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Abstract

Fibrillization of a-synuclein is instrumental for the development of Parkinson’s disease (PD), thus
modulating this process can have profound impact on disease initiation/progression. Here, the
impact of the p.G2019S mutation of leucine-rich repeat kinase 2 (LRRK2), which is most
frequently associated with familial and sporadic PD, on a-synuclein pathology was investigated.
G2019S knock-in mice and wild-type controls were injected with a recombinant adeno-associated
viral vector serotype 2/9 (AAV2/9) overexpressing human mutant p.A53T a-synuclein (AAV2/9-
ha-syn). Control animals were injected with AAV2/9 carrying green fluorescent protein. Motor
behavior, transgene expression, a-syn and pSer129 a-syn load, number of nigral dopamine neurons
and density of striatal dopaminergic terminals were evaluated. To investigate the effect of aging,
experiments were performed in 3- and 12-month-old mice, evaluated 20 and 12 weeks after virus
injection, respectively. ha-syn overexpression induced progressive motor deficits, loss of nigral
dopaminergic neurons and striatal terminals, and appearance of proteinase K-resistant aggregates of
pSerl29 a-syn in both young and old mice. Although no genotype difference was observed in 3-
month-old mice, degeneration of nigral dopaminergic neurons was higher in 12-month-old G2019S
knock-in mice compared with age-matched wild-type controls (-55% vs -39%, respectively).
Consistently, a two-fold higher load of pSerl29 a-syn aggregates was found in 12-month-old
G2019S knock-in mice. We conclude that G2019S LRRK?2 facilitates a-synucleinopathy and

degeneration of nigral dopaminergic neurons, and that aging is a major determinant of this effect.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder neuropathologically
characterized by the loss of dopamine (DA) neurons in the substantia nigra pars compacta (SNc)
and the appearance of proteinaceous intracytoplasmic aggregates named Lewy bodies (LB) in
surviving neurons (Poewe et al., 2017). The main component of LB is a-synuclein (a-Syn)
(Spillantini et al., 1997), a presynaptic protein with high propensity to form fibrillary structures and
aggregates (Bengoa-Vergniory et al., 2017; Lashuel et al., 2013).

a-syn fibrillization is a key process in PD since it can both initiate and sustain the pathology
(Lashuel et al., 2013). In fact, mutations (Polymeropoulos et al., 1997) or duplications/triplications
(Singleton et al., 2003) of the SNCA gene coding for a-Syn are causative of familial PD, and
mutations in regulatory regions upstream of the SNCA gene are risk variants for idiopathic PD
(Nalls et al., 2014). Moreover, misfolded a-syn can spread from one neuron to another through a
process of exocytosis/endocytosis, acting as a seed for endogenous a-syn fibrillization (Angot et al.,
2010; Brundin et al., 2010). Thus, any factor influencing a-syn fibrillization may have a profound
impact on disease onset and progression (Brundin et al., 2017). In this context, the role of leucine-
rich repeat kinase 2 (LRRK2) has been investigated (Greggio et al., 2011; Guerreiro et al., 2013).
LRRK2 is a 2527 amino acid long, multidomain protein encompassing a kinase and a GTPase
domain surrounded by protein-protein interaction domains (Cookson, 2010; Mata et al., 2006).
Mutations in the Irrk2 gene are associated with familial, autosomal dominant forms of PD (Paisan-
Ruiz et al., 2004; Zimprich et al., 2004) and are considered a risk factor for idiopathic PD (Satake et
al., 2009). The most frequent mutation (Correia Guedes et al., 2010) is the ¢.6055G>A, which
results in a substitution of a glycine with a serine in position 2019 (p.G2019S), situated in the
kinase domain. This mutation confers the protein a higher kinase activity and in vitro neurotoxicity
(Greggio et al., 2006; West et al., 2005; Yao et al., 2010), thus representing an ideal target for

therapeutic intervention. G2019S LRRK?2-associated PD is clinically and neuropathologically



similar to idiopathic PD, being characterized by nigral DA neuron degeneration and the presence of
LBs (in the vast majority of cases) (Kalia et al., 2015; Marras et al., 2011).

Previous genetic studies have provided inconsistent evidence that LRRK2 impacts a-syn
neuropathology. In particular, double transgenic (TG) mice overexpressing human AS53T a-Syn in
combination with human LRRK2 wildtype (WT) or LRRK2 G2019S presented exacerbated a-syn
pathology and neurotoxicity in striatal and cortical neurons (Lin et al., 2009). Another study on
similar strains of double mutant mice failed to show that G2019S LRRK?2 enhances the nigrostriatal
degeneration and the accompanying a-syn pathology induced by overexpression of human A53T a-
syn (Daher et al., 2012). Among the few brainstem areas investigated, a modest increase in a-Syn
aggregates was observed in the reticular formation but not in the lateral vestibular or lateral
cerebellar nuclei (Daher et al., 2012). Similar negative results were reported analyzing the cortex,
brainstem and spinal cord of double A5S3T/WT LRRK2 or A53T/G2019S LRRK2 TG mice (Herzig
et al., 2012). Instead, a significant interplay between LRRK2 and a-syn was reported using a
different model of synucleinopathy (Daher et al., 2015). BAC rats overexpressing human G2019S
LRRK2, injected with an adeno-associated 2/1 virus (rAAV2/1) carrying human WT a-syn (Daher
et al., 2014) showed a larger loss of nigral DA neurons and associated microgliosis compared to non
TG rats injected with the same construct (Daher et al., 2015).

