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Neuron-autonomous susceptibility to induced
synuclein aggregation is exacerbated by
endogenous Lrrk2 mutations and ameliorated
by Lrrk2 genetic knock-out
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Neuronal aggregates containing o-synuclein are a pathological hallmark of several degenerative diseases; including Parkinson’s dis-
ease, Parkinson’s disease with dementia and dementia with Lewy bodies. Understanding the process of a-synuclein aggregation,
and discovering means of preventing it, may help guide therapeutic strategy and drug design. Recent advances provide tools to in-
duce o-synuclein aggregation in neuronal cultures. Application of exogenous pre-formed fibrillar a-synuclein induces pathological
phosphorylation and accumulation of endogenous a-synuclein, typical of that seen in disease. Genomic variability and mutations
in o-synuclein and leucine-rich repeat kinase 2 proteins are the major genetic risk factors for Parkinson’s disease. Reports demon-
strate fibril-induced o-synuclein aggregation is increased in cells from leucine-rich repeat kinase 2 pathogenic mutant (G2019S)
overexpressing mice, and variously decreased by leucine-rich repeat kinase 2 inhibitors. Elsewhere iz vivo antisense knock-down of
leucine-rich repeat kinase 2 protein has been shown to protect mice from fibril-induced o-synuclein aggregation, whereas kinase in-
hibition did not. To help bring clarity to this issue, we took a purely genetic approach in a standardized neuron-enriched culture,
lacking glia. We compared fibril treatment of leucine-rich repeat kinase 2 germ-line knock-out, and G2019S germ-line knock-in,
mouse cortical neuron cultures with those from littermates. We found leucine-rich repeat kinase 2 knock-out neurons are resistant
to a-synuclein aggregation, which predominantly forms within axons, and may cause axonal fragmentation. Conversely, leucine-
rich repeat kinase 2 knock-in neurons are more vulnerable to fibril-induced o-synuclein accumulation. Protection and resistance
correlated with basal increases in a lysosome marker in knock-out, and an autophagy marker in knock-in cultures. The data add
to a growing number of studies that argue leucine-rich repeat kinase 2 silencing, and potentially kinase inhibition, may be a useful
therapeutic strategy against synucleinopathy.
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AAV = adeno-associated virus; ACB = aggregate-containing cell body; aSyn = a-synuclein; BAC = bacterial artifi-
cial chromosome; DAPI = 4,6-diamidino-2-phenylindole; DMSO = dimethyl sulfoxide; DIV = days in vitro; GFP = green fluorescent
protein; GKI = G2019S knock-in; KO = knock-out; LAMP1 = Lysosomal-associated membrane protein 1; LDH = lactate dehydro-

genase; LKO = LRRK2 knock-out; LRRK2 =

leucine-rich repeat kinase 2; MAP2 = microtubule-associated protein 2; p62 = ubiqui-

tin-binding protein p62; PBS = phosphate-buffered saline; PFF = pre-formed fibrillar aSyn; pS129 = phosphorylated serine 129

(on aSyn); WT = wild-type
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Introduction

Although exactly how and why they form is currently
unknown, neuronal inclusions containing the synaptic
protein a-synuclein (aSyn), termed Lewy bodies and Lewy
neurites, are a pathological hallmark of several degenera-
tive diseases in Goedert et al, 2013).
Parkinson’s disease has Lewy pathology by definition, as
do Parkinson’s disease with dementia and dementia with
Lewy bodies.

In late-stage Parkinson’s disease, post-mortem Lewy
pathology is observed in surviving nigral cells, but also
throughout the brain, to varying degrees (reviewed in
Goedert et al., 2013; Giguére et al., 2018). Toxic aSyn is
proposed to spread, seeding pathology like a prion
(Brundin and Melki, 2017), although this is hotly
debated (Surmeier et al., 2017). aSyn is secreted by exo-
cytosis, a process that is dependent upon synaptic activity
(Lee et al., 2005; Paillusson et al., 2013) and while there
is little, if any, aSyn in dopamine axons, it is heavily
enriched in cortico-striatal terminals (Emmanouilidou
et al., 2016; Taguchi et al., 2016). Thus, aSyn may pass
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from cortical terminals to the extracellular matrix, and
then into other nearby axons, such as nigrostriatal axons
in Parkinson’s disease (reviewed in Foffani and Obeso,
2018).

