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The relationship between LRRK2 mutations and susceptibility to synuclein pathology in Parkinson’s 
disease (PD) is still unclear. We here investigate whether the mice carrying the D1994S kinase-dead 
(KD) mutation of LRRK2 show enhanced susceptibility to synucleinopathy. Twelve-month-old LRRK2 
KD and WT mice were injected with AAV2/9 carrying human A53T α-synuclein (AAV-h-A53Tα-syn) 
or AAV2/9-GFP as a control. Three months after injection, α-synuclein pathology and nigrostriatal 
dopaminergic neuron degeneration were assessed along with motor behaviour. AAV-h-A53Tα-syn-
injected LRRK2 KD mice showed a decline in stepping activity in the drag test compared to baseline 
levels and AAV-GFP-injected controls. This was associated with higher transgene levels and Serine129 
α-syn phosphorylation in striatum and substantia nigra measured by immunohistochemistry. Total 
α-synuclein levels were also elevated in the substantia nigra but not striatum of AAV-h-A53Tα-syn 
LRRK2 KD mice compared to AAV-h-A53Tα-syn controls. Stereological counting of nigral dopaminergic 
neurons and densitometric analysis of striatal dopaminergic terminals did not reveal overt nigrostriatal 
degeneration. We conclude that silencing of kinase activity results in greater α-syn load due to greater 
viral transduction and/or defective α-syn clearance, possibly related to autophagy-lysosomal pathway 
impairment, however, with no consequence upon dopaminergic neuron survival in the mouse.
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Deposition of α-synuclein aggregates in the central nervous system (CNS) is a common feature of 
synucleinopathies, a class of age-dependent neurodegenerative disorders featuring Parkinson’s Disease (PD). 
The neuropathological hallmarks of PD are the loss of dopaminergic neurons in substantia nigra pars compacta 
(SNpc) and the accumulation of intracytoplasmic inclusions, called Lewy Bodies (LB) and Lewy neurites, mainly 
composed of α-synuclein phosphorylated at Serine129 (pSer129 α-syn). Mutations in the LRRK2 gene cause 
autosomal dominant forms of PD1,2, whereas LRRK2 itself is considered a risk factor of idiopathic PD3. LRRK2 is 
a multidomain protein containing kinase and GTPase domains surrounded by several protein-protein interacting 
motifs4. The most prevalent G2019S mutation occurs in the kinase domain and enhances the kinase activity of the 
protein5–7. Among the possible mechanisms linking the increase in kinase activity associated with LRRK2 G2019S 
to PD pathogenesis is the modulation of α-syn function and/or turnover. Transgenic G2019S overexpressors and 
G2019S knock-in (KI) mice do not spontaneously develop typical LBs or LB-like a-syn inclusions8,9. However, 
immunoblot analysis has revealed increased levels of high-molecular weight α-syn species and pSer129 α-syn in 
conditional hG2019S transgenic mice10 or increased pSer129 α-syn levels in G2019S KI mice11,12. Instead, it was 
originally reported in double transgenic mice that overexpression of WT LRRK2 or G2019S LRRK2 worsened 
A53T α-syn pathology13 although in later studies, this effect was either less robust14 or absent15. Conversely, 
overexpression of human α-syn via adeno-associated viral (AAV) vectors resulted in larger nigrostriatal 
dopaminergic neurodegeneration and α-syn accumulation in BAC G2019S LRRK2 rats16 or G2019S KI mice12 
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compared to wild-type (WT) controls. This was also evident in BAC G2019S mice injected with preformed 
fibrils (PFFs) of α-syn, suggesting a role of LRRK2 in α-syn turnover and spreading17. Moreover, the larger 
synuclein pathology reported in G2019S KI mice became evident at 12 months but not younger ages12 further 
suggesting that it could rely on a progressive deficit in autophagy-lysosomal pathway (ALP), that is responsible 
for α-syn clearance in physio-pathological conditions18. In addition, ALP function deteriorates over aging19, the 
main risk factor for PD. However, despite several in vitro studies inconsistently showed ALP dysfunction in cells 
or neurons overexpressing LRRK2 G2019S20–22, in vivo studies failed to prove major ALP changes in G2019S 
KI mice21,23–25. However, when focusing upon the striatum and not the entire brain, we found that 12-month-
old LRRK2 kinase-dead (KD) mice had impaired ALP21, suggesting that silencing and not hyperactivation of 
LRRK2 kinase activity negatively impacts on basal striatal autophagy in vivo in disease-relevant brain structure. 
We thus sought to investigate whether the ALP impairment observed in the striatum and SNpc of LRRK2 KD 
mice21 is associated with dysfunction of α-syn handling, leading to its accumulation. Recombinant AAV2/9 
vector carrying h-A53T-α-syn (AAV-h-A53Tα-syn)12,26,27 was injected in the SNpc of 12-month-old LRRK2 KD 
and WT mice. Control mice were injected with AAV2/9 vector carrying GFP (AAV-GFP). Motor performance 
was evaluated before and 1, 2 and 3 months after AAV injection. Immunohistochemistry (IHC) was performed 
to assess α-syn and pSer129 α-syn levels in both the striatum and the SNpc, as well as degeneration of nigral 
dopaminergic cell bodies and striatal dopaminergic terminals.

