OXFORD

Human Molecular Genetics, 2022, Vol. 31, 21, 3613-3628

https://doi.org/10.1093/hmg/ddac035
Advance access publication date 18 February 2022

Original Article

Constitutive nuclear accumulation of endogenous
alpha-synuclein in mice causes motor impairment and
cortical dysfunction, independent of protein aggregation

Haley M. Geertsma 1.2 Konrad M. Ricke

Zoe A. Fisk (9123, Steve M. Callaghan

12 Terry R. Suk

1.2 and Maxime W.C. Rousseaux

1,2

1,23 Kyra Horsthuis!?, Jean-Louis A. Parmasad ()12,

1,2,3,4,5,%

1Department of Cellular and Molecular Medicine, University of Ottawa, Ottawa, ON K1H8M5, Canada

2University of Ottawa Brain and Mind Research Institute, Ottawa, ON K1H8MS, Canada

3Aligning Science Across Parkinson's (ASAP) Collaborative Research Network, Chevy Chase, MD

+Ottawa Institute of Systems Biology, University of Ottawa, Ottawa, ON K1H8M5, Canada

SEric Poulin Center for Neuromuscular Diseases, University of Ottawa Brain and Mind Research Institute, Ottawa, ON K1H8MS5, Canada

*To whom correspondence should be addressed at: University of Ottawa, 451 Smyth Road, Ottawa, K1H8MS, Canada. Tel: +1 6138625800 ext. 8611,

Email: max.rousseaux@uottawa.ca

Abstract

A growing body of evidence suggests that nuclear alpha-synuclein (¢Syn) plays a role in the pathogenesis of Parkinson’s disease
(PD). However, this question has been difficult to address as controlling the localization of aSyn in experimental systems often
requires protein overexpression, which affects its aggregation propensity. To overcome this, we engineered Snca™'s mice, which localize
endogenous «Syn to the nucleus. We characterized these mice on a behavioral, histological and biochemical level to determine
whether the increase of nuclear «Syn is sufficient to elicit PD-like phenotypes. Snca'S mice exhibit age-dependent motor deficits and
altered gastrointestinal function. We found that these phenotypes were not linked to «Syn aggregation or phosphorylation. Through
histological analyses, we observed motor cortex atrophy in the absence of midbrain dopaminergic neurodegeneration. We sampled
cortical proteomes of SncaV's mice and controls to determine the molecular underpinnings of these pathologies. Interestingly, we
found several dysregulated proteins involved in dopaminergic signaling, including Darpp32, Pde10a and Gng7, which we further
confirmed was decreased in cortical samples of the Snca™'S mice compared with controls. These results suggest that chronic
endogenous nuclear aSyn can elicit toxic phenotypes in mice, independent of its aggregation. This model raises key questions related

to the mechanism of «Syn toxicity in PD and provides a new model to study an underappreciated aspect of PD pathogenesis.

Introduction

Alpha-synuclein («Syn) is a protein notorious for its
involvement in Parkinson’s disease (PD) pathogenesis.
For one, it is a primary constituent of Lewy bodies and
Lewy neurites, pathological hallmarks of PD (1). More-
over, copy number variations and missense mutations in
the aSyn gene, SNCA, cause genetic forms of PD, further
reinforcing its involvement in disease etiology (2-8).
aSyn was first described as a presynaptic and nuclear
protein (9). However, nuclear «Syn has largely been
overshadowed by a focus on its cytoplasmic/synaptic
form, likely due to the cytoplasmic localization of Lewy
bodies. Despite this, several studies have linked nuclear
aSyn to PD on multiple levels: in cell (10-14) and animal
(6,15-18) models of PD, as well as in brain tissue from
individuals with aSyn pathologies [synucleinopathy; (19—
21)]. These studies examined the role of nuclear «Syn by
overexpressing it together with mutations or a nuclear
localization signal [NLS; (12,15,17,18,22,20)], or upon
toxin exposure (16), hinting at a role for nuclear «Syn in
disease pathogenesis by its involvement in DNA binding

(23,24) or histone modification (17) to alter transcription,
and in DNA repair (25). Although these studies support
a link between nuclear «Syn and PD, its specific role
in disease—whether deleterious or beneficial—remains
clouded due to the reliance on its overexpression or
exogenous stressors, making it difficult to parse out the
driver of toxicity in the absence of aSyn aggregation.

To directly test the consequence of chronic «Syn mis-
localization to the nucleus in vivo, without resorting to
protein overexpression, we engineered a mouse model to
endogenously express aSyn with a C-terminal NLS-Flag
tag driving its mislocalization to the nucleus. We exten-
sively characterized these mice at the behavioral, histo-
logical and biochemical level to assess whether chronic
nuclear localization of «Syn causes age-dependent phe-
notypes resembling PD or related aSyn proteinopathies.

Results

Effective nuclear targeting of «Syn in Snca™'®
mice

To study if nuclear aSyn is sufficient to elicit age-related
behavioral and pathological phenotypes, we generated a
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Figure 1. Snca mice effectively target «Syn to the nucleus in vitro and in vivo. (A) SncaV!F149 knock-in scheme with C-terminal NLS-Flag tag.
Visualization of the knockin via (B) PCR and (C) western blot. (D) Illustration of nuclear localization of aSyn (upper left) with quantification (lower
left) of nuclear «Syn from primary cortical neurons in wildtype (top right panels), Snca™'%+ (middle right panels) and SncaV:/NLS (bottom right panels;
n=3). Protein quantification (lower left) depicts nested relative per-cell intensity of nuclear «Syn from three independent experiments. White arrows
denote presynaptic aSyn and nuclei are circled in white. Nested one-way ANOVA with Bonferroni multiple comparison: **denotes P < 0.001.

mouse line that targets endogenous aSyn to the nucleus
via the knockin of an NLS-Flag tag on aSyn (Snca*s). The
NLS-Flag construct was targeted to the 3’ end of the Snca
coding sequence with the modified Snca-NLS-Flag gene
predicted to transcribe a fusion protein of wildtype a«Syn
with a C-terminal NLS-Flag tag (Fig. 1A). After generat-
ing and backcrossing mice (see Materials and Methods
and Supplementary Material, Fig. S1), we confirmed the
knockin via sequencing (Supplementary Material, Fig.
S1B) and were able to distinguish between the genotypes
via a PCR band shift (Fig. 1B) and a larger protein size
via western blot (Fig. 1C). Mice were born at expected
Mendelian ratios (Supplementary Material, Fig. S1C), con-
firming that insertion of this tag did not pose major
developmental deficits.

