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Loss of select neuronal populations such as midbrain dopamine (DA) neurons is a pathological hallmark of
Parkinson’s disease (PD). The small neuronal protein a-synuclein has been related both genetically and neuro-
pathologically to PD, yet how and if it contributes to selective vulnerability remains elusive. Here, we describe
the generation of a novel adeno-associated viral vector (AAV) for Cre-dependent overexpression of wild-type
human o-synuclein. Our strategy allows us to restrict a-synuclein to select neuronal populations and hence
investigate the cell-autonomous effects of elevated a-synuclein in genetically-defined cell types. Since DA neu-
rons in the substantia nigra pars compacta (SNc) are particularly vulnerable in PD, we investigated in more detail
the effects of increased a-synuclein in these cells. AAV-mediated overexpression of wildtype human a-synuclein
in SNc DA neurons increased the levels of a-synuclein within these cells and augmented phosphorylation of
a-synuclein at serine-129, which is considered a pathological feature of PD and other synucleinopathies. How-
ever, despite abundant a-synuclein overexpression and hyperphosphorylation we did not observe any dopami-
nergic neurodegeneration up to 90 days post virus infusion. In contrast, we noticed that overexpression of
a-synuclein resulted in increased locomotor activity and elevated striatal DA levels suggesting that a-synuclein
enhanced dopaminergic activity. We therefore conclude that cell-autonomous effects of elevated a-synuclein are
not sufficient to trigger acute dopaminergic neurodegeneration.

(Spillantini et al., 1997). Later, additional missense mutations (e.g.
A30P), and triplication and duplication of the wildtype SNCA gene were
described, all of which cause familial autosomal dominant PD (Chartier-

1. Introduction

Alpha-synuclein is a small protein of 140 amino acids that is closely

related to the pathogenesis of Parkinson’s disease (PD) since it was
discovered that a missense mutation at position 53 (A53T) in the
a-synuclein gene (SNCA) causes a familial form of the disease
(Polymeropoulos et al., 1997). Around the same time, a-synuclein was
shown to be a major protein constituent of Lewy bodies (LB) in post-

Harlin et al., 2004; Kruger et al., 1998; Singleton et al., 2003; Zarranz
etal., 2004). The genetic findings seemed to imply that mutated forms of
a-synuclein or elevated levels of the wildtype protein are toxic and
capable of inducing neurodegeneration (Bras et al., 2020; Wong and
Krainc, 2017).

mortem brains of patients with PD and dementia with LBs (DLB) It remains, however, unclear how missense mutations or
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multiplications of SNCA would lead to selective degeneration of specific
neuronal populations despite widespread expression of a-synuclein in
neurons and many other cell types (Cookson, 2009; Gibb and Lees, 1988;
Iwai et al., 1995; Parkkinen et al., 2011). PD is largely characterized by
intraneuronal LBs throughout the brain, but the cardinal motor symp-
toms are largely caused by profound degeneration of dopamine (DA)
neurons in the substantia nigra pars compacta (SNc) (Damier et al., 1999;
Hirsch et al., 1989). The degeneration of specific cholinergic, norad-
renergic, serotonergic and other neuronal populations has also been
described but the actual cell loss in these structures is unclear (Giguere
et al., 2018).

To test the ‘gain-of-toxic-function’ hypothesis of a-synuclein,
numerous animal models in which a-synuclein levels are elevated have
been generated.

For instance, transgenic mice in which a-synuclein expression is
driven by either ubiquitous, neuronal or more specific promoters have
been created (Chesselet and Richter, 2011; Recasens et al., 2018). While
some of these lines develop extensive a-synuclein expression and LB-like
inclusions throughout the brain they usually do not display the selective
cell loss observed in the human disease, i.e. degeneration of DA neurons
in the SNc (Chesselet and Richter, 2011).

Other animal models have been established in which expression of
a-synuclein was more restricted to vulnerable regions of interest through
stereotaxic injections of viral vectors such as adeno-associated viruses
(AAVs) or lentiviruses (Kirik et al., 2002; Klein et al., 2002; Lo Bianco
et al., 2002). Viral vectors have the advantage that they can be delivered
to adult animals of different ages and into brain regions of interest
including those most relevant to the disease such as the SNc in the
ventral midbrain. Many of these models lead to moderate dopaminergic
neurodegeneration, but the vectors to deliver a-synuclein do not cause
cell-type specific expression. Hence, infusion of viral particles into e.g.
the ventral midbrain induces overexpression of o-synuclein in many
different cell types including DA and non-DA neurons. Therefore, a
conclusion about whether increased levels of a-synuclein within DA
neurons suffices to trigger degeneration remains unclear.

We therefore sought to generate a novel Cre recombinase-dependent
AAV to allow cell-type specific expression of a-synuclein in defined
neuronal populations. In this AAV, the a-synuclein gene is inverted and
flanked by loxP and 1ox2272 sites. Upon recognition of lox sites by Cre
recombinase, the a-synuclein is inverted and can be expressed. To
determine in more detail whether cell-autonomous overexpression of
a-synuclein would be sufficient to trigger dopaminergic neuro-
degeneration, we restricted human wildtype a-synuclein to SNc DA
neurons of mice expressing Cre recombinase selectively in DA neurons
(DAT™ mice). Despite abundant overexpression of a-synuclein in DA
neurons and increased phosphorylation at serine-129 we did not observe
any appreciable degeneration of DA neuron terminals in the striatum or
loss of cell bodies in the SNc up to 90 days after virus infusion.

