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The accumulation of aggregated alpha-synuclein (a-syn) in Parkinson’s disease, dementia with Lewy bodies and multiple system at-

rophy is thought to involve a common prion-like mechanism, whereby misfolded a-syn provides a conformational template for fur-

ther accumulation of pathological a-syn. We tested whether silencing a-syn gene expression could reduce native non-aggregated a-

syn substrate and thereby disrupt the propagation of pathological a-syn initiated by seeding with synucleinopathy-affected mouse

brain homogenates. Unilateral intracerebral injections of adeno-associated virus serotype-1 encoding microRNA targeting the a-

syn gene reduced the extent and severity of both the a-syn pathology and motor deficits. Importantly, a moderate 50% reduction

in a-syn was sufficient to prevent the spread of a-syn pathology to distal brain regions. Our study combines behavioural, immuno-

histochemical and biochemical data that strongly support a-syn knockdown gene therapy for synucleinopathies.
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Introduction
Synucleinopathies comprise a clinically diverse group of

neurodegenerative disorders with a common pathological

trait, an accumulation of phosphorylated, misfolded and

detergent-insoluble alpha-synuclein (a-syn). The a-syn is

compartmentalized within intracellular inclusions predom-

inantly within neurons in Parkinson’s disease and demen-

tia with Lewy bodies, and in glia in multiple system

atrophy (MSA).1 In healthy cells, a-syn structure likely

shifts between intrinsically disordered and alpha-helical

forms, although various triggers, including mutations,

oxidative stress and impaired proteostasis, induce the ac-

cumulation of a-syn species with high b-sheet content.2–4

The misfolded a-syn is more conformationally restricted

and can self-amplify by organizing native a-syn into

oligomers and fibrils in vitro.5–8 This mechanism, pro-

posed to underlie a prion-like spread of a-syn pathology

across distal but connected brain regions, has been dem-

onstrated experimentally in animal models following

intracerebral seeding either with recombinant pre-formed

a-syn fibrils or with human synucleinopathy brain homo-

genates.9–14 For example, a single inoculation with brain

homogenates from post-mortem human MSA, but not

age-matched healthy controls, induces bilateral accumula-

tion of insoluble, phosphorylated a-syn inclusions in mur-

ine brains. The mice develop a severe and progressive

clinicopathological syndrome, characterized by profound

motor deficits including progressive ataxia, hind limb par-

esis and weight loss, reaching clinical disease endpoint

within 90–150 days. The resulting synucleinopathy from

inoculated mice can be serially propagated in healthy

mice that express human a-syn.11,12,15

The susceptibility of neurons to template-induced path-

ology is proportional to their endogenous a-syn expres-

sion.16 Therefore, to test whether a-syn knockdown

offers a treatment strategy to reduce the spread of patho-

logical aggregates, we used adeno-associated virus sero-

type-1 (AAV1) vectors expressing an artificial microRNA

to reduce a-syn (miR-SNCA).17–20 Our results indicate

that prophylactic silencing of a-syn expression in mice

reduces susceptibility to motor impairments caused by

synuclein pathology and validates a-syn knockdown as a

potential gene therapy approach to block the cell–cell

transmission of pathological a-syn in Parkinson’s disease

and related synucleinopathies.

Materials and methods

Study design

The objective of this study was to determine whether a-

syn knockdown confers neuronal protection against synu-

cleinopathy in mice. A single intracerebral injection of

human MSA brain homogenate via the parietal lobe to

the thalamus in mice causes a bilateral synucleinopathy,

neuronal degeneration and profound motor deficits,

whereas control, age-matched brain homogenates do not

induce this pathology for up to a year post-inocula-

tion.11–14 The widespread a-syn pathology is composed

of detergent-insoluble and protease-resistant phosphory-

lated a-syn, with preferential accumulation in midbrain

and brainstem regions. Subsequent serial inoculation of

healthy mice with brain homogenates derived from synu-

cleinopathy-affected mice (MSAmo) efficiently reproduces
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the clinicopathological features, thereby providing a reli-

able murine model of synucleinopathy with predictable

and progressive changes in protein aggregation and

motor impairments. All inoculum used in this study was

derived from brain homogenates from mice sacrificed at

clinical disease endpoint (MSAmo).

In our experimental paradigm, three-month old hemizy-

gous transgenic M83 (TgM83þ/�) mice,21 which express

human A53T-mutant a-syn under the control of the

mouse prion protein promoter, were injected into the

dorsal hippocampus with AAV1 vectors encoding either

eGFP or miR-SNCA. One month later, the mice were

injected with 1 lg of MSAmo inoculum to initiate the syn-

ucleinopathy. The animals were assessed regularly for

changes in motor function until 150 days post-inoculation

(dpi), when they were sacrificed, and brains were pre-

pared for immunochemical and biochemical analyses. The

sample size for the experiments was chosen based on our

power analysis that indicated 14 animals per group (7M

and 7F) would provide sufficient power for the behav-

ioural tests and allow for a dropout of up to 10%. All

biochemical and immunofluorescence analyses were repli-

cated in at least two independent experiments with a

minimum sample size of n¼ 4. In addition, all the behav-

iour analyses and quantifications of phosphoserine129-a-

syn (p-syn) pathology, and tyrosine hydroxylase (TH)-

positive cell counts were scored by researchers blinded to

the treatment group.

Mice

Homozygous A53T a-syn transgenic M83 mice were pur-

chased from Jackson Laboratory (USA) and then crossed

with C57/C3H.F1 mice to generate hemizygous M83

mice which were maintained on a 12 h light/12 h dark

cycle with unlimited access to food and water. All animal

experimental procedures were performed in compliance

with guidelines set by the Canadian Council on Animal

Care and the Animals for Research Act of Ontario under

a protocol approved by the University Health Network

Animal Care Committee.

Viral vectors

Recombinant AAV1 viral vectors were generated and

characterized at Sanofi-Genzyme (Framingham, MA,

USA). A targeting sequence that was previously shown to

effectively target mouse and human SNCA mRNAs (50-

GCAGTGAGGCTTATGAAAT-30)22 was embedded into

an artificial microRNA (miR) backbone and cloned into

a previral vector as previously reported.23 This plasmid

was engineered to express the miR targeting SNCA (miR-

SNCA) and an enhanced GFP (eGFP) reporter gene under

the transcriptional control of a chicken b-actin (CBA)

promoter (pSP70-CBA-eGFP). High-titre recombinant

AAV1 serotype vectors encoding the miR-SNCA targeting

sequence and control eGFP vector were generated. All

AAV vectors were designed to keep their distribution,

transduction and expression consistent for the two trans-

genes (eGFP and miR-SNCA) by using the same serotype

(AAV1), promoter (CBA), and parallel production and

purification procedures from a single source (Sanofi-

Genzyme). Briefly, the vectors were generated by triple-

plasmid co-transfection of human 293 cells, and the re-

combinant virions were column purified as previously

described.24 The resulting titre of AAV1-CBA-eGFP was

8.82 � 1012 vector genomes (VG)/ml, and the titre of

AAV1-CBA-miR-a-syn was 6.6 � 1012 VG/ml.

