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A B S T R A C T

Parkinson’s disease is a chronic progressive neurodegenerative disorder, mostly manifesting in late adulthood. 
Patients suffering from this idiopathic disease of the nervous system develop cardinal motor symptoms that 
usually appear after non-motor symptoms. It is characterized by loss of dopaminergic neurons located in the 
substantia nigra pars compacta and formation of insoluble intracellular protein inclusions of α-synuclein (Lewy 
Bodies). Another symptom is neuroinflammation, which often precedes dopaminergic neuron degeneration and 
the formation of aggregates. In this study, we aimed to establish a viral vector-mediated rat model of Parkinson’s 
disease that mimics both the histological features of the disease and its slow, age-related progression, including 
the development of a motor phenotype over time. Evaluation of different adeno-associated viral serotypes 
overexpressing the human α-synuclein protein revealed that both AAV/6 and AAV/DJ equally transduce primary 
dopaminergic neurons in vitro with the latter being more efficient. In vivo transduction of dopaminergic neurons 
with AAV/DJ led to their degeneration in the substantia nigra pars compacta, which coincided with reduced 
dopaminergic fibers reaching the ipsilateral striatum. Microglia inflammatory response and accumulation thereof 
was evident at early disease stages. Simultaneously, behavioral assessment in the cylinder, the stepping and the 
staircase test showed a decrease in gross motor performance while rearing and stepping. Taken together, we 
established an early AAV/DJ-mediated model for Parkinson’s disease in rats, which not only shows histological 
hallmarks but due to its progressive motor phenotype also provides a therapeutic window suitable for future 
pharmacological modification.

1. Introduction

Parkinson’s disease (PD) is a chronic, progressive neurodegenerative 
disease affecting the elderly, as 1 in 100 people over 60 is prone to 
develop PD (de Rijk et al., 2000; Rajput, 1992). Furthermore, the risk of 
developing PD is constantly increasing as the world’s population is also 

aging (Tysnes, Storstein, 2017; Dorsey et al., 2018; Tumas et al., 2025). 
This renders PD a socioeconomic burden on the health care system, due 
to emerging costs from hospitalizations, pharmacological treatment, 
outpatient visits and home care regarding patients and caregivers 
(Soundy et al., 2014; GBD, 2016; Su et al., 2025).

Patients show a plethora of clinical symptoms, with the cardinal ones 
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affecting initiation and fine regulation of movement, including resting 
tremor, rigidity, bradykinesia and postural instability (Goetz, 2011). 
Apart from motor impairment, non-motor symptoms like dementia, 
depression, anxiety and sleep disorders also occur (Takamatsu et al., 
2018). The progression of motor symptoms coincides with the depletion 
of the neurotransmitter dopamine in the striatum (STR), which is the 
result of a loss of dopaminergic (DA) neurons located in the substantia 
nigra pars compacta (SNpc) (Ehringer et al., 1961; Fearnley and Lees, 
1991). Degeneration of the SNpc leads to the dysregulation of the basal 
ganglia circuitry of the nigostriatal system, which plays a critical role in 
the coordination of controlled movement (Barbeau et al., 1961; Lloyd 
and Hornykiewicz, 1970). Clinical signs of PD patients become evident 
when 80 % of striatal DA innervation is lost and 50 % of DA neurons of 
the SNpc are degenerated (Marsden, 1990).

Loss of DA neurons is linked to the accumulation of proteinaceous 
aggregates of α-synuclein, which further renders PD a synucleinopathy. 
Physiologically, α-synuclein is involved in the N-ethylmaleimide-sensi
tive-factor attachment protein receptor (SNARE)-complex mediated 
vesicular neurotransmitter release, axonal transport and autophagy (Ben 
Gedalya et al., 2009; Burré et al., 2010; Maroteaux et al., 1988; Perez 
et al., 2002). Alpha-synuclein misfolds and aggregates in the form of 
insoluble intraneuronal inclusions, so called Lewy bodies (LBs) and 
Lewy neurites (LNs), the pathological hallmarks of PD (Gibb and Lees, 
1988; Spillantini et al., 1997). Genome-wide association studies cate
gorize single nucleotide polymorphisms in the gene and promoter region 
of α-synuclein as a risk factor for PD and analysis of postmortem brain 
tissue suggests that disease progression is proportional to the spreading 
of α-synuclein aggregates throughout the brain as LBs can be found in 

cortical areas, the amygdala, locus coeruleus, the vagal nucleus and the 
peripheral autonomic system (Braak et al., 2003; Grover et al., 2022; 
Wakabayashi and Takahashi, 1997).

Although PD is an idiopathic disease, a genetic heredity is evident in 
5–10 % of the patients suffering from PD. Monogenetic causes can be 
traced back to mutations in genes such as SNCA, LRKK2, PINK1, DJ-2 or 
Parkin (Jia et al., 2022). The most frequent autosomal dominant genetic 
mutation causing the onset of PD is LRRK2, while mutations of the SNCA 
gene only appear with a rare frequency of up to 1,1 %. (Hernandez et al., 
2016; Jia et al., 2022, Ye et al., 2023). These mutations are encoding for 
α-synuclein or multiplications of its locus (Polymeropoulos et al., 1997; 
Wong and Krainc, 2017).

The current therapeutic gold standard for the motor symptoms is the 
administration of levodopa, which only temporarily restores striatal 
dopamine levels (Cotzias et al., 1974; Lloyd et al., 1975). Other treat
ment options include deep brain stimulation and a variety of pharma
cotherapies (Benabid et al., 1993; Tolosa et al., 1998; Vercueil et al., 
1998). Due to the inefficiency of the current pharmacological and sur
gical approaches, gene therapy, especially viral vector mediated ther
apy, has been explored. Adeno-associated viruses (AAVs) are the most 
commonly used vectors in pre-clinical and clinical studies due to their 
low toxicity, negligible inflammatory responses, sustained transgene 
expression and a plethora of capsid serotypes (McCown, 2005).

Generating animal models that replicate both the α-synucleinopathy 
and the progressive development of motor symptoms still is a challenge. 
Overexpression of α-synuclein using AAVs is a promising strategy as 
α-synuclein overexpression in rats mimics endpoints of the human dis
ease in a progressive manner suitable to test therapeutic interventions 

Fig. 1. Transduction potential of the AAV/DJ serotype overexpressing the human α-synuclein protein. Assessment of transduction potential of AAV/DJ-α-synuclein 
and AAV-DJ/tdTomato in primary DA neurons. 80.000 cells were seeded per well and differentiated for 3 days. After 3 DIV, cells were transduced with 1 × 1010 vg/ 
μL AAV/DJ-α-synuclein or AAV/DJ-tdTomato for 3 days, respectively. After 8 DIV, all cells were fixed and stained for TH (green) and Dapi (blue). AAV/DJ- 
α-synuclein transduced cells were additionally stained for α-synuclein (red), while fluorescence of tdTomato (red) in AAV/DJ-tdTomato transduced cells was directly 
visualized without additional staining. Representative immunocytochemical stainings of DA neurons transduced with AAV/DJ-α-synuclein (a-d), AAV/DJ-tdTomato 
(i-l) and control DA neurons with no viral transduction (AAV/DJ-α-synuclein (e-h) and AAV/DJ-tdTomato (m-p), respectively). White arrows point towards 
transduced TH+ cells (d and l). All images were acquired with a 20 × magnification objective. Scale bar is 100 μm.
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(Azeredo da Silveira et al., 2009; Kirik et al., 2002).
In a previous study, we established an AAV2/DJ-α-synuclein-based 

model for PD, which demonstrated pre-symptomatic and early symp
toms, but did not exhibit a progressive motor phenotype (von Hövel 
et al., 2019). Thus, within this study, we aimed to develop a refined viral 
model of PD that closely mimics the full range of neuropathological 
symptoms of the disease. This includes resistant α-synuclein inclusions, 
early-stage inflammation, progressive loss of dopaminergic neurons, 
and, most importantly, a gradual, progressive motor impairment. The 
goal was to generate a model that provides a therapeutic window, 
allowing the evaluation of potential treatments over the course of dis
ease progression.

2. Materials and methods

2.1. Ethics statement

All surgical procedures, animal experiments and euthanasia were 
conducted in strict accordance with the German Animal Welfare Act and 
were approved by the Lower Saxony State Office for Consumer Protec
tion and Food Safety (LAVES, Hannover, Germany; reference number 
33.12–42502–04–21/3676 and §4 notification according to the German 
Welfare Act).

2.2. Animals

All rats were housed in Macrolon Type IV S open cages (Techniplast, 
Hohenpeissenberg, Germany) in groups of maximum 4 animals and kept 

under controlled environmental conditions (22 ± 2◦C, 55 ± 10 % hu
midity) with a 14 h light-10h dark cycle. Animals received normal diet 
(1324 TPF from Altromin Spezialfutter GmbH & Co. KG, Lage, Germany) 
and tap water ad libitum. Wood chip bedding (Espentiereinstreu AB P3, 
AsBe-wood GmbH; Gransee, Germany) and nesting material Enviro-dri® 
(Claus GmbH, Limburgerhof, Germany) were provided. Adult female 
Sprague Dawley rats were purchased from Janvier (Rte du Genest, 
France) weighting 225–250 g at the start of the experiments. Only fe
male rats were examined in order to maintain comparability to our 
previous study (von Hövel et al., 2019). For in vitro experiments, preg
nant Sprague Dawley rats were purchased from Charles River (Sulzfeld, 
Germany).

