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A B S T R A C T

Woodchuck Hepatitis Virus Post-transcriptional Regulatory Element (WPRE) is thought to enhance transgene
expression of target genes delivered by adeno-associated viral (AAV) vectors. This study assessed the protein
expression of α-synuclein, phosphorylated α-synuclein at Serine 129, extent of nigrostriatal degeneration as well
as subsequent behavioral deficits induced by unilateral intranigral stereotactic injection in male adult C57BL/6J
mice of an AAV2/9 expressing A53T human α-synuclein under the control of the synapsin promoter in presence or
absence of the WPRE. The presence of WPRE enabled to achieve greater nigrostriatal degeneration and synu-
cleinopathy which was concomitant with worsened forelimb use asymmetry. This work refines a mouse Par-
kinson's disease model in which anatomo-pathology is related to behavioral deficits.
1. Introduction

Parkinson's disease (PD) is a slowly progressive neurodegenerative
disorder marked by the selective loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) and the presence of proteinaceous
inclusions named Lewy bodies (LB) in surviving neurons and Lewy
neurites in cell processes (Kalia and Lang, 2015). α-synuclein (α-syn) is a
major constituent of LB and the first disease-causing protein character-
ized in both sporadic and familial PD (Dehay et al., 2015). Several
α-syn-based animal models of PD have been developed to investigate the
pathophysiology of PD, notably through viral vector-mediated over-
expression of the wild-type (WT) or mutated SNCA gene. Lentiviral (LV)
or adeno-associated (AAV) viral vector-mediated overexpression of SNCA
gene has been successfully conducted in several species, including mice,
rats and non-human primates (Bourdenx et al., 2015; Kirik et al., 2003;
Koprich et al., 2010; Lo Bianco et al., 2002; Oliveras-Salv�a et al., 2013).
Surprisingly, the largest extent of lesion is observed in rats compared to
mice and non-human primates, with subsequent overt motor and
non-motor symptoms in the AAV-α-synuclein rat (Engeln et al., 2016)
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(Engeln et al., 2013) but not in mice or non-human primates (Bourdenx
et al., 2015; Koprich et al., 2016). Beyond possible, but yet to be fully
investigated, inter-species and intra-species differences (Bourdenx et al.,
2015) the vector type, the serotype for AAVs or the titers are obvious
variables (McFarland et al., 2009; St Martin et al., 2007). The introduc-
tion of additional elements such as woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE), described for enhancing
transgene expression (Hollensen et al., 2017; Klein et al., 2006; Zufferey
et al., 1999), often lacks head to head comparison for ascertaining the
toxicity enhancement it is supposed to afford but in a minority of papers
such as (Decressac et al., 2012). We previously reported that
AAV2/9-mediated mutated human A53T α-syn overexpression induces
nigrostriatal neurodegeneration in mice, rats and non-human primates
(Arotcarena et al., 2019; Bido et al., 2017; Novello et al., 2018) while
displaying considerable lesser efficiency in the mouse than in other
species (Bourdenx et al., 2015). We here investigate in a proper
head-to-head comparison whether WPRE can enhance the over-
expression of AAV2/9 mediated A53T human α-synuclein in the
m (C. Qin).
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C57BL/6J mice, for generating a PD-relevant extent of lesion and
pathology.

2. Material and methods

2.1. Animals

20 male wild type C57BL/6J mice aged 6 weeks were purchased from
Beijing HFK Bioscience Co. and habituated to the animal facility for two
weeks prior starting the experiments. All the animals were kept under
standard housing conditions (22–25 �C with a 12 h/12 h light/dark
cycle) and received standard food and tap water ad libitum. The study was
approved by the ethical committee for the use of experimental animals of
the Institute of Laboratory Animal Sciences (license number: 17002).