Results
Based on our recent finding that 12-month-old LRRK2 KD mice have impaired striatal autophagic flux21, we 
investigated whether overexpression of h-A53Tα-syn in these mice could result in greater α-syn accumulation 
and neuro degeneration and worsened parkinsonian phenotype.

Assessment of motor activity with the drag test (Fig. 1) revealed no difference across genotypes in the number 
of steps at baseline (WT 8.33 ± 0.51 n = 18, LRRK2 KD 8.27 ± 0.29 n = 18). Three-way ANOVA showed an overall 
effect of treatment (F1,128 = 86.12, p < 0.0001), time (F3,128 = 3.675, p = 0.0140) and genotype (F1,128 = 5.389, 
p = 0.0218) but no interactions between these variables. Mice injected with AAV-h-A53Tα-syn showed a reduced 

Fig. 1.  LRRK2 KD mice injected with AAV-h-A53Tα-syn show mild motor deficits. Stepping activity was 
evaluated in 12-month-old WT and LRRK2 KD mice injected with AAV-h-A53Tα-syn or AAV-GFP using 
the drag test. Motor tests were carried out before (baseline, time 0) and 1, 2, 3 months after surgery. Data are 
expressed as number of steps and are mean ± SEM of 9 mice per group. *p < 0.05 (three-way ANOVA followed 
by Tukey’s test for multiple comparisons).
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performance compared to AAV-GFP-injected mice, irrespective of genotype. Interestingly, however, LRRK2 KD 
mice injected with AAV-h-A53Tα-syn showed a reduced performance compared to their baseline 3 months after 
injection, whereas WT mice injected with AAV-h-A53Tα-syn did not (Fig. 1). To test the efficiency of transgene 
expression upon AAV-h-A53Tα-syn injections, h-A53Tα-syn levels were measured in SNpc and striatum 
(Fig.  2). Aligned rank transform (ART) ANOVA revealed high levels of h-A53Tα-syn staining in the SNpc 
of mice injected with AAV-h-A53Tα-syn (Fig. 2A) (treatment F1,32 = 96.78 p < 0.0001, genotype F1,32 = 33.42 
p < 0.0001, treatment X genotype F1,32 = 31.02 p < 0.0001). Moreover, a ~ 50% greater nigral h-A53Tα-syn load 
was detected in AAV-h-A53Tα-syn-injected LRRK2 KD mice compared to AAV-h-A53Tα-syn-injected WT 
mice. Consistently, ART ANOVA revealed high levels of h-A53Tα-syn staining in the striatum of mice injected 
with AAV-h-A53Tα-syn compared to those injected with the GFP construct, and also a stronger h-A53Tα-syn 
staining in LRRK2 KD mice (84%) compared to WT mice (51%) (Fig. 2B, treatment F1,32 = 96.7 p < 0.0001, 
genotype F1,32 = 27.32 p < 0.0001, treatment X genotype F1,32 = 27.21 p < 0.0001). Next, we wondered whether 
h-A53Tα-syn overexpression increased α-syn phosphorylation at Ser129 and this effect was larger in LRRK2 KD 
mice (Figs. 3 and 4). pSer129 α-syn levels were evident in AAV-h-A53Tα-syn-injected mice but not AAV-GFP 
mice. In both SNpc (Fig. 3A) and striatum (Fig. 4A), pSer129 α-syn staining after AAV-h-A53Tα-syn injection 
was about twice larger in LRRK2 KD mice compared to WT mice (SNpc, t = 2.92 df = 14 p = 0.011; striatum, 
t = 1.74 df = 17 p = 0.098). Consistently, two-way ANOVA on total α-syn levels in SNpc (Fig.  3B) revealed a 
significant effect of treatment (F1,32 = 32.6 p < 0.0001), genotype (F1,32 = 11.54 p = 0.0018), and a significant 
treatment X genotype interaction (F1,32 = 13.00 p = 0.0010). An increase in total α-syn overload was observed 
in AAV-h-A53Tα-syn-injected LRRK2 KD mice compared to AAV-GFP-injected controls (Fig. 3B) and AAV-
h-A53Tα-syn-injected WT counterparts. In striatum (Fig. 4B), the pattern was slightly different since similar 
elevations of total α-syn were observed in both WT and LRRK2 KD mice injected with AAV-h-A53Tα-syn 
(treatment F1,33 = 25.77 p < 0.0001, genotype F1,33 = 0.08 p = 0.77, treatment X genotype F1,33 = 1.51 p = 0.22).