Genomic variability and mutations in the genes SNCA
(coding aSyn) and Lrrk2 (coding LRRK2) are the major
genetic risk factors for Parkinson’s disease (reviewed in
Volta et al., 2015). Synuclein duplications and triplica-
tions are pathogenic, whereas pathogenic LRRK2 muta-
tions (the most common being G2019S) increase LRRK2
kinase activity, suggesting a gain of function in both
scenarios. A synergistic pathogenesis was demonstrated
by accelerated pathology in aSyn overexpressing mice
when crossed to LRRK2 overexpressing mice [both wild-
type (WT) LRRK2 and G2019S mutant], and conversely
pathology was attenuated when they were crossed with
LRRK2 knock-out (LKO) mice (Lin et al., 2009).
Similarly, viral expression of aSyn worsens pathology in
LRRK2 overexpressing rats (Daher et al., 2015), whereas
LKO rats are protected (Daher et al., 2014). Although
two other studies failed to reproduce a clear pathological
synergy between LRRK2 and aSyn overexpression (Daher
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et al., 2012; Herzig et al., 2012), possibly due to ceiling
effects or transgene expression patterns, the weight of evi-
dence shows LKO to be protective against synuclein over-
expression (reviewed in Cresto et al., 2019).

Exogenous pre-formed fibrillar aSyn (PFF) exposure
induces pathological phosphorylation (pS129) and accumu-
lation of endogenous aSyn, typical of Lewy pathology; this
has been demonstrated in cell lines (Luk et al., 2009), neu-
rons (Volpicelli-Daley et al., 2011), aSyn overexpressing
mice (Luk et al, 2012b), WT mice (Luk et al, 2012a)
and rats (Paumier et al., 2015). This approach enables
control over the amount of aSyn used to induce path-
ology, and has been used to examine the contribution of
LRRK2 to aSyn pathology. In hippocampal primary neu-
ron cultures, the aggregation of pS129 aSyn is increased
by ~25% in cells from LRRK2 G2019S mutant BAC
overexpressing mice (Volpicelli-Daley et al, 2016;
Henderson et al., 2018). These studies also demonstrated
protective effects of LRRK2 kinase inhibition, although
one study observed reduced pS129 aggregation in WT and
LRRK2 overexpressing cells (Volpicelli-Daley ez al., 2016),
whereas only mutant increases were reduced in the other
(Henderson et al., 2018). Reports using in vivo approaches
demonstrated antisense knock-down of LRRK2 protein
protected mice from PFF-induced pSer129 aggregation
(Zhao et al, 2017), but kinase inhibition did not
(Henderson et al., 2019). This raises the possibility that
non-kinase functions of LRRK2 are protective in vivo.

LRRK2 is expressed in many tissues and levels are high
in peripheral monocytes (Thévenet et al, 2011).
Furthermore, immune responses in the brain are elevated
in LRRK2 BAC mutant overexpressing mice (Kozina
et al., 2018) and deadened in LKO mice (Puccini et al.,
2015), raising the possibility that LRRK2 effects on aSyn
aggregation are through non-neuronal cells.

In an attempt to bring more clarity to the issue, we aimed
to determine whether LRRK2 mutations exacerbate, and
LRRK2 genetic knock-out protects against, aSyn aggregation
specifically in neurons. Using a genetically faithful LRRK2
G2019S knock-in (GKI) model, in direct comparison to
a germ-line LKO, we found primary neuron cortical
cultures, entirely lacking astrocytes and microglia, develop
pS129 aggregates predominantly within axonal processes.
Moreover, we observed that LKO mice are protected from
PFF-induced pS129 accumulation, whereas those from GKI
mice are more sensitive. Protection and vulnerability corre-
lated with basal increases in markers of lysosome function
(LAMP1) and impaired autophagy (p62), respectively.