2.2. AAV vector production

AAV2/9-synapsin-synA53T (i.e.A53T) and AAV2/9-synapsin-
synA53T-WPRE (i.e.A53T-WPRE) vectors were produced by poly-
ethylenimine (PEI) mediated triple transfection of low passage HEK-293
T/17 cells (ATCC; cat number CRL-11268). The respective AAV expres-
sion plasmids were cotransfected with the adeno helper pAd Delta F6
plasmid (Penn Vector Core, cat # PL-F-PVADF6) and AAV Rep Cap
pAAV2/9 plasmid (Penn Vector Core, cat # PL-TPV008). AAV vectors
were purified as previously described (Bourdenx et al., 2015). Cells are
harvested 72 h post transfection, resuspended in lysis buffer (150 mM
NaCl, 50 mM Tris–HCl pH 8.5) and lysed by 3 freeze-thaw cycles (37
�C/-80 �C). The cell lysate is treated with 150 units/ml Benzonase
(Sigma, St Louis, MO) for 1 h at 37 �C and the crude lysate is clarified by
centrifugation. Vectors are purified by iodixanol step gradient centrifu-
gation, and concentrated and buffer-exchanged into Lactated Ringer's
solution (Baxter, Deerfield, IL) using vivaspin20 100 kDa cut off
concentrator (Sartorius Stedim, Goettingen, Germany). Titrations were
performed at the transcriptome core facility (Neurocentre Magendie,
INSERM U862, Bordeaux, France). The genome-containing particle (gcp)
titer was determined at a concentration of 5.16 � 1012

gcp/ml by quantitative real-time PCR using the Light Cycler 480
SYBR green master mix (Roche, cat # 04887352001) with primers spe-
cific for the AAV2 ITRs (fwd 50-GGAACCCCTAGTGATG GAGTT-3’; rev 50-
CGGCCTCAGTGAGCGA-30) on a Light Cycler 480 instrument. Purity
assessment of vector stocks was estimated by loading 10 μl of vector stock
on 10 % SDS acrylamide gels, total proteins were visualized using the
Krypton Infrared Protein Stain according to the manufacturer's in-
structions (Life Technologies).

2.3. Surgical procedures

All the interventions were performed under full general anaesthesia
with isoflurane in oxygen-enriched air (12 %). Mice were placed in a
stereotaxic frame (Kopf Instruments) and received one unilateral intra-
nigral injection (AP -2.9 mm; ML-1.3 mm; DV -4.5 mm from Bregma) of
either 1 μl of AAV2/9-synapsin-synA53T or 1 μl AAV2/9-synapsin-
synA53T-WPRE (concentration:1.02 � 1013 gcp/ml) at a rate of 0.4 μl/
min as previously described (Bourdenx et al., 2015). The pipette was left
in place for 5 min after injection to avoid leakage. After surgery, mice
were placed in an incubator for optimized recovery from anaesthesia.

2.4. Behavioral tests

Cylinder test and challenging beam test were conducted 12 weeks
after AAV2/9 injection. The videos of the behavioral tests were viewed
and scored in slow motion by an observer blind to the treatment condi-
tion. To assess forelimb asymmetry, mice were placed into a transparent
plexiglass cylinder (diameter: 9.5 cm, height: 20 cm) and videotaped for
3 min. Contacts made with the ipsilateral (right) forelimb, contralateral
(left) forelimb or both forelimbs and the wall of the plexiglas cylinder
2

were counted by an experimenter blind to the experimental condition.
The percentage of ipsilateral and contralateral contacts, relative to the
total number of contacts, was calculated. An asymmetry index was
calculated as: (Ipsilateral forelimb � Contralateral forelimb)/(Ipsilateral
forelimb þ Contralateral forelimb þ Both movement).

Motor coordination was assessed using the challenging beam test as
previously described (Fleming et al., 2013; Soria et al., 2017). Mice were
first trained for 5 trials per day on three consecutive days to traverse a
beam composed of four sections (25 cm each) of decreasing width (3.5
cm–0.5 cm) and leading to the animal's home cage. On the fourth day, a
mesh grid (1 cm2) that corresponds to each beam width was placed on
top of each beam section. Testing was performed on the next day and the
five trials were videotaped for each mouse. Videos were rated blindly for
the number of errors, number of steps, and time to traverse the beam.
Errors per step was calculated as the number of errors divided by the
number of steps.