Stereotaxic injections

Two doses of either control (AAV1-CBA-eGFP) or test

(AAV1-CBA-miR-SNCA) virus at a concentration of

1.25� 108 VG/g per injection were unilaterally adminis-

tered into the right hippocampus of 3-month-old Tg

M83þ/� mice using a Hamilton micro syringe with a 30

G needle. The coordinates from Bregma: AP �2.1 mm;

ML �1.5 mm; DV �1.7 mm and AP �1.75 mm; ML

�1.5 mm; DV �2.3 mm were applied for the two injec-

tions. Thirty days later, the mice were anaesthetized and

injected with 30 ml of MSAmo brain homogenate (1% w/v

in 5% BSA) as previously described by Prusiner et al.11

At 100 or 150 days-post MSAmo inoculation, the mice

were deeply anesthetized with sodium pentobarbital,

transcardially perfused with phosphate-buffered saline

and their brains isolated and processed for biochemical

analysis or immunohistochemistry.

Behavioural analyses

Equal numbers of male and female mice in each treat-

ment group were subjected to behaviour tests to assess

motor function and all analyses were done by a research-

er blinded to the treatment paradigm.

Vertical Screen test

A modification of the vertical grid test, the screen test

was used to detect gait abnormalities and provide a sensi-

tive measure of motor coordination. The mice were

placed at the top of a vertical wire mesh, that was then

tilted at an angle of 60 degrees to the surface. The num-

ber of steps and time taken to climb down were meas-

ured. A trial ended when the mouse reached the edge of

the mesh or at the cut-off time of 60 s and the average

of three trials were recorded for each animal. The test

was repeated once a week until the mice reached clinical

disease endpoint or at 150 dpi, depending on which time-

point came first.

Fixed-speed rotarod

To assess the animals’ motor coordination and balance, a

standard rotarod (Economex; Columbus Instruments,

Columbus, OH) was used. Rotation was set at a constant

speed of 12 revolutions per minute (rpm). Mice were
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habituated to the rotarod for 4 days prior, performing 4

trials per day, each of 5 min duration, with a rest interval

of 30 min between trials. On the fifth day, latency to fall

off the rotarod was recorded and the sum of 4 trials was

calculated.

Open field test

To evaluate spontaneous locomotor activity and anxiety-like

behaviour at 100 dpi, the mice were individually placed in

an open-field arena and their activity was monitored over

5 min with an overhead camera. Time spent walking, rear-

ing and grooming were measured with OD log (Macropad

Software, Yaraville, Victoria, Australia).

Immunohistochemistry

Mouse brains isolated for immunohistochemistry were

post-fixed for 48 h in 4% paraformaldehyde (PFA) in 0.1

M phosphate-buffered saline (PBS; pH 7.4). After cryopro-

tection with 30% sucrose, horizontal sections (40mm)

were collected using a sliding microtome. For immunos-

taining, free-floating sections were briefly rinsed with PBS,

incubated in a blocking solution of 10% goat serum and

0.25% Triton X-100 in PBS for 1 h at room temperature.

To visualize eGFP immunofluorescence, the sections were

incubated with chicken anti-GFP antibody (ab13970,

Abcam; 1:1000) overnight at 4�C, followed by incubation

with secondary antibody goat anti-chicken IgG Alexa

Fluor 488 (ab150169, Abcam; 1:2000). Nuclei were coun-

terstained with DAPI (D9542, Sigma-Aldrich; 1:10 000).

Additionally, the following antibodies were used to analyse

a-syn expression and pathology: mouse anti-human a-syn

Syn211 (32-8100, Invitrogen; 1:1000;), rabbit anti-synapto-

physin (ab52636, Abcam; 1:250), rabbit anti-phospho

S129-a-syn EP1536Y (ab51253, Abcam; 1:1000), MJFR-

14-6-4-2 (ab209538, Abcam; 1:500), LB509 (ab27766,

Abcam; 1:1000). Autophagy was detected using mouse

p62/SQSTM1 antibody (ab56416, Abcam; 1:500). To visu-

alize neurons, two different NeuN antibodies (guinea pig

ABN90, Millipore-Sigma; 1:500 or mouse MAB377,

Millipore-Sigma; 1:300), and anti-TH (ab76442, Abcam;

1:1000) were used. To detect apoptotic cell death, terminal

deoxynucleotidyl transferase-mediated dUTP-fluorescein

nick-end labelling (TUNEL) (ab66110, Abcam) and

cleaved caspase-3 immunostaining with rabbit anti-cleaved

caspase-3 (9661S, Cell Signaling Technology; 1:500) were

used. Inflammatory response was analysed by immunor-

eactivity to the astrocyte marker glial fibrillary acidic pro-

tein (GFAP) and the microglial marker Iba-1 as previously

described,25 followed by incubation with donkey anti-rab-

bit IgG Alexa Fluor 647 (711-605-152, 1:400; Jackson

ImmunoResearch Laboratories) for Iba-1 and donkey anti-

goat IgG Alexa Fluor 555 (ab150130, 1:400; Abcam) for

GFAP for 2 h at room temperature.

For double labelling of dopamine transporter (DAT)

and TH, the sections were incubated in blocking solution

(5% donkey serum, 0.3% Triton X-100, PBS) for 1 h at

room temperature, followed by incubation with primary

antibodies rat anti-DAT (MAB369, Millipore-Sigma;

1:200) and chicken anti-TH (ab76442, Abcam; 1:1000)

overnight at 4�C. Following 3 washes with PBS, the sec-

tions were incubated with donkey anti-rat IgG Alexa

Fluor 594 (712-585-150, Jackson ImmunoResearch

Laboratories; 1:800) and donkey anti-chicken IgG Alexa

Fluor 647 (703-605-155, Jackson ImmunoResearch

Laboratories; 1:500) for 2 h at room temperature. Nuclei

were counterstained with DAPI and following four

washes with PBS, the sections were mounted using

Prolong Diamond antifade mountant (ThermoFisher

Scientific #P36961). For quantitative scoring of p-syn

pathology, immunoreactive deposits in different brain

regions were manually counted by a researcher blinded

to the treatment cohort.