To examine the efficiency of the NLS-Flag tag, we
cultured primary cortical neurons for 7 days in vitro
and quantified the level of nuclear «Syn through
immunofluorescent microscopy. We observed a 3-fold
increase in nuclear aSyn in SncaV'N'S and a 1.5-fold
increase in Snca'%* compared with Sncat/* (wildtype)
cells (Fig. 1D). This trend was consistent in stained adult

mouse brain tissue at both 2- and 18-months where
we found a 2-5-fold increase in nuclear «Syn in the
cortex (Fig. 2A), dentate gyrus (Fig. 2B) and substantia
nigra (Fig. 2C). Importantly, this roughly corresponds to
the 2.5-3-fold increase of nuclear «Syn, which we and
others have previously observed in post-mortem brain
tissue from individuals with PD or other animal models
of synucleinopathy, suggesting the model displays
a disease-relevant increase of nuclear «Syn (6,15
19).

Increased nuclear «Syn leads to an
age-dependent motor decline

To test whether chronic nuclear accumulation of aSyn
is sufficient to elicit PD-like phenotypes over time, we
subjected Snca™NS mice and littermates to a battery
of behavior tests at 3-, 9- and 18-months of age. We
found that the Snca™* and SncaV*M° mice performed
similarly to wildtype at 3-months of age (Fig. 3A). By
9-months, however, the Snca™>N'S mice displayed a
significant motor deficit in rotarod (Fig. 3B) as well as
a delayed time to contact their forepaws in the adhesive
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Figure 2. Sncal'S mice exhibit a consistent 2-5-fold increase in nuclear «Syn with age. Immunofluorescent images of 2- (left) and 18-month (right)
mouse (A) cortex, (B) dentate gyrus and (C) substantia nigra, pars compacta. Nuclear enrichment of «Syn was quantified for (A’-C’) all brain regions at
both 2- (left) and 18-months (right). Unpaired, two-tailed t-test: *, **, *** *** denote P < 0.05, < 0.01, <0.001 and <0.0001, respectively.

test (Fig. 3C). Interestingly, Snca**/+ mice also exhibited
a significant deficit on the rotarod test—suggestive
of a dominant phenotype. This rotarod deficit was
not observed when testing Snca~~ mice at 9 months
(Supplementary Material, Fig. S2), suggesting it is due
to the accumulation of nuclear «Syn and not a loss-of-
function of pre-synaptic «Syn. Surprisingly, after aging
the Snca™s mice to 18 months, we observed milder

motor phenotypes relative to wildtype controls; likely
due to the 18-month wildtype mice showing increased
difficulty at performing these tasks when comparing
their motor ability with that at 3- and 9-months of age
(Supplementary Material, Fig. S3).

With increasing awareness around non-motor symp-
toms in PD, we also measured cognition, anxiety and
overall wellness in the SncaV'* line. We found that
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Figure 3. Snca'® mice exhibit significant motor and gastrointestinal dysfunction. Analysis of the 3- (top) and 9-month (bottom) mice for (A) Beam Break,
(B) Rotarod and (C) Adhesive Test measuring time to contact their forepaws, (D) Fecal Pellet Weight measuring fecal weight and water content over 1 h
(left), and Fecal Pellet Output measuring fecal pellets produced in 10 min (right), (n=10-21). (E) Survival curve from all mice in the behavior colony
(n=42-58). One-way (C, D right), two-way ANOVA (A, D left), or mixed-effects analysis (B) with Bonferroni multiple comparison or Log-rank (Mantel Cox)
test (F): ns, *, **, ** and **** denote P> 0.05, < 0.05, <0.01, <0.001 and <0.0001, respectively.

SncaVFNES and SncaNM+ mice performed similarly to
their wildtype littermates in non-motor behavior tests
at all timepoints (Supplementary Material, Figs. S4—
S6). In addition to motor decline, people living with
PD often experience gastrointestinal difficulties such
as constipation (26,27). To measure constipation in our
mice, we examined fecal excretions in the span of
an hour. We found that 18-month-old Snca™*Nt5 mice
excretions contained significantly less water than their
wildtype counterparts (Fig. 3D). Lastly, we observed a
trend for early lethality in the Snca™*N'S mice, whereby
37% of SncaV'NIS mice died by 20 months of age,
compared with 14% of wildtype littermates (P=0.1081,

Fig. 3E). Taken together, the SncaV'N'S mice display
age-dependent motor and gastrointestinal dysfunction
reminiscent of PD.

SncaV'NLS mice exhibit cortical atrophy,
independent of «Syn aggregation or
dopaminergic neurodegeneration

Many studies suggest that «Syn toxicity is intrinsically
tied to its aggregation, as the two are often associated
in humans with PD and in animal models of the disease
(1,28,29). However, models of aSyn toxicity often rely on
the introduction of synthetically derived misfolded aSyn
fibrils (30,31) or overexpression of aSyn (15,32), thereby
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potentiating its aggregation in vivo. Given that the Sncal's
mice display age-dependent behavioral phenotypes, yet
do not rely on «Syn overexpression, we asked whether
accumulation of endogenous «Syn in the nucleus leads
to its aggregation and thusly contributes to its toxic-
ity. We examined both the solubility of «Syn as well
as its pathologically linked phosphorylation at serine
residue 129 (pS129) by biochemical fractionation of brain
samples of SncaM*NIS mice compared with littermates.
We used the mThy1-SNCA (‘line 61’) transgenic and Snca
knockout (Snca~~) mouse lines as positive (32) and nega-
tive (33) controls, respectively. To our surprise, we found
that the accumulation of nuclear aSyn does not lead to
aggregation (Fig. 4A), nor does it become phosphorylated
at S129 (Fig. 4A, B), and in fact total «Syn levels are
reduced in these mice (Fig. 4A-C). These findings were
further supported by histology, which showed no marked
increase in pS129 in aged Snca'>/N'S mice compared with
their respective littermates (Fig. 4D). This suggests that
nuclear accumulation of «Syn confers neuronal dysfunc-
tion independent of aggregation.