2.3. Primary DA progenitor cells

Primary DA progenitor cells were obtained by euthanizing pregnant 
Sprague Dawley rats on embryonic day 12 (E12). Embryos were isolated 
and ventral mesencephala (VM) dissected to generate a cell suspension 
of primary DA progenitor cells (Björklund et al., 1983; Nikkhah et al., 
2009; Timmer et al., 2006). Generated VM were incubated for 20 min in 
preparation medium and afterwards treated with attachment medium 
(3 % fetal calf serum). Cell suspension was centrifuged for 5 min at 
1000 rpm and resuspended in attachment medium to obtain a single cell 
suspension. Cell viability was determined by trypan blue dye (Sig
ma-Aldrich, Munich, Germany) exclusion by means of a Neubauer 
chamber (Marenfeld, Lauda-Königshofen, Germany).

Primary DA progenitor cells were generated as previously described 
(Timmer et al., 2006). Briefly, 500.000 cells/well were seeded on 

Fig. 2. Transduction potential of the AAV/6 serotype overexpressing the human α-synuclein protein. Assessment of transduction potential of AAV/6-α-synuclein and 
AAV/6-tdTomato in primary DA neurons. 80.000 cells were seeded per well and differentiated for 3 days. After 3 DIV, cells were transduced with 1 × 1010 vg/μL 
AAV/6-α-synuclein or AAV/6-tdTomato for 3 days, respectively. After 8 DIV, cells were fixed and stained for TH (green) and Dapi (blue). AAV/DJ-α-synuclein 
transduced cells were additionally stained for α-synuclein (red), while fluorescence of tdTomato (red) in AAV/DJ-tdTomato transduced cells was directly visualized 
without additional staining. Representative immunocytochemical stainings of DA neurons transduced with AAV/6-α-synuclein (a-d), AAV/6-tdTomato (i-l) and 
control DA neurons with no viral transduction (AAV/6-α-synuclein (e-h) and AAV/6-tdTomato (m-p), respectively). White arrows point towards transduced TH+ cells 
(d and l). All images were acquired with a 20 × magnification objective. Scale bar is 100 μm.
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fibronectin/polyornithine (0.1 mg/mL) coated wells in attachment me
dium. The following day, medium was replaced with proliferation me
dium and cells were incubated for 3 days. After 4 days in vitro (DIV), cells 
were detached for 3 min by using trypsin (GibcoTM, life technologies, 
Warrington, UK) and the reaction was stopped by adding attachment 
medium containing 0.05 % DNase (Roche, Basel, Switzerland). Cells 
were incubated in proliferation medium consisting of 10 % fetal calf 
serum (GibcoTM, life technologies, Warrington, UK) and 10 % dimethyl 
sulfoxide (Sigma-Aldrich, Munich, Germany) and stored in liquid ni
trogen at − 196◦C. Medium compositions were used as previously 
described (Ratzka et al., 2012).

2.4. Viral transduction of primary DA neurons

Eighty thousand (80.000) cells/well were plated on 24-well plates 
(glass, Ø 13 mm, VWR, Darmstadt, Germany) containing coverslips pre- 
coated with fibronectin/polyornithine (0.1 mg/mL; Sigma-Aldrich, 
Munich, Germany). Cells were seeded in attachment medium for one 
day. The following day, cells were cultured in differentiation medium 
for 3 days. After 4 DIV, DA neurons were transduced with 1 μL of either 
AAV/DJ-α-synuclein, AAV/DJ-tdTomato, AAV/6-α-synuclein or AAV/6- 
tdTomato (engineered by VectorBuilder, Chicago, USA) in differentia
tion medium in a titer of 1 × 1010 vg/μL for 3 days. AAV/DJ-α-synuclein 
and AAV/6-α-synuclein each contained a transgene cassette over
expressing the human SNCA. AAV/DJ-tdTomato and AAV/6-tdTomato, 
each contained a red fluorescent tdTomato protein.

2.5. Immunocytochemistry

Cells were fixed with 4 % paraformaldehyde (PFA, Sigma-Aldrich, 

Munich, Germany) in 1xPBS for 20 min, washed thrice with 1 ×PBS 
and blocked for 30 min at room temperature in 1 ×PBS containing 0.3 % 
TritonX-100 (Roche, Basel, Switzerland), 3 % normal goat serum (NGS, 
16210–064, GibcoTM, life technologies, Warrington, UK) and 5 % 
bovine serum albumin (BSA, A9418, Sigma-Aldrich, Munich, Germany). 
After blocking, primary antibodies rabbit anti-tyrosine hydroxylase 
(1:1000; AB152, Millipore, Darmstadt, Germany) and mouse anti- 
α-synuclein (1:200; SC12767, Santa Cruz Biotechnology, Heidelberg, 
Germany) were added. The mouse anti-α-synuclein antibody (SC12767) 
targets with high-specificity the amino acids 121–125 of human origin. 
Primary antibodies were incubated over night at 4◦C in 1 ×PBS con
taining 0.3 % TritonX-100, 3 % BSA and 1 % NGS. The next day, cells 
were washed thrice with 1 ×PBS. Secondary antibodies AlexaFluor 488 
anti-rabbit (1:500, Invitrogen, Darmstadt, Germany) and AlexaFluor 
555 anti-mouse (1:1000, Invitrogen, Darmstadt, Germany) in 1 ×PBS 
containing 0.3 % TritonX-100 and 1 % NGS were added for one hour. 
After incubation, cells were washed thrice with 1 ×PBS and stained with 
4’,6-Diamidin-2-phenylindol (1:1000; Sigma-Aldrich, Munich, Ger
many) in 1 ×PBS. Visualization took place by use of fluorescence mi
croscopy (BX61; Olympus Deutschland GmbH, Hamburg, Germany). 
Image acquisition was performed with Cell F and CellSens Dimensions 
Ink. Software (Olympus Deutschland GmbH, Hamburg, Germany) using 
a 20 × objective and a numerical aperture of 0.17.

2.6. Protein quantification

For protein quantification, cells were seeded and cultured on 6-well 
dishes (Nunc, Fischer Scientific, Schwerte, Germany) and transduced as 
already described (2.4 viral transduction of primary DA neurons). After 
viral transduction, cells were incubated with 0.005 % trypsin (GibcoTN, 
life technologies, Warrington, UK) in differentiation medium for 3 min. 
The reaction was stopped by adding attachment medium containing 
0.05 % DNase (Sigma, Taufkirchen, Germany). For each sample, two 
wells were pooled and centrifuged thrice at 20.000 rpm. Cell pellets 
were lysed in radioimmune precipitation assay (RIPA) buffer consisting 
of 137 mM sodium chloride (J.T. Baker, Schwerte, Germany), 20 mM 
tris-hydrochloride (Sigma, Taufkirchen, Germany) pH 7, 525 mM 
β-glycerolphosphate (Sigma, Taufkirchen, Germany), 2 mM ethyl
endiaminetetraacetic acid (Sigma, Taufkirchen, Germany), 1 mM so
dium orthovanadate (Sigma, Taufkirchen, Germany), 1 % (w/v) sodium 
desoxycholate (Sigma, Taufkirchen, Germany) and 1 % (v/v) TritonX- 
100 containing phosphatase inhibitor (Roche, Mannheim, Germany) 
and protease inhibitor (Roche, Mannheim, Germany). Per sample, 50 μg 
protein were dissolved in Laemmli buffer [25 mM tris-hydrochloride pH 
8, 7.5 % sodium dodecyl sulfate, 25 % glycerol, 12.5 % β-mercaptoe
thanol, 0.5 % bromphenol blue (Sigma, Taufkirchen, Germany)] and 
denaturized by boiling at 90◦C for 15 min. Protein samples were sepa
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
tracked by a broad range protein ladder (Merck, Darmstadt, Germany). 
Proteins were transferred on an Amersham Protran Premium nitrocel
lulose blotting membrane [0.45 μm; Healthcare, (Th. Greyer), Hamburg, 
Germany]. After the transfer, membranes were blocked for 30 min in 
blocking solution consisting of 5 % BSA in tris-buffered saline [TBS 
containing 0.03 % (v/v) Tween buffer (Sigma, Taufkirchen, Germany]. 
Primary antibodies goat anti-tdTomato (1:500; MBS448092, MyBio
Source, Eersel, Netherlands) and mouse anti-glyceraldehyd-3- 
phosphate-dehydrogenase (GAPDH, 1:1000; Cell signaling, Leiden, 
Netherlands) were incubated overnight at 4◦C. Secondary antibodies 
(anti-mouse horseradish peroxidase (HRP)-linked whole antibody 
[1:4000; GE Healthcare, (Th. Greyer), Hamburg, Germany] and anti- 
rabbit HRP-linked whole antibody [1:5000; GE Healthcare, (Th. 
Greyer)] were incubated in 5 % milk powder (Heirler Cenovis, Radolf
zell, Germany) for 1 h at room temperature. Bands were visualized by 
INTAS Science Imaging (Göttingen, Germany), and densitometric ana
lyses were performed by LabImage1D Software (Göttingen, Germany).