Fig. 2.  AAV-h-A53Tα-syn injection results in greater transgene levels in LRRK2 KD mice compared to WT 
mice. h-A53Tα-syn transgene expression was evaluated by immunohistochemistry in 12-month-old WT 
and LRRK2 KD mice 3 months after AAV-h-A53Tα-syn or AAV-GFP injection. Representative images and 
quantification of h-A53Tα-syn in SNpc (A) and striatum (B). Data are expressed as mean percentage ± SEM of: 
panel (A), n = 9 mice (KD AAV-h-A53Tα-syn, KD AAV-GFP, WT AAV-h-A53Tα-syn) or 10 mice (WT AAV-
GFP) per group; panel (B), n = 9 mice per group. **p < 0.01 (ART ANOVA followed by the Bonferroni’s test for 
multiple comparisons).
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Finally, the integrity of the nigrostriatal pathway was investigated (Fig. 5). Stereological analysis revealed 
no differences in the number of nigral TH+ neurons between AAV-h-A53Tα-syn and AAV-GFP-injected mice, 
regardless of genotype (Fig. 5A). Consistent with the lack of nigral degeneration, no loss of striatal TH+ staining 
was observed in WT and LRRK2 KD mice injected with AAV-h-A53Tα-syn compared to their respective AAV-
GFP-injected controls (Fig. 5B).

Discussion
We previously showed an age-dependent impairment of autophagic flux in LRRK2 KD mice, with accumulation 
of striatal autophagic markers emerging at 12 months of age21. We now report that 12-month-old LRRK2 KD 
mice develop mild motor decline, higher striatal and nigral h-A53Tα-syn and pSer129 α-syn levels compared to 
WT counterparts in response to viral-mediated h-A53Tα-syn overexpression, suggesting that ALP impairment 
in LRRK2 KD mice is associated with greater susceptibility to α-syn pathology in vivo while not resulting into 
degeneration. As expected, AAV-h-A53Tα-syn-injected WT and LRRK2 KD mice showed increases in transgene 
levels both in SN (injection area) and the anatomically connected striatum, likely indicating the axonal transport 
of h-A53Tα-syn from the cell bodies to the projection area26,28,29. Consistently, α-syn phosphorylation at Ser129 
was doubled in both areas indicating an aggregation-prone modification of the endogenous protein in response 
to pathogenic h-A53Tα-syn overexpression. However, α-syn neuropathology was not associated with any loss of 
nigral dopaminergic neurons or striatal dopaminergic terminals. This was quite surprising since in a previous 
study we reported a marked nigrostriatal degeneration 3 months after bilateral AAV-h-A53Tα-syn injection12. 
The discrepancy might be due to variability across AAV batches. Despite the lack of nigrostriatal degeneration, 
α-syn neuropathology was quite robust and more evident in LRRK2 KD mice than WT counterparts, possibly 
supporting a facilitating role of the silenced LRRK2 kinase activity. Consistently, double transgenic mice expressing 
human LRRK2 D1994S (a KD mutation) and A53T α-syn showed greater neuropathology than A53T α-syn 
single transgenics13. However, since the same outcome was achieved co-overexpressing human LRRK2 G2019S 