In contrast, overexpression of a-synuclein in SNc DA neurons led to a
hyperdopaminergic phenotype characterized by elevated locomotor
activity and increased striatal DA tissue levels. Together, our results
indicate that cell-autonomous overexpression of a-synuclein in DA
neurons can drive DA dysfunction but is not sufficient to induce acute
dopaminergic neurodegeneration.

2. Materials and methods
2.1. Animals

We used adult mice expressing Cre recombinase under the control of
the dopamine transporter (DAT®™®: B6.SJL-Slc6a3tm1.1(cre)Bkmn/J,
Jackson stock 006660), choline-acetyl transferase promoter (ChAT®™;
B6;129S6-Chattm2(cre)Lowl/J, Jackson stock 006410), adenosine A2a
receptor (A2a%"; Tg(Adora2a-cre)K139Gsat/Mmecd, Jackson stock
036158) from The Jackson Laboratory, Bar Harbor, ME. Dopamine re-
ceptor D{™® mice (Drdlat/®™®) have been obtained from the lab of
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Richard Palmiter (Heusner et al., 2008). DAT®™® founder mice were
kindly provided by Prof. Ulrik Gether (Univ. of Copenhagen) who
initially obtained them from The Jackson Laboratory. All mice were
12-20 weeks of age at the time of stereotaxic surgery and were bred on a
C57BL/6 J genetic background. Mice were group-housed, and main-
tained on a 12:12-h light:dark cycle with food and water available ad
libitum.

2.2. Generation of Cre-dependent adeno-associated viruses

A plasmid containing ¢cDNA for human a-synuclein wildtype (in a
pLV backbone) was a gift from Brian Spencer and Robert Rissman
(UCSD). Human a-synuclein cDNA was amplified by PCR and Ascl re-
striction sites added at 5" and 3' ends for insertion into pAAV-FLEX-
hSyn1 to generate a Cre-dependent vector. DNA sequence was verified
by Sanger sequencing and tested for Cre-mediated recombination and
expression in HEK-293 cells. DNA was packaged into AAVp; serotype by
Vigene Biosciences (now Charles River Laboratories).

The construct will be made available on Addgene.

2.3. Stereotaxic surgeries and viral infusions

Mice were anaesthetized with isoflurane (1-4 %) and placed into a
stereotaxic frame (RWD Life Science Co., Guangdong, China).
Replication-incompetent AAVp; serotype was used to drive expression of
eGFP or human o-synuclein under the control of the human Synapsin 1
promoter: AAVp;-hSyn1-DIO-eGFP (3.6 x 10'3 genome copies per mL
[ge/mL]), AAVpy-hSyn1-DIO-hASYN-WT (1.5 x 10'® ge/mL). The GFP
virus was packaged at the Salk GT3 vector core (La Jolla, CA). Viruses
were microinfused (300nL) into the left SNc (—3.4 AP, —1.25 ML, —4.25
DV) using a 30G stainless steel injectors at 100 nL/min.

2.4. Behavior

Open-field: Horizontal locomotion (total distance traveled) was
measured in square boxes (36 cm x 36 cm x 45 cm) using a video
camera mounted above the box and analyzed using ANY-maze software
(Stoelting). Distances traveled were recorded for 30 min. Mice were
tested either at 21 and/or 90 days after virus infusion.

2.5. Rotarod

Motor coordination was measured using an automated rotarod sys-
tem for rodents (MedAssociates). Mice were placed onto a rotating drum
(accelerating speed from 4 to 40 rpm over 300 s) for three trials sepa-
rated by a 15 min inter-trial interval. No training period was done prior
to the test phase. The latency to fall off was measured by integrated laser
beam detectors. Mice were tested at 90 days after virus infusion.

2.6. Histology

Mice were deeply anaesthetized with pentobarbital (100 mg/kg i.p.;
Exagon® 500 mg/mL, Richter Pharma) and transcardially perfused with
10-20 mL of phosphate-buffered saline (PBS) 21 or 90 days after viral
injection. This was followed by perfusion with 60-70 mL of 4 % para-
formaldehyde (PFA) at a rate of ca. 6 mL/min. Brains were extracted,
post-fixed in 4 % PFA at 4 °C overnight, and cryoprotected in 30 %
sucrose in PBS for 48-72 h at 4 °C. Brains were snap-frozen on dry ice or
in liquid nitrogen and stored at —80 °C. Coronal sections (30 pm) were
cut using a cryostat (CM30508S, Leica, Wetzlar, Germany) and collected
in PBS containing 0.01 % sodium azide.