Fig. 3. Transduction efficiency of AAV/DJ and AAV/6 serotype overexpressing 
the human α-synuclein protein. Assessment of transduction efficiencies of AAV/ 
DJ-α-synuclein, AAV/DJ-tdTomato, AAV/6-α-synuclein and AAV/6-tdTomato 
in primary DA neurons. 80,000 cells were seeded per well and differentiated 
for 3 days. After 3 DIV, cells were transduced with 1 × 1010 vg/μL AAV/DJ- 
α-synuclein, AAV/DJ-tdTomato, AAV/6-α-synuclein or AAV/6-tdTomato for 3 
days, respectively. After 8 DIV, cells were fixed and stained for TH (green), Dapi 
(blue), α-synuclein (red) or against tdTomato (red), respectively. Quantitative 
estimation of double positive cells (α-synuclein+/TH+ or tdTomato+/TH+) of 3 
independent experiments. Higher transduction efficiency of the AAV/DJ sero
type (for both α-synuclein and tdTomato viral constructs) compared to the 
AAV/6 serotype. Data are represented as mean ± SEM (repeated measure
ments). Two-way ANOVA followed by Tukey’s post hoc analysis with *p < 0.5.
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2.7. Stereotaxic injections

All rats received a unilateral stereotaxic injection into the right SNpc 
(AP − 5.2 mm, LAT − 2.0 mm, DV − 7.2 mm) with reference to individual 
bregma and dura coordinates (Paxinos and Watson, 2013). At the time of 
the injection the animals were 110–155 days old. Injection was per
formed under general anaesthesia with isoflurane (induction: 5 % in O2, 
maintenance: 2–3 % in O2, CP Pharma, Burgdorf, Germany). Prior to 
surgery, analgesia was administered via subcutaneous (s.c.) injection of 
5 mg/kg body weight carprofen (carprosol, 50 mg/mL, CP Pharma, 
Burgdorf, Germany), which was further administered for 3 consecutive 
days after surgery. Additionally, Emla® creme (25 mg/g lidocaine +
25 mg/g prilocaine, Aspen, Munich, Germany) was administered to the 
shaved head for local anesthesia before dermal incision. After disinfec
tion and dermal incision, a few drops of 1 % lidocaine (xylocaine, Aspen, 
Munich, Germany) were applied to the skull for local anesthesia of the 
periost. Animals were fixed in a stereotaxic frame (Harvard Apparatus, 
Holliston, USA) and viral constructs overexpressing the human SNCA, 
the red fluorescent tdTomato protein or sham (no viral construct; only 
1xPBS injected) were applied with an UltraMicroPump microsyringe 
injector (World Precision Instruments, Sarasota, USA) using a 10 μL 

gastight syringe with a 33 gauche needle (1701 small hub Hamilton, 
Carl Roth, Karlsruhe, Germany). Injection rate was 0.3 μL/min. After 
injection, the needle was not withdrawn for 5 min to ensure sufficient 
diffusion of the injected solution. The wound was closed with 11 × 2 mm 
wound clips (BN511, Braun, Melsungen, Germany). After surgery, ani
mals received a s.c. injection of 5 mL 0.9 % saline (Braun, Melsungen, 
Germany) and were closely monitored until regaining full conscious
ness. Seventy-one rats received an injection of either 3 µL 
AAV/DJ-α-synuclein (1 ×1010 vg/μL), 3 µL AAV/DJ-tdTomato (1 ×1010 

vg/μL) or 3 µL 1 ×PBS (sham operated animals). One animal was 
excluded due to respiratory complications during anaesthesia because of 
a brain tumor. Out of 70 operated animals, further 11 were excluded 
from stereological, densitometric and behavioral evaluation due to 
misinjections in close proximity to the SNpc, verified post mortem by 
histological evaluation. Animals were randomly allocated to the injec
tion groups by means of Random Team Generator (www.randomlists. 
com/team-generator).

2.8. Behavioral assessment

A battery of three different behavioral tests (cylinder, stepping and 

Fig. 4. Transduction of DA neurons in SNpc after AAV/DJ-α-synuclein, AAV/DJ-tdTomato or 1 ×PBS injection. Representative fluorescence staining of nuclei 
(Dapi+), remaining TH+ neurons and transduced cells located in the SNpc after AAV/DJ-α-synuclein (a-d) and AAV/DJ-tdTomato injection (e-h) at 12 weeks, 
respectively, or after 1 ×PBS injection at 8 weeks (i-l). Exemplary staining of α-synuclein-transduced TH+ cells after AAV/DJ-α-synuclein injection at 12 weeks; white 
arrows point towards transduced cells (m-o). All images were acquired with a 20 × (a-l) or 40 × (m-o) magnification objective. Scale bar is 500 μm (a-l) or 50 μm 
(m-o).
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staircase test) were performed after a two-week training and acclima
tization period pre injection (baseline) and then 4-, 8-, 12- and 16 weeks 
post injection. All 3 tests were conducted over a period of 13 days per 
timepoint. The experimenter and analyst was blinded to the experi
mental conditions.

For the cylinder test, a transparent glass cylinder was placed in front 
of two mirrors to assess forelimb asymmetry while rearing (Schallert 
et al., 2000). Animals were recorded over a total timeframe of 5 min, 
during which the first 20 wall touches of the cylinder were counted. Use 
of the left paw is expressed as the % of the spontaneous first 20 limb uses 
(both forepaws) towards the walls of the glass cylinder while rearing.

Forelimb akinesia was further evaluated by the stepping test (Olsson 
et al., 1995) on 3 consecutive days (twice daily). Animals were posi
tioned in a horizontal plane above the flat surface of a table while 
loosely fixing both hindlimbs as well as one of the forelimbs (the one not 
evaluated). The animal was moved sideways (forehand and backhand 
direction approx. 90 cm) over a period of 5 sec while the forelimb kept 
contact with the surface of the table enabling the animal to perform 
steps. Adjusting steps of each forelimb in each direction were counted. 
The mean number of steps performed over 3 consecutive days in both 
trials per day was calculated.

Fine motor skills (ability to reach, grasp and retract food pellets) 
were evaluated in both forelimbs independently and monitored over 
15 min with the staircase test (Montoya et al., 1991). A double staircase 
with seven steps on each side was loaded with food pellets (four per step) 
(Dustless Precision Pellets, 45 mg, chocolate flavour, Bio-Serv, Fle
mington, USA). Rats underwent a food-restricted period during the test 
to increase their motivation. During the whole test period (acclimati
zation and actual test), the feeding schedule was changed from ad libitum 
access to 12–15 g of chow per animal per day (fed in the evening). 
During the testing period, rats were placed into the staircase boxes and 
after 15 min, the number of remaining pellets on each stair was counted 
on both sides. The test was repeated over 6 consecutive days after a 
4-day acclimatization period to the test box for each timepoint. The 
mean number of pellets grasped on both sides (left is contralateral to 
lesion) of the staircase box over 6 days was calculated.

2.9. Perfusion and immunohistochemistry

Rats were perfused 4-, 8-, 12- or 16 weeks post injection as previously 

described (Rumpel et al., 2015). Briefly, rats were euthanized using CO2 
inhalation and transcardially perfused with 250 mL 0.9 % saline fol
lowed by 250 mL 4 % PFA (Sigma-Aldrich, Munich, Germany). Brains 
were isolated and post-fixed overnight at 4◦C. The following day, brains 
were transferred to 30 % sucrose (Roth, Karlsruhe, Germany) for cryo
protection and embedded in ethylene glycol (Merck, Karlsruhe, Ger
many) and glycerol (Roth, Darmstadt, Germany). After frozen at − 20◦C, 
brains were coronally sectioned on a freezing stage microtome (Leica 
Biosystems, Wetzlar, Germany) at a 40 μm thickness in a series of 6.

Immunohistochemical stainings were conducted on free-floating 
sections. For fluorescent stainings, sections were blocked for one hour 
in 5 % BSA (A9418, Sigma-Aldrich, Munich, Germany) blocking solution 
(1 ×PBS). Every third section was used for double immunofluorescence 
staining with rabbit anti-tyrosine hydroxylase (TH, 1:500, AB152, Mil
lipore, Darmstadt, Germany) in 1 % NGS (16210–064, GibcoTM, life 
technologies, Warrington, UK) and 0.3 % TritonX-100 (Roche, Basel, 
Switzerland) in 1 ×PBS and either mouse anti-α-synuclein (1:200; 
SC12767, Santa Cruz Biotechnology, Heidelberg, Germany) or goat anti- 
tdTomato (1:200; MBS448092, MyBioSource, Eersel, Netherlands) in 
1 % BSA (A9418, Sigma-Aldrich, Munich, Germany) and 0.3 % TritonX- 
100 (Roche, Basel, Switzerland) in 1 ×PBS overnight. The mouse anti- 
α-synuclein antibody (SC12767) targets with high-specificity the amino 
acids 121–125 of the human sequence. Additional series were stained 
with mouse anti-TH (1:500, T1299, Sigma-Aldrich, Munich, Germany) 
and rabbit anti-glial fibrillary acidic protein (GFAP, 1:400; 9269, Sigma- 
Aldrich, Munich, Germany), rabbit anti-calbindin D-28k (1:4000; CD 38, 
Swant, Burgdorf, Switzerland) or rabbit anti-Kir 3.2 (Girk2, 1:400; APC- 
006, Almone, Jerusalem, Israel) in 1 % BSA (A9418, Sigma-Aldrich, 
Munich, Germany) and 0.3 % TritonX-100 (Roche, Basel, Switzerland) 
in 1 ×PBS overnight. The following secondary antibodies were used: 
Alexa Fluor 555 anti-mouse (1:500; Invitrogen, Darmstadt, Germany), 
Alexa Fluor 488 anti-mouse (1:500; Invitrogen, Darmstadt, Germany), 
Alexa Fluor 555 anti-rabbit (1:500; Invitrogen, Darmstadt, Germany), 
Alexa Fluor 488 anti-rabbit (1:500; Invitrogen, Darmstadt, Germany), 
Alexa Fluor 555 anti-goat (1:500; Invitrogen, Darmstadt, Germany) and 
Alexa Fluor 488 anti-goat (1:500; Invitrogen, Darmstadt, Germany) in 
1 % BSA (A9418, Sigma-Aldrich, Munich, Germany) and 0.3 % TritonX- 
100 (Roche, Basel, Switzerland) in 1 ×PBS overnight. To visualize cell 
nuclei, a Dapi staining (1:1000, Sigma-Aldrich, Munich, Germany) was 
added. Moreover, one series of each brain was stained with the primary 