A hallmark of PD 1is nigrostriatal degeneration.
Because of the relatively high expression of aSyn in
dopaminergic neurons [Fig. 2C; (34)], we hypothesized
nuclear eSyn could be acutely toxic to dopaminergic
neurons, causing their death and ultimately leading
to the observed behavioral deficits in Snca> mice. To
our surprise, we found that young and aged Snca!S/NLS
mice had intact nigrostriatal tracts, when evaluated
by striatal tyrosine hydroxylase (TH) fiber density and
stereological estimation of dopaminergic cell number
in the SNc at 3- and 18-months of age (Fig. SA and B,
Supplementary Material, Fig. S4E). Moreover, HPLC
(high-performance liquid chromatography) analysis of
mouse striata revealed that 18-month-old mice across
genotypes exhibit similar levels of dopamine and its
metabolites (DOPAC, HVA and 5-HIAA,; Fig. 5C).

Since SncaNIS mice exhibit motor defects without
nigrostriatal degeneration nor «Syn aggregation, we took
a step back to ask whether nuclear «Syn may impact
other areas of the brain, thus contributing to PD-like
phenotypes. Cortical involvement has long been linked
to several synucleinopathies including PD, dementia
with Lewy bodies (DLB) and PD with dementia [PDD;
(29,35-37)]. We therefore explored higher order cortical
areas to determine whether Snca™N'S mice exhibit
neurodegenerative features outside of the SNc. We
conducted gross anatomical studies using hematoxylin
and eosin (H&E) and toluidine blue staining and found
significant anterior cortical thinning in the motor cortex
(Fig. 6A) and a marked increase in pyknotic cells (Fig. 6B)
throughout the cortex of 18-month-old Snca™*NS mice.
We further stained cortical sections with NeuN [Neu-
ronal nuclei antigen, a.k.a. RNA Binding Fox-1 Homolog 3
(Rbfox3)] and found a significant decrease in neurons in
layers V/VI of 18-month-old SncaV*N'S mice compared
with their littermates (Fig. 6C). Thus, nuclear «Syn causes
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cortical dysfunction in the absence of its aggregation or
nigrostriatal degeneration.

Unbiased proteomic analysis uncovers reduced
Darpp-32, Pde10a and Gng7 levels in SncaN-5/N's
mice

We followed an unbiased strategy to uncover the
molecular mechanisms underlying the behavioral and
histological phenotypes of the SncaV*NIS mice via quan-
titative proteomic analysis on cortices from 9-month-
old mice. At this age, SncaV-N5 mice exhibit behavioral
abnormalities (Fig. 3), allowing identification of early
molecular changes that drive the late-stage cortical
atrophy exhibited in these mice and in PD. To quantify
proteomic differences in wildtype and Snca /NS mice,
we performed pooled TMT10plex labeling for 5 wildtype
and 5 SncaSNLS mouse cortices followed by mass
spectrometry to identify differential proteomic changes
(Fig. 7A). This approach yielded a list of nearly 1800
proteins, of which 114 had a Log, fold-change of +1
relative to wildtype (Fig. 7B). Of these 114 hits, 66 were
downregulated and 48 were upregulated (Supplementary
Material, Table S2). Gene ontology term analysis revealed
a significant enrichment for biological processes that are
disturbed in PD, including regulation of GPCR signaling
(Fig. 7C). To increase the stringency of our list, we filtered
these hits using a statistical cut-off (Mann-Whitney P-
value < 0.05). From this, we identified 10 high-confidence
hits (Fig. 7D). Interestingly, among these 10 hits we
noticed a few proteins of particular importance in DA
signaling and have been associated with PD, such as
Cacnale, Darpp-32 [dopamine- and cAMP-regulated
neuronal phosphoprotein a.k.a. protein phosphatase 1
regulator inhibitor subunit 1b (Ppplrlb)], Fgfl, Gng7 (G
Protein Subunit Gamma 7), Pdel0a (Phosphodiesterase
10A) and SerpinAla (38-45). We confirmed overall trends
in reduction of Darpp-32, Pdel0a and Gng/ in the 9-
month-old Snca'*/N'S mice using western blot (Fig. 7E),
thereby validating our proteomics approaches. Collec-
tively, these data suggest that disrupted dopaminergic
signaling pathways may be an early event of nuclear
aSyn toxicity.