Fig. 3.  AAV-h-A53Tα-syn injection results in greater pSer129 α-syn levels in the SN of LRRK2 KD mice 
compared to WT mice. Immunohistochemistry analysis of pSer129 α-syn and total α-syn staining in the 
SNpc of 12-month-old WT and LRRK2 KD mice 3 months after AAV-h-A53Tα-syn or AAV-GFP injection. 
Representative images and quantification of nigral pSer129 α-syn (A) and total α-syn (B) staining. Data are 
expressed as immunopositive surface of the structure of interest ± SEM of: panel (A), n = 8 mice per group; 
panel (B), n = 9 (WT AAV-h-A53Tα-syn, KD AAV-GFP) or n = 10 (WT AAV-GFP, KD AAV-h-A53Tα-syn) 
mice per group. **p < 0.01 (Student’s t test two-tailed for unpaired data or two-way ANOVA followed by the 
Tukey’s test for multiple comparisons).
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and LRRK2 WT13, the Authors concluded that the expression levels of LRRK2 rather than its kinase activity were 
responsible for accelerating α-syn pathology. In fact, contrast to the present study, the kinase-enhancing G2019S 
mutation amplifies α-syn neuropathology in AAV-h-A53Tα-syn-injected12,16 or PFF α-syn-injected17,30 rodents. 
This paradox might be explained suggesting that a LRRK2 loss-of-function amplifies α-syn neuropathology, 
as previously shown for other LRRK2-mediated cell functions. Indeed, LRRK-deficient mice were shown to 
develop greater α-syn pathology accompanied with an age-dependent autophagic vacuoles accumulation before 
the onset of nigral degeneration31. Another possible explanation for the paradoxical finding that both a kinase-
silencing and a kinase-enhancing LRRK2 mutation facilitate α-syn pathology relies in transgene levels achieved 
after AAV-h-A53Tα-syn injection. In fact, G2019S KI mice injected with AAV-h-A53Tα-syn showed greater 
nigrostriatal degeneration and pSer129 α-syn accumulation than WT mice, but transgene levels were similar 
between genotypes12. Conversely, in the present study, transgene levels were higher in AAV-h-A53Tα-syn-
injected LRRK2 KD than WT mice. Therefore, the higher levels of h-A53Tα-syn in LRRK2 KD mice might 
translate into a greater α-syn pathology and pSer129 α-syn phosphorylation than in WT counterparts. The 
possibility that such a greater transgene accumulation in LRRK2 KD mice compared to WT mice is due to 
systematic delivery of higher amounts of AAV-h-A53Tα-syn in the SN of LRRK2 KD mice is quite remote since 
both genotypes were injected in the same surgical sessions. Moreover, the inconsistencies in SN targeting and 