These genetic and pharmacological studies, despite suggestive of a G2019S effect on a-syn
pathology, were performed in animals where the transgenes were not always co-expressed in brain
areas relevant to PD. In fact, significant levels of the transgene were detected in the SNc of BAC
G2019S overexpressing rats (Daher et al., 2015) whereas G2019S overexpressing mice showed null
(Daher et al., 2012; Herzig et al., 2012) or very limited (<5%) (Lin et al., 2009) nigral expression of
human G2019S. We therefore sought to investigate the interplay between G2019S LRRK2 and a-
syn in G2019S knock-in (KI) mice. These mice express only the G2019S mutant form, and at
physiological levels, in a pattern resembling that of endogenous LRRK2, characterized by

significant levels also in tyrosine hydroxylase (TH) positive neurons of substantia nigra (West et al.,



2014). Moreover, using immunoblots of striatal lysates, we previously reported that these mice have
~8-fold greater pSer1292 LRRK2 phosphorylation levels compared to wild-type controls (Longo et
al., 2017), confirming an elevated LRRK2 kinase activity in G2019S KI mice. Thus, we injected
recombinant adeno-associated viral (AAV) vector serotype 2/9 carrying human p.AS53T a-syn
(AAV2/9 ha-syn) or GFP (green fluorescent protein) as a control (Bourdenx et al., 2015) in the SNc
of 3 month-old G2019S KI and age-matched wild-type mice. This procedure leads to
overexpression of ha-syn in dopamine neurons (Bourdenx et al., 2015). Moreover, since we
previously reported that G2019S KI mice develop synaptic dysfunction and a-syn inclusions over
aging (Longo et al., 2017), we repeated the AAV injection procedures in a cohort of 12-month-old
mice, to investigate the effect of aging over the G2019S LRRK2/a-syn interplay. Motor activity,
nigrostriatal degeneration and synucleinopathy were evaluated at 20 weeks (3-month cohort) or 12
weeks (12-month cohort) after virus injection. Since microglia can contribute to dopaminergic
neurodegeneration (Kim et al., 2018), in both cohorts of animals a preliminary analysis of the

microglia morphology was also performed.

Materials and methods

Subjects

Experimental procedures involving the use of animals complied with the ARRIVE guidelines and
the EU Directive 2010/63/EU for animal experiments and were approved by the Ethical Committee
of the University of Ferrara and the Italian Ministry of Health (license 714/2017-PR). Male
homozygous LRRK2 G2019S KI mice, backcrossed on a C57BL/6J background, were used.
Founders were obtained from Novartis Institutes for BioMedical Research, Novartis Pharma AG
(Basel, Switzerland) (Herzig et al., 2011), and colonies established at the vivarium of the University
of Ferrara. A colony of non-TG WT mice was obtained from heterozygous breeding. Control male

WT mice were then obtained from homozygous breeding. Mice were kept under regular lighting



conditions (12 h light/dark cycle) and given food and water ad libitum. Adequate measures were
taken to minimize animal pain and discomfort.

Behavioral test

Drag test. This test (modification of the ”wheelbarrow” test) (Schallert et al., 1979), measures the
ability of the mouse to balance its body posture using forelimbs in response to an externally
imposed dynamic stimulus (backward dragging) (Marti et al., 2005; Marti et al., 2004; Viaro et al.,
2008). Each mouse was gently lifted from the tail (leaving the forepaws on the table) and dragged
backwards at a constant speed (about 20 cm/sec) for a fixed distance (100 cm). The number of
touches made by each forepaw was counted by two separate observers. Since values did not
significantly differ between the left and right forepaw, data were pooled together.

Rotarod test. This test analyzes the ability of the mouse to run on a rotating cylinder (diameter 8
cm) and provides information on different motor parameters such as coordination, gait, balance,
muscle tone and motivation to run (Rozas and Labandeira Garcia, 1997). The fixed-speed rotarod
test was employed according to a previously described protocol (Marti et al., 2004; Viaro et al.,
2008). Mice were tested in a stepwise mode at increasing speeds (usually from 5 to 45 rpm; 180 sec
each), and time spent on the rod calculated (in sec).

AAV2/9-ha-syn vector production and injection

Recombinant AAV2/9-ha-syn vectors driven by the synapsin-1 promoter were produced and
purified as already described (Bourdenx et al., 2015; Engeln et al., 2013; Zolotukhin et al., 1999).
Briefly, vectors were transfected into HEK-293 T/17 cells (ATCC, Teddington, UK) for three times
using a polyethylenimine solution. Seventy-two hours after transfection, cells were re-suspended in
lysis buffer (150 mM NaCl, 50 mM Tris-HCI pH 8.5), and then lysed using a freeze-thaw cycle (-
80°C/ +37°C). The obtained supernatant was purified by iodixanol gradient step centrifugation, and
finally aliquoted and kept in stock at -80°C.