Discussion

The mechanisms underlying «Syn toxicity have been
difficult to pin down. We and others have previously
shown that nuclear «Syn is increased in the PD post-
mortem brain and in animal models harboring SNCA
mutations (6,13,20,19,46). Nonetheless, previous studies
examining the role of nuclear eSyn in PD pathogenesis
have yielded conflicting results, ranging from neurode-
generative (13,15,17,46) to neuroprotective (20,25) phe-
notypes. This may be in part due to the degree of over-
expression of aSyn or the choice of read-out in these
models. Our study sought to overcome this by answering
if the nuclear accumulation of native «Syn is sufficient
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<0.01 and <0.001, respectively.

to cause PD-like phenotypes in mice. We engineered
a mouse model with an NLS-Flag knockin on Snca to
characterize the effects of chronically increased nuclear
aSyn. We found that Snca'/NS mice reveal PD-like phe-
notypes including age-dependent motor decline, as well
as cortical dysfunction. The cortical atrophy we observed

draws parallels to the cell loss seen in synucleinopathies
with cortical involvement like DLB and PDD (29,35-37).
Moreover, the anatomical location of this cell loss dove-
tails with the motor deficits seen in these mice and may
shed light onto how nuclear «Syn in PD may be linked
to cortical dysfunction and disease manifestation. When
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examining the proteomic profile of the SncaV:N's mice,
we found a few high-confidence hits that have been
previously associated with PD. Among these, we identi-
fied Pde10a, Darpp-32 and Gng7/. Although we found no
significant decrease in striatal dopamine, it is interesting
to note that these proteins are all involved in dopamine
signaling, hinting at a potential mechanism by which
nuclear «Syn causes dysfunction via perturbing intracel-
lular signaling (38,42,47-55). Importantly, Gng7 knockout
mice exhibit significant age-dependent motor deficits,
particularly in the rotarod test which was the motor
assay with which the Snca!'s mice exhibited the most dif-
ficulty (49). In addition, one study looking at patients with
schizophrenia found reduced Pdel0a and medial pre-
frontal cortex thinning, another aspect observed in the
SncaltS mice (55). Together, these changes in protein lev-
els hint at a possible mechanism whereby nuclear a«Syn
elicits dopaminergic signaling defects, in the absence of
overt dopaminergic neurodegeneration.

Although characterizing Snca™N'S mice, we con-
sistently noted how this mouse line diverges from
Snca~’~ mouse phenotypes (Supplementary Material,

Fig. S2), cementing that Snca¥N'S mouse phenotypes
are likely gain-of-function. To wit, Snca™/~ mice exhibit
mild synaptic deficits in the absence of gross motor or
non-motor deficits (33,56), likely due to compensation
by g-synuclein and, to a lesser extent, y-synuclein
(57-59). Indeed, the motor phenotypes appear to be
dependent on the local dose of nuclear «Syn as even the
SncaV'+ mice exhibit some motor behavior deficits—
albeit to a lesser extent than their Snca**/NIS littermates,
suggesting that they are due to a gain-of-function of
nuclear «Syn and not a loss-of-function of synaptic
aSyn. Nevertheless, we cannot exclude a model in which
partial loss of synaptic aSyn combined with increased
nuclear Syn may drive the age-dependent behavioural
and pathological phenotypes seen in Snca® mice.
Strikingly, behavioral and histological phenotypes in
Sncal*S mice occur independently from aSyn aggregation
and pathogenic phosphorylation. Indeed, overall levels
of aSyn are reduced in Snca™'* mice—potentially by
some regulatory mechanism or feedback loop—therefore
suggesting that these «Syn-mediated phenotypes occur
despite its aggregation or phosphorylation. This suggests


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac035#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac035#supplementary-data

3620 | Human Molecular Genetics, 2022, Vol. 31, No. 21

O

NeuN DAPI

Merge

SncaNLS/NLS .
e 1250-
8 o l
o 1000{ St oagg o
H o =
2 750 g e
2
% 500
=
2501
° S
N
™ st
500+ o
w» 400 | °
3
S 3004 °
°
g 200- —S:L
* 100 ° o o,
—§[§— = °
oL—=° °
)
GaNLSI‘\' NLS,NL
Layer II/11I Layer V/VI
4000 - 4000 -
o
o~ ° o0 =2 *k
£ 3000 % o ° T 3000 I—l
% o % [+]
- - E [+]
8 2000- 820004 ° ° e==o
+ +
4 4
é 1000 - é 1000
0 0 -
LSIN\,S NLS’NL
aN a
gnc gno

Figure 6. Aged SncaS/NLS mice exhibit cortical atrophy. (A) H&E staining with quantification of the motor cortex thickness (n=7-9). (B) Toluidine blue
staining with quantification of pyknotic cells from the motor cortex (n=7-9). White arrows denote select pyknotic cells. (C) NeuN staining of wildtype
(left) and SncaS/NLS (right) measuring NeuN* cells in motor cortex layers 1I/111 and V/VI. One-way ANOVA with Bonferroni multiple comparison (A, B)
or unpaired, two-tailed t-test (C): ns, ** denote P> 0.05 and <0.01, respectively.

a heretofore underappreciated role of soluble, nuclear
aSyn in the pathogenesis of PD.

The cellular mechanisms that drive the nuclear
accumulation of «Syn and its subsequent sequelae in
PD remain elusive. Whether active or passive mecha-
nisms bring «Syn to the nucleus is unknown. Native
aSyn does not possess an NLS, therefore, it may be
driven into the nucleus by passive mechanisms [it

can traverse the nuclear pore complex due to its
small size; (60)] and could be retained by interac-
tion with nuclear components (e.g. histones or DNA)
(16,17,20,24,25,61) or via uncharacterized modifications.
Alternatively, active mechanisms such as its interaction
with TRIM28 (19) or RAN (14) may be key in regulat-
ing its nuclear import. Moreover, «Syn likely has an
important native role in the nucleus, particularly during
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Figure 7. Mass spectrometry reveals proteomic alterations in the Snca
proteome between 9-month wildtype and SncaV'S/NLS cortices (n=5). (B)

NLS/NLS mice. (A) Mass spectrometry scheme for quantitative comparison of
Heat map of all proteins identified through mass spectrometry with values

within +1 Logy fold-change. (C) Table of enriched gene ontology pathways among the +1 Log, fold-change hits. (D) Volcano plot of mass spectrometry
results with +1 Log, fold-change highlighting significantly upregulated proteins in red and downregulated in blue. (E) Western blot of cortical mouse
brain tissue from 9-month mice probing for Darpp-32 (upper), Pdel0a (upper middle), Gng7 (lower middle) and Gapdh (bottom) with quantification

(right). Unpaired, two-tailed t-test: * denotes P < 0.05.