For immunofluorescence, brain sections were blocked with 5 %
normal donkey serum in PBS containing 0.3 % Triton X-100 (blocking
buffer) (1 h, room temperature). Sections were then incubated with one
or more of the following primary antibodies in blocking buffer overnight
at 4 °C (rabbit anti-TH, 1:2000; AB152, Merck-Millipore; sheep anti-TH,
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1:2000, P60101-150, Pel Freez; rat anti-human a-synuclein, 15G7, Enzo
Life Sciences; mouse anti-a-synuclein [clone 4D6], 1:1000, 834,301,
BioLegend; mouse anti-phospho-serine-129 a-synuclein, 1:1000,
825,701 [formerly Covance MMS-5091], BioLegend). More details on
the antibodies used can also be found in Table 1. Sections were rinsed 3
x 15 min with PBS and incubated in appropriate secondary antibodies
(Jackson ImmunoResearch, West Grove, PA) conjugated to Alexa 488,
Alexa 594 or Alexa 647 fluorescent dyes (5 pg/mL) (2 h, room tem-
perature). Sections were washed 3 x 15 min with PBS, mounted onto
glass slides and coverslipped with Fluoromount-G mounting medium
(Southern Biotech, Birmingham, AL) supplemented with DAPI (0.5 pg/
mL, Roche, Basel, Switzerland). Images were acquired using either a
Zeiss AxioObserver epifluorescence microscope with Apotome, Tissue-
FAXS PLUS or Nikon Eclipse TS100 confocal microscope.

For the immuno-enzymatic staining, free-floating sections (30 pm)
were washed 3 times (5 min) in 0.1 M Tris-buffered saline, pH = 7.6
(TBS), before incubation of sections in 3 % H50- (in TBS) for 30 min at
room temperature to quench endogenous peroxidases followed by
blocking in 5 % normal donkey serum/0.3 % Triton X-100 in TBS for 1 h
at room temperature. Rabbit anti-TH (ab152) was used at a concentra-
tion of 1:2000 in blocking buffer. Sections were incubated in primary
antibody solutions overnight at 4 °C. The following day, sections were
washed 3 times (15 min) in TBS and incubated with a donkey anti-rabbit
biotinylated secondary antibody (Jackson ImmunoResearch Labora-
tories) 1:400 in blocking buffer for 2 h at room temperature. Sections
were again washed 3 times (15 min) in TBS and incubated in avidin-
biotin complex solution (Vectastain Elite ABC kit, Vector Laboratories)
for 2 h at room temperature before additional washes in TBS (2 times,
10 min). Sections were incubated in DAB solution (0.4 mg/mL 3,3-
diaminobenzidine-HCl and 0.005 % H202 in 0.1 M Tris-HCI) for 3-5
min at room temperature. Sections were again rinsed 2 times in TBS
before mounting onto glass slides and dried overnight. The next day,
sections were dehydrated through increasing concentrations of ethanol,
cleared with CitriSolv (Thermo Fisher Scientific), and cover-slipped
using VectaMount® Mounting Media.

2.7. Stereology

Stereological sampling was performed using Stereo Investigator
software (MBF Europe B.V.) by an investigator blind to treatment as
described (Steinkellner et al., 2018). Counting frames (100 x 100 pm)
were randomly placed on a counting grid (200 x 200 pm) and sampled
using a 7 pm optical dissector with guard zones of 10 % of the total slice
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thickness on each site (~2 pm). The boundaries of the SNc were outlined
under magnification (4x objective). Cells were counted with a 20x
objective (0.45 numerical aperture) using an Olympus BX51 micro-
scope. A DA neuron was defined as an in-focus TH-immunoreactive (TH-
IR) cell body with a TH-negative nucleus within the counting frame.
Every fifth section was processed for TH-IR, resulting in 6 sections
sampled per mouse, and every section was counted. The number of
neurons in the SNc was estimated using the optical fractionator method,
which is unaffected by changes in the volume of reference of the
structure sampled. Between 70 and 160 objects per animal were counted
to generate the stereological estimates.

2.8. Densitometry

TH™ fibers in the striatum were imaged using a TissueFAXS PLUS
fluorescence slide scanner with a 20 x objective. The average intensity of
TH staining in a delineated region of the striatum was quantified with
ImageJ software (NIH). The relative optical density of TH™ fibers was
normalized by subtracting the background intensity of the cortex and
using the particle analysis function. Fluorescence images of 4D6 or p-syn
stained sections in in the midbrain were captured with a Nikon Eclipse
TS100 confocal microscope. The intensity of 4D6 or p-syn fluorescence
was analyzed by subtracting background intensity and using the particle
analysis function in ImageJ.

2.9. Neurochemistry

Mice were anaesthetized with pentobarbital as described above and
killed by decapitation, their brains isolated and immediately frozen in
liquid nitrogen and stored at —80 °C. Left and right striata were
dissected in a frozen state and weighed to obtain wet weights. 50 vol-
umes of 0.1 M perchloric acid containing 0.4 mM NaHSO3 were added to
striata for homogenization using a tip sonicator. Homogenates were
then centrifuged for 10 min at 4 °C at 14,000 x rpm. To measure
dopamine and the metabolites 3,4-dihydroxyphenylacetic acid and
homovanillic acid, we injected 100 pL of supernatants directly into a
high-performance liquid chromatography (HPLC) system equipped with
a LiChroCART® 250-4, RP-18, 5 pm (VWR) column and a BAS (Bio-
analytical System) electrochemical detector. The mobile phase consisted
of 0.1 M sodium acetate buffer, pH 4.3, containing 1 mM EDTA, 0.2 mM
I-heptane sulfonic acid, 0.1 % triethylamine, 0.2 % tetrahydrofuran and
10 % methanol. Purchased standards (Sigma-Aldrich) for all detected
compounds were utilized for quantification.