Nine 3-month-old and ten 12-month-old G2019S KI mice, and equal numbers of age-matched WT

mice, received a bilateral SNc stereotaxic injection of AAV2/9-ha-syn (2.35 x 10! genome



containing particles/ul; 1 pl), under isoflurane anesthesia (Arcuri et al., 2016). As a control, nine 3-
month-old and ten 12-month-old G2019S KI mice, and equal numbers of age-matched WT mice,
received a bilateral SNc stereotaxic injection of AAV-GFP. Virus was injected with a glass syringe
at a flow rate of 0.5 pl/min and was left in place for additional 4 min to prevent backflush.
Coordinates from bregma were (in mm): antero-posterior -3.3; medio-lateral £ 1.25; dorso-ventral -
4.6.

Immunohistochemistry

Mice were deeply anesthetized with isoflurane and transcardially perfused with Phosphate Buffer
Solution (PBS) and then with 4% paraformaldehyde in PBS (0.1 M, pH 7.4). Brains were removed,
transferred to a 30% sucrose solution in PBS for cryoprotection and then stored at -80°C.

TH, iba-1, a-syn and pSer129 a-syn immunohistochemistry. Fifty micrometer free-floating sections
of striatum (AP from +1.0 to -1.25 from bregma) and SNc (AP from -3.16 to -3.52 from bregma
(Paxinos and Franklin, 2001) were rinsed in PBS and incubated for 30 min at room temperature
with a blocking solution (PBS+BSA 1:50+Triton X100 0.3%) and then incubated with a rabbit
polyclonal antibody raised against TH (ab112; 1:750 in BSA 1% PBST; Abcam, Cambridge, UK),
total a-syn (ab52168; 1:200 in BSA 1% PBST; Abcam, Cambridge, UK), pSer129 a-syn (ab51253;
1:250 in BSA 1% PBST; Abcam, Cambridge, UK), human a-syn (ha-syn) (ab138501; 1:150 in
BSA 1% PBST; Abcam, Cambridge, UK) or ionized calcium binding adaptor molecule 1 (iba-1)
(ab178846; 1:2000 in BSA 1% PBST; Abcam, Cambridge, UK) overnight at room temperature.
Sections were then rinsed and incubated for 1 hour with an anti-rabbit HRP-conjugated secondary
antibody (ab6721, 1:500 in BSA 1% PBST; Abcam, Cambridge UK) and revealed by a DAB
substrate kit (ab64238, Abcam, Cambridge, UK). Sections were mounted on gelatinized slides,
dehydrated and coverslipped for further analysis.

To quantify the levels of expression of a-syn, pSer129 a-syn, ha-syn, the semi-stereological method
described by Bourdenx et al. (Bourdenx et al., 2015) was employed. This method has been

rigorously standardized; in fact, all serial striatal slices for each animal were taken, marked, put in



the same well and exposed to DAB for 1 minute (according to the data sheet of Abcam DAB
substrate Kit). After being mounted, slides were scanned and the representative surface of the
staining in each SN section was determined using a color threshold, then the area was sampled
(probes of 50x40 um, space 150x120 pum). The Cavalieri principle was applied to evaluate the
representative volume of a-syn or pSer129 a-syn expression for each SN. The SN volume obtained
from the a-syn staining was used to calculate the pSer129 a-syn expression as a percentage, thus
allowing the comparison between groups.

Treatment with proteinase K (PK). Tissue sections were incubated for 5 minutes with PK (ab64220;
Abcam, Cambridge, UK) at room temperature. At the end of the incubation, sections were rinsed in
PBS and processed as described above using rabbit polyclonal antibody for pSer129 a-syn
(ab51253; 1:200 in BSA 1% PBST; Abcam, Cambridge, UK).

Stereology and neuron counting

Stereological analysis was performed counting TH+ neurons (phenotypic marker) and cresyl violet
stained cells (structural marker) in SNc, according to an unbiased stereological sampling method
based on optical fractionator stereological probe (Larsen et al., 1998). A Leica DM6B motorized
microscope (Leica Microsystems, Milan, Italy) coupled with a Stereo Investigator software (MBF
Europe, Delft, The Netherlands) was used. Counting was performed on at least 5 consecutives 50
pm thick slices, magnified at 63X.

TH quantification in striatum

Images were taken at 2.5X magnification with a Leica DM6B motorized microscope, and optical
densitometry analyzed off-line as grey level with ImageJ using the corpus callosum as background.
Quantification of ha-syn, total a-syn and pSer129 a-syn expression

Images were obtained using a Leica DM6B motorized microscope, and later analyzed with ImageJ
software. SNc and striatum limits were delineated to obtain a representative surface of ha-syn, total
a-syn and pSerl29 a-syn expression. Finally, the immunopositive surface as percentage of total

SNc area was calculated, in order to compare the different treatments.