Materials and Methods

C57Bl/6] WT, LKO and GKI mice (Beccano-Kelly et al.,
2014, 2015; Volta et al., 2017) were maintained
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according to the Canadian Council on Animal Care regu-
lations. Primary cortical neuron cultures were prepared
from homozygous LKO, homozygous LRRK2 GKI, and
WT littermate embryos, plated and maintained as previ-
ously (Beccano-Kelly et al., 2014; Munsie et al., 2014).
In brief, brains were dissected at E16.5-17.5 and placed
in 1 ml Hibernate-E medium supplemented with B-27 on
ice while tail samples were genotyped by PCR prior to
pooling by genotype. Cortices were micro-dissected in
Hank’s Balanced Salt Solution supplemented with 0.03%
D-glucose, 0.01% HEPES, 0.01% penicillin/streptomycin
(HBSS+) and trypsin digested (0.05% Trypsin-0.25%
EDTA) for 10 min at 37°C. Following addition of trypsin
inhibitor, cells were centrifuged and re-suspended with
neurobasal medium supplemented with 0.02% B-27 and
0.0025% 1-glutamine (NBM+) and DNase I. Tissue was
thoroughly triturated and re-centrifuged before neurons
were counted and seeded at 250 000 cells/well in 1ml
NBM+ on poly-p-lysine coated cover slips in 24-well
plates.

To visualize neuronal architecture in individual neu-
rons, cultures were nucleofected prior to plating; follow-
ing cell counts, pelleted by light
centrifugation, re-suspended in electroporation buffer
(Mirus) with 1 ug pAAV-GFP-CAG plasmid (Adgene)/mil-
lion cells and electroporated (Amaxa Nucleofector2b,
Lonza). Nucleofected cells were mixed 50:50 in NBM+
with non-nucleofected cortical neurons from the original
source and plated at 250 000 cells/well. All cultures were
maintained at 37°C in a humidified incubator with 5%
CO,. After DIV4, an additional 10% of media was
added to each well every 4-5 days.

neurons were

Batches of recombinant aSyn PFFs were obtained follow-
ing quality control by sedimentation, electron microscopy,
thioflavin T and endotoxin assays, from the laboratory of
Dr. Laura Volpicelli-Daley (University of Alabama,
Birmingham) and in-house, PFFs were examined by trans-
mission electron microscopy to confirm the initial integ-
rity of PFF fibrillar ultrastructure, and effective
breakdown to oligomeric seed structures following sonic-
ation (Supplementary Fig. 1), according to standard pro-
(Volpicelli-Daley et al., 2011, 2014b, 2016).
Immediately prior to treatment of cortical cultures at
div7, PFFs were diluted in phosphate-buffered saline
(PBS) and subject to probe tip sonication (Dismembrator
120; Fischer Scientific; 30s of 1s on/off pulses, 50%
max intensity). Culture treatment was performed by add-
ing 0.5ml of media from each well to a 15-ml Falcon
tube, adding PBS, aSyn monomer or PFFs to a final con-
centration of 2 pug/ml, mixing and replacing media to
each well to give a final concentration of 1 ug/ml. After a
single PFF application, cells were maintained as detailed
in the neuronal culture section above for 10days (to
div17).

tocols
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Cell integrity was assessed by lactate dehydrogenase
(LDH)-based colorimetric assay (Sigma) at div9, 12 and
17 as per manufacturer’s instructions. Media from each
condition were pooled into separate Eppendorf tubes.
Positive (media from a well exposed to 8% TritonX-100)
and negative (media) controls were included. Tubes
underwent brief centrifugation to sediment cell debris,
supernatant was removed, mixed thoroughly with 1:1:1
with NAD+ substrate, reduction co-factor and NADH-
interacting probe (max absorption wavelength =450nm).
Solution from each condition was added to 96-well plates
in triplicate and left to incubate for 30 min. A microplate
reader detected the optical density of each well.
Condition triplicates were averaged and the serum-free
media value was subtracted in each condition to examine
membrane integrity as a readout of toxicity, relative to
positive controls (100% cell death; Triton X).