Table 1
Primary and secondary antibodies.
Type of Antibody Comercial Source Working Dilution/incubation Catalogue RRID
time Number
rabbit anti-TH Merck-Millipore 1:2000/18 h AB152 AB_390204
sheep anti-TH Pel Freez 1:2000/18 h P60101-150 AB_461070
rat anti-human a-synuclein Enzo Life Sciences 1:100/18 h 15G7 AB_2050691
Primary Antibodies mouse anti-a-synuclein [clone 4D6] BioLegend 1:1000/18 h 834,301 AB_2564986
mouse anti-phospho-serine-129 a-synuclein BioLegend 1:1000/18 h 825,701 AB_2564891
. . Cell Signaling . AB
rabbit anti-GAPDH Technology 1:2000/18 h D16H11 11129865
;i;élkey anti-rabbit biotin-SP-conjugated AffiniPure 1:400/2 h 711-065-152 AB_2340593
. 1:500 (IHC)/2 h
- T™ —" -
donkey anti-mouse IgG (H + L) AlexaFluor™ 488 1:1000 (WB)/2 h 715-545-150 AB_2340846
donkey anti-mouse IgG (H + L) AlexaFluor™ 594 1:500/2 h 715-585-150 AB_2340854
. . 1:500 (IHC)/2 h
Secondary donkey anti-rabbit IgG (H + L) AlexaFluor™ 488 Jackson 1:1000 (WB)/2 h 711-545-152 AB_2313584
Antibodies donkey anti-rabbit 1gG (H + L) AlexaFluorns 504 "mmnoResearch 1:500/2 h 711-585-152 AB_2340621
. . T 1:500 (IHC)/2 h
B ™ . _ e
donkey anti-rabbit IgG (H + L) AlexaFluor™ 647 1:1000 (WB)/2 h 711-605-152 AB_2492288
donkey anti-rat IgG (H + L) AlexaFluor™ 488 1:500/2 h 712-545-150 AB_2340683
donkey anti-rat IgG (H + L) AlexaFluor™ 594 1:500/2 h 712-585-150 AB_2340688
donkey anti-sheep IgG (H + L) AlexaFluor™ 488 1:500/2 h 713-545-147 AB_2340745
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2.10. Immunoblotting
Tissue punches from the striatum were prepared using a disposable
biopsy puncher (Integra,

#3331-A) from fresh-frozen brains of unilaterally injected mice in a
cryostat and kept at —80 °C until further processing. Proteins were

A

loxP lox2272 loxP lox2272
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extracted in ice-cold lysis buffer containing 150 mM NaCl, 50 mM
Tris—HCI, and 1 % Triton X-100, pH 7.4 and supplemented with protease
inhibitors (Sigma, Complete Mini Protease Inhibitor Cocktail,
#11836153001) using a probe tip sonicator (Sonics, Vibra Cell). Ho-
mogenates were further incubated on a rotator for 1 h at 4 °C and
centrifuged at 12,000 xg for 15 min at4°C. Supernatant was kept, and

B AAV-DIO-hASYNWT

[ TR H nsynt )’D( ugajonufs-o Nd-] wpPRE HbGHpalf 1TR |

1 + Cre recombinase
loxP lox2272

[ TR H nsyn1 )N a-synuclein )4-| wrRe HbcHpall TR |

midbrain

DATCre

striatum

Fig. 1. Cell-type specific expression of human alpha-synuclein in mouse dopamine neurons. (A) AAV construct showing that in the presence of Cre recombinase,
a-synuclein is recombined to allow for cell-type-specific expression. (B) Strategy for unilateral expression of AAVp;-hSyn1-DIO-hASYN"" in the SNc of DAT™ mice.
(C) Immunohistochemistry shows expression of human a-synuclein (red), detected in TH+ DA neurons (green) in coronal sections through SNc (left panel) and
striatum (right panel) using the human a-synuclein-specific antibody 15G7. Counterstaining was done with DAPI (blue). Scale bar: 500 pm. (D, E) Higher magni-
fication images show co-expression of human a-synuclein (red) with the dopamine marker TH (green) in SNc neurons (scale bar: 100 pm) (D) and striatal terminals
(scale bar: 200 pm) (E). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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protein concentration was measured using the BCA method (Pierce BCA
Protein Assay, Thermo Fisher, #23225). Samples were incubated in 2x
Laemmli Buffer (120 mM Tris-HCl, pH = 6.8, 20 % [w/v] glycerol, 4 %
sodium dodecyl sulfate, 10 % 2-mercaptoethanol, 0.02 % bromphenol
blue) for 5 min at 95 °C, and 10 pg of protein was separated on a 4-20 %
sodium dodecyl sulfate polyacrylamide gel electrophoresis (Bio-Rad,
#4561096) and blotted onto nitrocellulose membranes by wet transfer.
Membranes were fixed in 0.4 % PFA in PBS for 30 min at room tem-
perature (to increase binding of monomeric a-synuclein to the mem-
brane and stained with Ponceau S solution to determine protein loading.
Blocking was performed in 0.1 % PBST (phosphate-buffered saline
[PBS], 0.1 % Tween-20) containing 5 % non-fat dry milk for 1 h at room
temperature. Incubation with primary antibodies (rat anti-human
a-synuclein, 15G7, 1:100 Enzo Life Sciences; mouse anti-a-synuclein
[4D6], 1:1000, 834,301, BioLegend; rabbit anti-GAPDH 1:2000
(D16H11) Cell Signaling Technologies) in blocking buffer was done
overnight at 4 °C (see Table 1 for further details). Next day, membranes
were washed three times in 0.1 % PBST and incubated with secondary
antibodies (donkey anti-mouse-Alexa-488, donkey Anti-rat-Alexa-594
and donkey Anti-rabbit-Alexa-647; 1:1000; Jackson Immuno
Research) in blocking solution for 2 h at room temperature before
another three 15 min washes in 0.1 % PBST. Membranes were briefly
rinsed in PBS before imaging using the Bio-Rad ChemiDoc MP imaging
system. Band densities were quantified using Image J (NIH), normalized
to GAPDH (loading control; ca. 37 kD), and are expressed as relative
intensities.