Fig. 4.  AAV-h-A53Tα-syn injection results in greater pSer129 α-syn levels in the striatum of LRRK2 KD 
mice compared to WT mice. Immunohistochemistry analysis of pSer129 α-syn and total α-syn staining in the 
striatum of 12-month-old WT and LRRK2 KD mice 3 months after AAV-h-A53Tα-syn or AAV-GFP injection. 
Representative images and quantification of striatal pSer129 α-syn (A) and total α-syn (B) staining. Data 
are expressed as immunopositive surface of the structure of interest ± SEM of: panel (A), n = 9 (WT AAV-h-
A53Tα-syn) or n = 10 (KD AAV-h-A53Tα-syn) mice per group; panel (B), n = 9 (WT AAV-h-A53Tα-syn, KD 
AAV-h-A53Tα-syn, KD AAV-GFP) or n = 10 (WT AAV-GFP) mice per group. *p < 0.05, **p < 0.01 (Student’s t 
test two-tailed for unpaired data or two-way ANOVA followed by the Tukey’s test for multiple comparisons).
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AAV vector delivery in SN are minimized by the current bilateral injection design that allowed us to average in 
the same tissue section the signals of area of interests in the right and left striatum or SN. This supports the view 
that greater h-A53Tα-syn load is truly dependent on the kinase-silencing phenotype, perhaps be due to a greater 
viral transduction and/or a defective clearance of the human protein. To the best of our knowledge there is no 
evidence that silencing of LRRK2 kinase activity favors AAV penetration and/or viral expression in neurons. 
Nonetheless, it is well known that LRRK2 regulates immune response and host defense. In fact, in a model of 
reovirus-induced encephalitis, LRRK2 KO mice were found to have a higher brain load of viral proteins, with 
KD mice showing a greater number of colony-forming-units, although in lungs but not brain32. Although it is 
believed that LRRK2 and, to a greater degree, G2019S LRRK2 confer protection against microbial infection via 
an increase of the inflammatory response32,33, the mechanisms regulating neuronal defense are far to be clear and 
the possibility that LRRK2 might modulate additional steps of viral infections, e.g. viral entry and/or replication, 
deserves further investigations. A more plausible explanation of the higher transgene levels achieved in LRRK2 
KD mice relates to ALP impairment associated with LRRK2 silencing in these mice21. In fact, the viral-mediated 
overload of h-A53Tα-syn might further compromise the already dysfunctional ALP of old LRRK2 KD mice, thus 
ultimately leading to greater human protein deposition and phosphorylation of endogenous α-syn. Therefore, 
although in the AAV-h-A53Tα-syn model in vivo either hyperactivation or silencing of LRRK2 kinase activity 
worsens α-syn pathology, this might be mediated by independent mechanisms. Interestingly, the increase of 
α-syn burden in the striatum and SNpc of KD mice was associated with a mild motor decline in the drag test in 
the absence of nigral degeneration. Mild behavioral alterations were observed also in the case of synucleinopathy 
not associated with nigrostriatal damage10,34, possibly indicating a role for compensatory non-dopaminergic 
mechanisms in motor dysfunction.

In conclusion, viral-mediated nigral overexpression of α-syn in mice carrying a KD mutation of LRRK2 
results in greater transgene levels and α-syn pathology with respect to WT mice. The reasons for the higher viral 
transduction remain to be identified although it is possible that the ALP impairment observed in these mice might 

Fig. 5.  AAV-h-A53Tα-syn injection does not result in degeneration of the nigrostriatal dopaminergic 
pathway. Stereological count of nigral neurons and optical density of striatal TH + terminals were carried 
out in 12-month-old WT and LRRK2 KD mice 3 months after AAV-h-A53Tα-syn or AAV-GFP injection. 
Representative images and quantification of TH+ neurons in SNpc (A) and terminals in striatum (in grey scale 
arbitrary units; B). Data are expressed as mean percentage ± SEM of n = 6 mice per group (A) or n = 9 mice per 
group (B).
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have some bearing. This study extends previous findings in G2019S KI mice in the same model12, indicating that 
both a kinase-silencing and a kinase-enhancing mutation leads to greater Ser129 α-syn phosphorylation and 
α-syn pathology, likely via different mechanisms.

