies 
that depend on stable behavioural deficits that are not prone to spon
taneous recovery. In the present study, it was possible to identify ani
mals with a moderate cellular loss in the midbrain DA system based on 
combined deficits of the cylinder, stepping and corridor test (all >20% 
bias (Grealish et al., 2010)) as well as the choice reaction time task, with 
the latter two being the most discriminative. This is the first report on a 
complex motor control task in the AAV-h-aSYN overexpression model 
and provides for a fuller characterisation of the behavioural deficits 
thereof. Although the simple tests of motor function are commonly used 
(Deumens et al., 2002), the pattern of movement deficits in humans is 
considerably more complex than what is measured on these tests of 
spontaneous motor function. Two of the cardinal symptoms of parkin
sonism is bradykinesia (Jankovic, 2008; Obeso et al., 2017) (decreased 
movement velocity) and akinesia (difficulty in movement initiation). In 
the current study we employed a choice reaction time task that enables 
us to dissociate the time to initiate movement (reaction time) from the 
time taken to execute the lateralised response (movement time), hence 
two parameters analogous to akinesia and bradykinesia of the human 
condition, respectively. Deficits in simple and choice reaction times 
have repeatedly been reported in human PD patients (Evarts et al., 1981; 
Jahanshahi et al., 1992; Gauntlett-Gilbert and Brown, 1998). Moreover, 
rodents with unilateral 6-OHDA lesions display deficits in simple and 
choice reaction time tasks (Brown & Robbins, 1989a, 1991; Carli et al., 
1989; Baunez and Robbins, 1999; Phillips and Brown, 1999; Heuer and 
Dunnett, 2012, 2013; Heuer et al., 2013a, 2013b, 2013c). In the current 
study, rats of the h-aSYN moderate and the 6-OHDA lesion group dis
played increased reaction times when the lateralised stimulus was 

presented contralateral to the animal’s head, hence providing for the 
first time in a synucleinopathy model an account of a deficit in move
ment initiation. Movement times were increased in both AAV-h-aSYN 
groups as well as the 6-OHDA group bilaterally, although more pro
nounced for responses directed into contralateral space. Similar to the 
6-OHDA lesion model, AAV-h-aSYN overexpression led to motivational 
deficits as indicated by the number of initiated trials (TTU). As described 
previously, the initial response to the centre hole remains goal directed 
even after extensive periods of training and is affected by outcome 
devaluation or reward omission. In contrast, the lateralised response 
becomes habitual and governed by stimulus-response associations 
(Wise, 2004; Lelos et al., 2012). Furthermore, rats of the AAV-GFP, 
AAV-h-aSYN mild, and AAV-h-aSYN moderate group as well as the 
6-OHDA lesion group displayed a deficit in contralateral accuracy. This 
lateralised attentional neglect has previously been reported only in 
6-OHDA lesions (Dowd and Dunnett, 2004, 2005b; a, 2007; Lelos et al., 
2012; Heuer et al., 2013a). The accuracy deficit towards contralateral 
response locations is interpreted as an attentional deficit in contralateral 
space, and when responses were restricted only towards the contralat
eral side, but providing a near and a far contralateral response location, 
rats were perfectly capable of responding to the previously neglected 
response hole and neglecting the contralateral far location (Brown and 
Robbins, 1989b; a, 1991; Heuer and Dunnett, 2013; Heuer et al., 2013a). 
Our observed deficit was shown to be stable for 50 days post-lesion and 
concurrent probe trials which varied the distance and location of the 
near and far hole did not change the response pattern, i.e., the bias to
wards the most proximal location (Heuer and Dunnett, 2013; Heuer 
et al., 2013a). These data exclude a deficit which is due to a primary 
deficit in sensory perception nor execution of a motoric response per se, 
but rather a deficit in relative egocentric space. Cognitive deficits have 
only been modelled in AAV-h-aSYN or pre-formed fibrils (PFFs) injec
tion models with limited success, e.g., spatial working and reference 
memory on the Morris water maze test when aSYN was overexpressed in 
the VTA and septum (Hall et al., 2013) or following injection of PFFs 
into the hippocampus (Kasongo et al., 2020). AAV-h-aSYN over
expression in both neonate mice and rats has generally led to the 
development of pathology, but not to robust deficits in non-motor do
mains (Aldrin-Kirk et al., 2014; Delenclos et al., 2017). We have previ
ously shown minor deficits on working memory on a delayed matching 
to position task after combined aSYN and PFFs injection into the PFC 
(Espa et al., 2019). The operant task utilized in the present work is 
sensitive enough to detect small behavioural differences in the control 
groups (AAV-noTG and AAV-GFP) (Carli et al., 1989; Brown and Rob
bins, 1991; Dowd and Dunnett, 2005a; Heuer and Dunnett, 2012, 2013). 