2.11. Statistics

GraphPad Prism (GraphPad Software Inc., San Diego, CA) was used
to analyze data and create graphs. All data are expressed as means +
SEM. Data were analyzed by two-tailed unpaired Student’s t-test, one- or
two-way ANOVA followed by post-hoc multiple comparisons tests as
indicated in the respective figure legends.

3. Results

3.1. Cell-type specific expression of a-synuclein in different neuronal
populations

We generated a novel viral vector for cell-type specific expression of
human wildtype o-synuclein. Therefore, we cloned wildtype human
a-synuclein into a double-inverted open reading frame plasmid (pAAV-
hSyn1-DIO). The orientation of a-synuclein in this vector is inverted and
flanked by loxP and 1ox2272 sites (Fig. 1A). Upon recognition by Cre
recombinase the transgene is flipped, locked in the correct open reading
frame and can be expressed (Saunders et al., 2012).

To test Cre-dependence and expression in vivo, the construct was
packaged into an adeno-associated virus (AAVpj) and stereotaxically
injected into different Cre driver lines or non-Cre expressing wildtype
mice (Fig. 1B-E and Supplemental Fig. 1). Twenty-one days after infu-
sion of AAVp, J_hSynl—DIO—hASYNWT into the left substantia nigra of mice
expressing Cre in dopamine neurons (DAT®® mice), we performed his-
tology and stained midbrain and striatal sections for human a-synuclein
using a human isoform-specific antibody (15G7) and an antibody
against tyrosine hydroxylase (TH) (Fig. 1C-E). Injection of AAVpy-
hSyn1-DIO-hASYNYT into DAT®™ mice demonstrates that expression
was restricted to TH™ dopamine neurons in striatal terminals and in
nigral cell bodies: out of 791 human a-synuclein (15G7)-positive cells
counted from three different mice 791 cells were also TH-positive.

Similarly, human a-synuclein was only detectable with 15G7 in
choline acetyltransferase (ChAT)-positive striatal cholinergic in-
terneurons after injection of AAVp;-hSyn1-DIO-hASYNWT into the dorsal
caudate/putamen (CPu) of ChAT®™® mice: out of 70 15G7" cells counted
(n = 2 mice), 70 were ChAT" (Supplemental Fig. 1B); and 15G7 staining
was restricted to either the direct (hASYN expression striatal projections
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to the substantia nigra pars reticulata [SNr] and globus pallidus internus
[GPi]) or indirect (hASYN expression in striatal projections to globus
pallidus externus [GPe]) pathway after expression in D™ or AS™ mice,
respectively, demonstrated by co-labeling with either dopamine D; or
D, receptors (Supplemental Fig. 1C-D).

Importantly, no a-synuclein was detected using the 15G7 antibody
when AAVp;-hSyn1-DIO-hASYNYT was injected into the midbrain of
C57BL6/j wildtype mice confirming that there was no leaky transgene
expression (Supplemental Fig. 1A).

3.2. Quantification of a-synuclein levels in dopamine neurons after viral
overexpression

To estimate whether levels of a-synuclein after virus overexpression
within the dopamine system of DAT™® mice were indeed higher than
endogenous levels, we stained midbrain sections with an a-synuclein
antibody (4D6) which recognizes both mouse and human o-synuclein
(Fig. 2A-C). We then imaged injected (ipsilateral) and uninjected
(contralateral) midbrain dopamine neurons in the substantia nigra by
confocal microscopy (Fig. 2B-C) to quantify a-synuclein intensities.

4D6 staining was significantly higher on the injected (ipsilateral)
compared to the non-injected (contralateral) side (Fig. 2D).

Note, that endogenous a-synuclein is usually not well detectable at
the cell body level, but mostly localizes to presynaptic terminals unless it
is overexpressed (Suppl. Fig. 2) (Murphy et al., 2000; Taguchi et al.,
2016). For imaging, the microscope settings were adjusted to the signal
detected on the side of human a-synuclein overexpression (= ipsilateral
side; Fig. 2A-C). Accordingly, endogenous alpha-synuclein on the
contralateral hemisphere is not readily visible in these images.

Additionally, we prepared striatal tissue punches for protein
extraction to detect a-synuclein by immunoblotting. Staining with the
human-specific antibody (15G7) confirms that human a-synuclein is
only expressed after AAVp;-hSyn1-DIO-hASYN™T but not AAVp;-hSyn1-
DIO-eGFP injection (Fig. 2E). Immunoblotting with the 4D6 antibody
suggested that total o-synuclein protein was again significantly
increased after AAVp;-hSyn1-DIO-hASYNWT overexpression compared
to AAVp;-hSyn1-DIO-eGFP (Fig. 2E-F and Suppl. Fig. 3). However, it is
important to mention that quantifications by both histochemistry and
immunoblotting are biased because endogenous mouse o-synuclein
cannot be easily subtracted in such an analysis and hence precise ab-
solute quantification is difficult.