Iba-1 analysis

Three consecutives sections were mounted on a coverslip and images were obtained using a Leica
DMG6B motorized microscope, and later analyzed with ImageJ software. 1ba-1+ cells were binarized
and number of cells and area of surface occupied in pixels? were quantified in order to compare the
different treatments.

Data presentation and statistical analysis

Motor performance in the drag and rotarod test was presented as absolute values (calculated as
number of steps or time on rod in sec) and analysed by two-way repeated measure (RM) ANOVA
followed by the Bonferroni test. All the other data were analysed by one-way ANOVA followed by
the Bonferroni test. Data obtained from stereological counting were expressed as absolute values
(number of cells), density of striatal TH terminals was expressed as absolute data (mean absolute
value of grey scale between the two striata), density of a-syn aggregates was expressed as area of
threshold, data from iba-1+ cells were expressed as absolute value and as area occupied in pixel®. P

values <0.05 were considered to be statistically significant.

Results

Injection of AAV2/9-ha-syn in 3-month-old mice

G2019S KI mice were injected with AAV2/9-ha-syn to verify whether the increase of LRRK2
kinase activity accelerates ha-syn-induced neuropathology. Mice injected with ha-syn displayed
progressive motor deficits in the drag test whereas mice injected with GFP showed relatively stable
performance over the 20-week observation period (treatment effect F35=20.04, p<0.0001; time
effect Fs145=21.23, p<0.0001; time X treatment interaction Fis145=2.38, p=0.0005). Stepping was
significantly reduced starting from 8 weeks after virus injection with stable levels attained after 12
weeks onwards (-40% from baseline) (Fig 1A). The time-courses of stepping activity of G2019S KI
and WT mice injected with AAV2/9-ha-syn were superimposable, indicating no genotype

susceptibility. Stereological analysis revealed a similar number of DA neurons in SNc of GFP-



injected G29019S KI and WT mice (4883 £176 vs 5112 +£320; Fig 2A-E). AAV2/9-ha-syn injected
G29019S Kl and WT mice had a similar ~50% loss of DA neurons in SNc (Fig. 1B). Consistently,
optical density of TH+ striatal nerve terminals revealed that AAV2/9-ha-syn injected G29019S K
and WT mice had 60-70% loss of striatal TH signal, again without difference between genotypes
(Fig. 1C).

The efficiency of AAV2/9 injections was evaluated by the expression patterns of ha-syn (Fig. 2).
As expected, only mice injected with AAV2/9-ha-syn showed a significant ha-syn labelling in SNc.
Strong labelling was also detected in striatum (Fig. 3F-1), indicating the diffusion of ha-syn from
SNc to anatomically connected areas. No difference in ha-syn load between genotypes was found in
SNc or striatum (Fig. 2A, B).

To confirm the occurrence of a-syn pathology, the levels of pSer129 a-syn, i.e. the most prominent
form of a-syn present in LB (Anderson et al., 2006; Fujiwara et al., 2002), were measured. As
shown in Fig 3, total a-syn labelling, which encompasses both human and endogenous a-syn due to
the lack of antibody selectivity, was 2.5-fold greater in the SNc (Fig. 3A) and 1.5-fold greater in the
striatum (Fig 3B) of AAV2/9-ha-syn injected mice compared to control mice, irrespective of
genotype. pSerl29 a-syn labelling was also 1.5-fold higher in the SNc (Fig. 3C) and 4-fold higher
in the striatum (Fig. 3D) of AAV2/9-ha-syn injected mice compared to AAV GFP mice, again
irrespective of genotype.

To ascertain whether pSer129 a-syn labelling was constituted by soluble, monomeric or insoluble,
oligomeric a-syn forms, slices were treated with proteinase K (Fig. 4). After PK treatment, a
significant pSer129 a-syn signal was detected in both the SNc (Fig. 4A) and striatum (Fig. 4B) of
AAV2/9-ha-syn injected mice indicating the presence of a-Syn aggregates. However, the amount
was similar in G2019S KI and WT mice, indicating that the mutation did not facilitate a-syn
aggregation in 3-month-old mice.

Finally, it was investigated whether a-syn pathology was accompanied by a microglial response

(Supplementary Fig. 1). AAV2/9-ha-syn injection did not change the number and area occupied by



iba-1+ cells in SNc (Supplementary Fig 1A-B) or striatum (Supplementary Fig 1C-D), indicating
the absence of sustained microgliosis.

Injection of AAV2/9-ha-syn in 12-month-old mice

Data obtained in 3-month-old mice indicate that G2019S does not accelerate a-syn toxicity. We
then sought to investigate whether G2019S could play a significant contribution in older animals.
As aging is a major risk factor in PD and, in addition, we observed synaptic dysfunction and a
pSerl29 a-syn overload in the striatum of 12-month-old G2019S KI mice, we used older mice to
investigate the contribution of age on pathology in our AAV model.