In the current study, the TH loss obtained by AAV-h-aSYN over
expression was similar to that observed by previous reports from our and 
other groups (Chung et al., 2009; Koprich et al., 2010; Decressac et al., 
2011, 2012a, 2012b; Lundblad et al., 2012; Gombash et al., 2013; Oli
veras-Salva et al., 2013; Van der Perren et al., 2015; Gubinelli et al., 
2022; Negrini et al., 2022). 

Interestingly, even though AAV-GFP injected animals displayed a 
larger nigral cell loss compared to the AAV-h-aSYN injected groups, the 
behavioural deficits were smaller. This is indicative that cellular loss is 
not the only factor responsible for the behavioural deficit. In the clas
sical neurotoxicant 6-OHDA model animals with <60% TH+ cell loss in 
the SN usually do not present with stable behavioural deficits (Kirik 
et al., 1998; Truong et al., 2006). These animals might display a minor 
deficit which recovers after repeated testing to pre-lesion performance 
and the deficit can be re-instated by injection of the 
tyrosine-hydroxylase inhibitor alpha-methyl-para-tyrosine (Dowd and 
Dunnett, 2005a). The biological mechanisms for the recovery are 
thought to be sprouting of remaining host fibres, an upregulation of DA 
release, and an upregulation of post-synaptic DA receptors (Acheson and 
Zigmond, 1981; Robinson and Whishaw, 1988). In the AAV-GFP group 
we do not detect the levels of axonal pathology in form of swellings and 
inclusion formation that is present in animals where h-aSYN was 
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overexpressed. Indeed, impairments in DA release and reuptake kinetics 
has been repeatedly demonstrated repeatedly after h-aSYN over
expression (Lundblad et al., 2012; Hansen et al., 2013; Thakur et al., 
2017; Gubinelli et al., 2022). Although GFP is the most used control 
protein, there are several concerns regarding its use. GFP is derived from 
a non-mammalian species (Aequorea Victoria jellyfish) (Ormo et al., 
1996) and the immune-response towards non-self-proteins has to be 
taken into account (for an excellent review on the choice of an appro
priate control vector we refer to (Albert et al., 2017)). GFP toxicity has 
been reported by several authors (Klein et al., 2006; Koprich et al., 2011; 
Landeck et al., 2017; Albert et al., 2019; Negrini et al., 2022). An 
additional reason for the variation in GFP toxicity seen in the literature 
could be explained by the method used for virus titration; in a previous 
study we have discussed variation in production methodologies and QC 
as a potential source of variability in GFP toxicity (Gubinelli et al., 
2022). We believe that the lack of a behavioural deficit in the AAV-GFP 
group is due to two main reasons: first, the level of degeneration was not 
sufficient to induce behavioural deficits on its own and second, the 
integrity of the remaining host-fibres could provide some compensatory 
mechanisms such as upregulation of DA production, sprouting of 
remaining TH fibres or changes in post-synaptic sensitivity (Acheson 
and Zigmond, 1981; Robinson and Whishaw, 1988). The AAV-h-aSYN 
moderate group displayed a similar loss of nigral TH+ DA neurons, but 
a stable and significant deficit on all behavioural tasks. The morpho
logical analysis of striatal fibres revealed the presence of dystrophic 
axons with clear signs of synucleinopathy (presence of soluble and 
insoluble phosphorylated forms of aSYN), as well as the presence of 
nigral DA-aSYN+ aggregates. The axonal pathology detected, together 
with demonstrations of impaired DA release and reuptake kinetics from 
our previous work (Lundblad et al., 2012; Gubinelli et al., 2022; Negrini 
et al., 2022) suggest that in these protein-overexpression models the 
axonal pathology of remaining host fibres is an important contributor to 
the development of behavioural impairments. Indeed, it has been sug
gested that DA neurodegeneration starts in the DA terminals and not in 
the midbrain DA cells and AAV-h-aSYN overexpression can induce sig
nificant striatal terminal loss without nigral neuronal depletion (San
chez-Guajardo et al., 2010). Disrupted neuronal transmission and 
degeneration of terminals after AAV-h-aSYN overexpression has also 
been shown to induce motor impairments in rats (Phan et al., 2017) and 
primates (Eslamboli et al., 2007) even without significant neuronal loss. 
This is also in accordance with PD human data, where depletion of TH+

fibres in the putamen precedes the degeneration of nigral cell bodies 
(Kordower et al., 2013; Kurowska et al., 2016). 