Proteinase K digestion

Forty micrometers free-floating cryosections were incu-

bated with 20 lg/ml Proteinase K (Sigma Aldrich) for

10 min at room temperature. Following three washes

with PBS, immunohistochemistry was performed with the

LB509 antibody as described above.

Analysis of dopaminergic neuronal
markers

The HALO software (Indica Labs, Albuquerque, New

Mexico) inbuilt cell-counting module was programmed to

specifically mark and count cells that are both DAPI and

TH positive, within the demarcated SNc, allowing for un-

biased counting of neurons. The program generated out-

put images showing each neuron that was counted,

which was used to confirm that every TH-positive neuron

was marked and that neurons were not counted twice.

To analyse the number of dopaminergic neurons in the

SN, 20� fluorescent images were taken from 4 specific

depths (�3.96, �4.12, �4.28 and �4.44 mm of bregma)

within the ipsilateral SN. The number of TH-immunor-

eactive cell bodies was counted using HALO image ana-

lysis software and the average cell-count within the

ipsilateral hemisphere was calculated for each animal

tested (n¼ 4/group). For quantification of striatal dopa-

minergic innervation, TH and DAT immunofluorescence

within the ipsilateral striatum were captured at 20� mag-

nification. The average fluorescence intensities from three

separate fields, chosen within the same striatal regions

for each animal, were measured using FIJI software and

an average of the three regions was calculated per animal

(n¼ 6/group).

Image acquisition

Images were acquired using a Zeiss LSM880 scanning

confocal microscope coupled to a CCD camera (Zeiss

Axio Observer.Z1, Carl Zeiss, Don Mills, Ontario,
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Canada) and Zen software (Carl Zeiss). Image analysis

was done using FIJI (NIH) and HALO (Indica Labs)

image analysis software.

Biochemical analysis and Western
blotting

Ten per cent (w/v) hippocampal, striatal and midbrain

lysates were prepared as described previously.15 Detergent

extracted a-syn was obtained using a two-step protein ex-

traction protocol. Ten per cent midbrain lysates were

incubated in detergent buffer [5% (v/v) Nonidet P-40,

5% (w/v) sodium deoxycholate in PBS] containing Pierce

Universal Nuclease and Halt Phosphatase Inhibitor

(Pierce) for 20 min on ice and clarified by centrifugation

at 1000� g for 5 min at 4�C. The supernatant was care-

fully removed and treated with 1%Triton X-100 extrac-

tion detergent (150 mM NaCl, 20 mM Tris pH 7.5, 1%

Triton X-100) containing protease inhibitors (Roche) for

30 min on ice. The samples were centrifuged at 100 000

�g for 1 h at 4�C using a TLA-55 rotor (Beckman). The

supernatant represented the Triton X-100 soluble a-syn

fraction and the pellet, consisting of the Triton X-100 in-

soluble fraction, was dissolved in an equal volume of

SDS-Urea buffer (20 mM Tris, 2% SDS, 8M Urea).

To quantify detergent extracted a-syn, the Triton X-

100 soluble and insoluble fractions were boiled briefly in

loading buffer and resolved by electrophoresis on a 12%

SDS-polyacrylamide gel. Proteins were transferred to

nitrocellulose membranes and fixed onto membranes by

incubation with 0.4% PFA for 30 min at RT. The mem-

branes were blocked with 5% (w/v) non-fat dry milk in

Tris-buffered saline (TBS) with 0.01% Tween 20 (TBS-T)

for 1 h and then probed overnight with the following pri-

mary antibodies: anti-a-syn (human specific Syn211-Life

Technologies, 1:1000; species-nonspecific Syn1-BD

BioSciences, 1:1000; murine specific a-syn D37A6-Cell

Signaling Technology, 1:10 000), anti-Ser129-phosphory-

lated a-syn EP1536Y (Abcam, 1:2000), gamma-actin

(Santa Cruz biotechnology, 1:10 000). Following 1 h incu-

bation with horse radish peroxidase-conjugated secondary

antibodies, chemiluminescence signal was obtained using

the Amersham ECL detection kit (GE Healthsciences) and

developed with the Odyssey Imaging system (LI-COR).

Band intensities were quantified using Image Studio soft-

ware (LI-COR) and normalized to loading controls in

each lane.

Statistical analysis

All statistical analyses were performed using Prism 6.0

(GraphPad Software, San Diego, CA, USA) with a signifi-

cance threshold of P¼ 0.05. Data are presented as scatter

plots with individual points and means. Quantification in

all graphs were independently performed with a min-

imum sample number of n¼ 4 per group for appropriate

statistical analysis. Behavioural data were analysed by

two-way ANOVA. Pairwise post hoc comparisons applied

Fisher’s least significant difference (LSD) test, or Welch’s

t-tests, as appropriate. Differences between groups in ex-

pression and immunostaining experiments were assessed

by unpaired Student’s t-tests or Mann–Whitney test,

where distributions were non-parametric.

Data availability

The authors confirm that the data supporting the findings

of this study are available within the article and the

Supplementary material.

Results

miR-SNCA reduces a-syn
expression in vivo

To test the ability of a-syn knockdown to protect against

pathology and motor dysfunction in an aggressive model

of a-syn pathology, we used hemizygous transgenic M83

(TgM83þ/�) mice, which express human A53T a-syn con-

trolled by the mouse prion promoter.21 These mice age

normally and without neurological deficits, but develop

profound motor deficits and bilateral synucleinopathy fol-

lowing inoculation with MSA brain homogenates into the

thalamus via the parietal lobe.11 In contrast, brain homo-

genates from age-matched healthy controls fail to induce

pathology for up to a year post-inoculation.11–14 To avoid

possible tissue damage and inflammation caused by injec-

tions into the thalamus prior to the a-syn seeding,26–29

which could confound the therapeutic benefits, we took

advantage of known hippocampal connections with the

thalamus (Supplementary Fig. S1, Allen Brain project illus-

tration) and the ability of AAV1 to undergo retrograde

transport and anterograde transsynaptic exchange30–32 to

enable viral expression in the thalamus. Three-month-old

TgM83þ/� mice received two unilateral injections of

AAV1 vectors (1.25 � 108 viral genomes) into the dorsal

hippocampi expressing either eGFP or microRNA-SNCA

(miR-SNCA) targeting both human and murine a-syn

(Fig. 1A). One month later, animals were inoculated in

the thalamus with serially passaged, MSA-inoculum-

derived mouse brain homogenate (MSAmo), as described

by Prusiner et al.11,12 At 100 dpi, robust eGFP immuno-

fluorescence was detected in the ipsilateral hemisphere,

extending from the dorsal hippocampus and surrounding

corpus callosum, septum and thalamus, but not the mid-

brain or cerebellum (Fig. 1B–I). In the contralateral hemi-

sphere, only trace levels of eGFP expression in glia were

observed within the cortex (Fig. 1J). This distribution

indicates transport of virus from the injection site to the

thalamus.