mouse embryonic development, where nuclear aSyn
constitutes up to 40% of its total cellular distribution,
compared with 3-15% of total cellular distribution
in adult mice (20). There, «Syn is suggested to bind
both DNA and histones to modulate gene expression
(16,17,24,25,61-64). In wildtype mice, nuclear «Syn
was shown to be neuroprotective by binding to DNA

and colocalizing with DNA damage response elements
to protect against DNA damage (25). Whether the
increase in nuclear «Syn observed in PD—modeled
in the SncaM' mice—causes a gain of this normal
developmental function or a neomorphic function will
be important to establish, to facilitate future therapeutic
development.
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Materials and Methods

Mouse design and engineering

Mouse engineering

To generate the Snca™® mice, Cas9 protein was com-
plexed to a sgRNA targeting the 3’ locus of Snca (sgRNA
target sequence: 5'-TTGGTAGCCTTCCTAATATC-3'); and,
together with a single-stranded oligodeoxynucleotide
(ssODN) repair template (sequence: 5-CACTGTGAAGC-
AGACAGTTGATATCTGTCACTTCACTGACAAGGCATGCT-
GTTATTATTTTCTTTTTCTGATATTAGGAAGGCTACCAAG-
ACTATGAGCCTGAAGCCGACTACAAGGACGACGACGACC-
AAGTAAGAATGTCATTGCACCCAATCTCCTAAGATCTGC-
CGGCTGCTCTTCCATGGCGTACAAGTGCTCAGT-3; IDT
Ultramer), were injected and implanted into pseudo-
pregnant FVB female mice (65). Three founder mice were
generated and backcrossed onto a ~99.75% pure C57Bl6/]
background (Taconic 1450 SNP analysis, sequenc-
ing and subsequent backcrossing; see Supplementary
Material, Fig. S1A and B), before being expanded onto a
mixed C57Bl6/J; C57Bl6/NCrl background. One line was
selected for subsequent extensive characterization and
is being made available through the Jackson Laboratory
(RRID:IMSR_JAX:036763).

Genotyping

A small (~1 mm) tail sample is digested prior to PCR
amplification using primers outside of the sequence
covered by the ssODN used for the initial mouse
line. Forward: 5-TTTTATCTGATTGAAATGATGAGC-3;
Reverse: 5'-ATGACTGGGCACATTGGAA-3'. PCR protocol:
95°C for 2 min, (95°C for 30 s, 56°C for 30 s, 72°C for
30 s) repeated for 35 cycles, 72°C for 5 min. Mutant allele:
273 bp; Wildtype allele: 225 bp.

Mouse husbandry

All mice were housed with up to 5 mice per cage on a
12 h light-dark cycle. Mice were fed ad libitum and all
husbandry was performed by the uOttawa Animal Care
and Veterinary Services staff. All animal work was done
under the approved breeding (CMMb-3009 and CMMb-
3654) and behavior (CMMe-3091) protocols approved
under the uOttawa Animal Care Committee. All mice
were handled daily for 1 week prior to all behavior
testing and both male and female mice were used in
all experiments.

Behavior

Open field

Lighting in the behavior room was set to 100 lux
and mice were habituated for 60 min prior to testing.
Mice were placed into the open field box (45 cm?) for
10 min with their movement recorded/analyzed with
Ethovision software (Noldus Information Technology).
dx.doi.org/10.17504/protocols.io.b5qzq5x6.

Fecal pellet output

Upon completion of the Open Field test, the number
of fecal pellets excreted during the 10 min trial were
quantified.

Beam break

Single mice were placed into a clean cage with access to
food and water ad libitum for 24 h at the standard 12 h
light-dark cycle with their movement recorded/analyzed
via Fusion software.

Nesting: Directly following Beam Break testing, one
square of nestlet (5 cm? cotton pad) was placed in each
Beam Break cage for 17-19 h. Following this, the nestlets
were scored on a scale of 1-5 as described in Deacon 2006
(66), with 1 and 5 representing minimal and maximal
nest quality, respectively. dx.doi.org/10.17504/protocols.
i0.b5g2g5ye.

Y maze forced alternation

Mice were provided with extra-maze (irregular black cue
with squared edges on right wall, black triangle on left
wall) and intra-maze (Arm 1 has solid black rectan-
gle, Arm 2 has horizontal bars and Arm 3 has diagonal
stripes) cues. The room was set to 60 lux and mice
were habituated for 60 min prior to testing. During the
first 5 min trial, Arms 2 and 3 were alternately blocked.
Following the 30 min inter-trial interval, the mice were
placed back into the Y maze apparatus for 5 min without
any blocked arms and their movements were recorded/-
analyzed with EthoVision software. dx.doi.org/10.17504/
protocols.io.b5smqg6cé.

Adhesive test

After a 60 min habituation, the home cage of the mice
was lightly wiped to remove all bedding material. The
mice were individually placed back into the emptied
home cage for a 1 min habituation. Next, a 1 cm? of
medical adhesive was placed on each forepaw and the
mice were placed back into the wiped home cage where
the time to remove adhesive was measured up to a 2 min
maximum. dx.doi.org/10.17504/protocols.io.b5sngéde.

Pole test

Following a 60 min habituation, mice were placed on a
textured metal pole (8 mm diameter, 55 cm tall) ~3 cm
from the top facing upwards. The mice were given up to
1 min to turn around (facing downwards) and up to 1 min
to descend the pole. dx.doi.org/10.17504/protocols.io.b5
sqq6dw.

Rotarod

Following a 60 min habituation, mice were placed on a
rod (IITC Life Sciences) rotating from 4 to 40 revolutions
per minute over 5 min for 4 trials per day with a 10 min
inter-trial interval. This was repeated for 3 days total. dx.
doi.org/10.17504/protocols.io.b5srq6dé.