2.5. Immunohistochemistry

Immediately after completion of the behavioral tests, i.e. at 12 weeks
post-surgery, mice were anesthetized with sodium pentobarbital (100
mg/kg body weight, i.p.) and perfused with 0.9% NaCl followed by ice
cold 4% paraformaldehyde (PFA). Brains were post-fixed for 24 h in 4%
PFA, then cryoprotected in 20% sucrose in 0.1M PBS. Brains were frozen
in isopentane and stored at -80 �C. 50 μm free-floating coronal sections of
the entire striatum and midbrain were collected for histological analysis.
Immunohistochemistry was performed for each animal on striatum (from
1 to 3 sections) and on every fourth midbrain sections spanning the entire
rostro-caudal SNpc. Selected sections were incubated all together over-
night with primary antibodies for the following antigens: TH (1:5.000
clone EP1532Y, ab137869 Abcam), α-synuclein (1:1.000 clone Syn211,
Thermo Scientific, MS1572), or phosphorylated Ser129 α-synuclein
(1:5.000, EP1536Y, ab51253, Abcam). Immunoreactions were revealed
by an anti–species dependent peroxidase EnVisionTM system (DAKO)
followed by DAB visualization. Sections were mounted on gelatinized
slides, counterstained with 0.1% cresyl violet solution if needed, dehy-
drated, and cover-slipped.

2.6. Image analysis

TH-positive SNpc cells were counted by stereology, using a Leica DM-
6000B microscope coupled with the Mercator Pro software (Explora
Nova). The SNpc was delineated for each section, and probes for ste-
reological counting were applied to the map obtained (probe size was 50
� 40 spaced by 150 � 120μm). Only TH-positive cells with its nucleus
included in the probe or crossing the green line of the probe were
counted. The total number of TH-positive cells within the whole nigra
was estimated using the optical fractionator method.

The TH staining in the striatum was quantified by optical density
(OD). Sections were scanned with an Epson expression 10000XL high-
resolution scanner. Images were first opened in ImageJ open-source
software (ImageJ.nih.gov). Brightness and contrast were set to opti-
mize the histogram of images. The same parameters were applied for all
images of the same staining in order to compare the mean grey value for
each striatum without any bias.

For the α-synuclein and phosphorylated α-synuclein staining, high-
resolution whole color slide images were first acquired with the 3DHis-
tech Panoramic Scanner at 20�magnification, with 5 layers in extended
mode. Each image was opened in the off-line Mercator Pro software
(Explora Nova), and the mapping of all regions of interest was made.
Then the threshold surface analysis was conducted to quantify antibody-
based staining in the region of interest as previously described (Arot-
carena et al., 2019). Briefly, brightness and contrast rules were applied to
the RGB pictures to optimize details without any saturation of the image.
The color thresholding tool was then used to select the threshold corre-
sponding to the brown color revealed by the DAB staining. The threshold

http://ImageJ.nih.gov
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has been established on the basis of the staining intensity to detect the
maximum of DAB staining. In each region, the software extracted the
surface corresponding to the threshold defined. The surface parameter
was finally expressed as a ratio of the total surface of each area of interest.

2.7. Statistical analysis

All results are presented as mean � standard error of the mean (SEM)
and were compared by two-way ANOVAwith AAV type and hemisphere/
hemibody as independent variables, followed by Tukey's multiple com-
parison tests (GraphPad Prism 9).