At divl7, neurons were fixed in 4% paraformaldehyde
(PFA in 4% sucrose) for 15 min, followed by 3x 10 min
PBS washes and blocked for 1h in 5% normal goat
serum (NGS; Gibco, 16210-072 in PBS). Primary anti-
bodies were diluted in an antibody solution of 2% NGS
in PBST (0.2% Tween-20). After overnight incubation at
4°C, neurons were washed and blocked for 1h.
Secondary antibodies (Alexa-488 and Alexa-568 conju-
gated rabbit and mouse, Molecular Probes) were diluted
in antibody solution (1:1000) and incubated (dark
30 min) followed by 3 x 10 min PBS washes. Coverslips
were mounted with fluoromount (Southern Biotech).
Primary antibodies included: rabbit anti-GFP (1:1000;
Abcam, ab6556), chicken anti-GFP (1:1000; Abcam,
ab13970), rabbit anti-GFAP (1:1000; Abcam, ab7260),
goat anti-Ibal (1:1000; Novus Biologicals, NB100-1028),
rabbit anti-p62 (1:500; Abcam, ab91526), rabbit anti-
LAMP1 (1:250; Abcam, ab24170), rabbit aSyn (1/200:
Cell Signaling, 4179) and mouse anti-pS129 aSyn
(1:1000; Abcam, ab184674).

Images for DAPI and field pS129 aSyn quantification
were obtained with an EVOS FL Auto Imaging System
and acquired at 40x. Images taken for field p62 and
LAMP1 quantification, cell body stain quantification and
co-localization, were obtained with an Olympus Fluoview
1000 confocal microscope and acquired as lum z-stacks
at 60x. For DAPI quantification, images were binarized
using Image] and a CellProfiler pipeline designed to rec-
ognize circular objects was used to count nuclei. Manual
scoring was used to count pyknotic, condensed or frag-
mented nuclei (herein pyknotic). For field stain quantifi-
cation, images were batch thresholded blind, using
Photoshop (Adobe), and mean grey values for each image
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quantified with Image]. Values were normalized to aver-
age density of healthy nuclei within that condition.
Affected cell bodies (containing somatic pS129 aSyn sig-
nal) were counted manually in each condition and nor-
malized to the average density of healthy nuclei. Affected
cell bodies were masked out of all images for neuritic p-
syn quantification, subsequently performed as ‘field quan-
tification’. For cell body quantification, pS129 aSyn, p62
and LAMP1 stained images were batch thresholded,
blind, using Photoshop, regions of interest were drawn
by hand in ImageJ and mean grey values were quantified.
For co-localization, images, Pearson’s R coefficient was
calculated with Image]. All acquisition and analysis
parameters were constrained within each culture.

Data were collated and tested in Graphpad Prism 8 and
presented as mean * standard error of the mean, over-
laid on scatter plots or bar-paired scatter plots.
Experimental # is culture or image field from (#) cultures.
Pairwise comparisons were by unpaired
Student’s #test (Figs 1B and 5D and G), or paired two-
tailed Student’s T-test on raw values (Figs 3 and 4D-F,
with F normalized for clarity). LDH toxicity and pykno-
sis grouped data were analysed by one-way RM-ANOVA
(Figs 3B and 4B). aSyn staining was analysed by one-way
ANOVA, with the appropriate post-test, as detailed in
the text (Figs 3C and 4C) or Welch-corrected one-way
ANOVA (unequal standard deviation, Fig. 5B, C, E and
F) and post hoc comparisons corrected by False
Discovery Rate using the two-stage step-up method of
Bejamini, Krieger and Yekutieli (Fig. 5B and E).

two-tailed

Data are available on direct request to the corresponding
author.