DigiGait

Following a 60 min habituation, mice were placed in the
DigiGait treadmill (Mouse Specifics Inc.). The treadmill
ran at 22 cm/s (3- and 9-months timepoints) or 18 cm/s
(18-month timepoint) with a 0° incline. 3 s of continuous
movement was recorded using DigiGait Imager software
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and was then analyzed with DigiGait Analysis software.
dx.doi.org/10.17504/protocols.io.b5stg6en.

Fear conditioning

Naive age- and sex-matched mice were used to obtain
the optimal intensity of foot shock. On Day 1 of testing,
mice were placed into the Fear Conditioning apparatus
(Noldus Information Technology) for 6 min during which
time the mice experienced 3 tone-shock pairings (30 s
tone co-terminated with a 2 s foot shock). On Day 2, mice
were placed into the same Fear Conditioning apparatus
for 6 min with no tone or foot shock. On Day 3, mice
were placed into a different Fear Conditioning apparatus,
now altered into a triangular shape with solid floor and
a vanilla scent for 3 min with no tone then 3 min with
the same 30 s tone but no foot shock. Freezing was
measured/analyzed with EthoVision on all 3 testing days.
dx.doi.org/10.17504/protocols.io.b5sug6ew.

Fecal pellet composition

Mice were placed in a clean cage and their fecal pellets
were collected over a 1 h period. These pellets were
weighed (wet weight) then desiccated at 65°C for 19 h and
reweighed (dry weight). The differences were calculated
between these values to determine the water content. dx.
doi.org/10.17504/protocols.io.b5svg6et.

Histology

See Supplementary Material, Table S1 for a comprehen-
sive list of antibodies used in this study.

Perfusion

Mice were sedated with 120 mg/kg Euthanyl (DIN00141704)
then perfused with 1X phosphate buffered saline (PBS)
then 4% paraformaldehyde (PFA). Brains were then
extracted and incubated in 4% PFA for 72 h prior to a
3-step sucrose dehydration with 10, 20 and 30% sucrose
(24 h each). Next, brains were flash frozen for 1 min in
—40°C isopentane and cryosectioned at 40 um. dx.doi.
org/10.17504/protocols.io.b5swqbfe.

Immunofluorescent staining

Cryosectioned tissue was mounted on a slide then
blocked with blocking buffer (0.5% Triton X-100, 10%
normal horse serum in 1X PBS) then incubated in primary
antibody overnight at 4°C. Next, the sections were
incubated in secondary antibody before drying at room
temperature for 2 min. The sections were then covered
with #1.5 coverslips and fluorescent mounting medium
(Dako cat# 53023). dx.doi.org/10.17504/protocols.io.b5s5

q6gb6.

Quick decapitation, fixation

Mice were euthanized by isoflurane inhalation followed
by decapitation and brains were quickly extracted. Brains
were then submerged in 10% buffered formalin for 72 h
prior to paraffin embedding and sectioning at 5 um. dx.
doi.org/10.17504/protocols.io.b5szq6£6.
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Diaminobenzidine (DAB) staining

Paraffin-embedded sections were deparaffinized in serial
baths of xylenes and ethanol prior to a sodium cit-
rate (10 mm sodium citrate, 0.05% Tween-20, pH 6) anti-
gen retrieval (20 min at 95°C) and 0.9% H,0, treatment
(10 min). Next, sections were blocked in blocking buffer
(0.1% Triton X-100, 10% normal horse serum in 1X PBS)
then incubated in primary antibody overnight at 4°C. The
following day the sections were incubated in secondary
and tertiary antibody solution before exposure to DAB,
dehydrating in baths of ethanol and xylenes and covering
the tissue with Permount (Fisher Scientific cat# SP15-
100) and #1.5 coverslips. dx.doi.org/10.17504/protocols.io.
b5s9g6he.

Toluidine Blue and H&E staining

Staining was performed by the Louise Pelletier Histology
Core facility at the University of Ottawa on paraffin-
embedded 5 um sectioned mouse brain tissue using the
Leica Autostainer XL. Briefly, the sections were deparaf-
finized and exposed to Toluidine Blue for 10 min. For
H&E, sections were deparaffinized, exposed to hema-
toxylin for 7 min and eosin for 30 s. Then, sections
were dehydrated and covered with #1.5 coverslips. Two
serial sections for each were analyzed by an investigator
blinded to the genotypes.

Stereology

Stereology was performed as previously described (19).
Briefly, for each mouse, 8 cryosections were stained for
TH and quantified using Stereolnvestigator software (ver-
sion 11.06.2). The sections (40 um) began at the outer
limit of the substantia nigra (SNc) and every 6th sec-
tion was used (Bregma —2.54 to —3.88 mm). Mean sec-
tion thickness was determined during counting at a fre-
quency of 10 frames (roughly three measurements per
hemisphere). The SNc was sampled by randomly trans-
lating a grid with 150 um x 150 um squares in the out-
lined SNc and applying an optical fractionator consisting
of a 75 um x 75 um square. All stereological analyses
were performed by an investigator blinded to genotypes
dx.doi.org/10.17504/protocols.io.b5ynqg/ve.

TH densitometry

For each mouse, 4 cryosections were stained for TH
and imaged with Zeiss Axio Imager M2 and analyzed in
Image] (version 2.3.0/1.53f). The sections (40 pm) began
at the outer limit of the striatum and every 12th section
was used (Bregma 1.18 to —0.22 mm). Brightfield images
were captured at 10X magnification and converted to
greyscale. To analyze, an investigator blinded to geno-
types averaged 20 intensity measurements within the
dorsolateral striatum and normalized to the average of
5 intensity measurements in the corpus callosum (back-
ground staining control). All 4 cryosections per mouse
were averaged and represent 1 datapoint on the graph
dx.doi.org/10.17504/protocols.io.b5u4qoyw.
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Primary cortical neurons

Micro Coverglass #1.5 (Electron Microscopy Sciences)
coverslips were pre-coated with poly-b-lysine (50 pg/ml)
for at least overnight at 37°C, then washed with distilled
water twice and air dried at room temperatue for 2 h.
Primary neurons were harvested from E13.5 to 15.5 pups
and seeded at ~1 x 10° cells per coverslip and cultured
for 7 days in vitro. Cells were fixed in 4% PFA for 20 min,
washed in 1X PBS, then blocked (10% serum +0.1%
Triton X-100) for 1 h. Coverslips were stained overnight
(see above immunofluorescent staining method) dx.doi.
org/10.17504/protocols.io.b5u6g6ze.