Methods
Animals
All procedures involving animals complied with the ARRIVE guidelines35 and the EU Directive 2010/63/EU 
for animal experiments. They were approved by the Ethical Committee of the University of Ferrara and the 
Italian Ministry of Health (license 714/2017-PR). Male homozygous D1994S LRRK2 KI (LRRK2 KD) mice 
backcrossed for at least 9 generations on a C57BL/6J background, were used21,36–38. Founders were obtained 
from Novartis Institutes for BioMedical research (Novartis Pharma AG, Basel, Switzerland)23. A colony of non-
transgenic WT mice was used as a control. Colonies were grown in the vivarium (LARP) of the University 
of Ferrara and kept under regular lighting conditions (12 h light/dark cycle), with free access to food (4RF21 
standard diet; Mucedola, Settimo Milanese, Milan, Italy) and water. Animals were housed in groups of 5 for a 
55 × 33 × 20 cm polycarbonate cage (Tecniplast, Buguggiate, Varese, Italy) with a Scobis Uno bedding (Mucedola, 
Settimo Milanese, Milan, Italy) and environmental enrichment.

Experimental design
Nineteen (19) 12-month-old LRRK2 KD mice and 19 age-matched wild-type controls were used. Mice were 
trained in the drag test for 4 days, until their motor performance became reproducible, then an experimental 
session was performed to set a baseline. A week later, mice were randomly divided into four balanced treatment 
groups and subjected to stereotactic injection of AAV-h-A53Tα-syn or AAV-GFP: LRRK2 KD AAV-h-A53Tα-
syn (n = 10) and LRRK2 KD AAV-GFP (n = 9), WT AAV-h-A53Tα-syn (n = 9) and WT AAV-GFP (n = 10). Mice 
were challenged again in the drag test at 30, 60 and 90 days after surgery. The day after the last behavioral 
test, mice were euthanized with trancardial perfusion with paraformaldehyde (PFA) and brains processed for 
immunohistochemical analysis.

AAV-h-A53Tα-syn injection
Recombinant AAV vectors carrying h-A53Tα-syn (pAAV-CMVie/Syn-hA53T-α-syn-WPRE) were obtained 
from Vectorology Core Facility of the University of Bordeaux26. Mice were anaesthetized with isoflurane, placed 
in a stereotaxic apparatus and injected bilaterally in the SNpc (coordinates in mm from bregma: antero-posterior 
− 3.3, medio-lateral ± 1.25; dorso-ventral − 4.6) with 1 µl of AAV-h-A53Tα-syn (2.35 × 1013 genome containing 
particles/µl) or control vector (AAV-GFP)12. Viral vectors were injected at the speed of 0.5 µl/min via a 30 Ga 
Hamilton syringe left in place for 4 min after injection to prevent leakage during withdrawal12.

Behavioral task
The stepping test measures the ability of the animal to balance its body posture with the forelimbs in response to 
backwards dragging39–41. It gives information regarding the time to initiate (akinesia) and execute (bradykinesia) 
a movement. Animals were gently lifted from the tail, leaving the forepaws on the table, and then dragged 
backwards at a constant speed (about 20 cm/s) for a fixed distance (100 cm). The number of steps made by each 
paw was recorded by two blinded observers. Five determinations were collected for each animal. The test was 
performed 30, 60 and 90 days after AAV vector injection.

Tissue processing
Mice were euthanized by transcardial perfusion with phosphate buffer solution (PBS) followed by 4% 
paraformaldehyde (PFA) in PBS (pH 7.4) at 4 °C (Sigma Aldrich, Saint Louis, Missouri, USA), under terminal 
anaesthesia with isoflurane. Brains were removed, post-fixed in 4% PFA for 24 h and then transferred in 30% 
sucrose in 1×PBS at 4 °C to store them at − 80 °C. Coronal sections of PFA-fixed brains (50 μm thick) were cut 
with a cryostat (Leica, Buffalo Grove, Illinois, US) and stored in cryoprotective medium (0.2% sodium azide in 
1×PBS) at 4 °C.