One major issue with the use of AAV vector models is the variability 
within experimental groups even when excluding between group dif
ferences such as AAV serotype, purification method, promotor, trans
gene, stabilizing sequences, gc-titer and titration method, volume 
injected, site of injection, promotor, protein-stabilizing sequences, etc. 

AAV vector models have been reported to produce much greater 
variation (Kirik et al., 2002; Yamada et al., 2004; Maingay et al., 2006; 
Gorbatyuk et al., 2008; Chung et al., 2009; Decressac et al., 2012a, 
2012b), especially when compared to neurotoxicant injections models 
(e.g. 6-OHDA into the MFB), where the lesion success rate is usually 
>90% (Torres et al., 2011). Although the SN is a small nucleus deep in 
the brain, from the vector expression data we can assume that most of 
the animals were targeted correctly. As the striatum is a heterogeneous 
structure (Collins and Saunders, 2020) differences in degeneration of 
innervating striatal fibres will affect behaviours differently between rats 
within the same experimental group. This is the analogue of the classical 
6-OHDA intrastriatal injections where although the terminal fibre field 
is depleted, there is greater variability in surviving midbrain cell bodies. 

Despite the neurotoxicity of the GFP control group in the present 
study, the development of key histopathological hallmarks of human PD 
histopathology was only limited to the h-aSYN overexpression groups. 
The Lewy-body-like structures displayed proteinase K-resistant cyto
plasmic inclusions, as well as the formation of pSer129-labelled cell 

bodies in the midbrain and neurites in the striatum and PFC. We 
observed axonal pathology consisting of beaded and fragmented axons 
that were positively labelled for TH, VMAT2, human aSYN and pSer129. 
Overall, the histopathological assessment, including pSer129 and Thio
flavin S as well as proteinase K-resistant aggregates confirms the for
mation of Lewy-like pathology in our model (Fujiwara et al., 2002; 
Anderson et al., 2006; Wakabayashi et al., 2007, 2013; Dickson, 2018). 

In this work we used an empty vector as an additional control, 
demonstrating that such vector does not lead to detectable TH cell loss 
via unbiased stereology; however, this does not facilitate the evaluation 
of the general effects of protein overexpression. Alternative approaches 
such as overexpression of vectors carrying an inducible transgene 
cassette or scrambled h-aSYN genome might be used (Koprich et al., 
2016; Musacchio et al., 2017; Albert et al., 2019; Alarcon-Aris et al., 
2020). 

In the present study we could not link the neurodegeneration or 
development of pathology to an inflammatory response in the brain, 
despite the increase in the number of microglial cells at the site of in
jection in all groups receiving surgery. Morphologically the microglial 
cells remained in a ramified or rod-like state and did not display overt 
signs of activated or amoeboid morphology. Whether such an inflam
matory response had taken place at an earlier timepoint was not 
assessed. Previous studies of shorter assessment periods have reported 
such a relation (Su et al., 2008, 2009; Chung et al., 2009; Kim et al., 
2009; Sanchez-Guajardo et al., 2010). 

In the 6-OHDA lesion model much higher levels of nigral DA neuron 
loss are necessary to induce stable behavioural deficits (>50–60% TH 
loss (Kirik et al., 1998)), as partially lesioned 6-OHDA animals are prone 
to compensatory sprouting and spontaneous recovery (Dravid et al., 
1984; Onn et al., 1986; Liberatore et al., 1999; Finkelstein et al., 2000). 
In the h-aSYN overexpression model we were able to select animals, 
based on a behavioural deficit of >20% on a combination of cylinder, 
stepping and corridor test, that presented TH cell loss and stable 
behavioural deficits. These animals are suitable for assessment of ther
apeutic approaches such as cell replacement therapy or gene therapy. 
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