Immunofluorescent imaging

Images for Figures 1 and 2 were obtained on a Zeiss
AxioObserverZ1 LSM800 Confocal Microscope. Primary
neuron images (Fig. 1) were obtained at 40X (oil) mag-
nification at 8bit 1024 x 1024 resolution through a Z
distance of ~10 um per image using optimal 0.27 um
spacing. Multichannel acquisition was performed using
excitation/emissions: AF488 (Synl) 493/517 nm (710V);
DAPI 353/465 nm (750V); AF647 (Map2) 653/668 nm (865V)
and AF594 («Syn) 280/618 nm (700V). Images from tis-
sue sections (Fig. 2) were obtained at 20X magnification
(0.8x zoom) at 16bit 1024 x 1024 resolution through a
range of 10 um per image using optimal 0.5 um spacing.
Multichannel acquisition was performed using excita-
tion/emissions (laser intensity); AF488 («Syn) 493/517 nm
(630V for Cortex and DG, 620V for SNc); DAPI 353/465 nm
(650V for Cortex and DG, 630V for SNc); AF647 (TH)
653/668 nm (600V). All images were processed and ana-
lyzed in ImageJ? (version 2.3.0/1.53f) using the 3D project
and Maximum Z project functions for primary neuron
and tissue sections, respectively. Images for Figure 6C
were obtained on a Zeiss Axio Imager M2 at 5X magnifi-
cation and were analyzed in Image]J? (version 2.3.0/1.53f).

Nuclear aSyn quantification

Primary cortical neurons were imaged using confocal
imaging and all cells in the frame of view were used
to quantify the extent of aSyn nuclear localization
using ImageJ2 (version 2.3.0/1.53f). First, the nuclei
were delineated with DAPI then aSyn intensity was
measured within the delineation. This data is shown as
the level of aSyn nuclear enrichment relative to wildtype
littermates. Cortex, DG and SNc were analyzed in a
similar manner. Briefly, 11-35 cells were sampled per
animal using ImageJ2 (version 2.3.0/1.53f), nuclei were
defined with DAPI and relative intensity of nuclear «Syn
versus cytoplasmic «Syn (immediately adjacent to the
nucleus) was measured.

NeuN analysis

Photomicrographs were analyzed using ImageJ? (version
2.3.0/1.53f). Briefly, NeuN positive structures (neuronal
nuclei) were counted in a 200 uM x 200 uM frame (Layer
[1/1IT) or 350 uM x 350 uM frame (Layer V/VI) and then
presented as NeuN+ neuron #/mm?. Values represent

the average from sampling three distinct sections per
brain (n=6 per genotype) and were analyzed by an inves-
tigator blinded to the genotypes.

Biochemistry

See Supplementary Material, Table S1 for a comprehen-
sive list of antibodies used in this study.

Serial extraction

A 0.79 mm? punch (1 mm thick slice, 1 mm i.d. punch)
of cortical brain tissue from 18-month-old mice was
homogenized and resuspended in a series of increasingly
stringent buffers beginning with 100 ul of TSS Buffer
(140 mM NaCl, 5 mm Tris-HCI), then 100 ul TXS Buffer
(140 mM NacCl, 5 mM Tris-HCl, 0.5% Triton X-100), then
100 pl SDS Buffer (140 mM NacCl, 5 muM Tris-HCI, 1% SDS),
as previously described (67). Total protein levels were
measured using the Pierce™ BCA Assay Kit (Thermo
Fisher cat# 23225). dx.doi.org/10.17504/protocols.io.b5
vvQq666.

Western blot

Protein samples were loaded into a 12% polyacrylamide
gel and subsequently transferred to a 0.2 um nitrocellu-
lose membrane. Membranes were blocked in a 10% milk
solution then incubated in primary antibody (diluted in
2% bovine serum albumin) overnight at 4°C. Next, the
membrane was incubated in a horseradish peroxidase-
conjugated secondary antibody diluted in 10% milk solu-
tion. Then, the membrane was rinsed with ECL Clarity
solution (Bio-Rad cat# 1705061) and imaged with a GE
ImageQuant LAS 4000. dx.doi.org/10.17504/protocols.io.
b5wkqg7cw.

RNA extraction and real-time quantitative PCR:

RNA was extracted from mouse brain homogenate using
Trizol-Chloroform extraction (Invitrogen™ User Guide:
TRIzol Reagent version B.0). Briefly, mouse brains were
homogenized in 3 ml of PEPI Buffer [5 mm EDTA, 1X
protease inhibitor (GenDEPOT cat# P3100-020), in 1X PBS]
using a dounce homogenizer. 3% of homogenate was
added to 1 ml of TRIzol Reagent (Fisher Scientific cat#
15-596-026) and RNA was isolated following the user
guide referenced above. cDNA was synthesized using 5X
All-in-One RT Master Mix Kit (Bio Basic cat# HRTO025-
10). Real-time quantitative PCR was performed using
Green-2-Go qPCR Master Mix (Bio Basic cat# QPCR004-
S) with 25 ng cDNA per reaction and primers targeting
mouse Gapdh (Forward: 5-GGAGAGTGTTTCCTCGTCCC-
3, Reverse: 5-ATGAAGGGGTCGTTGATGGC-3'), Hprtl
(Forward: 5- TGATAGATCCATTCCTATGACTGTAGA-3,
Reverse:  5-AAGACATTCTTTCCAGTTAAAGTTGAG-3),
and Snca (Forward: 5-GAAGACAGTGGAGGGAGCTG-3',
Reverse: 5-CAGGCATGTCTTCCAGGATT-3'). Reactions
were run on BioRad CFX96 thermocycler (protocol: 95°C
for 5 min, 40 cycles of 95°C for 15 s and 60°C for 60 s,
then melting curve). Snca Ct values were standardized
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to the average of Hprtl and Gapdh dx.doi.org/10.17504/
protocols.io.b5wmaq7c6.