Analysis of motor behaviour showed that 12-month-old AAV2/9-ha-syn injected mice displayed
motor deficits in the drag test (treatment F33=24.24, p<0.0001, time F393=18.31, p<0.0001, time x
treatment interaction Fo93=4.55, p<0.0001; Fig 5A). Stepping was similarly impaired in both
genotypes (20-30%), a significant effect being observed already at 4 weeks after injection (Fig. 5A).
The same pattern was confirmed by analysis of global motor activity in the rotarod test (treatment
F33=8.41, p=0.0003, time F393=3.81, p=0.0126, time x treatment interaction Fg 93=3.80, p=0.0004;
Fig. 5B).

Stereological analysis performed 12 weeks after surgery showed that 12-month-old GFP-injected
G2019S KI and WT mice had a similar number of nigral DA neurons (4291167 and 4429+242,
respectively; Fig. 5C). However, G2019S KI mice showed significantly larger (Fs31=44.16,
p<0.0001) nigral degeneration compared to WT mice (-55% vs -39%, 1944+168 vs 2729+177 DA
cells, respectively; Fig. 5C). Nonetheless, striatal TH density analysis revealed that both groups of
animals displayed a significant reduction (28%) of TH+ terminals (Fig. 5D).

Similar to 3-month-old mice, AAV2/9-ha-syn injection caused comparable expression of ha-syn
(Fig. 6) in SNc (Fig. 6A) and striatum (Fig. 6B) of G29019S KI and WT mice, suggesting
comparable transduction efficiencies. Likewise, as in the 3-month-old cohort, total a-syn load (Fig.
7) was ~2-fold elevated in the SNc (Fig. 7A) and striatum (Fig. 7B) of AAV2/9-ha-syn injected

mice compared to GFP-injected mice. However, different from 3-month-old mice, significant



changes in the levels of pSerl29 a-syn in SNc (treatment F33,=1393 p<0.0001) and striatum
(treatment F33,=524.8, p<0.0001) were found. In particular, in line with our previous study (Longo
et al., 2017), GFP-treated G2019S KI mice had ~3-fold higher levels of pSer129 a-syn in SNc (Fig.
7C) and striatum (Fig. 7D) compared to GFP-treated WT mice. Moreover, G2019S KI mice
injected with AAV2/9-ha-syn showed a ~2-fold larger area of signal in both areas with respect to
WT mice injected with the same construct.

The area occupied by PK-resistant pSerl29 o-syn aggregates was then analysed (Fig. 8).
Interestingly, upon PK treatment no difference in pSer129 a-syn load between G2019S Kl and WT
could be observed anymore for both brain areas, both in SNc (Fig 8A-B) and striatum (Fig. 8C-D).
However, there was still a doubling of pSer129 a-syn levels detectable in G2019S KI versus WT
mice injected with AAV2/9-ha-syn.

Finally, we investigated the microglial response in this cohort of 12-month-old mice
(Supplementary Fig. 2). No changes in the number and area occupied by Iba-1+ microglial cells in
SNc (Supplementary Fig 2A-B) or striatum (Supplementary Fig 2C-D), were detected between
AAV2/9-ha-syn injected and AAV GFP injected mice, again suggesting no active microglial

response at 12 weeks after viral injection.

Discussion

Major finding of the present study is that G2019S KI mice are more susceptible than WT
controls to develop nigral DA neuron degeneration and synucleinopathy after injection of ha-syn
delivered via AAV2/9 vector. The G2019S effect emerges at 12-months of age, further
strengthening the role of aging in G2019S-induced synucleinopathy (Longo et al., 2017).

Viral vectors are an efficient way to allow overexpression of native or mutant a-syn in nigral DA
neurons of rats, mice and nonhuman primates (for reviews see (Low and Aebischer, 2012;

Ulusoy et al., 2010; Van der Perren et al., 2015). Consistent with previous studies (Bourdenx et



al., 2015; Ip et al., 2017; Lauwers et al., 2003; Song et al., 2015; Svarcbahs et al., 2016; Thome
et al., 2015), AAV2/9-ha-syn injection resulted in efficient expression of the human transgene in
SN and, after diffusion, in striatum. Accordingly, degeneration of nigral DA neurons (Bourdenx
et al., 2015; Ip et al., 2017; Lauwers et al., 2003; Song et al., 2015; Svarcbhahs et al., 2016;
Thome et al., 2015) and a-syn pathology (increased pSer129 a-syn levels and PK-resistant a-Syn
aggregates) appeared. Different from studies where unilateral injection was performed
(Bourdenx et al., 2015; Ip et al., 2017; Lauwers et al., 2003; Svarcbahs et al., 2016; Thome et al.,
2015), the bilateral AAV2/9 injection caused a larger reduction of nigral DA neurons (50% vs
20-30%) (also see (Song et al., 2015). Consistent with such higher levels of neurodegeneration,
deficits in stepping (drag test) and global motor (rotarod test) activity were observed both in 3-
month-old and 12-month-old mice, with the difference that in older mice motor deficits appeared
earlier, i.e. already at 4 weeks after intranigral AAV2/9 injection, perhaps suggesting an
acceleration of the neurotoxic process associated with aging.