Fig. 5. Stereological evaluation of DA neurons in SNpc. Quantification of percentages of remaining TH+ neurons in the injected SNpc (normalized to the non-injected 
hemisphere of each rat) revealed loss of DA neurons at 8 (n = 6), 12 (n = 9) and 16 (n = 7) weeks post AAV/DJ-α-synuclein injection compared to sham (1 × PBS; 
n = 3) or AAV/DJ-tdTomato (n = 3) operated rats (a). Quantification of absolute numbers of remaining TH+ neurons in the injected SNpc revealed loss of DA 
neurons at 8 (n = 6), 12 (n = 9) and 16 (n = 7) weeks post AAV/DJ-α-synuclein injection compared to sham (1 × PBS; n = 3) or AAV/DJ-tdTomato (n = 3) operated 
rats (b). No loss of DA neurons in the injected SNpc at 4 weeks post AAV/DJ-α-synuclein (n = 12) injection compared to sham (1 × PBS; n = 3) or AAV/DJ-tdTomato 
(n = 3) operated rats. Data are represented as mean ± SEM. Two-way ANOVA followed by Tukey`s post hoc analysis with *p < 0.5, **p < 0.01, ***p < 0.001 
and ****p < 0.0001.

E. Kefalakes et al.                                                                                                                                                                                                                              Brain Research Bulletin 230 (2025) 111464 

6 



antibody mouse anti-TH (1:500, T1299, Sigma-Aldrich, Munich, Ger
many) followed by avidin-biotin-complex (ABC) kit (Vector Labora
tories, Petersborough, UK) with biotinylated rabbit anti-mouse antibody 
(1:200, Dako, Glostrup, Denmar) and 3,3′-diaminobenzidine (DAB, 
Sigma-Aldrich, Munich, Germany) with ammonium nickel sulfate 
intensification for visualization. Sections were digitized and visualized 
with an AxioScan.Z1 (Zeiss Microscopy, Oberkochen, Germany) slide 
scanner and the Zen2011 software (Zeiss Microscopy, Oberkochen, 
Germany).

Iba1 analyses were performed in a collaborating laboratory as fol
lows: free-floating sections were washed thrice in 0.05 M PBS for 10 min 
and blocked in 10 % NGS in TBS. Incubation with primary antibody 
staining solution took place overnight at 4◦C [2 % NGS/0.5 % Triton X in 
TBS; guinea-pig anti-Iba1 (#234308, 1:500, Synaptic systems, 
Göttingen, Germany), mouse-anti-TH (#22941, 1:2000, Immunostar, 
Hudson, Wisconsin, USA)]. Afterwards, sections were washed thrice 
with 0.05 M TBS for 10 min and incubated with secondary antibodies 
(Invitrogen, goat-anti-guineapig AF647 and goat-anti-mouse AF488) in 

5 % NGS for one hour. Slices were mounted and coverslipped with 
Prolong Gold Antifade DAPI medium (#P36931, Invitrogen, Waltham, 
Massachusetts, USA). Images were acquired with a Zeiss AxioObserver 
Setup with a Calibri 7 LED (Carl Zeiss, Oberkochen, Germany) light 
source and Zen Blue Pro 2.6 Software.

For staining against S129-phosporylated α-synuclein, sections were 
washed twice in 10 mM TBS (Tris-HCl) for 5 min and once in 10 mM TBS 
containing 0.05 % Tween (pH 7.8; 100 mM NaCl) for 5 min. Afterwards, 
sections were incubated with 20 μg/mL proteinase K (#03115879001, 
Roche, Mannheim, Germany) in 10 mM TBS containing 0.1 % Tween for 
45 min. Sections were washed twice in 10 mM TBS for 5 min and once in 
1 ×PBS for 5 min. In addition, sections were incubated with a solution 
consisting of 3 % hydrogen peroxide (Merck, Darmstadt, Germany), 
10 % methanol (J.T. Baker, Schwerte, Germany) and 1 ×PBS for 10 min. 
After incubation, sections were washed trice in 1 ×PBS for 5 min. In
cubation with primary antibody staining solution took place overnight 
(1:2000; AB59264, Abcam, Cambridge, United Kingdom). Sections were 
washed thrice in 1 ×PBS for 5 min and incubated with biotinylated goat 

Fig. 6. Densitometric evaluation of remaining DA fiber density in the STR. Representative staining of remaining TH+ fiber density in the STR at serial sections of 6 
different rostrocaudal striatal planes (AP: +1.2; +0.96; +0.72; +0.48; +0.24 and 0.0 relative to bregma) of a sham (1 ×PBS) operated animal (a). Representative 
staining of remaining TH+ fiber density in the STR (+0.48 relative to bregma) and of remaining TH+ cells located in the SNpc (-5.04 relative to bregma) 4, 8, 12 and 
16 weeks post AAV/DJ-α-synuclein injection (b). All images were acquired with a 20 × magnification objective. Scale bar is 1000 μm. Quantification of percentages 
of remaining TH+ fiber density in the STR revealed loss of DA fibers at 4 (n = 11), 8 (n = 7), 12 (n = 9) and 16 (n = 7) weeks post AAV/DJ-α-synuclein injection 
compared to sham (1 × PBS; n = 3) or AAV/DJ-tdTomato (n = 3) operated rats (c). Data are represented as mean ± SEM. Two-way ANOVA followed by Tukey’s post 
hoc analysis with *p < 0.5, **p < 0.01 and ***p < 0.001.
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anti-rabbit antibody (1:200; Jackson Immunoresearch, Dianova, 
Hamburg, Germany) for one hour. Sections were washed thrice in 
1 ×PBS for 5 min and incubated with avidin-biotin complex ABC kit 
(Vector Laboratories, Peterborough, UK) and DAB (Sigma Adrich, 

Munich, Germany) with ammonium nickel sulfate (Honeywell Riedel de 
Haen, Seelze, Germany) intensification. All images were visualized by 
AxioScan.Z1 (Zeiss Microscopy, Oberkochen, Germany) slide scanner 
and Zen2011 software (Zeiss Microscopy, Oberkochen, Germany).

Fig. 7. Progressive degeneration of Girk+ DA neurons in the VTA and SNpc at different timepoints after AAV/DJ-α-synuclein injection. Representative fluorescence 
staining of nuclei (Dapi+), remaining TH+ neurons (green) and Girk+ DA neurons (red) located in the SNpc and the VTA after AAV/DJ-α-synuclein injection at 4 (a- 
d), 8 (e-h), 12 (i-l) and 16 weeks (m-p). All images were acquired with a 20 × magnification objective. Scale bar is 500 μm.

Fig. 8. No differences in Calbindin+ DA neurons in the VTA and the lateral tier of the SNpc at different timepoints after AAV/DJ-α-synuclein injection. Repre
sentative fluorescence staining of nuclei (Dapi+), remaining TH+ neurons (green) and Calbindin+ DA neurons (red) located in the SNpc and the VTA after AAV/DJ- 
α-synuclein injection at 4 (a-d), 8 (e-h), 12 (i-l) and 16 weeks (m-p). All images were acquired with a 20 × magnification objective. Scale bar is 500 μm.
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2.10. Stereological and densitometric evaluation

Evaluation of the total number of DA neurons in the SNpc was con
ducted by stereological estimation. Every third section was analyzed by 
means of the optical fractionator workflow of Stereo Investigator soft
ware (MBF Bioscience, Vermont, USA) using a 40 × objective and a 
numerical aperture of 0.17. The whole area of the SNpc (excluding the 
dorsal part) was counted, which encompassed 20–24 sections per ani
mal, using a grid size of 200 × 200 μm, a counting frame of 110 × 110 
μm and a 22 μm dissector height with a 2 μm guard zone distance. Tissue 
thickness was determined at each counted section. The accepted coef
ficient of error was < 0.08 (Gundersen m=1). The experimenter and 
analyst was blinded to the experimental conditions.

Striatal fiber density was evaluated by densitometric analysis by a 
blinded experimenter as previously described (Rumpel et al., 2015). The 
optical density of the STR of both hemispheres was measured on brain 
sections stained for TH at six coronal levels: AP + 1.2, + 0.96, + 0.72, 
+ 0.48, + 0.24, 0.0 mm relative to bregma (Paxinos and Watson, 2013) 
using ImageJ software (National Institute of Health, Bethesda, USA). 
The optical density of the corpus callosum was set as the background and 
therefore, was subtracted from the values. Results are expressed as % of 
remaining fibers within the lesioned right STR relative to the contra
lateral STR.