Next, the effect of miR-SNCA expression on a-syn lev-

els was determined using immunofluorescence to assess

the extent and distribution of a-syn knockdown
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(Fig. 2A). a-Syn levels were normalized to the presynap-

tic protein synaptophysin to account for subtle anatomic-

al variations in the regions of interest. Mice injected with

the miR-SNCA vector had reduced human a-syn immu-

noreactivity within the hippocampus and thalamus

(�35% and �25%, respectively), as compared to mice

Figure 1 AAV1 vector injection induces robust dorsoventral expression of transgenes. (A) Sagittal view of the mouse brain shows

sites of virus injection and MSA inoculation. The black lines indicate axial planes of brain slices shown in panels B–I. Schematic overview of the

study’s experimental design is shown. (B–I) Axial brain sections from AAV1-eGFP injected TgM83þ/� mice depict eGFP expression (green) along

the dorsoventral axis of the brain, including the dorsal (dHip) and ventral hippocampus (vHip), cortex (Ctx), entorhinal cortex (eCtx), corpus

callosum (Cc), lateral and medial septal nucleus (LS/MS), striatum (Str), thalamus (Th), diagonal band (DB), midbrain (Mb), substantia nigra (SN)

and cerebellum (Cb). Nuclei were counterstained by DAPI (blue). Scale bar: 500 lm. (J) Higher magnification images of the same sections show

viral transduction in neurons and nerve terminals in different brain regions. Scale bar: 20 lm.
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that had received the control eGFP vector (Fig. 2B). In

contrast, there was no observable effect on a-syn levels in

more distal regions, such as the midbrain (P¼ 0.89) and

cerebellum (P¼ 0.51; Fig. 2B). To confirm the knockdown

at the site of the AAV1 injections, a-syn expression was

determined by Western blot analyses of hippocampal lysates

using antibodies for total a-syn (�44%; P¼ 0.03), as well

as species-specific human transgenic (�37%; P¼ 0.02), and

Figure 2 AAV1-mediated a-syn gene knockdown decreases a-syn expression. (A) Representative images show expression of human

a-syn (Syn211, red) and synaptophysin (green) within the hippocampus of miR-SNCA and eGFP treated mice. Nuclei were counterstained with

DAPI (blue). Scale bar: 100 lm. (B) Quantification of the mean fluorescence intensities of a-syn staining in different brain regions are shown.

Each point represents a single mouse (n¼ 6/group; *P� 0.05, **P� 0.01, unpaired t-test). (C, D) a-syn expression in the dorsal hippocampus of

both groups of mice was analysed and quantified by western blotting using antibodies that detect total a-syn (Syn1 antibody), human-specific

a-syn (Syn211 antibody) and murine-specific a-syn (D37A6 antibody). Each point represents a single mouse (n¼ 4–6/group; *P� 0.05,

***P� 0.001, unpaired t-test).
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endogenous murine (�64%; P¼ 0.0001) a-syn (Fig. 2C

and D).

miR-SNCA-mediated a-syn
knockdown reduces behavioural
deficits

We first measured changes in motor function by placing

MSAmo-inoculated mice on a vertical mesh screen and

assessing their climb down from the screen as it was

inclined to �60 degrees, a modification of the vertical

grid test.33 The descending motor activity of mice that

had received miR-SNCA remained consistent qualitatively

and quantitively (as determined by step coordination and

the number of steps per second, respectively) over the

testing period (Fig. 3A). In contrast, as the eGFP-

expressing animals neared the expected clinical endpoint,

their motor deficits were evident by pronounced hesi-

tancy, poor hind-forelimb coordination, and an increasing

propensity to fall off the grid, all marked by fewer over-

all steps (Supplementary movies M1, M2). We performed

a two-way ANOVA to interpret the effect of a-syn

knockdown on the animals, over time. The performance

of MSAmo-inoculated animals, though not significantly

affected by time post-injection (F¼ 0.13, DF¼ 4,74,

P¼ 0.971), was improved by miR-SNCA treatment

(F¼ 10.53, DF¼ 1,74, P¼ 0.0018). In this time course

analysis, pairwise Welch’s t-test comparisons were per-

formed, as interpretation of the Fisher’s t-statistic is con-

founded by high degrees of freedom. Our results

indicated a protective effect of miR-SNCA at 65 days

(t¼ 2.19, P¼ 0.047) and 86 days (t¼ 2.313, P¼ 0.032),

but did not quite achieve significance at 100 days

(t¼ 2.078, P¼ 0.052) after excluding an animal in the

eGFP cohort that had reached clinical endpoint.

Uninoculated mice were tested separately, over similar

time points (Fig. 3D). Their performance was unaffected

by miR-SNCA treatment (F¼ 1.33, DF¼ 1,23, P¼ 0.26),

or by time post-viral injection (F¼ 1.64, DF¼ 3,23,

P¼ 0.209) and pairwise Welch’s t-comparisons confirmed

no significant differences at any time point.