The finding that 12-month-old G2019S KI mice were more prone to a-syn toxicity cannot be
attributed to different efficiencies of transgene expression (or other surgery variables) since ha-
syn expression and diffusion were similar among the different cohorts of mice. Thus, the
neuropathological changes between 12-month-old G2019S KI and WT mice are likely due to
LRRK2 mutation. This corroborates previous reports that WT LRRK2/A53T a-syn and G2019S
LRRK2/A53T a-syn double TG mice (Lin et al., 2009) or BAC G2019S KI rats injected with a
AAV?2 a-syn (Daher et al., 2015) display greater loss of nigral DA neurons compared to controls.
Greater nigral degeneration in 12-month-old G2019S KI mice was associated with greater load
of PK-resistant, insoluble pSer129 a-syn aggregates. This is in line with the finding that a-syn
fibrils injection in BAC G2019S overexpressors favours pSerl29 a-syn inclusions in DA
neurons (Volpicelli-Daley et al., 2016), although in this model of synucleinopathy no overt
nigro-striatal degeneration was observed (at 4 weeks after injection). Therefore, since the AAV

ha-syn model is a model for a-syn aggregation but not fibrillization, our study would suggest



that in aged G2019S KI mice, excessive deposition of pSerl29 a-syn aggregates in SNc
accelerates DA neuron loss. In fact, expression of G2019S LRRK2 in C. elegans caused age-
dependent accumulation of a-syn and degeneration of DA neurons (Saha et al., 2015). a-syn
aggregates per se can disrupt cellular homeostasis, altering cellular trafficking (Giasson and Lee,
2003; Stefanis, 2012). Among the possible mechanisms through which G2019S LRRK2
accelerates a-syn synucleinopathy, we investigated microglial activation. In fact, it is established
that LRRK2 promotes microglial activation and the release of pro-inflammatory cytokines
(Gillardon et al., 2012; Moehle et al., 2012; Russo et al., 2015) and that G2019S mutation
amplifies this response (Kim et al., 2012; Moehle et al., 2015). Another mechanisms has been
recently proposed by a study showing that G2019S LRRK2 increases phagocytic activity of
microglia and macrophages through stabilization of WAVE2 complex, which is directly linked
to DA cell death (Kim et al., 2018). Consistent with those reports, microgliosis was associated
with the greater loss of DA neurons observed in G2019S LRRK2/A53T a-syn double TG mice
(Lin et al., 2009) or BAC G2019S rats injected with AAV a-syn (Daher et al., 2015). Different
from these reports, however, we failed to detect an increased number of Iba-1+ cells in both the
SN and striatum of WT and G2019S KI mice injected with AAV-ha-syn, regardless of the age
examined. Lack of microglial activation (Litteljohn et al., 2018) or even inhibition of microglial
motility (Choi et al., 2015) have been reported in G2019S LRRK2 models. However, we should
consider that in the AAV model of synucleinopathy, the number of microglia cells appears to be
transiently elevated only at 4-8 weeks after injection (Chung et al., 2009; Daher et al., 2015;
Sanchez-Guajardo et al., 2010), consistent with a role of microglia in early stages of AAV a-syn
toxicity. Since we performed the microglia analysis at 12 or 20 weeks after AAV injection, we
might have missed the initial microglial response. We should also consider that in previous
studies a sustained microglial activation was observed in the presence of elevated levels of
G2019S LRRK2 (either genetically- or virus-induced) which might have further amplified such

response.



The lack of a sustained microglial response and the age-dependence of the G2019S KI pattern of
response would suggest other mechanisms underlying the G2019S effect. In particular, G2019S
LRRK?2 can potently regulate cellular proteostasis through autophagy pathways. In fact, a-syn is
degraded mainly via chaperone-mediated autophagy (Cuervo et al., 2004; Lee et al., 2004) and
G2019S LRRK2 impairs a-syn clearance (Orenstein et al., 2013; Saha et al., 2015) by promoting
a-syn oligomerization at the lysosomal membrane (Orenstein et al., 2013). Indeed, G2019S
LRRK2 has been shown to impair lysosomal a-syn degradation and cause endogenous a-syn
accumulation, an effect reversed by LRRK2 kinase inhibitors, in primary cortical neurons
(Schapansky et al., 2018). Interestingly, aging is accompanied by impairment of chaperone-
mediated autophagy and proteasome clearance (Mattson and Magnus, 2006; Xilouri and
Stefanis, 2016), which leads to the accumulation of a-Syn aggregates, at least in primates (Chu
and Kordower, 2007). Thus, the increased deposition of a-syn aggregates in aged G2019S KiI
mice might be due to a detrimental effect of G2019S LRRK2 combined with the reduced brain
capability to handle a-syn overload of the aged brain. The fact that we did not observe a
genotype effect in young G2019S KI mice, might thus depend on a greater capability of young
mice to cope with changes of a-syn overload. In support of the role of aging in G2019S LRRK?2
pathology, a recent study reported nigral DA loss and prolonged microgliosis in 19-month-old
but not 2-3-month-old WT mice intrastriatally-injected with an adenoviral vector carrying human
G2019S LRRK?2 (Kritzinger et al., 2018).