3. Results

3.1. Both vectors achieved α-syn overexpression

Both AAV2/9-synapsin-synA53T and AAV2/9-synapsin-synA53T-
WPRE resulted in a widespread protein expression of α-syn in the ipsi-
lateral side (injection) of SNpc (Figure 1). AAV-mediated overexpression
of α-syn led to diffusion of α-syn throughout the ipsilateral side mostly at
the level of the mesencephalon with lesser diffusion to the contralateral
(non-injected) side (Figure 1 D-F). In the SNpc, there was an AAV
construct� hemisphere interaction (F(1,36) ¼ 9.950, P¼ 0.003), an effect
of AAV construct (F(1, 36)¼ 23.42, p< 0.0001) and of hemisphere (F(1, 36)
¼ 3699, P < 0.0001). Post-hoc analysis showed however no difference in
Figure 1. α-Synuclein expression at striatal (A–C) and mesencephalic (D–F) levels 12
9-synapsin-synA53T-WPRE (B,E). Representative images (Scale bars: 1.0 mm for stria
striatum (A–C) and SNpc (D–F) are displayed. Higher magnification pictures are sho
mean percentage �SEM of n ¼ 10 mice per group. **p < 0.0001, compared to non
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α-syn expression level in SNpc between the AAV2/9-synapsin-synA53T
and AAV2/9-synapsin-synA53T-WPRE mice (p ¼ 0.6359).

Extensive human specific α-syn staining was detected throughout the
ipsilateral striatum, indicating either a retrograde AAV uptake or the
transport of the α-syn protein itself from the SNpc neurons to their ter-
minals in the striatum (Figure 1 A-C). At the striatal level (Figure 1 A-C),
diffusion was not observed massively in the contralateral side but a clear
presence of few fibers positive for α-syn can be observed in the contra-
lateral striatum (insets in Figure 1 A-B). In the striatum, there was no
AAV construct � hemisphere interaction (F(1,36) ¼ 0.9956, P ¼ 0.3250),
no effect of AAV construct (F(1, 36) ¼ 1.134, p ¼ 0.2941) but an effect of
hemisphere (F(1, 36) ¼ 785.4, P < 0.0001). Post-hoc analysis showed
however no difference in α-syn expression level in striatum between the
AAV2/9-synapsin-synA53T and AAV2/9-synapsin-synA53T-WPRE mice
(p ¼ 0.4725).

3.2. AAV2/9-synapsin-synA53T -WPRE displayed greater nigrostriatal
degeneration

In the SNpc, the two way ANOVA revealed no AAV construct �
hemisphere interaction (F(1,36) ¼ 0.1584, P ¼ 0.6930), no effect of AAV
construct (F(1, 36) ¼ 1.685, p ¼ 0.2025) but an effect of hemisphere (F(1,
36) ¼ 27.60, P < 0.0001). In the striatum however, the two way ANOVA
revealed AAV construct � hemisphere interaction (F(1,36) ¼ 45.85, P <

0.0001), an effect of AAV construct (F(1, 36) ¼ 29.85, P < 0.0001) and an
weeks after intranigral injection of AAV2/9-synapsin-synA53T (A,D) and AAV2/
tum, 0.5 mm for SNpc) and surface quantification of hα-syn immunostaining in
wn (Scale bar: 40 μm) below each representative image. Data are expressed as
-injected side.
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effect of hemisphere (F(1, 36) ¼ 249.5, P < 0.0001). While both vectors
significantly decreased the number of tyrosine hydroxylase (TH)-immu-
nopositive neurons in the ipsilateral SNpc (Figure 2 A-C), there was no
difference between the two vectors for the achieved nigral degeneration
(p ¼ 0.6312). However, AAV2/9-synapsin-synA53T-WPRE achieved a
significantly greater loss of TH-immunopositive fibers into the striatum
(Figure 2 D-F), translating into a functional meaning the apparent further
decrease in the number of TH-immunopositive neurons (33% vs. 27% for
AAV2/9-synapsin-synA53T, Figure 2 C).
3.3. AAV2/9-synapsin-synA53T -WPRE induced greater synucleinopathy