Next, to evaluate gross motor coordination and bal-

ance, both MSAmo-inoculated and uninoculated mice

were subjected to a fixed-speed rotarod test. Main effects

Figure 3 a-Syn knockdown rescues motor deficits associated with synucleinopathy. Motor behaviour of MSAmo-inoculated and

uninoculated mice that had been injected with either the AAV1-eGFP or AAV1-miR-SNCA vectors was analysed using three

behaviour tests. (A) Vertical screen test: Data points represent the number of steps per second taken by the mice to move down the screen

(Statistical analyses: Welch’s t-test, n¼ 4–18/inoculated group). One animal within the AAV1-eGFP group reached disease endpoint at 65 dpi and

was not included in the tests at 86 and 100 dpi. (B) Rotarod test: Latency to fall off the rotarod at 100 dpi are shown (Statistical analyses: two-

way ANOVA and pairwise post hoc comparisons with Fisher’s LSD test, n¼ 7–10/group). (C) Open-field test: Time spent by the mice in walking,

rearing and grooming at 100 dpi are plotted (Statistical analyses: two-way ANOVA and pairwise post hoc comparisons with Fisher’s LSD test,

n¼ 14–18/group). (D–F) Data points represent motor behaviour of uninoculated mice in the vertical screen, rotarod and open field tests

(n¼ 3–4/group). ns ¼ not significant P> 0.05.
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two-way ANOVA revealed impairment of rotarod per-

formance with MSAmo inoculation (F¼ 6.64, DF¼ 1,21,

P¼ 0.0176) and a beneficial effect of miR-SNCA treat-

ment (F¼ 6.301, DF¼ 1,21, P¼ 0.0203). Amongst the

eGFP-expressing groups, MSAmo inoculation increased im-

pairment (Fisher’s LSD t¼ 2.485, P¼ 0.0219). Consistent

with the modified vertical grid test results, MSAmo-inocu-

lated mice expressing miR-SNCA performed markedly bet-

ter on the rotarod at 100 dpi, than did their eGFP-

expressing counterparts (999 6 134 s versus 623 6 134 s,

respectively, Fisher’s LSD t¼ 2.593, P¼ 0.0174) (Fig. 3B).

Mice were assessed in an open-field test to detect dif-

ferences in spontaneous locomotor activity and explora-

tory behaviour (Fig. 3C). A reduction in walking was

observed with MSAmo-inoculation (F¼ 11.22, DF¼ 1,28,

P¼ 0.0023). Walking was improved by miR-SNCA treat-

ment (F¼ 8.499, DF¼ 1,28, P¼ 0.0069). Pairwise com-

parisons revealed a difference between MSA-inoculated

and uninoculated mice that received the eGFP vector

(Fisher’s LSD t¼ 3.673, P¼ 0.001). In addition, MSAmo-

inoculated mice that received miR-SCNA walked more

than did those receiving eGFP vector alone (Fisher’s LSD

t¼ 3.492, P¼ 0.0017).

Rearing activity was affected by the interaction of in-

oculation and viral vector administration (F¼ 5.55,

DF¼ 1,2, P¼ 0.026). However, significant main effects

were not observed for either inoculation (F¼ 0.58,

DF¼ 1,27, P¼ 0.4548) or viral treatment (F¼ 0.19,

DF¼ 1,27, P¼ 0.6696) alone. Amongst mice that

received control eGFP virus, rearing was decreased by

MSAmo-inoculation (Fisher’s LSD t¼ 2.726, P¼ 0.0394).

Treatment with the miR-SNCA prevented the decrease

in rearing activity in MSAmo-inoculated mice (Fisher’s

LSD t¼ 2.165, P¼ 0.011).

Finally, grooming was modulated by MSAmo inoculation

(F¼ 28.5, DF¼ 1,28, P< 0.0001), but not by administra-

tion of the viral treatment (F¼ 0.6144, DF¼ 1,28,

P¼ 0.4397). MSAmo-inoculated mice groomed less than did

uninoculated animals. Pairwise comparison of eGFP-treated

mice revealed a significant reduction associated with

MSAmo-inoculation (Fisher’s LSD t¼ 3.277, P¼ 0.0029).

Taken together, these results demonstrate that even a

modest �25% reduction in a-syn levels at the site of in-

oculation can reduce synucleinopathy-linked motor defi-

cits in mice.

Spreading a-syn aggregation is
reduced by a-syn knockdown

In previous reports, the inoculation with MSAmo brain

homogenate induced widespread and bilateral neuronal

pathology consisting of aggregated, phosphorylated a-syn,

that extended caudally into the hindbrain, from the thal-

amus, hypothalamus, midbrain and brainstem. Although

microgliosis and astrogliosis were also increased in areas

with a-syn pathology, there was no evidence of a-syn

pathology within those cell populations or in

oligodendrocytes.11–14 Therefore, as a measure of gene

therapy efficacy, the number of phosphoserine 129-a-syn

(p-syn) immunoreactive inclusions were quantified in dif-

ferent brain regions in both control and miR-SNCA treat-

ment groups. At 100 dpi, there were significantly fewer p-

syn positive inclusions in the a-syn knockdown group.

This reduction in pathological a-syn extended to brain

regions distal from site of the AAV1 injections, including

the thalamus, subthalamic nucleus, midbrain, cerebellum

and striatum (Fig. 4A and B, Supplementary Table 1).

In addition, we used four independent measures to con-

firm that the reduction in p-syn epitope corresponds to a

decrease in misfolded, detergent-insoluble a-syn. First, a

conformation-specific antibody MJFR-14-6-4-2 that spe-

cifically detects aggregated a-syn revealed markedly fewer

a-syn inclusions in the miR-SNCA-treated mice relative to

the eGFP control group (Fig. 5A). Second, the autoph-

agy marker p62/SQTM, commonly found in Lewy

bodies,34–36 co-localized with p-syn-positive inclusions in

eGFP-treated mice, but not in the miR-SNCA treated

mice, suggesting impaired autophagic flux in the animals

with higher a-syn expression (Fig. 5B).37,38 Third, treat-

ment of mouse brain tissues with proteinase K prior to

immunostaining with the human specific a-syn antibody

LB509 revealed a large number of proteinase K-resistant

a-syn inclusions within eGFP-treated mice, but very few

such deposits in the miR-SNCA-treated mice (Fig. 5C).

Fourth, since pathological inclusions were more pro-

nounced in the midbrain, we compared the levels of

phosphorylated a-syn in midbrain homogenates. As

shown in Fig. 5D, the recovery of p-syn was significant-

ly reduced in the detergent-insoluble (�94%; P¼ 0.008)

and detergent-soluble (�48%; P¼ 0.004) fractions in the

miR-SNCA-treated group, in accord with the clinical and

neuropathological features of the mice. Together, these

results demonstrate that the partial a-syn downregulation

significantly reduced the spread of pathological aggre-

gated p-syn.

Dopaminergic cell survival and glial
markers following a-syn knockdown

As with the other brain regions, the induction of striatal

p-syn inclusions by the MSAmo inoculum was inhibited

by miR-SNCA expression (Supplementary Table 1).

Despite a trend to lower total a-syn levels in striata of

miR-SNCA versus eGFP-treated animals, the difference

did not reach statistical significance (�24%, P¼ 0.09;

Fig. 6A), consistent with the weak eGFP expression in

the caudal region of the striatum shown in Fig. 1J.