Iba1 data was evaluated using ImageJ with Iba1+ cells manually 
counted (Cell counter plugin) in a standardized ipsi- and contralateral 
SNpc 20x magnification field in AAV/DJ-α-synuclein treated animals. 
Additionally, the mean fluorescence intensity of the Iba1 channel was 
measured.

2.11. Statistical analyses

All statistical analyses were performed with GraphPad Prism soft
ware, version 9 (GraphPad Software Inc., San Diego, CA). Results are 

presented as mean ± SEM. Paired students t-test, ordinary one-way or 
two-way ANOVA was applied for comparisons between groups 
(repeated measurements or not), followed by multiple comparisons 
post-hoc tests (Turkey’s or Dunnett’s) as indicated. Differences were 
considered significant in case of a p-value < 0.05 and represented as 
follows: *: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001 and 
****p < 0.0001.

3. Results

3.1. Evaluation of the AAV/DJ and AAV/6 serotypes in primary DA 
neurons in vitro

We previously showed that the AAV2/DJ serotype is able to trans
duce DA neurons in vivo and that transduction achieved by stereotaxic 
injection of two different viral constructs (wildtype- or E46K human 
SNCA encoding for α-synuclein) leads to degeneration of DA neurons 
located in the SNpc (von Hövel et al., 2019). We also showed that loss of 
DA neurons and their fibers results in behavioral deficits. To establish a 
refined rat model closer mimicking both the histological and behavioral 
hallmarks of PD, we first evaluated the transduction efficiencies of 4 
different AAV serotypes overexpressing the human α-synuclein protein 
in primary DA neurons in vitro (AAV/5 and AAV/9 data not shown as no 
transduction was evident).

3.1.1. Higher transduction efficiency of the AAV/DJ serotype in primary 
DA neurons

Transduction efficiency was assessed by immunocytochemically 
staining DA neurons (TH+) to identify successful viral transduction. We 
used viral constructs overexpressing either the human α-synuclein or the 
red fluorescent tdTomato protein. The assessment was performed for 
both the AAV/DJ and the AAV/6 serotypes. Double positive DA neurons 
were counted. Exemplary stainings for all conditions (control: no viral 

Fig. 9. Formation of proteinase K resistant S129-phosphorylated human α-synuclein protein inclusions after AAV/DJ-α-synuclein, AAV/DJ-tdTomato or 1 ×PBS 
injection. Representative staining of the injected hemisphere relative to the non-injected hemisphere after AAV/DJ-α-synuclein, AAV/DJ-tdTomato or 1 ×PBS in
jection at 16 weeks post injection (a, d and g). Representative staining of the injected hemisphere (b) relative to the non-injected hemisphere (c) in sham (1 ×PBS) 
operated rats at 16 weeks post injection. Representative staining of the injected hemisphere (e) relative to the non-injected hemisphere (f) at 16 weeks post injection 
with AAV/DJ-tdTomato. Representative staining of the injected hemisphere (h) relative to the non-injected hemisphere (i) at 16 weeks post injection with AAV/DJ- 
α-synuclein; black arrows point towards proteinase K resistant phosphorylated α-synuclein inclusions in the injected SNpc. All images were acquired with a 
40 × magnification objective (a-i). Scale bar is 1000 μm (a and g), 500 μm (d) or 100 μm (b, c, e, f, h and i).
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transduction, AAV/DJ-α-synuclein, AAV/DJ-tdTomato, AAV/6-α-synu
clein and AAV/6-tdTomato, respectively) can be seen in Fig. 1a-p and 
Fig. 2a-p.

There was successful viral transduction with both, the AAV/DJ and 
the AAV/6 serotype. Thus, to determine the most suitable AAV serotype 
for in vivo stereotaxic application, transduction efficiencies of both se
rotypes were assessed.

There was a significantly higher number of transduced DA cells that 
were treated with a viral construct of the AAV/DJ serotype (both 
α-synuclein or tdTomato 85 %) compared to the respective AAV/6 
serotype (α-synuclein: 65 % or tdTomato: 63 %) (Fig. 3).

However, quantification of protein levels revealed no difference in 
transduction efficiencies of the viral constructs AAV/DJ-α-synuclein and 
AAV/6-α-synuclein (Suppl. Fig. 1a-b).

3.2. Evaluation of the AAV/DJ-α-synuclein viral construct in vivo

Thirty-four adult rats received a unilateral injection of AAV/DJ 
carrying the human SNCA into the right SNpc (1 ×1010 vg/μL). Twelve 
rats received a unilateral injection of AAV/DJ carrying red fluorescent 
tdTomato into the right SNpc (1 ×1010 vg/μL) and further 12 rats were 
sham (1 ×PBS) operated. Before in vivo injection, transduction efficiency 

of the viral vectors was evaluated in DA progenitor cells in vitro as 
described to ensure overexpression of the viral inserts of the human 
SNCA encoding for α-synuclein (85 %) and the dTomato gene encoding 
for the tdTomato protein (85 %), respectively. Morphological and 
behavioral changes were examined 4, 8, 12 and 16 weeks post viral 
vector injection and compared to healthy stages (baseline behavioral 
measurement) retrieved prior to stereotaxic injection.

3.2.1. Degeneration of DA neurons in the injected SNpc and their 
corresponding fibers projecting to the ipsilateral STR at 4-, 8-, 12- and 16 
weeks post AAV/DJ-α-synuclein injection

Based on the high transduction efficiency of the AAV/DJ-α-synuclein 
viral vector construct and its control vector AAV/DJ-tdTomato, we 
examined whether a progressive in vivo rat model could be established 
by the use of those particular vectors. First, histological hallmarks 
including the degeneration of DA neurons located in the SNpc and their 
fiber projections to the STR were determined. Exemplary staining of DA 
neurons either overexpressing the α-synuclein or the tdTomato protein 
are shown as co-localizations of TH+ and α-synuclein+ or tdTomato+, 
respectively (Fig. 4a-o).

Further, remaining DA neurons within the injected SNpc were 
quantified by stereological analysis in all animals (Fig. 5a and b). The 

Fig. 10. Iba1+ cell infiltration in the SNpc after AAV/DJ-α-synuclein injection at 4 weeks. Representative fluorescence images of the injected- and non-injected SNpc 
4 weeks after AAV/DJ-α-synuclein injection. TH+ neurons (green) and Iba1+ myeloid cells (white; “microglia”) (a-f). Quantification of Iba1+ associated changes in 
the SNpc (g, h). Infiltration of Iba1+ cells in the injected SNpc can be observed (g, b-f). Additionally, the fluorescent intensity of Iba1+ was increased at the injection 
site (h, b-f). Data shown: individual data points depict individual animals (contra- and ipsilateral side of each), paired values are connected by a line, box symbolizes 
the mean). All images were acquired with a 20 × magnification objective, scale bar: 100 µm.
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estimated number of DA neurons in the non-injected contralateral 
hemisphere was in accordance with earlier studies (Koprich et al., 2010; 
Nair-Roberts et al., 2008; von Hövel et al., 2019) and served as control.

Rats injected with AAV/DJ-α-synuclein showed a significant 
decrease of DA neurons within the injected SNpc after 8 (50.8 % 
remaining TH+ neurons; 3508 absolute remaining TH+ neurons), 12 
(54.2 % remaining TH+ neurons; 3797 absolute remaining TH+ neu
rons) and 16 (49.1 % remaining TH+ neurons; 3044 absolute remaining 
TH+ neurons) weeks compared to rats injected with AAV/DJ-tdTomato 
or sham (1 ×PBS) operated animals, respectively. Although a tendency 
towards a decrease was also evident 4 weeks post injection (78.9 % 
remaining TH+ neurons), no statistical significance was evident. Con
trary to the animals injected with AAV/DJ-α-synuclein, neither AAV/DJ- 
tdTomato (4 weeks: 97.3 %; 5837 absolute TH+ neurons, 8 weeks: 
119.3 %; 5575 absolute remaining TH+ neurons, 12 weeks: 109.0 %; 
6596 absolute remaining TH+ neurons and 16 weeks: 104.3 %; 6605 
remaining TH+ neurons, respectively) nor sham operated rats (1 ×PBS; 
4 weeks: 94.6 %; 5493 absolute remaining TH+ neurons, 8 weeks: 
111.3 %; 7678 absolute remaining TH+ neurons, 12 weeks: 90.3.0 %; 
6605 absolute remaining TH+ neurons and 16 weeks: 103.0 %; 6835 
absolute remaining TH+ neurons remaining TH+ neurons, respectively) 
showed decreased DA neuron numbers over time.

Since loss of DA neurons in the SNpc is accompanied by loss of DA 
fibers innervating the related STR, the density of TH+ fibers reaching the 
STR was evaluated at 6 different coronal levels (AP: +1.2; +0.96; +0.72; 
+0.48; +0.24 and 0.0 relative to bregma) (Paxinos and Watson, 2013). 
The healthy contralateral STR was used as a control (Fig. 6a-b).