Results

Primary neuronal cultures of mouse cortex were main-
tained to DIV17, following treatment with either PBS ve-
hicle control, monomeric aSyn or PFF, for 10days.
Immunostaining for mouse aSyn in untreated or PBS-
treated neurons reveals weak nuclear staining and bright
punctate signal (Fig. 1A), typical of neuronal aSyn in
axon terminals, where synuclein is enriched (Murphy
et al., 2000; Froula et al., 2018). In cultures treated with
PFF, aSyn staining revealed the same typical punctate
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Figure | Application of aSyn pre-formed fibrils, but not monomeric aSyn, induces phosphorylated aSyn aggregate formation
in neuronal cultures. (A) Representative example immunofluorescent confocal microscopy images of mouse primary cortical neurons at |7-
days in vitro (div17), 10 days following application of saline control (PBS) or aSyn pre-formed fibrils (PFF). Cultures were stained for aSyn (aSyn;
green) and pathologically phosphorylated aSyn (pS129 aSyn; red). In PBS-treated cultures, endogenous aSyn staining (green) is observed as diffuse
nuclear signal (closed arrowhead) and punctate staining of aSyn throughout the neuropil, typical of that seen in axon terminals (open arrowhead).
Only weak background pS129 aSyn signal is observed and no distinct structures. In PFF-treated cultures, aSyn staining reveals large clumps of
exogenous fibrillar aSyn (open circle) in addition to typical endogenous aSyn puncta (open arrowhead). Red pS129 aSyn staining reveals large
serpentine aggregates (passing through open circle), complex aggregates (dashed circle) and puncta throughout the neuropil; there is little
overlap with the large fibrillar aSyn clumps (green) and little co-localization between pS129 aSyn and aSyn signal. (B) Quantification of pS129
aSyn signal in div|7 cortical cultures treated at div7 with the same concentration of non-fibrillar monomeric aSyn; there is no pS129 aSyn signal
above background, as observed in PBS-treated cultures (Student’s t-test, P=0.2; n =24 and |6 image fields, from two independent cultures).

(C) Representative example immunofluorescent microscopy image of divl7 PFF-treated culture stained for the neuronal dendritic marker
microtubule-associated protein 2 (MAP2, green), nuclei (DAPI, blue) and pS129 aSyn (red). In these neuronally enriched cultures at div2 1, nuclei
are within MAP2-stained soma. Serpentine pS|129 aSyn stain is seen throughout the image field, but is predominantly not associated with
dendritic MAP2 (open arrowheads). Occasional soma is seen to contain large, complex, pS129 aSyn aggregates (closed arrowhead).

pattern, with additional large extracellular clumps, reflect-
ing the presence of exogenous aSyn PFF.

When aSyn is recruited into inclusions characteristic of
Lewy Pathology, it undergoes phosphorylation at Ser129
(pS129), thus antibodies against pS129 selectively stain
pathological inclusions (Fujiwara et al., 2002; Volpicelli-

Daley et al., 2011). As shown in Fig. 1A, pS129 aSyn
staining revealed punctate and serpentine structures, spe-
cifically in PFF-treated cultures, in agreement with previ-
ous studies (Volpicelli-Daley et al., 2011, 20144, 2016).
As expected, pS129 aSyn staining in PFF-treated cultures
did not detect clumps of fibrillar aSyn; as this
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modification is absent in recombinant aSyn and the accu-
mulation of pS129 aSyn reflects intracellular modification
of endogenous aSyn. Treatment with the same concentra-
tion of monomeric aSyn did not induce pS129 aSyn accu-
mulation, as demonstrated by no increase in pS129 aSyn
signal above background levels in PBS-treated cultures
(Fig. 1B).

To examine the subcellular localization of pS129 aSyn
aggregates, cultures were co-stained with a nuclear dye
(DAPI) and the neuronal somato-dendritic marker, MAP2
(Fig. 1C). The vast majority of pS129 aSyn staining, ap-
parent throughout the cultures, did not associate with
MAP2 staining of dendrites, and appeared to be within
structures that opposed or passed over neuronal dendritic
processes, presumably in axonal compartments. A small
percentage of cells exhibited pronounced somatic pS129
aSyn staining, which was excluded from the nucleus
(Fig. 1C), herein termed Aggregate Cell Bodies (ACBs).
To confirm that non-somatic pS129 aSyn accumulation
was within axons, cells were nucleofected with AAV-GFP
(at day of plating) and mixed with non-nucleofected cells;
this provides a low percentage of neurons containing a
GFP fill (10-30%), in which axons and fine dendritic
processes such as spines and filopodia can be visualized.
Cultures containing GFP-filled cells were treated with the
same paradigm, prior to DAPI and immunofluorescence
staining against nuclei, pS129 aSyn and GFP (Fig. 2). As
exemplified in Fig. 2A, pS129 aSyn inclusions are appar-
ent in the axon of cells at varicosities within 100 pm of
the soma. In axon terminal fields, several hundred
microns from the soma, a high density of inclusions are
observed, many in large blebs, and many associated with
apparently broken processes, indicative of degenerating
axons (Fig. 2B). Axonal aggregates were observed in
most GFP-filled cells, the vast majority of which do not
exhibit somatic pS129 aSyn aggregates/ACBs.