However, to exclude the possibility raised by some

reports,39–41 that a localized a-syn suppression might ad-

versely influence TH-positive neurons in the substantia

nigra (SN) and their projections to the striatum, we also

assessed the integrity of the nigrostriatal dopaminergic

pathway. In each region, relevant dopaminergic markers

were evaluated from specific depths in the ipsilateral
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hemisphere. There was no significant difference in the

number of TH-immunoreactive nigral neurons between

the eGFP and miR-SNCA expression groups, nor, as a

measure of nigrostriatal dopaminergic innervation, in stri-

atal TH or DAT expression, confirming that a-syn sup-

pression in these mice did not induce dopaminergic

degeneration (Fig. 6C and D).

As additional tests for potential detrimental consequen-

ces of a-syn knockdown, we assessed markers of apop-

tosis and glial activation in both treatment cohorts.42 At

100 dpi, we did not detect elevated terminal deoxynucleo-

tidyl transferase dUTP nick end labelling (TUNEL)-posi-

tive cells in the hippocampus or midbrain in mice treated

with either viral vector, relative to age-matched naı̈ve,

uninoculated TgM83þ/� mice (Fig. 7). Some increased

TUNEL-positive staining was detected in the thalamus in

both eGFP and miR-SNCA-treated groups compared to

uninoculated mice, which we attribute to the lesion asso-

ciated with the brain homogenate injection. Adjacent sec-

tions showed a corresponding increase in cleaved caspase-

3 staining in the thalamus (Supplementary Fig. 2).

Interestingly, immunofluorescence of the microglial mark-

er (Iba-1) suggested a small but significant decrease in

microglial cell-density in the thalamus and midbrain in

the miR-SNCA-treated group (thalamus: �22.5% in Iba-

1 fluorescence intensity, P¼ 0.03; midbrain: �14.8% in

Iba-1 fluorescence intensity, P¼ 0.05; Fig. 8). We did

not observe any differences in GFAP-positive astrocyte

density in any of the regions analysed. Overall, our

results suggest that lowering a-syn levels did not induce

neuronal loss, and that the consequent reduction in a-syn

pathology is associated with reduced microglial

infiltration.

Discussion
Permissive templating of unstructured proteins by their

misfolded counterparts has emerged as a primary mechan-

ism to explain spreading pathology in multiple

Figure 4 a-Syn knockdown mitigates the spread of phosphorylated-a-syn inclusions in MSAmo-inoculated mice.

(A) Representative confocal images from MSAmo-inoculated mice that had been injected with either the AAV1-eGFP or AAV1-miR-SNCA

vectors show misfolded a-syn detected by phospho-Ser129-a-syn (p-syn, red) in the thalamus, sub-thalamic nucleus, midbrain and cerebellum.

Nuclei were demarcated by counterstaining with NeuN (green) or DAPI (blue). Scale bar: 20 lm. (B) Quantitative analysis of p-syn

immunoreactive inclusions in different brain regions are shown. Each point represents a single mouse (n¼ 8/group; *P� 0.05, **P� 0.01, Mann–

Whitney U-test).
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neurodegenerative disorders.43 The prion-like spread of a-

syn along neuronal pathways has been amply demon-

strated in multiple in vitro and in vivo models of synu-

cleinopathy induced by seeding with a-syn fibrils.44 Key

cellular pathways predicted to regulate the kinetics of the

spreading pathology include the internalization of extracel-

lular seeds by recipient cells, the intracellular expansion of

misfolded a-syn exacerbated by oxidative stress, impair-

ments in autophagy-lysosomal pathways and interaction

with native a-syn, and the secretion of a-syn templates

with newly acquired pathogenic structure.45 Uncertainties

regarding the mechanisms of entry and exit of a-syn seeds

have thus far precluded their usefulness as therapeutic tar-

gets. Therefore, current approaches to limit a-syn

Figure 5 Viral gene therapy slows the progression of pathological aggregates. Pathological inclusions in the brains of MSAmo-

inoculated mice treated with either AAV1-eGFP or AAV1-miR-SNCA vectors were analysed by immunofluorescence using markers for

aggregated a-syn. (A) The conformation-specific a-syn antibody, MJFR-14-6-4-2 (red) was used to detect misfolded a-syn. Neuronal nuclei were

labelled with NeuN (blue). (B) Representative images show brain sections immunolabelled with the autophagy marker p62 (green), p-syn (red)

and NeuN (blue). (C) To detect proteinase K resistant a-syn inclusions, free-floating tissues were subjected to mild proteinase K digestion prior

to labelling with the human-specific a-syn antibody LB509 (red) and DAPI (blue). Signal intensities of the red channel was enhanced equally in

both eGFP and miR-SNCA panels to enable better visualization of inclusions. Scale bars: 20 lm. (D) Levels of phosphorylated a-syn in the

detergent-soluble and insoluble fractions of mid-brain lysates were analysed by western blotting using the p-Ser129-a-syn (p-syn) antibody.

Quantification of p-syn levels in the two fractions are shown. Each point represents a single mouse (n¼ 4–6/group; **P� 0.01, unpaired t-test).
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Figure 6 Nigrostriatal dopaminergic markers are not affected by a-synuclein knockdown. (A, B) The effect of hippocampal

transgene delivery on striatal a-syn expression was quantified by western blotting using an antibody that detects total a-syn (Syn1 antibody).

Each point represents a single mouse (n¼ 4–6/group, Mann–Whitney U-test). (C, D) To test if transgene expression in the striatum causes

dopaminergic degeneration, the number of TH immunoreactive cells within the substantia nigra (SN) were counted. Representative images

show TH-positive cells in the ipsilateral SN of untreated mice as well as eGFP and miR-SNCA treated MSAmo-inoculated mice. The graph

represents the average number of TH-positive cells counted from 4 specific depths (�3.96, �4.12, �4.28 and �4.44 mm of bregma) in the

ipsilateral SN. Scale bar: 100 lm (n¼ 4/group, unpaired t-test). (E–H) Dopaminergic striatal innervation was measured by quantifying TH

(green) and dopamine transporter (DAT, red) immunoreactivity in the striatum. Nuclei were counterstained with DAPI (blue). Graphs

represent the mean TH and DAT immunofluorescence intensities in the ipsilateral striatum of untreated as well as eGFP and miR-SNCA

treated synucleinopathy mice. Scale bar: 20 lm. Each point represents a single mouse (n¼ 6/group, unpaired t-test).
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pathology have focussed on reducing either the extracellu-

lar seeds or the intracellular a-syn substrate.