In the SNpc, there was no AAV construct � hemisphere interaction
(F(1,36) ¼ 1.313, P¼ 0.2595), no effect of AAV construct (F(1, 36) ¼ 1.211,
p¼ 0.2785) but an effect of hemisphere (F(1, 36) ¼ 321.8, P< 0.0001) for
the level of S129 phosphorylated α-syn (pS129 α-syn). In the striatum
however, there was an AAV construct� hemisphere interaction (F(1,36)¼
10.63, P ¼ 0.0024), an effect of AAV construct (F(1, 36) ¼ 10.45, p ¼
0.0026) and an effect of hemisphere (F(1, 36) ¼ 59.35, P < 0.0001). Both
vectors induced a strong significant punctiform pS129 α-syn immuno-
reactivity in both the striatum and the SNpc (Figure 3) leading to sig-
nificant increase compared to the non-injected hemisphere. AAV2/9-
synapsin-synA53T-WPRE achieved however a significantly greater
Figure 2. TH expression at striatal (A–C) and mesencephalic (D–F) levels 12 week
synapsin-synA53T-WPRE (B,E). AAV2/9-synapsin-synA53T and AAV2/9-synapsin-s
analysis of optical density of striatal TH-positive terminals (representative images: A
SNpc (representative images:D, E; quantification: F). Scale bar: 0.5 mm for SNpc and
for straitum and 40 μm for SNpc) below each representative image. Data are expresse
non-injected side. ##p < 0.0001, compared to AAV2/9-synapsin-synA53T.
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punctiform pS129 α-syn immunoreactivity (Figure 3) in the striatum
(Figure 3 A-C) compared to AAV2/9-synapsin-synA53T. While cortical
staining represents a diffuse staining through the parenchyma, the
striatal staining is highly punctiform and describes also Lewy neurites-
like structures (insets of Figure 3A-B).
3.4. AAV2/9-synapsin-synA53T-WPRE elicited forelimb use asymmetry

An extent of nigral loss of 50% is classically required to observe overt
parkinsonian motor symptoms (Bezard et al., 2001; Fearnley and Lees,
1991; Kordower et al., 2013), a threshold that was not reached in any of
the groups. Nevertheless, subtle motor abnormalities can be detected
below that threshold. There was no difference in the total number of
steps (Figure 4A), errors per step (Figure 4B) and total time to traverse
the beam (Figure 4C) in the challenging beam test between
AAV2/9-synapsin-synA53T and AAV2/9- synapsin-synA53T-WPRE
groups. In the cylinder test, there was no interaction effect on mice
contacts (% of total contacts) between AAV construct and hemisphere
(F(1,36) ¼ 1.080, P ¼ 0.305) and no effect of AAV construct (F(1, 36) ¼
0.055, p ¼ 0.814), but there was a main effect of hemisphere (F(1, 36) ¼
6.587, P ¼ 0.014) suggestive of a differential impairment between the
groups. AAV2/9-synapsin-synA53T-WPRE mice, but not
AAV2/9-synapsin-synA53T mice, displayed a trend to a forelimb use
s after intranigral injection of AAV2/9-synapsin-synA53T (A,D) and AAV2/9-
ynA53T-WPRE induced degeneration of dopaminergic neurons as assessed by
, B; quantification: C) and by stereological quantification of TH-positive cells in
1 mm for striatum. Higher magnification pictures are shown (Scale bar: 100 μm
d as mean � SEM of 10 mice per group. **p < 0.01, ***p < 0.0001 compared to



Figure 3. Immunodetection of α-synuclein phosphorylated at serine 129 (pS129) at striatal (A–C) and mesencephalic (D–F) levels 12 weeks after intranigral injection
of AAV2/9-synapsin-synA53T (A,D) and AAV2/9-synapsin-synA53T-WPRE (B,E). AAV2/9-synapsin-synA53T and AAV2/9-synapsin-synA53T-WPRE induced increase
in pS129 in striatum (representative images: A,B; quantification: C) and SNpc (representative images: D,E; quantification: F) Scales: 1.0 mm for Striatum, 0.5 mm for
SNpc. Higher magnification pictures are shown (Scale bar: 40 μm) below each representative image). Data are expressed as mean percentage �SEM of n ¼ 10 mice per
group. **p < 0.001 compared to non-injected side. ###p < 0.001, compared to AAV2/9-synapsin-synA53T.
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asymmetry with preference for the ipsilateral (injection) side (Figure 4
D). No differences were found in asymmetry index (Figure 4E) and
number of rearings (Figure 4F) between the AAV2/9-synapsin-synA53T
and AAV2/9-synapsin-synA53T-WPRE mice.