To investigate the potential role of LRRK2 in modulating
aSyn pathology, we subjected cortical neuronal cultures
from LKO and WT littermate cortices to PFF treatment
(Fig. 3A). There was no increase in cellular toxicity pro-
duced by PFF treatment, as indicated by similar levels of
LDH activity (~10% of positive control) in media from
PBS- and PFF-treated cultures at divl7 (Fig. 3B). A simi-
lar lack of LDH assay toxicity was observed at div9 and
divi2 (not shown). As a second measure of culture
health, the percentage of pyknotic nuclei was counted in
each condition (Fig. 3B); in agreement with results from
the LDH assay, there was no increase in the proportion
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of unhealthy nuclei in PFF-treated cultures from either
WT or LKO mice.

Immunocytochemical staining of pS129 aSyn, and
quantification of signal area (relative to culture cell
density), demonstrated a large increase in pS129 pSyn
following PFF treatment of WT cultures. A similar in-
crease was observed in PFF-treated LKO cultures, but
this was significantly reduced at 45% of WT levels
(Fig. 3C). To determine how many neurons contained
somatic pS129 aSyn aggregates, and whether decreases
in pathological aSyn levels in LKO cultures were due to
alterations in these somatic aggregates, cell soma con-
taining pS129 (ACBs) were quantified (Fig. 3D). On
average ~4% of cells were classified as ACBs in WT
PFF-treated neurons and, while there was a strong trend
towards a reduced proportion of ACBs in sister cultures
from LKO mice, there was no significant difference in
the number of ACBs (Fig. 3D). Decreased pS129 aSyn
signal in LKO cultures could be due to less pS129 aSyn
signal proportion of  ACBs.
Quantification of pS129 aSyn signal within ACBs dem-
onstrated no difference (and no trend) between WT and
LKO in the levels of signal within ACBs (Fig. 3E).
When analysis of pS129 aSyn signal was conducted in
the absence of ACBs (masked out), to give neuritic
pS129 aSyn staining, there was still a highly significant
decrease in LKO cultures (Fig. 3F).

Together the data demonstrate that PFF treatment indu-
ces pS129 aSyn accumulation in the absence of (or prior
to) cell death within 10days in developing neuronal net-
works. Although PFFs induce pronounced pS129 aSyn
aggregation in axonal compartments by 10 days’ treat-
ment, only a small percentage of neurons (~5%) have
aggregates forming within their cell body. LKO sister cul-
tures are resistant to PFF-induced pathological conversion
of aSyn, exhibiting significantly less pS129 aSyn signal
throughout their neuropil. While there is a strong trend
towards fewer ACBs in LKO cultures, there is no differ-
ence in the amount of pS129 aSyn within the cell soma
of those that do.

within a  similar

To test whether LRRK2 mutations that are causal to
Parkinson’s disease increase sensitivity of neurons to
induced aSyn pathology, GKI and WT littermate cortical
cultures were PFF-treated (Fig. 4A). As with WT neurons
from LKO cultures, there was no increase in cellular tox-
icity produced by PFF treatment, as indicated by similar
levels of LDH activity and the percentage of pyknotic nu-
clei in WT cultures (Fig. 4B). There was similarly no cel-
lular toxicity produced by PFF treatment of GKI mouse
cultures by either measure (Fig. 4B).
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Figure 2 In the absence of somatic aggregation, pS129 aSyn accumulation is seen in degenerating axon segments. (A)
Representative example (left) immunofluorescent confocal microscopy image of GFP expressing (anti-GFP; green) WT cortical neurons at divl7,
10 days following application of PFF. Cultures were stained for nuclei (DAPI; blue) and pS129 aSyn (red). pS129 aSyn staining surrounds the

neuron but is not present within somatic or dendritic compartments. Upon close examination (top right) of the area marked in left micrograph