3.3. Overexpression of human a-synuclein in dopamine neurons increases
motor activity

To determine whether AAVp;-hSyn1-DIO-hASYNYT would alter
motor activity we conducted several behavioral tests. Locomotion was
recorded in the open field test 21 and 90 days after unilateral virus
infusion into the left substantia nigra of DAT®™ mice. Surprisingly, mice
injected with AAVp;-hSyn1-DIO-hASYNYT in dopamine neurons dis-
played significantly increased motor activity during a 30 min session
both 21 and 90 days after injection compared to mice injected with
AAVp;-hSyn1-DIO-eGFP (Fig. 3A-D). However, mice did not display any
significant differences in rotational behavior at either time-point
(Fig. 3E-F). Similarly, performance in the accelerating rotarod (latency
to fall off) was not significantly different between a-synuclein and GFP
mice 90 days after virus infusions (Fig. 3G).

3.4. Increased striatal dopamine levels but unchanged dopamine neuron
number in mice after a-synuclein overexpression

Next, we analyzed whether unilateral infusion of AAVp;-hSyn1-DIO-
hASYN"T into the SNc of DAT™ mice would alter dopamine levels in
the striatum. We isolated striatal tissue punches from mice injected with
either AAVp;-hSyn1-DIO-hASYNWT or AAVp,;-hSyn1-DIO-eGFP 90 days
after infusion and measured dopamine and its major metabolites by
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Fig. 2. Overexpression of human alpha-synuclein leads to overall increase of alpha-synuclein in dopamine neurons. (A) Detection of total (endogenous mouse +
overexpressed human) a-synuclein levels using the 4D6 antibody (red) in a midbrain section from a mouse unilaterally overexpressing human a-synuclein 21 days
post infusion (dpi); scale bar: 500 pm. (B—C) Higher resolution confocal images of SNc neurons stained for 4D6 (red) and TH (green) on the ipsilateral (B) or
contralateral (C) side 21 dpi; scale bars: 50 pm. (D) Densitometric quantification of total alpha-synuclein levels in midbrain DA neurons. n = 4 mice/group; two-tailed
paired Student’s t-test; t = 3.395, df = 3, *p = 0.0426. (E) Immunoblot of striatal protein lysates probed for human a-synuclein (15G7; green), total a-synuclein (4D6;
red) and loading control (GAPDH; blue) n = 4 mice/group. (F) Densitometric quantification of 4D6 levels normalized to GAPDH; n = 4 mice/group; two-tailed
unpaired Student’s t-test; t = 2.937, df = 6, * p = 0.0260. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

HPLC with electrochemical detection. Striatal dopamine tissue levels
were significantly increased in mice overexpressing human a-synuclein
compared to GFP controls (Fig. 4A), while the dopamine metabolites
3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA)
remained largely unchanged (Fig. 4B-C). The molar ratios of DOPAC/
dopamine or HVA/dopamine were unaltered (Supplemental Fig. 4).

To determine whether a-synuclein overexpression would affect the
number of dopamine neurons in the substantia nigra, we counted TH"
cells on the side of injection using unbiased stereological cell counting.
There were no significant differences in the estimated total number of
TH' neurons between a-synuclein overexpressing or GFP control mice
90 days after virus infusion (Fig. 4D-E). Similarly, striatal TH density in

the dorsal striatum remained unchanged on the ipsilateral sides between
a-synuclein and GFP mice at 90 days post injection (Fig. 4F-G).

3.5. Increased serine-129 phosphorylation of a-synuclein after
overexpression

Phosphorylation of a-synuclein at serine-129 is considered a patho-
logical hallmark of synucleinopathies (Anderson et al., 2006; Fujiwara
et al., 2002) but has more recently been shown to also facilitate inter-
action with protein partners and to serve as a marker for synaptic ac-
tivity (Parra-Rivas et al., 2023; Ramalingam et al., 2023). To determine
whether the increase in locomotor activity seen after o-synuclein
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Fig. 3. Mice with unilateral alpha-synuclein overexpression in dopamine neurons display increased locomotor activity. (A-D) DAT®™® mice were unilaterally injected
with AAVp J—hSynl—DIO—hASYNWT and tested in an open-field arena either 21 (A, B) or 90 (C, D) days after surgery. Left panels (A, C) show time courses of 5-min bins
over 30 min (two-way ANOVA followed by Tukey’s multiple comparisons test). Right panels (B, D) show cumulative distances traveled over 30 min (21 days: n = 8
GFP mice and n = 10 hASYN mice; two-tailed unpaired Student’s t-test: t = 2.478, df = 16, *p = 0.0248; 90 days: n = 14 GFP mice and n = 15 hASYN mice; two-tailed
unpaired Student’s t-test: t = 3.246, df = 27, **p = 0.0031). (E-F) Number of ipsi- and contraversive rotations is unchanged hASYN and control (GFP) overexpressing
mice, both 21 (E) and 90 days (F) after viral infusion. (G) Rotarod test did not reveal differences in the latency to fall in AAVp, J-hSynl-DIO-hASYNWT or GFP mice 90

days after injection.

overexpression and the increased striatal tissue levels in these mice
would be accompanied by altered a-synuclein serine-129 phosphoryla-
tion, we stained midbrain sections from AAVDJ—hSynl—DIO—hASYNWT
injected DAT®™® mice with a phospho-serine-129 specific antibody at 21
and 90 days post virus infusion (Fig. 5A-C). We found that phospho-
serine-129 staining was significantly higher on the side of a-synuclein
overexpression at both time-points, while the contralateral sides showed
only background staining (Fig. 5D-E) suggesting that activity of dopa-
mine neurons on the side of a-synuclein overexpression may be
increased.