G2019S KI mice, therefore, might represent a model recapitulating the effect of aging (the major
risk factor in PD) over the interaction between a pathogenic genetic component (the G2019S
mutation) and a PD-relevant trigger (ha-syn). Nonetheless, there seems to be a dissociation
between neurodegeneration and synucleinopathy in striatum where, different from SNc, no
greater loss of DA terminals was detected in G2019S KI mice compared to controls. It is
possible that, consistent with the anterograde nature of the AAV2/9-ha-syn toxicity process, the

greater loss of nigral DA cell bodies in G2019S KI mice needs more time to translate into a



significant change at the striatal terminal level. Alternatively, we could speculate that the toxic
effect exerted by G2019S LRRK?2 at the terminal levels is compensated.

Concluding remarks

Evidence was presented that G2019S KI mice are more susceptible to the toxic effects of ha-syn
delivered via AAV2/9, that this effect is age-dependent and associated with greater load of
insoluble pSer129 a-syn aggregates. The mechanisms underlying the accelerating role of
G2019S LRRK2 on a-syn toxicity need to be identified, and even if no changes in microglia
were detected at 12 or 20 weeks after AAV2/9-ha-syn injection, whether G2019S LRRK2
accelerates synucleinopathy by modulating the microglial response needs to be investigated at
earlier time-points. The present study therefore offers a model to study the interaction between
LRRK2 G2019S, a-syn and aging in the development of PD. G2019S KI mice show an increase
of dopaminergic transmission at 1-3 months that normalizes at 12 months (Volta et al., 2017),
i.e. by the time when striatal DAT levels and activity rise, striatal VMAT2 levels drop, and
striatal and nigral pSer129 a-syn levels increase (Longo et al., 2017). Early elevation of DA
transmission and its later compensation via DAT elevation (stimulus-evoked DA release in
unchanged in old mice) (Longo et al., 2017; Volta et al., 2017) might lead to enhanced cytosolic
DA levels, somehow triggering pSer129 inclusions. In fact, DA can facilitate a-syn aggregation
through the formation of DA/a-syn complexes causing the blockade of chaperone-mediated
autophagy (Martinez-Vicente et al., 2008) or of the process of a-syn fibrillization (Outeiro et al.,
2009). This is also relevant in vivo where elevated levels of DA can accelerate the formation of
soluble a-syn oligomers and hence DA cell death (Mor et al., 2017). In this respect, the present
study suggests that pSer129 a-syn signal in old G2019S KI mice is represented by PK-sensitive
soluble forms of a-syn. This confirms the view that the neuropathological process driven by
G2019S LRRK2 is at the beginning, and that G2019S KI mice might represent a model of
presymptomatic PD, characterized by early dysfunction at the dopaminergic synapse and

defective a-syn proteostasis (Longo et al., 2017).
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Figure legends

Figure 1. Behavioral impairment and nigrostriatal degeneration associated with ha-syn
overexpression in 3-month-old mice. AAV2/9-ha-syn or AAV2/9 GFP (as a control) were injected
bilaterally in the SNc of G2019S KI and WT mice. Stepping activity was evaluated using the drag
test at baseline and 4, 8, 12, 16 and 20 weeks after surgery (A), stereological quantification of nigral
dopamine neurons (B) and analysis of density of striatal tyrosine hydroxylase (TH) positive
terminals (C) were performed after 20 weeks. Representative images of SNc and striatum are also
given. Data are expressed as number of steps (A), number of nigral neurons (B) and optical density
(grey scale arbitrary units, C) are means £ SEM of 7 (G2019S KI GFP), 8 (LRRK2 A53T WT) and
9 (LRRK2 WT GFP and G2019S KI A53T) mice per group. Statistical analysis was performed by
two-way RM ANOVA followed by the Bonferroni test for multiple comparisons (A) or one-way
ANOVA followed by the Bonferroni test for multiple comparisons (B-C). **P<0.01 different from

respective GFP controls.

Figure 2. Expression of ha-syn in 3-month-old mice. AAV2/9-ha-syn or AAV2/9 GFP (as a
control) were injected bilaterally in the SNc of G2019S KI and WT mice and transgene expression
evaluated after 20 weeks. Representative images of SNc and striatum, and quantification of the
area occupied by ha-syn immunostaining in the SNc (A) or striatum (B). Data are expressed as
mean percentage + SEM of immunopositive surface of the structure of interest of 8 mice per group.
Statistical analysis was performed by one-way ANOVA followed by the Bonferroni test for

multiple comparisons. **P<0.01 different from respective GFP controls.