4. Discussion

We here demonstrate that adding a WPRE to a classic AAV2/9-
synapsin-synA53T construct achieves greater nigrostriatal degeneration
(Figure 2) associated with nigral and striatal pS129 α-syn immuno-
staining (Figure 3), two anatomo-pathological landmarks that support
the observed forelimb use asymmetry (Figure 4).

It has been shown that the magnitude of α-syn overexpression is a
primary factor that determines the severity of dopaminergic neurons
degeneration and subsequent motor deficits. Our study showed that both
AAV2/9-synapsin-synA53T and AAV2/9-synapsin-synA53T-WPRE
induced extensive expression of α-syn protein in both SNpc and stria-
tum, in agreement with previous studies (Kirik et al., 2002). Over-
expression of α-syn in the ipsilateral striatum indicated that A53T-hα-syn
is transported along axons from neurons of SNpc to their fibers into the
striatum. AAV2/9 and WPRE construct showed an improved tropism and
5

spread of transgene product. Dopaminergic neurons loss in the SNpc is
the most relevant neuropathological hallmark of PD, which determined
the subsequent motor deficits.

In the present study, the hα-syn staining is not restricted to one
hemisphere at the level of the SNpc (Figure 1D-F) but is mostly limited to
it at the level of the striatum (Figure 1A-C)). One may question if this
represents a (i) cell-to-cell spread of α-syn, (ii) a diffusion of α-syn
throughout the matrix, (iii) an enormous spherical area of viral uptake
and infection, or (iv) transfection of the interhemispheric dopaminergic
projections. Diffusion of the protein at the mesencephalon rostro-caudal
level seems involved in such bilateral staining as the whole ipsilateral
hemisphere is also positively stained while only nigral cell bodies exbibit
clear labelling compatible with true cellular expression of the transgene.
Would cell-to-cell spread of α-syn be responsible then the very same
bilateral staining would be present at the striatal level, which it is not.
Volume of injection has been tailored so that the volume occupied by the
injected solution remains limited to the SN, a volume checked prior
actual experiments by dye injection checking. The very modest contra-
lateral staining in the striatum is restricted to fibers (Figure 1A-B), an
observation compatible with the tiny amount of interhemispheric
dopamine neuron projections.



Figure 4. Effect of AAV2/9-synapsin-synA53T and AAV2/9-synapsin-synA53T-WPRE on the challenging beam test (A–C) and forelimb asymmetry in the cylinder test
(D–F) assessed 12 weeks after injection. Data are expressed as mean � SEM of 10 mice per group. D) Difference between both sides in AAV2/9-synapsin-synA53T-
WPRE animals achieved p ¼ 0.0691.
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We observed that AAV2/9-synapsin-synA53T and AAV2/9-synapsin-
synA53T-WPRE presented a 27% and 33% TH positive neurons reduction
in the SNpc, respectively, in total agreement with previous studies
showing that unilateral delivery of AAV-hα-syn induced about 30%
dopaminergic neurons loss in SNpc in mice (Ip et al., 2017; Van der
Perren et al., 2015). We have previously reported that mice presented a
30% SNpc dopamine neuron loss at 20 weeks after AAV2/9-mediated
mutated human A53T α-syn. AAV2/9-synapsin-synA53T had a 35% op-
tical density decrease of TH positive fibers in the striatum which is
consistent with previous studies showing that the reduction of striatal TH
positive fibers ranged from 20% at 9 weeks to 45% at 12 weeks (Ip et al.,
2017; Song et al., 2015). However, AAV2/9- synapsin-synA53T-WPRE
mice had an ipsilateral 82% loss of TH staining density of striatal fibers
compared to the contralateral side and showed a 71% loss of TH signal
compared to AAV2/9-synapsin-synA53T mice. Previous neuron tracing
studies indicate that DA neurons from the dorsal tier of SNpc project to
the matrix compartment of dorsal striatum, while neurons from the
ventral tier send their axons to the complementary striosome or patch
compartment (Sgobio et al., 2017). These circuits of mesencephalic
dopaminergic neurons might explain the profound loss of TH in that part
of the caudate-putamen achieved by WPRE presence and the observed
behavioural asymmetry.