4. Discussion

We have generated a novel viral vector for wildtype human o-syn-
uclein overexpression that can be targeted to specific cell populations

based on Cre recombinase availability. In this study we have focused on
cell-autonomous effects after overexpressing human wildtype a-synu-
clein in mouse DA neurons within the SNc, the region most severely
degenerating in PD using mice that express Cre recombinase selectively
in DA neurons (DATS™ mice).

We found that three weeks after injection of AAVp;-hSynl-DIO-
hASYNWT "7 into the SNc of DAT®™ mice, human o-synuclein expres-
sion within transduced DA neurons was significantly elevated compared
to endogenous murine a-synuclein at both the level of cell bodies in the
SNc and in striatal terminals. However, despite abundant over-
expression in SNc DA neurons and phosphorylation at serine 129,
a-synuclein did not grossly disrupt the integrity of DA terminals or
neuron numbers up to 90 days after injection.

These findings were unexpected since most publications indicated at
least some degeneration of DA neurons in the ventral midbrain after
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Fig. 4. Overexpression of alpha-synuclein in dopamine neurons increases striatal dopamine levels without altering the total number of TH neurons. (A-C) Striata
from mice overexpressing AAVDJ-hSynl-DIO-hASYNWT or GFP (control) were extracted and dopamine (A), 3,4-dihydroxyphenylacetic acid (B) and homovanillic acid
(C) were measured by high-performance liquid chromatography with electrochemical detection. n = 7/group for DA (two-tailed unpaired Student’s t-test: t = 2.263,
df = 12, *p = 0.0429) and DOPAC and n = 5/group for HVA measurements. (D) Representative midbrain sections from GFP (left) and AAVp;-hSyn1-DIO-hASYNWT
(right) mice stained for TH 90 days after unilateral virus infusion. Scale bar: 200 pm. (E) Number of TH™ cells were counted in the left SNc by unbiased stereology; n
= 7 for GFP group and n = 6 for hASYN group. (F) Representative striatal sections of GFP (left) and AAVp,-hSyn1-DIO-hASYN"T (right) stained for TH-DAB. Scale

bar: 500 pm. (G) Densitometric analysis of ipsilateral (left) striata; n = 4/group.

virus-mediated overexpression of a-synuclein in rat, mouse and monkey
within just a few weeks (Ip et al., 2017; Kirik et al., 2003; Kirik et al.,
2002; Prymaczok et al., 2024; Theodore et al., 2008). However, there
are also several major differences between these studies and ours that
may explain the apparent discrepancies:

i) The first and most obvious difference is that we restricted a-syn-
uclein overexpression to DA neurons within the SNc while the other
studies relied on non-cell type specific a-synuclein vectors. To our
knowledge, there are only two other studies that relied on cell-type
specific AAVs to overexpress a-synuclein so far: a study by Grames
et al. showed that overexpression of wildtype human a-synuclein (using
AAVy-EF1a-DIO-hASYNYT) in the SNc of TH®™® rats did not induce any
loss of TH neurons four weeks after injection (Grames et al., 2018),
which is in line with our findings in mice. And we showed previously

that overexpression of the disease-associated variant a-synuclein®>3T

(using AAVp;-hSyn1-DIO-hASYNAS®T) did not induce significant
changes in the number of TH mRNA™ neurons in the SNc three months
after virus injection in DAT®™ mice (Steinkellner et al., 2022). Hence,
cell-type specific vs. non-specific vectors to express a-synuclein in SNc
may be essential regarding the observed differences in neuropathology.
It remains unclear whether cell-autonomous effects within DA neurons
of the SNc make these cells particularly vulnerable to a-synuclein-driven
degeneration, or whether a-synuclein in other neurons or glia drive
a-synuclein pathology through neural circuit connectivity, inflamma-
tory signals from microglia or immune cells, or whether a complex
interaction of multiple processes is required to initiate neuro-
degeneration. Accordingly, the interaction of different cell types over-
expressing a-synuclein rather than overexpression in just one cell type
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Fig. 5. Increased phosphorylation at serine-129 of a-synuclein after hASYN overexpression. (A) Detection of a-synuclein phosphorylated at serine 129 (pSyn; red) in
a midbrain section from a DAT®™ mouse unilaterally injected with AAVp;-hSyn1-DIO-hASYNWT 21 dpi; scale bar: 500 um. (B—C) Higher resolution confocal images
from SNc stained for pSyn (red) and TH (green) from the ipsilateral (B) or contralateral side (C); scale bars: 50 pm. (D-E) Densitometric quantification of pSyn levels
in midbrain DA neurons of ipsi- and contralateral sides at 21 (D) and 90 (E) days post virus infusion; n = 4 mice/group; two-tailed paired Student’s t-test; 21dpi: t =
3.756, df = 3, *p = 0.0330; 90 dpi: t = 4.378, df = 3, *p = 0.0221. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

may explain why degeneration was not evident with our vector, at least
up to 90 days post injection. Interestingly, lack of overt neuro-
degeneration in dopamine cell bodies or terminals was also observed in a
transgenic mouse line that overexpressed wildtype human a-synuclein
in DA neurons driven by the rat TH promoter even at old age (Peneder
et al., 2011; Richfield et al., 2002).