In this study, we tested whether a-syn knockdown

using virus-encoded miR-SNCA can prevent the clinicopa-

thological features in mice with rapid and progressive

synucleinopathy induced by a single intracerebral injection

of serially-passaged MSAmo inoculum. Stereotaxic injec-

tions of control AAV1-eGFP vectors into the hippocampus

induced robust eGFP expression within the hippocampus

and surrounding corpus callosum, and thalamus, but not

the midbrain, pons or cerebellum. In accord, in animals

that received AAV1-miR-SNCA, hippocampal a-syn ex-

pression was reduced �50%, as determined by immuno-

fluorescence and immunoblotting, and in the thalamus by

25%, while there was no observable reduction in regions

distal to the virus injection, such as the midbrain and the

cerebellum. Based on previous studies, intracerebral injec-

tion of MSAmo brain homogenate in TgM83þ/� mice indu-

ces a bilateral synucleinopathy that spreads caudally into

the brainstem and results in progressive neurological

disease at 100–150 dpi that includes bradykinesia, impaired

motor coordination, and eventual hindlimb paralysis.11,12

Using this paradigm to compare between animals receiving

AAV1 vectors expressing either control eGFP or miR-

SNCA, our study provides several lines of evidence indicat-

ing that down-regulation of a-syn can mitigate the devel-

opment of synucleinopathy. First, three tests of motor

function (vertical grid, rotarod, and open field) showed

that MSAmo-injected animals expressing miR-SNCA main-

tained motor function over the test period, in contrast to

progressive motor dysfunction in eGFP-expressing mice.

Second, the rescue of motor function in the miR-SNCA

cohort corresponded with significantly fewer p-syn-positive

neurons in all brain regions analysed, a key pathological

feature of synucleinopathy brains. Third, miR-SNCA-

treated animals developed fewer proteinase K-resistant a-

syn inclusions and epitopes recognized by an antibody spe-

cific for misfolded a-syn, confirming that lower a-syn lev-

els were successful in preventing the accumulation of

misfolded a-syn. Finally, the recovery of p-syn in

Figure 7 AAV1-mediated a-syn knockdown does not induce cell death. (A–C) Brains from eGFP and miR-SNCA treated MSAmo-inoculated

mice as well as untreated mice were analysed for apoptotic cell death using TUNEL staining. Representative confocal images of the hippocampus,

thalamus and midbrain are shown with TUNEL positive cells labelled in red. Signal intensity of the red channel was enhanced equally across the

panels to enable better visualization of TUNEL-positive cells. Neuronal nuclei are stained with NeuN (blue). Scale bar: 100 lm.
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detergent-soluble and -insoluble fractions of brain homoge-

nates was markedly reduced by miR-SNCA treatment.

The observed co-localization of p62/SQTM with p-syn-

positive inclusions in eGFP-treated mice indicates dysregu-

lation of the autophagy-lysosomal pathway,46 which was

not observed in miR-SNCA-treated mice. Overexpression

of a-syn can impair autophagy, lysosomal and proteasomal

function,47–50 and conversely, inhibition of autophagy can

lead to enhanced exocytosis and spreading of a-syn

species.51,52 Thus, the miR-SNCA-induced knockdown

may suppress the aberrant reciprocal relationship between

a-syn pathology and autophagy-lysosomal dysfunction, as

implied by the reduced p62/SQTM accumulation.

Notably, the rescue of a-syn pathology also occurred in

regions distal to the site of AAV1 injection, such as the

midbrain and cerebellum, where neurons were not

Figure 8 a-Synuclein knockdown does not induce a glial inflammatory response. (A–C) To test if AAV1 vector delivery causes

neuroinflammation in our treatment paradigm, tissue sections from untreated mice as well as eGFP and miR-SNCA treated MSAmo-inoculated

mice were immunolabelled with the microglial marker Iba-1 (magenta) and glial fibrillary acidic protein (GFAP, green). Nuclei were labelled with

DAPI (blue). Each point quantifying fluorescence intensity represents data from a single mouse (n¼ 8, unpaired t-test). Scale bar: 20 lm.
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transduced by AAV1 and total a-syn levels unaffected.

These data suggest that local suppression of a-syn prox-

imal to the site of the initial pathology (the thalamus)

was sufficient to limit the ability of the a-syn fibrils in

the MSAmo inoculum to template and propagate the

pathology into other brain regions along connected neur-

onal pathways.53–55 Previous studies suggest that path-

ology is comprised of mainly human a-syn and that

contribution of murine a-syn in this mouse model is neg-

ligible. The human Tg a-syn levels in these hemizygous

animals are 3.3-fold higher than the endogenous mouse

a-syn21 and human a-syn aggregates are more potent in

inducing aggregation of human a-syn than of mouse a-

syn.9,56 Also, using human and mouse-specific antibodies,

we recently reported that inoculated TgM83 brain lysates

contain abundant detergent-insoluble, protease-resistant

human asyn, but no detectable mouse a-syn with corre-

sponding properties.15

Acute loss of a-syn expression has been implicated in

dopaminergic cell death.39–41 Although we did not directly

target the nigrostriatal pathway, a-syn levels in dissected stri-

atal tissue from miR-SNCA-treated animals trended lower

(P¼ 0.09), possibly due to some AAV1 expression detected

at the periphery of the striatum. We found no adverse

changes in nigral or striatal dopaminergic markers in mice

with a-syn knockdown. Our results are consistent with other

studies that have evaluated a-syn knockdown using various

strategies.16,22,25,57–62 We previously showed that 40–60%

a-syn reduction using AAV9-expressed shRNA did not in-

duce dopaminergic or other neuronal loss in mice expressing

only human a-syn.25 Similarly, silencing of endogenous a-

syn production in adult rodents did not cause nigrostriatal

neurodegeneration; instead, it protected against toxin-induced

cell death.22 Transient a-syn reduction following administra-

tion of antisense oligonucleotides (ASOs) also rescued a-syn

pathology induced either by a-syn overexpression or fibril

seeding in mice, with efficacy and safety replicated in non-

human primates.16,60–65 Markers of apoptotic cell death or

glial activation were also not increased by a-syn knockdown

in our study, and conversely, there was some reduction in

microglia/macrophage marker Iba-1 in the thalamus and

midbrain following miR-SNCA treatment, two brain regions

that accumulated abundant p-syn pathology following

MSAmo inoculation. These results are in line with reports

showing microglial activation in response to a-syn aggrega-

tion,66,67 which can lead to a further increase in a-syn ag-

gregation through post-translational modifications68,69 and

enhanced a-syn spreading.70 Our findings suggest that mini-

mizing a-syn self-assembly by limiting a-syn substrate can

dampen the associated inflammatory responses.