In line with the results obtained from the stereological assessment of 
the remaining TH+ neurons in the SNpc, animals injected with AAV/DJ- 
α-synuclein also showed a significant loss of remaining axonal fiber 
density in the ipsilateral STR after 4 (73.5 % remaining fiber density), 8 
(57.2 % remaining fiber density), 12 (59.8 % remaining fiber density) 
and 16 (58.2 % remaining fiber density) weeks, respectively, compared 
to rats injected with AAV/DJ-tdTomato or sham (1 ×PBS) operated 
animals (Fig. 6c). Although a tendency towards a decrease was also 

evident 4 weeks post injection (73.5 % remaining TH+ fiber density), 
statistical significance was not reached. Contrary to the animals injected 
with AAV/DJ-α-synuclein, rats injected with either AAV/DJ-tdTomato 
(4 weeks: 91.4 %, 8 weeks: 94.6 %, 12 weeks: 84.8 % and 16 weeks: 
93.7 % remaining fiber density, respectively) or sham operated rats 
(1 ×PBS; 4 weeks: 100.3 %, 8 weeks: 98.3 %, 12 weeks: 97.7 % and 16 
weeks: 94.1 % remaining fiber density, respectively) did not show 
decreased DA neuron fiber density at any timepoint.

To further determine if the observed degeneration of DA neurons 
only affects a certain subtype of DA cells, we distinguished between 
Girk+ A9 DA neurons located mainly in the SNpc and Calbindin+ A10 
DA neurons mainly found in the ventral tegmental area (VTA) 
(Dahlstroem and Fuxe, 1964). First, we elucidated whether Girk+ DA 
neurons are more prone to degenerate over time. This subset of DA 
neurons was found in most parts of the SNpc and to lesser extent in the 
VTA (Fig. 7a-d). While Girk+ dopaminergic neurons appear qualita
tively susceptible to AAV/DJ-α-synuclein-induced degeneration, a 
quantitative analysis would be necessary to clearly define the vulnera
bility profile of this specific neuronal subset. Nonetheless, Girk+ DA 
neuronal degeneration overlaps with the detected degeneration of TH+

DA neurons of the SNpc over time (Fig. 8d, h, l, p).
The subpopulation of Calbindin+ DA neurons was mainly found in 

the VTA and the lateral tier of the SNpc. Some Calbindin+ DA neurons 
were also visible in the dorsal tier of the SNpc, while the ventral part of 
the SNpc did not show any Calbindin+ DA neurons (Fig. 9a-d). Over 
time, no difference of Calbindin+ DA neurons was detected, showing 
that Calbindin+ DA neurons do not show any vulnerability towards 
AAV/DJ-α-synuclein induced degeneration (Fig. 8d, h, l, p).

3.2.2. Formation of insoluble α-synuclein inclusions in the AAV/DJ- 
α-synuclein injected hemisphere

The formation of insoluble fibrillary aggregates of human α-synu
clein protein is one of the main hallmarks of PD. Staining against the 
S129-phosporylated α-synuclein after proteinase K treatment revealed 
that only rats injected with AAV/DJ-α-synuclein formed insoluble 

Fig. 11. GFAP+ cell infiltration in the SNpc after AAV/DJ-α-synuclein injection at 12 weeks. Representative fluorescence staining of nuclei (Dapi+), remaining TH+

neurons (green) and GFAP+ astrocytes (red) located in the SNpc after AAV/DJ-α-synuclein injection at 4 (a-d), 8 (e-h), 12 (i-l) and 16 weeks (m-p). All images were 
acquired with a 20 × magnification objective. Scale bar is 500 μm.
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inclusions in the injected hemisphere compared to sham operated and 
AAV/DJ-tdTomato injected rats at 16 weeks post injection (Fig. 9a-i). 
Interestingly, these inclusions were not only visible in the SNpc and its 
surrounding areas but also in the cortex and the STR (data not shown).

3.2.3. Early signs of neuroinflammation in the AAV/DJ-α-synuclein 
injected hemisphere

Increased expression of the human α-synuclein protein by viral 
vector can lead to microglia accumulation and a decrease of a homeo
static microglia phenotype. In order to assess changes of myeloid cells, 
rat brain tissue was stained against Iba1, a marker of myeloid cells, 

Fig. 12. Behavioral tests. Left forepaw use in the cylinder test as percentage of wall touches normed to 20 total wall touches at baseline, 4, 8, 12 and 16 weeks post 
(viral or 1 ×PBS) injection (a). Adjusting steps in the stepping test in the forehand (b) and backhand (c) direction of the left paw at baseline, 4, 8, 12 and 16 weeks 
post (viral or 1 ×PBS) injection. Number of pellets retrieved in the staircase test with the left (d) and right (e) paw at baseline, 4, 8, 12 and 16 weeks post (viral or 
1 ×PBS) injection. Data are represented as mean ± SEM (repeated measurements). Two-way ANOVA followed by Dunnett’s post hoc analysis with *p < 0.5, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001. Comparison of AAV/DJ-α-synuclein injected animals at 4 (n = 33), 8 (n = 23), 12 (n = 16) and 16 (n = 7) weeks to 
their individual baseline measurement (n = 33), respectively.

E. Kefalakes et al.                                                                                                                                                                                                                              Brain Research Bulletin 230 (2025) 111464 

12 



which includes microglia, CNS-associated macrophages and monocyte- 
derived cells that infiltrate the brain (Paolicelli et al., 2022). The ipsi
lateral SNpc of sham (1 ×PBS) operated animals and after 
AAV/DJ-tdTomato injection did not show increased numbers of Iba1+

cells (data not shown). A direct ipsi- to contralateral comparison of 
AAV/DJ-α-synuclein animals was chosen to identify direct intra-animal 
effects of AAV/DJ-α-synuclein injection at 4 weeks post injection 
(Fig. 10a-h). Following injection, a significant increase in Iba1+ cells 
was observed (Fig. 10g), combined with an increase of Iba1+ fluorescent 
intensity (Fig. 10h). This is indicative of microglia infiltration and/or 
clonal expansion in response to AAV/DJ-mediated α-synuclein 
overexpression.

Similar to microglia, astrocytes can be detected by the marker GFAP 
(Palfreyman et al., 1979). Astrocyte infiltration and expansion was 
evaluated at 4, 8, 12 and 16 weeks. Thereby, the ipsi- to contralateral 
qualitative comparison was chosen to identify direct intra-animal effects 
of an AAV/DJ-α-synuclein induced lesion at all examined timepoints 
(Fig. 11). Apart from this, both hemispheres were also compared in sham 
and AAV/DJ-tdTomato injected rats with no evident difference (data not 
shown). Following AAV/DJ-α-synuclein injection, a qualitative increase 
in GFAP+ cells was observed at 12 weeks post-injection, which appeared 
reduced by 16 weeks. These observations suggest a transient astrocytic 
response to AAV/DJ-mediated human α-synuclein overexpression, 
although further quantitative analyses would be necessary to confirm 
the extent and dynamics of astrocyte activation.

3.2.4. Progressive motor impairment of the left forepaw in both the cylinder 
and the stepping test

Since motor impairments of PD usually manifest themselves in a 
progressive manner in late adulthood, we aimed to measure disease 
progression by evaluating different timepoints (Hoehn and Yahr, 1967; 
Schwab, 1960). Therefore, behavioral alterations caused by unilateral 
α-synuclein overexpression were evaluated at baseline (before injec
tion), 4-, 8-, 12- and 16 weeks post injection. Motor performance of all 
rats throughout the experimental period was evaluated in the cylinder-, 
the stepping- and the staircase test.

Spontaneous forelimb asymmetry was assessed by use of the cylinder 
test (Schallert et al., 2000). Sham (1 ×PBS) operated animals and ani
mals receiving AAV/DJ-tdTomato did not show any alterations in motor 
behavior over time (Fig. 12a). Baseline sham: 47.3 ± 1.9 %, 4 weeks: 
46.0 ± 2.3 %, 8 weeks: 48.5 ± 4.2 %, 12 weeks: 46.3 ± 2.9 % and 16 
weeks: 40.0 ± 4.1 % and baseline AAV/DJ-tdTomato: 52.1 ± 1.7 %, 4 
weeks: 48.3 ± 3.0 %, 8 weeks: 45.6 ± 2.0 %, 12 weeks: 45.0 ± 3.7 % 
and 16 weeks: 45.0 ± 4.1 %, respectively. Although both sham operated 
rats and AAV/DJ-tdTomato injected rats showed a tendency towards a 
decrease in forelimb use at 16 weeks post injection, this decrease can be 
caused by the low animal number (3 rats were used at 16 weeks for both 
the sham and the AAV/DJ-tdTomato group), also indicated by higher 
SEMs. Contrary, rats injected with AAV/DJ-α-synuclein showed a pro
gressive deterioration of the left paw used to spontaneously touch the 
walls of the glass cylinder over time: baseline: 48.2 ± 1.4 %, 4 weeks: 
41.8 ± 1.9 %, 8 weeks: 40.3 ± 3.0 %, 12 weeks: 36.6 ± 2.3 % and 16 
weeks: 34.3 ± 6.3 %, respectively. It reached statistical significance at 
8, 12 and 16 weeks compared to baseline measurement. However, no 
statistic correlation was registered between the percentage left forepaw 
asymmetry in the cylinder test and the percentage of remaining TH+

cells in the injected SNpc or the remaining TH+ fibers in the ipsilateral 
STR (Suppl. Fig. 2a-f).