ii) We used the human Synapsin 1 (hSynl) promoter to drive
a-synuclein expression, while most other commonly used AAVs for
a-synuclein overexpression used very strong promoters such as CBA (-
actin promoter with enhancer elements from the CMV [cytomegalo-
virus] promoter) or CMV. Use of the latter promoters may lead to even
higher a-synuclein expression levels than with the hSyn1l or EFla pro-
moter (Grames et al., 2018; Steinkellner et al., 2022) and therefore they
may be more likely to induce toxicity. Note that there are also reports
showing that ‘inert’ proteins like GFP can cause toxicity suggesting that

overexpression of any protein may become toxic once a critical
threshold is reached (Buck et al., 2021; Klein et al., 2006).

Finally, it is important to mention that the actual protein levels could
be variable in different SNc DA neurons: some cells could express many
fold higher levels of a-synuclein whereas other cells may express only a
bit more compared to a non-overexpressing cell. Therefore, the indi-
vidual expression levels are not readily assessable.

But is elevating the levels of a-synuclein per se sufficient to induce
degeneration? The genetic findings that SNCA multiplication causes
familial PD imply that too much a-synuclein may be toxic (Chartier-
Harlin et al., 2004; Singleton et al., 2003), however, whether toxicity
results from gain-of-toxic-function or loss-of-function remains contro-
versial. For instance, there are studies that suggest better motor and
cognitive outcomes in patients with SNCA multiplication compared to
PD patients with ‘normal’ SNCA expression (Markopoulou et al., 2014)
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implying that elevation of a-synuclein may exert beneficial effects dur-
ing ongoing neurodegeneration. Interestingly, earlier animal work on
a-synuclein suggested that elevated levels of a-synuclein may not be
toxic but instead could represent a compensatory and protective cellular
response to neuronal injury (Kholodilov et al., 1999).

Our experiments indicate that the simple elevation of a-synuclein
was not sufficient to induce DA neuron toxicity within the three months
observation period. It may be that mice are intrinsically more resistant
to this type of neuronal stress, longer incubation times are needed or that
a ‘second hit’ such as additional oxidative stress or a-synuclein ‘seeds’
are required to induce degeneration. Lastly, co-pathologies such as tau
pathology may play an important role in driving degeneration (Chu
et al., 2024; Li and Li, 2024).

While we observed no signs of gross dopaminergic neuro-
degeneration after a-synuclein overexpression in SNc neurons, mice
clearly exhibited DA dysfunction: mice unilaterally overexpressing
a-synuclein displayed increased spontaneous motor activity in the open-
field at 21 and 90 days after virus injection; and this increased motor
activity was accompanied by elevated striatal DA tissue levels. Since
most of the tissue DA is contained in synaptic vesicles (Fon et al., 1997;
Kuczenski, 1977) it suggests that overexpression of a-synuclein may
have affected vesicular DA uptake, vesicular storage, vesicle numbers
and/or vesicle turnover. Interestingly, mice lacking a-synuclein display
reduced striatal dopamine tissue content further implicating a-synuclein
in the dopamine vesicle cycle (Abeliovich et al., 2000).

In fact, a-synuclein exerts complex effects on vesicular exocytosis
and transmitter release. For instance, a-synuclein knockout mice display
increased dopamine release in response to paired stimuli (Abeliovich
et al., 2000), while elevated levels of a-synuclein have been largely
proposed to decrease the vesicular release of neurotransmitters through
effects on the synaptic vesicle cycle (Larsen et al., 2006; Nemani et al.,
2010). In line with this, several studies have found reduced DA release
after overexpression of a-synuclein prior to degeneration using o-synu-
clein AAV infusions in rats or BAC transgenic SNCA overexpressing mice
(Gaugler et al., 2012; Janezic et al., 2013). Yet, other studies indicate
elevated extracellular DA levels in a Thyl-a-synuclein transgenic mouse
indicating increased tonic release (Lam et al., 2011); or increased ve-
sicular DA release in young but not old adult PDGF-human a-synuclein
mice (Medina-Luque et al., 2024). Together, these findings underline
complex effects of a-synuclein on the synaptic vesicle cycle.

In line with other AAV-mediated a-synuclein overexpression studies
we have also observed increased phosphorylation of a-synuclein at
serine-129 at 21 and 90 days after virus injection. While serine-129
phosphorylation is typically considered to be a pathological feature of
synucleinopathies (Albin et al., 1990; Fujiwara et al., 2002), more recent
studies suggest that it is also augmented in response to neuronal activity
(Parra-Rivas et al., 2023; Ramalingam et al., 2023). Hence, the increase
in serine-129 phosphorylation after overexpression of a-synuclein in DA
neurons does not seem to indicate ongoing neurodegeneration, at least
during our observation period. Rather, it could indicate that DA neuron
activity may have increased in response to elevated a-synuclein.

5. Conclusion

Together, our data suggest that elevated levels of wildtype human
a-synuclein are not acutely toxic to DA neurons but that increased
a-synuclein results in augmented DA tissue levels and hyperactivity. The
lack of a-synuclein overexpression toxicity also makes our novel cell-
type specific AAV a great tool to further investigate the physiological
role of a-synuclein within defined neuronal populations.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.expneurol.2024.114959.
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