TH and α-syn immunohistochemistry
Coronal free-floating sections of striatum (AP from + 1.0 to − 1.25 mm from bregma; Paxinos and Franklin, 
2001) and SN (AP from − 3.16 to − 3.52 mm from bregma) were rinsed three times in PBS, then incubated with 
3% H2O2 in PBS for 10 min to inhibit endogenous peroxidases11,12,37,41. After 3 washes in PBS, sections were 
first blocked in 2% BSA solution in PBST, then incubated overnight with the following primary antibodies: 
rabbit anti-TH (ab112; 1:1000, Abcam, Cambridge, UK), rabbit anti-α-syn (ab52168; 1:200, Abcam), rabbit 
anti hα-syn (ab138501; 1:150, Abcam) and rabbit anti pSer129-α-syn (ab51253; 1:1000, Abcam). Sections were 
rinsed in PBS and incubated for 1 h with a rabbit HRP-conjugated secondary antibody (ab6721, 1:2000, Abcam). 
DAB substrate kit (ab64238, Abcam) was then used to reveal the staining. Sections were mounted onto gelatin 
coated slides, dehydrated and coverslipped. Only for human-α-syn staining, sections were pre-incubated with an 
antigen retrieval solution. Images were acquired by using a Leica DM600B motorized microscope and analyzed 
either through stereology (see below) or with Fiji ImageJ Software (NIH).

The signals of h-A53Tα-syn and total α-syn were quantified using a densitometric analysis, similar to that 
described for TH (see below). Regarding the quantification of pSer129 α-syn signal, instead, after being mounted, 
slides were scanned, each area of interest (striatum or SN) was delimited at 2.5× magnification and, moving to 
10× magnification, each delimited area was subdivided into enough squares to represent 70% of the total area. 
For each section proposed by the software in a randomised manner, an image was acquired for subsequent 
analysis. The resulting images obtained were then analysed using Fiji software by converting colour images to 
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8-bit greyscale. The area of interest was delimited, and the threshold was applied to compare the signal emitted 
by the immunopositive surface given by pSer129 α-syn. The area occupied by pSer129 α-syn was expressed as a 
percentage of the total area.

Thanks to the bilateral injection design, for each tissue section, both hemispheres were analysed and values 
averaged to minimize inconsistencies in AAV vector delivery to the targeted SN. Moreover, two sections were 
analysed and averaged for each animal.

Stereology and neuronal counting
Stereological analysis was performed using an unbiased stereological sampling method based on optical 
fractionator stereological probe12,27. TH + neurons in SNpc were counted in 5 serial slices cut at 50 μm thickness 
and 200 μm apart and magnified at 63×. Stereo Investigator software (MBF Europe, Delft, The Netherlands) 
was used to estimate the total number of neurons calculated from the number of neurons counted within a 
Systematic Randomly Sampled set of unbiased virtual counting areas covering the entire region of interest with 
a uniform distance between unbiased virtual counting in spaces in directions X, Y, and Z. Neural counting was 
performed by investigators blinded to the experimental condition. Each value was obtained by averaging the 
number of neurons counted in the right and left SN of each tissue section.

TH, h-A53Tα-syn and total α-syn quantification
Images of striatum and SN were taken at 2.5× or 10× magnification with a Leica DM6B motorized microscope, 
and optical densitometry analyzed off-line as grey level with ImageJ using the corpus callosum as background12.

Data presentation and statistical analysis
Data are expressed as mean ± SEM (standard error of mean) of n mice. Statistical analysis was implemented 
on GraphPad Prism version 8.4.3. (GraphPad Software Inc., CA, USA). Motor performance in the drag test 
was presented as number of steps, the density of striatal TH+ terminals, h-A53α-syn and α-syn levels as mean 
absolute value of grey scale between the two striata, and pSer129 α-syn positive staining as percentage surface 
area. Data presented in Figs. 1, 3, 4 and 5 passed the Shapiro–Wilk normality test and were then handled using 
parametric statistical procedures, i.e. three-way ANOVA (Fig. 1) or factorial two-way ANOVA (Figs. 3B, 4B and 
5) followed by the Tukey’s test to compare treatment groups. Data presented in Figs. 3A and 4A were analysed 
using the Student’s t-test, two-tailed for unpaired data. Values presented in Fig. 2, instead, did not have Gaussian 
distribution and similar variances. For this reason, we adopted a nonparametric equivalent of factorial ANOVA, 
namely the aligned rank transform (ART) ANOVA followed by the Bonferroni’s test for multiple comparisons. 
Statistical significance was set at p < 0.05.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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