Movie M1 Motor function of MSAmo-inoculated and

AAV1-eGFP treated mouse in modified vertical grid test.

An AAV-eGFP treated animal performing on the vertical grid test at

63 days post MSAmo-inoculation. The motor deficits were evident

by pronounced hesitancy, poor hind-forelimb coordination, and an

increasing propensity to fall off the grid, all marked by fewer overall

steps.

Movie M2 Motor function of MSAmo-inoculated and

AAV1-miR-SNCA treated mouse in modified vertical grid

test. An AAV-miRNA-SNCA treated animal performing on the

vertical grid test at 63 days post MSAmo-inoculation. The motor

activity remained normal, both qualitatively and quantitively (as

determined by step coordination and the number of steps per

second, respectively) over the testing period.Motor function of

MSAmo-inoculated and AAV1-miR-SNCA treated mouse in

modified vertical grid test. An AAV-miRNA-SNCA treated animal

performing on the vertical grid test at 63 days post MSAmo-

inoculation. The motor activity remained normal, both qualitatively

and quantitively (as determined by step coordination and the

number of steps per second, respectively) over the testing period.
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Importantly, the main finding in this study that a �25–

50% reduction in a-syn is sufficient to confer protection

against motor deficits and spreading pathology provides

optimism for current efforts to lower a-syn levels in

human synucleinopathies. Multiple clinical trials are eval-

uating a variety of approaches to decrease brain a-syn,

including passive and active immunization to sequester

extracellular asyn or impede its interneuronal transfer.71–

74 While some antibodies have shown promising pre-clin-

ical results, target engagement in humans is significantly

constrained by poor blood-brain barrier (BBB) penetra-

tion, generally <0.5% when comparing serum and CSF

immunoglobulin ratios.75,76 Additional pharmacological

strategies under consideration involve inhibition of a-syn

transcription via the b2-adrenoreceptor, modulation of

autophagy, or by enhancing the activity of lysosomal

enzymes, such as glucocerebrosidase.77–81 Non-viral gene

regulation with ASOs to preferentially degrade a-syn

mRNA also shows promise,16,60–62,82 although ASO sta-

bility and transient efficacy necessitates repeat administra-

tion. Conversely, AAV-based gene therapy can induce

stable, long-lasting up- or down-regulation of target pro-

teins. Furthermore, the neuronal tropism and low toxicity

of AAVs make them an attractive vehicle to encode ther-

apeutics for treating human proteopathies. Previous phase

I/II clinical trials for Parkinson’s disease using AAVs to

express growth factors or enzymes involved in dopamine

biosynthesis showed good safety profiles, despite the

short-lasting and limited therapeutic efficacy.83 Arguably,

these trials were evaluated in small patient cohorts with

mid- to late-stage disease and did not address underlying

a-syn aggregation. Our results suggest that early localized

intervention can reduce the transmission of a-syn path-

ology from fibril-seeded brain regions. Future combina-

torial gene therapy approaches, where a-syn knockdown

is supplemented with growth factor and/or dopamine

modulating strategies, offer the exciting possibility to re-

duce pathological a-syn and achieve symptomatic relief

by maintaining cellular health and/or neurotransmission.

Limitations

There are some limitations to the current study. For ex-

ample, we initiated a-syn knockdown prior to the induc-

tion of pathology, an option not available in clinical

settings. Although AAV1 pre-treatment prevented the se-

vere MSAmo-induced pathophysiology, the rapid decline

to clinical endpoint within 3–5 months poses a challenge

for assessing post-inoculation rescue. In contrast, human

synucleinopathies develop over years to decades, offering

a longer therapeutic window. Indeed, the use of ASO in

slower, milder disease models suggest transient disease-

modifying benefits after pathology is triggered.62,63,65,84,85

While accurate pre-clinical diagnosis of idiopathic

Parkinson’s disease remains a challenge, recent advances

in ascribing predictive disease risk based on prodromal

symptoms and other biomarkers could facilitate earlier

and more targeted treatment regimens.86,87

The current study relies on the increased aggregation

kinetics of a rare Parkinson’s disease-linked a-syn mu-

tant.88 However, it should be noted that the aggregates

generated in A53T a-syn transgenic mice reproduce the

biological and biochemical characteristics of those in

MSA inoculum,14 suggesting that seeding properties are

preserved. Our demonstration that suppressing a-syn with

AAV1-miRNA-SNCA mitigates transmission of a-syn

pathology and motor deficits is also in line with multiple

clinical observations that link a-syn levels and seeding to

the severity of Parkinson’s disease pathology. For ex-

ample, elevated a-syn expressed by SNCA gene multipli-

cations cause familial Parkinson’s disease89 and a-syn

pathology develops in healthy foetal cells grafted into

Parkinson’s disease brains.90,91

Lastly, MSA-inoculation in TgM83þ/� mice does not

cause glial inclusions,11,12 a hallmark of MSA, and it

remains unknown whether AAV1-miR-SNCA can ameli-

orate a-syn pathology in this cell population based on

the current study. Other mouse models engineered for a-

syn pathology in oligodendrocytes could be used to an-

swer this question,92–94 which may also require a viral

vector optimized for glial expression.95

Conclusions
This study provides proof-of-concept for viral-mediated a-

syn suppression as a treatment for synucleinopathies. The

recognition that early Lewy pathology can develop within

brainstem nuclei in Parkinson’s disease96–98 and is mani-

fested clinically as non-motor prodromal symptoms,

including gastric and sleep disturbances,87,99 identifies the

initial brain regions for targeting the a-syn knockdown.

We previously reported non-invasive delivery and expres-

sion of a-syn gene silencing vectors in multiple mouse

brain regions using transcranial MRI-guided focused ultra-

sound combined with intravenous microbubbles to transi-

ently increase BBB permeability.25 The importance of this

emerging technology is further underscored by successful

Phase I clinical trials in Alzheimer’s disease and

Parkinson’s disease patients that support the feasibility and

safety of BBB opening with low intensity focal sonic-

ation.100,101 With ongoing improvements to vector design

and CNS delivery, combinatorial gene therapies targeting

cell survival and a-syn may offer long-lasting benefits by

specifically targeting affected neuronal pathways implicated

by prodromal disease symptoms, and which could mitigate

further transmission of synucleinopathy.
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Supplementary material is available at Brain

Communications online.
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