(dashed open rectangle), an axon varicosity is filled with pS129 signal, and a smaller accumulation is seen within a regular axonal segment (closed
arrowheads). (B) The terminal region of an axon emanating from the same cell shown in A (~300 pum from soma). Two regions, proximal (Prox.)
and more distal (Dist.) are delineated by dashed open rectangles and expanded to the right. In the proximal region, a large terminal varicosity
contains pS129 aSyn (closed arrowhead), and pS129 aSyn accumulation is also seen within a regular axonal process (open arrowhead). In the
distal segment, a terminal varicosity contains pS129 aSyn (closed arrowhead) and a regular process contains several small pS129 aSyn puncta

(closed star). A second segment contains multiple swellings/varicosities and probable breakpoints that containing pS129 aSyn signal (open stars).

Immunocytochemical staining of pS129 aSyn, and quan-
tification of signal area (relative to culture cell density),
demonstrated a large increase in pS129 pSyn following
PFF treatment of WT cultures (Fig. 4A and C; to an al-
most identical level as WT cultures in LKO experiments in
Fig. 3C). A similar increase was observed in PFF-treated
GKI cultures, but this was significantly increased to ~3-
fold that of WT levels (Fig. 4C). To determine whether
increases in pathological aSyn levels in GKI cultures were
due to alterations in somatic aggregation, cell soma con-
taining pS129 pSyn (ACBs) were quantified (Fig. 4D). On
average ~5% of WT cells were classified as ACBs, and
there was a significant increase in the proportion of ACBs
in sister cultures from GKI mice (Fig. 4D). In GKI cul-
tures, there was a strong but non-significant trend to

increased pS129 aSyn signal within ACBs (Fig. 4E). When
analysis of pS129 aSyn signal was conducted in the ab-
sence of ACBs, the levels of neuritic pS129 aSyn staining
were significantly increased in GKI cultures (Fig. 4F).

Together the data again demonstrate that PFF treat-
ment induces pS129 aSyn accumulation in the absence of
(or prior to) cell death and that only a small percentage
of neurons (~5%) have aggregates forming within their
cell body in WT cells. The presence of the Parkinson’s
disease mutation in GKI sister cultures results in
increased sensitivity to PFF-induced pathological aSyn
conversion. GKI cultures exhibit significantly more pS129
aSyn signal throughout neuropil, with more cell bodies
affected, and a trend towards increased pS129 aSyn with-
in the cell soma of those that do.
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Figure 3 PFF treatment induces pS129 aSyn aggregation without cell death, and genetic knock-out of LRRK2 confers
resistance to PFF-induced pS129 aSyn accumulation. (A) Representative example (left) immunofluorescent micrograph of GFP
expressing (anti-GFP; green) WT and LKO cortical neurons at divl7, 10 days following application of PFF. Cultures also stained for nuclei (DAPI;
blue) and pS129 aSyn (red). Typical PFF-treated pS129 aSyn staining is observed throughout the image field of WT neurons (closed arrowheads)
and within the axon of the GFP-closed cell (closed star). Less signal and fewer aggregates are observed in LKO cultures. (B) LDH toxicity assay
shows no difference between PBS- and PFF-treated neurons (relative to positive control; 100% cell death by Triton X treatment) and no
difference between WTand LKO cultures (one-way RM-ANOVA,; F(1.3,5.0) = 1.8; P=0.25, n=>5 cultures). Pyknotic nuclei counts show no
difference between PBS- and PFF-treated neurons (relative to PBS), and no difference between WTand LKO cultures (one-way RM-ANOVA;
F(1.14,6.8) = 3.0; P=0.13, n="7 cultures). (C) Quantification of pS129 aSyn signals [relative to the average number of cells in each culture
(DAPI); n=image field and (culture)]; PFF treatment-induced pS129 aSyn signal area is significantly greater in WT than LKO cultures (one-way
ANOVA; F(3,257) = 1.8; P=0.0001; ***WT PFF versus LKO PFF P=0.0001 by Holm-Sidak post hoc). (D) Occasional cell soma contains pS129
aSyn aggregates (ACBs; 2—15%, n=>5 cultures) in WT cultures, and there is a strong trend towards a smaller percentage of ACB in paired LKO
cultures. (E) pS129 aSyn signal intensity is not different within ACBs of paired WT and LKO cultures (n =4 cultures). (F) When ACBs are
eliminated from image analyses (neuritic p-syn), pS129 aSyn signal is significantly higher in WT than paired LKO cultures (normalized for ease of
interpretation, statistical analyses conducted on raw values; *paired two-tailed Student’s T-test P =0.036, n =5 cultures).