Figure 3. Increase of pSer129 a-syn levels following ha-syn overexpression in 3-month-old mice.
AAV2/9-ha-syn or AAV2/9 GFP (as a control) were injected bilaterally in the SNc of G2019S KI
and WT mice, and pSer129 a-syn or total a-syn levels evaluated after 20 weeks. Representative

images of total a-syn signal in SNc and striatum, or pSer129 a-syn signal in SNc and striatum, and



relative quantifications (A, B, C, D, respectively). Data are expressed as mean percentage £ SEM of
immunopositive surface of the structure of interest of 8 mice per group. Statistical analysis was
performed by one-way ANOVA followed by the Bonferroni test for multiple comparisons.

**P<0.01 different from respective GFP controls

Figure 4. pSerl29 a-syn aggregates following ha-syn overexpression in 3-month-old mice.
AAV2/9-ha-syn or AAV2/9 GFP (as a control) were injected bilaterally in the SNc of G2019S KI
and WT mice and pSer129 a-syn signal following Proteinase K (PK) digestion evaluated after 20
weeks. Representative images of SNc and striatum, and relative quantifications of pSer129 a-syn
signal (A, B, respectively). Data are expressed as mean percentage £+ SEM of immunopositive
surface of the structure of interest of 8 mice per group. Statistical analysis was performed by one-
way ANOVA followed by the Bonferroni test for multiple comparisons. **P<0.01 different from

respective GFP controls

Figure 5. Behavioral impairment and nigrostriatal degeneration associated with ha-syn
overexpression in 12-month-old mice. AAV2/9-ha-syn or AAV2/9 GFP (as a control) were injected
bilaterally in the SNc of G2019S KI and WT mice. Stepping activity was evaluated using the drag
test (A) or the rotarod test (B) at baseline and 4, 8, 12 weeks after surgery, and nigrostriatal
degeneration was evaluated after 12 weeks. Representative images of SNc and striatum are also
given. Data are expressed as number of steps (A), time on rod (in sec; B), number of nigral neurons
(C) and optical density (grey scale arbitrary units, B) are means + SEM of n=7 (LRRK2 WT GFP),
8 (LRRK2 WT A53T) and 10 (G2019S KI GFP and G2019S KI A53T) mice per group. Statistical
analysis was performed by two-way RM ANOVA followed by the Bonferroni test for multiple
comparisons (A-B) or one-way ANOVA followed by the Bonferroni test for multiple comparisons
(C-D). **P<0.01 different from respective GFP controls, °P<0.05 different from LRRK2 WT

AS53T.



Figure 6. Expression of ha-syn in 12-month-old mice. AAV2/9-ha-syn or AAV2/9 GFP (as a
control) were injected bilaterally in the SNc of G2019S KI and WT mice and transgene expression
evaluated after 12 weeks. Representative images of SNc and striatum, and quantification of the area
occupied by ha-syn immunostaining in the SNc (A) or striatum (B). Data are expressed as mean
percentage + means £ SEM of n=7 (LRRK2 WT GFP), 8 (LRRK2 WT A53T) and 10 (G2019S KI
GFP and G2019S KI A53T) mice per group. Statistical analysis was performed by one-way
ANOVA followed by the Bonferroni test for multiple comparisons. **P<0.01 different from

respective GFP controls.

Figure 7. Increase of pSer129 a-syn levels following ha-syn overexpression in 12-month-old mice.
AAV2/9-ha-syn or AAV2/9 GFP (as a control) were injected bilaterally in the SNc of G2019S KI
and WT mice, and pSer129 a-syn or total a-syn levels evaluated after 12 weeks. Representative
images of total a-syn signal in SNc and striatum, or pSer129 a-syn signal in SNc and striatum, and
relative quantifications (A, B, C, D, respectively), data are expressed as mean percentage = SEM of
immunopositive surface of the structure of interest of 9 mice per group. Statistical analysis was
performed by one-way ANOVA followed by the Bonferroni test for multiple comparisons.
**P<0.01 different from respective GFP controls; *#P<0.01 different from LRRK2 WT GFP;

°°P<0.01 different from LRRK2 WT A53T.

Figure 8. pSerl29 o-syn aggregates following ha-syn overexpression in 12-month-old mice.
AAV2/9-ha-syn or AAV2/9 GFP (as a control) were injected bilaterally in the SNc of G2019S KI
and WT mice, and pSer129 a-syn signal following Proteinase K (PK) digestion evaluated after 12
weeks. Representative images of SNc and striatum, and relative quantifications of pSerl29 a-syn
signal (A, B, respectively). Data are expressed as mean percentage £+ SEM of immunopositive

surface of the structure of interest of 9 mice per group. Statistical analysis was performed by one-



way ANOVA followed by the Bonferroni test for multiple comparisons. **P<0.01 different from

respective GFP controls; °°P<0.01 different from LRRK2 WT A53T.
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Highlights
e AAV2/9-ha-syn injection causes dopamine neuron loss and a-Syn aggregates appearance
e Aged G2019S LRRK2 KI mice are more prone to develop a-syn toxicity than WT mice
e Larger amount of a-Syn aggregates are present in aged G2019S LRRK2 KI mice

e No microglial response is observed 3-5 months after AAV2/9-ha-syn injection
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