Dopamine and metabolite measurement via liquid
chromatography-mass spectrometry/mass spectrometry
(LC-MS/MS)

Striatal punches (2 mm i.d., 3 mm thick section) were
extracted from 18-month-old mouse brains and weighed
prior to submitting to The Metabolomics Innovation Cen-
tre (TMIC). Fifty microliter of tissue extraction buffer
was added to each sample tube followed by homogeniza-
tion and centrifugation. Supernatant was used for LC-
MS/MS analysis to get concentrations in the unit of uM.
TMIC staff applied a targeted quantitative metabolomics
approach to analyze the samples using a reverse-phase
LC-MS/MS custom assay. This custom assay, in combi-
nation with an ABSciex 4000 QTrap (Applied Biosystem-
s/MDS Sciex) mass spectrometer, can be used for the tar-
geted identification and quantification of dopamine (DA),
homovanillic acid (HVA), 5-hydroxyindoleacetic acid (5-
HIAA) and 3,4-dihydroxyphenylacetic acid (DOPAC). The
method combines the derivatization and extraction of
analytes, and the selective mass-spectrometric detection
using multiple reaction monitoring (MRM) pairs. Isotope-
labeled internal standards and other internal standards
are used for metabolite quantification. The custom assay
contains a 96 deep-well plate with a filter plate attached
with sealing tape, and reagents and solvents used to
prepare the plate assay. First 14 wells were used for 1
blank, 3 zero samples, 7 standards and 3 quality control
samples. For all metabolites except organic acid, samples
were thawed on ice and were vortexed and centrifuged
at 13000xg. Ten microliter of each sample was loaded
onto the center of the filter on the upper 96-well plate
and dried in a stream of nitrogen. Subsequently, phenyl-
isothiocyanate was added for derivatization. After incu-
bation, the filter spots were dried again using an evap-
orator. Extraction of the metabolites was then achieved
by adding 300 ul of extraction solvent. The extracts were
obtained by centrifugation into the lower 96-deep well
plate, followed by a dilution step with MS running sol-
vent.

For organic acid analysis, 150 ul of ice-cold methanol
and 10 wl of isotope-labeled internal standard mixture
was added to 50 ul of sample for overnight protein pre-
cipitation. Then it was centrifuged at 13 000x g for 20 min.
Fifty microliter of supernatant was loaded into the center
of the wells of a 96-deep well plate, followed by the
addition of 3-nitrophenylhydrazine (NPH) reagent. After
incubation for 2 h, BHT stabilizer and water were added
before LC-MS injection.

Mass spectrometric analysis was performed on an
ABSciex 4000 Qtrap® tandem mass spectrometry instru-
ment (Applied Biosystems/MDS Analytical Technologies,
Foster City, CA) equipped with an Agilent 1260 series
UHPLC system (Agilent Technologies, Palo Alto, CA). The
samples were delivered to the mass spectrometer by a LC
method followed by a direct injection (DI) method. Data
analysis was done using Analyst 1.6.2.
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TMT10plex™ proteomics via liquid chromatography-mass
spectrometry

Whole mouse cortex was dissected from 9-month-
old mouse brain and peptides were isolated using the
EasyPep™ Mini MS Sample Prep Kit (Thermofisher cat#
A40006) following manufacturer instructions. These
samples were labelled with the TMT10plex™ Isobaric
Label Reagent Set (Thermofisher cat# 90406) then com-
bined into a single tube and fractionated into 12 samples
using the Pierce™ High pH Reversed-Phase Peptide
Fractionation Kit (Thermofisher cat# 84868). Fractions
2,3,9, 10, 11 and 12 were combined due to low protein
concentration (combined to have a consistent protein
concentration with other fractions) and the 6 final frac-
tions were submitted for liquid chromatography-mass
spectrometry (LC-MS) to the Ottawa Hospital Research
Institute Proteomics Core Facility. LC-MS was performed
using Orbitrap Fusion Lumos mass spectrometer with
UltiMate 3000 RLSC nano HPLC (Thermo Scientific).
Proteowizard MS-CONVERT was used to generate peak
lists for preliminary qualitative analysis using MASCOT
software version 2.7.0 (Matrix Science, UK). Protein
identification and quantitative analysis was performed
using MaxQuant (Tyanova, Nature Protocols 2016,
11:2301). The reference proteome for peptide spectrum
matching was UniProt/Mus musculus (version 2020-10-
06). The MaxQuant results were exported to Scaffold
Q+ S (Proteome Software, USA) for further analysis and
viewing. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium
via the PRIDE (68) partner repository with the dataset
identifier PXD032065 and 10.6019/PXD032065.

Statistical analyses

All statistical analyses were performed using GraphPad
Prism (version 9.1.2) using the appropriate statistical
test, either Student’s t-test for simple comparisons
or one- or two-way analysis of variance (ANOVA)
followed by Bonferroni post-hoc analysis for multiple
comparisons. The survival curve was analyzed using
a log-rank Mantel-Cox test. The Mann-Whitney test
with Benjamini-Hochberg correction was used with
Scaffold (version 5.0.0) to analyze the TMT10plex™ mass
spectrometry dataset. Chi squared test was used to
compare actual and expected Mendelian ratios of the
genotypes. Statistical tests used, sample sizes, and P-
values are delineated in each figure legend. All graphs
plot the mean with the standard error of the mean (SEM).
All figures and their quantification have been made
public (doi.org/10.5281/zenodo.6082270).
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