Generally, behavioural manifestation requires at least 50–60% loss of
nigral dopaminergic neurons and striatal DA or TH fibers in rats and mice
(Gombash et al., 2013; Kirik et al., 2002; Van der Perren et al., 2015).
Unilateral delivery of AAV-hα-syn induces 20–30% dopaminergic neu-
rons loss in mice, which often hinders the behavior deficits (Chesselet,
2008). We previously reported that bilateral AAV2/9 injection caused a
50% reduction of nigral DA neurons, which was accompanied by
6

significant behavior deficits (Novello et al., 2018). In the current study,
AAV2/9-synapsin-synA53T mice did not show the forelimb asymmetry,
which is coherent with the level of about 30% dopaminergic neurons loss
in the SNpc and striatum. AAV2/9-synapsin-synA53T-WPRE mice
showed a slightly forelimb use asymmetry with preference for the ipsi-
lateral side, which may be associated with an ipsilateral 82% loss of TH
positive dopaminergic fiber terminals in striatum.

Phosphorylation at Ser-129 (pS129) of α-syn is an important patho-
logical modification in synucleinopathy lesions (Anderson et al., 2006;
Fujiwara et al., 2002) often taken as a proxy of aggregation. We
observed that both AAV2/9-synapsin-synA53T and AAV
2/9-synapsin-synA53T-WPRE induced an extensive increase in pS129
α-syn immunostaining in the SNpc and striatum. In particular,
AAV2/9-synapsin-synA53T-WPRE increased pS129 α-syn immunoreac-
tivity significantly compared to AAV2/9-synapsin-synA53T. pS129
α-synuclein immunoreactivity and loss of TH positive striatal fiber ter-
minals negatively correlated (R2 ¼ 0.51, F(1,23) ¼ 24.4, p < 0.0001)
suggesting a causal relationship between dopaminergic denervation and
a rise in pS129.

Our results are in agreement with previous work performed in rats
and showing that the inclusion of a WPRE in the vector was required to
obtain motor deficits and resulted in enhanced α-synuclein pathology
and nigrostriatal degeneration (Decressac et al., 2012). Of note, both
pathology and behavioral deficits in mice models of PD are commonly
much less severe compared to the rat model. Rats indeed present larger
lesions when challenged with neurotoxins and AAV-hα-syn, with up to
80% loss of SNpc dopaminergic neurons achieved by unilateral delivery
of AAV-hα-syn (Bourdenx et al., 2015; Decressac et al., 2012). In another
study, AAV6-synapsin-α-syn-WPRE treated rats displayed >70% loss of
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SNpc TH positive cells and behavioral impairments 8 weeks after injec-
tion (Decressac et al., 2012). In non-human primates, we previously
showed that A53T mutant α-syn over-expression induced 20 % dopamine
neuron loss in aged marmoset monkeys after 11 weeks (Bourdenx et al.,
2015). rAAV2/2 WT or A53T a-synuclein reportedly induced 30–40 % of
the nigral cells loss that resulted in very mild motor deficits (Kirik et al.,
2003; Koprich et al., 2016). The reason for the discrepancy of vulnera-
bility to synuclein over-expression in different species remains unclear
but certainly contains valuable information regarding the mechanisms
underlying the resilience of some neurons to neurodegeneration.

5. Conclusion

In summary, we show that AAV2/9-synapsin-synA53T-WPRE ach-
ieved greater nigrostriatal degeneration and synucleinopathy which was
concomitant with forelimb use asymmetry. This work helps refining a
mouse PD model to be further used for unravelling molecular mecha-
nisms of PD and screening novel potential therapies.
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