Forelimb akinesia was further evaluated in the stepping test (Olsson 
et al., 1995). Here, the left paw’s forehand and backhand movement 
(number of adjusting steps) was assessed (Fig. 12b). Similar to the cyl
inder test, there were no differences observed in sham (1 ×PBS) oper
ated animals or animals injected with AAV/DJ-tdTomato. Baseline 
sham: 10.5 ± 0.5, 4 weeks: 11.9 ± 0.7, 8 weeks: 11.8 ± 0.8, 12 weeks: 
10.2 ± 0.7 and 16 weeks: 7.7 ± 1.9 and baseline AAV/DJ-tdTomato: 
9.1 ± 0.5, 4 weeks: 8.1 ± 0.6, 8 weeks: 10.7 ± 0.8, 12 weeks: 9.5 Ta
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± 1.0 and 16 weeks: 5.7 ± 0.3, respectively. Both sham operated rats 
and AAV/DJ-tdTomato injected rats showed a decrease in the number of 
steps performed in forehand direction with the left forepaw at 16 weeks 
post injection, which is in agreement with the results of the cylinder test. 
However, this decrease was not statistically significant due to a lower 
number of animals evaluated as indicated by higher SEMs. Rats injected 
with AAV/DJ-α-synuclein showed a progressive decrease in the number 
of performed steps with the left forepaw in the forehand direction: 
baseline: 9.5 ± 0.3, 4 weeks: 8.8 ± 0.6, 8 weeks: 9.0 ± 0.7, 12 weeks: 
7.2 ± 0.6 and 16 weeks: 4.6 ± 0.9, respectively. Statistical significance 
was reached at 12 and 16 weeks compared to baseline measurement. 
Similar results were retrieved for the performance of the left forepaw in 
the backhand direction as there were no differences observed in sham 
(1 ×PBS) operated animals or animals injected with AAV/DJ-tdTomato 
(Fig. 12c). Baseline sham: 11.5 ± 0.7, 4 weeks: 11.3 ± 0.4, 8 weeks: 
11.0 ± 0.6, 12 weeks: 10.5 ± 1.3 and 16 weeks: 8.7 ± 1.4 and baseline 
AAV/DJ-tdTomato: 11.6 ± 0.7, 4 weeks: 10.5 ± 0.5, 8 weeks: 10.3 
± 1.2, 12 weeks: 9.5 ± 1.0 and 16 weeks: 9.3 ± 1.1, respectively. Ani
mals injected with AAV/DJ-α-synuclein stepped less with the left fore
paw in the backhand direction: baseline: 10.1 ± 0.4, 4 weeks: 9.7 ± 0.4, 
8 weeks: 8.4 ± 0.6, 12 weeks: 7.1 ± 0.5 and 16 weeks: 5.4 ± 1.2, 
respectively. Statistical significance was reached at 12 and 16 weeks 
compared to baseline measurement. No statistic correlation was regis
tered between the number of adjusting steps of the left paw in the 
forehand direction in the stepping test and the percentage of remaining 
TH+ cells in the injected SNpc or the remaining TH+ fibers in the ipsi
lateral STR (Suppl. Fig. 3 and 4a-f).

Fine motor skills were assessed by use of the staircase test (Montoya 
et al., 1991). Both left and right forepaw fine motor skills (ability to 
reach, grasp and retract food pellets) were evaluated (Fig. 12d-e). Un
like the cylinder and the stepping test, animals injected with 
AAV/DJ-tdTomato showed a statistically significant increase in fine 
motor skills of the left forepaw at 12 and 16 weeks post injection 
although there were no differences in fine motor performance of the left 
forepaw in sham (1 ×PBS) and AAV/DJ-α-synuclein operated animals. 
Baseline sham: 7.7 ± 1.1, 4 weeks: 9.6 ± 1.3, 8 weeks: 11.5 ± 1.6, 12 
weeks: 10.7 ± 2.1 and 16 weeks: 13.3 ± 0.7 and baseline 
AAV/DJ-α-synuclein: 10.5 ± 0.9, 4 weeks: 10.2 ± 0.9, 8 weeks: 12.5 
± 1.0, 12 weeks: 11.4 ± 1.3 and 16 weeks: 14.9 ± 1.5, respectively. 
Baseline AAV/DJ-tdTomato: 6.2 ± 1.3, 4 weeks: 7.0 ± 1.4, 8 weeks: 
10.2 ± 1.4, 12 weeks: 13.2 ± 0.7 and 16 weeks: 15.3 ± 1.8, respec
tively. Although there was a tendency towards an increase in fine motor 
skills of the right forepaw, no statistical differences were detected in 
neither of the groups. Baseline sham: 11.5 ± 1.4, 4 weeks: 13.6 ± 1.6, 8 
weeks: 16.3 ± 1.1, 12 weeks: 11.5 ± 2.1 and 16 weeks: 16.3 ± 1.4 and 
baseline AAV/DJ-tdTomato: 11.1 ± 1.8, 4 weeks: 13.3 ± 1.3, 8 weeks: 
15.2 ± 1.8, 12 weeks: 16.2 ± 1.5 and 16 weeks: 18.0 ± 1.4, respec
tively. AAV/DJ-α-synuclein baseline: 13.1 ± 0.8, 4 weeks: 13.2 ± 0.9, 8 
weeks: 15.2 ± 0.9, 12 weeks: 15.6 ± 1.0 and 16 weeks: 17.1 ± 0.5, 
respectively. All mean values registered in the right forepaw showed 
higher mean values compared to the respective mean values of the left 
forepaw pointing towards a right forepaw handedness of the animals 
tested. Due to the improvement of skilled motor performance, statistic 
correlation was not measured in the staircase test.

4. Discussion

A wide range of AAV-based animal models have been developed to 
investigate PD pathology through targeted overexpression of α-synu
clein (Table 1). Within this landscape, our study introduces a particu
larly methodologically refined model system which provides (i) a 
neuroinflammatory component at an early disease state indicating that 
neuroinflammation goes with neurodegeneration and reflecting the 
situation in PD patients and, (ii) a comprehensive and multidimensional 
behavioral testing strategy to cover a broader spectrum of PD-related 

motor deficits which potentially allows detection of smaller yet rele
vant treatment effects in future translational studies using this model, 
(iii) a moderate viral dose which strikes a deliberate balance between 
achieving consistent α-synuclein pathology and avoiding artifacts asso
ciated with supraphysiological transduction levels. This was achieved 
using the AAV-DJ serotype - a synthetic capsid variant that merges the 
transduction efficiencies of several conventional serotypes. This vector 
enables robust and efficient gene delivery to dopaminergic neurons, 
offering a clear advantage over more commonly used serotypes such as 
AAV2, AAV6, or AAV1/2. Coupled with the neuron-specific synapsin 1 
promoter, our system achieves selective and physiologically relevant 
overexpression of α-synuclein, compared to the broader and often less 
targeted expression driven by ubiquitous promoters like CBA or CMV.

Spreading of α-synuclein is a core hallmark of PD, as α-synuclein 
containing LB-like inclusions can expand from patient tissue to exoge
nously administered healthy cell grafts (Kordower et al., 2008). So far, 
state of the art models include transgenic mouse models overexpressing 
α-synuclein, the injection of α-synuclein containing fibrils or 
viral-mediated models based on AAVs or lentiviruses (Simons and 
Fleming, 2023). AAVs are the most commonly used viruses due to their 
high ability to transduce neurons, their small size, which allows an easy 
expansion within the host tissue and their minimal immunogenic reac
tion. Also, AAVs rarely integrate into the hosts’ genome increasing their 
working safety, thus, showing higher applicability than lentiviruses 
(Gómez-Benito et al., 2020; Konnova and Swanberg, 2018). To ensure 
neuron transduction, the human synapsin 1 promoter was applied 
(Kügler et al., 2003; Van der Perren et al., 2011). Although a promoter 
exclusively targeting dopaminergic (DA) neurons has not yet been 
employed in α-synuclein overexpression models, there are approaches 
utilizing Cre-dependent AAV systems in transgenic rats and mice 
expressing Cre recombinase systems for cell-specific expressions (Liu 
et al., 2016; Grames et al., 2018; Garcia Moreno et al., 2024). However, 
these studies have generally reported limited effects on DA neuron 
viability and, in one case, observed hyperlocomotion, raising questions 
about the robustness and translational relevance of such models.

We found that AAV/DJ showed one of the highest transduction ef
ficiencies in vitro. In vivo AAV/DJ-mediated overexpression of the human 
α-synuclein protein resulted in a significant loss of DA neurons in the 
injected SNpc. Accordingly, striatal fiber density also decreased as DA 
neurons lose their innervation terminals in the STR leading to striatal 
denervation (Musacchio et al., 2022). Earlier studies demonstrated that 
this process strongly depends on viral titers, the α-synuclein insert itself 
(mutated or not) and α-synuclein oligomer- or fibril formation (Conway 
et al., 2000; Oliveras-Salvá et al., 2013; Winner et al., 2011). Fibrillar 
α-synuclein aggregates disrupt the endogenous expression of α-synu
clein and lead to a pathological spread throughout the nervous system 
(Volpicelli-Daley et al., 2011). Although appearance and spreading of 
Lewy pathology is known to follow Braak’s staging, recently an addi
tional subtype showing a body-first spreading has emerged (Horsager 
et al., 2020). We further found that proteinase K resistant inclusions of 
phosphorylated α-synuclein were visible. The presence of α-synuclein 
aggregates correlates with the appearance of motor, psychiatric and 
cognitive symptoms (Beach et al., 2009). In our study, Lewy pathology 
coincides with the appearance of motor symptoms in the cylinder and 
the stepping test as well as the degeneration of DA neurons of the SNpc 
and their fibers reaching the STR.

Midbrain DA neurons are located in the retrorubral field, the SNpc 
and the VTA (Carlsson et al., 1962; Dahlstroem and Fuxe, 1964). The 
SNpc can be divided into a medial, dorsal, lateral and ventral tier con
sisting of DA clusters (Reyes et al., 2012). DA neurons show a hetero
geneous vulnerability, with the ventral tier being much more vulnerable 
than the dorsal tier towards α-synuclein-induced toxicity (Damier et al., 
1999; Gibb and Lees, 1991). Although this vulnerability has not been 
linked to molecular differences of DA subtypes yet, a categorization 
based on immunohistologic markers is possible (Dopeso-Reyes et al., 
2014; Poulin et al., 2014; Thompson et al., 2005). DA neurons of the 
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SNpc can be predominantly identified by a higher Girk2 expression, 
whereas DA neurons located in the VTA mainly, but not exclusively, 
express Calbindin (Chung et al., 2005; Dahlstroem and Fuxe, 1964; 
Dopeso-Reyes et al., 2014; Thompson et al., 2005). These findings are in 
line with our results since we detected Girk+ neurons in all areas of the 
SNpc and only some in the VTA. Studies using double-labeled immu
nohistochemistry have shown that most TH+ neurons in the SNpc do not 
express Calbindin, while many Calbindin+ neurons in the adjacent SN 
pars lateralis or VTA do not express TH (Nemoto et al., 1999, Liang et al., 
1996). This lack of colocalization is often used to distinguish vulnerable 
TH+ (in terms of PD) neurons from resistant populations (Dopeso-Reyes 
et al., 2014). We found Calbindin+ neurons to be predominantly located 
in the VTA and the lateral tier of the SNpc. Noticeably, Calbindin+

neurons were less prone to degenerate. Calbindin is a calcium-binding 
protein involved in the buffering of intracellular calcium, therefore 
Calbindin+ neurons are resistant to PD-associated neurodegeneration, 
probably due to their better calcium buffering capacity (Inoue et al., 
2019). Contrary, Girk+ neurons were highly affected concomitant to the 
degeneration of TH+ neurons of the SNpc.

Glial cells, especially microglia and astrocytes, impact PD initiation 
and progression (Halliday and Stevens, 2011). While neuro
inflammatory responses exist to clear cellular debris and pathogens, 
they can also promote neurodegeneration when overly active. Activated 
microglia is identified by common macrophage markers including Iba1 
(Ito et al., 1998). We found an increased Iba+ microglia density in the SN 
of AAV/DJ-α-synuclein injected rats. In line with our results, microglia 
activation is described in early PD stages prior to DA degeneration of the 
SN (He et al., 2002; Sherer et al., 2003; Su et al., 2009). Moreover, there 
is strong evidence that microglia become activated and enriched as a 
reaction to α-synuclein accumulating, thus, enhancing α-synuclein-re
lated pathology and DA cell loss (Zhang et al., 2005; Zheng and Zhang, 
2021). Besides accumulating altered α-synuclein, astrocytes propagate 
neurodegeneration via exacerbating microglia activation by release of 
inflammatory stimuli within the microglia-astrocyte crosstalk (Sun 
et al., 2016). Our findings show first qualitative cues of GFAP+ astrocyte 
clustering around the SNpc post AAV/DJ-α-synuclein injection. At 16 
weeks post injection, this effect is diminished supporting the fact that 
extensive α-synuclein accumulation suppresses astrocyte activation at 
exacerbated disease end stages (Tong et al., 2015). Altogether, glia 
propagates early α-synuclein-dependent neuroinflammation within our 
model, as the inflammatory responses detected were neither 
AAV-induced nor associated with the surgical procedure itself. Although 
PD is not an autoimmune disease, neuroinflammation is prominent in 
PD patients with some inflammatory responses preceding motor phe
notypes (Lindestam Arlehamn et al., 2020).

Apart from the histological hallmarks of PD, one of the most crucial 
aspects is the development of motor impairment. In animal models of 
PD, motor deficits typically begin when 40–50 % of dopamine (DA) 
neurons are lost, with 60–70 % of their nerve fibers still able to reach the 
striatum (STR) (Decressac et al., 2012; Gombash et al., 2013; Kirik et al., 
2002). In our model, the severity of motor deficits directly corresponds 
to the extent of DA neuron loss and the progression of the disease.

The cylinder test is widely used to assess forelimb use asymmetry 
after a unilateral lesion of the SNpc (Decressac et al., 2012; Schallert 
et al., 2000; von Hövel et al., 2019). Rats injected with 
AAV/DJ-α-synuclein developed a forelimb use asymmetry. This 
decrease was registered by an increased voluntary use of the right 
forepaw (ipsilateral to lesion site). Taken together, the detected left 
forepaw use asymmetry (contralateral to lesion site) is comparable to 
studies reporting significant impairment in correlation with a 45 % 
neuron loss in the SNpc and/or their projecting fibers to the STR 
(Decressac et al., 2012). Here, the handedness of the animals, needs to 
be considered as it is independent of the learning process during the 
execution of a motor task (Miklyaeva et al., 1991). Specifically, 
Sprague-Dawley rats are described to show a right-pawed handedness 
regardless of sex (Pençe, 2002). Similarly, rats injected with 

AAV/DJ-α-synuclein developed a decrease in the number of adjusting 
steps in both the forehand and backhand direction in the stepping test. 
The stepping test assesses deficits in forelimb stepping in the contra
lateral side of the lesion (Cederfjäll et al., 2012; Olsson et al., 1995). 
Sham- and AAV/DJ-tdTomato injected animals showed fluctuations in 
both the forehand and backhand direction. This variation can be 
explained by the lower number of animals used within these groups as 
well as the higher susceptibility of the stepping test due to the direct 
interaction of the animal with the experimenter (Olsson et al., 1995).

Contrary, a general increase in fine motor skills was observed in the 
staircase test. Surprisingly, rats injected with a AAV/DJ-tdTomato 
showed an improvement in the contralateral side of the lesion (left 
forepaw). The staircase test assesses skilled forepaw use as it combines 
distinct forepaw movements (reach, grasp and retract) including a 
rotatory movement, which renders it the most sensitive test of our study 
(Klein and Dunnett, 2012; Montoya et al., 1991; Nica et al., 2017; 
Whishaw et al., 2008, 1997). Although it is a consistent test to evaluate 
motor impairment, acclimatization and training need to be sufficient 
(Cederfjäll et al., 2012; Nikkhah et al., 1998). Within this study, a 
training of two weeks was applied during which acclimatization time in 
the box was steadily increased before baseline measurement. The 
measured increase in performance shows that a performance plateau 
was not reached yet. Thus, a longer training would have been necessary. 
Although the training and acclimatization phase was chosen according 
to stable performance phases of previous works, evaluation periods vary 
(Stößel et al., 2017; Whishaw et al., 1997). Nonetheless, 
strain-dependencies in performance renders the comparison to other 
studies challenging (Nikkhah et al., 1998; Unis et al., 1991).

Our results provide strong evidence that the novel AAV/DJ viral 
construct, which overexpresses the human α-synuclein protein, effec
tively generates a rat model of PD. This model exhibits the key histo
pathological features of PD and develops a progressive motor 
impairment, making it a promising tool for testing future therapeutic 
strategies.
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Oliveras-Salvá, M., Van de Perren, A., Casadei, N., Stroobants, S., Nuber, S., D’Hooge, R., 
Van den Haute, C., Baekelandt, V., 2013. rAAV2/7 vector-mediated overexpression 
of alpha-synuclein in mouse substantia nigra induces protein aggregation and 
progressive dose-dependent neurodegeneration. Mol. Neurodegener. 8, 44.

Olsson, M., Nikkhah, G., Bentlage, C., Björklund, 1995. Forelimb akinesia in the rat 
Parkinson model: differential effects of dopamine agonists and nigral transplants as 
assessed by a new stepping test. J. Neurosci. 15, 3863–3875.

Østergaard, F.G., Himmelberg, M.M., Laursen, B., Siebner, H.R., Wade, A.R., 
Christensen, K.V., 2020. Classification of α-synuclein-induced changes in the AAV 
α-synuclein rat model of Parkinson’s disease using electrophysiological 
measurements of visual processing. Sci. Rep. 10 (1), 11869. https://doi.org/ 
10.1038/s41598-020-68808-3. Published 2020 Jul 17. 

Palfreyman, J.W., Thomas, D.G., Ratcliffe, J.G., Graham, D.I., 1979. Glial fibrillary acidic 
protein (GFAP): purification from human fibrillary astrocytoma, development and 
validation of a radioimmunoassay for GFAP-like immunoactivity. J. Neurol. Sci. 41, 
101–113.

Paolicelli, R.C., Sierra, A., Stevens, B., Tremblay, M.E., Aguzzi, A., Ajami, B., Amit, I., 
Audinat, E., Bechmann, I., Bennett, M., Bennett, F., Bessis, A., Biber, K., Bilbo, S., 
Blurton-Jones, M., Boddeke, E., Brites, D., Brône, B., Brown, G.C., Butovsky, O., 
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