the latter has been proposed to be the predominant path-
way by which aSyn degradation occurs; autophagy-lyso-
some dysfunction has been implicated in Parkinson’s
disease, and specifically in the accumulation of aSyn
(Desplats et al., 2009). Internalized aSyn is targeted to
The proteasome and the autophagy-lysosome systems are the lysosome (Lee et al., 2008), and lysosomal failure
the two primary degradation mechanisms of the cell, and increases aSyn accumulation (Desplats et al., 2009). To
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Figure 4 The LRRK2 G2019S point mutation increases susceptibility to PFF-induced pS129 aSyn accumulation in cultures
from knock-in mice. (A) Representative example (left) immunofluorescent micrograph of GFP expressing (anti-GFP; green) WTand LRRK2
GKI cortical neurons at divl 7, 10 days following application of PFF. Cultures also stained for nuclei (DAPI; blue) and pS129 aSyn (red). Typical
PFF-treated pS129 aSyn staining is observed throughout the image field of WT neurons (closed arrowheads) and within the axon of a GFP-closed
cell (closed star, apical point). An pS129 aSyn containing cell body is apparent in this image field (open star). Increased signal and more numerous
aggregates are observed in GKI cultures. (B) LDH toxicity assay shows no difference between PBS- and PFF-treated neurons (relative to positive
control; 100% cell death by Triton X treatment) and no difference between WTand GKI cultures (one-way RM-ANOVA; F(1,1) = 4; P=0.3,

n =2 cultures). Pyknotic nuclei counts show no difference between PBS- and PFF-treated neurons (relative to PBS), and no difference between
WT and GKI cultures (one-way RM-ANOVA; F(3,16) = 2.3; P=0.12, n=15 cultures). (C) Quantification of pS129 aSyn signals [relative to the
average number of cells in each culture (DAPI); n = image field and (culture)]; PFF treatment-induced pS129 aSyn signal area is significantly
greater in WT than GKI cultures [one-way ANOVA; F(3,345) = 38.21; P=0.000|; ****WT PFF versus LKO PFF P=0.0001 by Holm-Sidak post
hoc, n = image field and (culture)]. (D) Occasional cell soma contain pS129 aSyn aggregates (ACBs; |-9%) in WT cultures, and there is a
significantly higher percentage of ACB in paired GKI cultures (*paired Student’s T-test P=0.041, n =7 cultures). (E) pS129 aSyn signal intensity is
trending to being increased within ACBs of paired WTand GKI cultures (n =7 cultures). (F) When ACBs are eliminated from image analyses
(neuritic p-syn), pS129 aSyn signal is significantly higher in GKI than paired WT cultures (normalized for visualization, statistical analyses
conducted on raw values; #paired two-tailed Student’s T-test P=0.031, n =7 cultures).

examine potential genetic effects of LRRK2 in autophagy protein that recruits autophagy machinery to protein
and lysosomal function that may contribute to neuronal aggregates, including those produced by PFFs (Tanik
sensitivity to PFF-induced pathology, staining of the ca- et al., 2013; Karampetsou et al., 2017; Hoffmann et al.,

nonical lysosomal marker LAMP1, and p62, an adaptor 2019) was conducted.
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In WT cells (from either LKO or GKI breeds) treated
with PBS, LAMP1 signal was diffusely punctate, through-
out the soma, and apparent within proximal dendrites
(Fig. SA). Contrastingly, in PFF-treated cells LAMP1 sig-
nal became more reticular (Fig. 5A), and signal area
increased within image fields (Fig. 5B). A similar basal
signal and response to PFF treatment were observed in
GKI neurons (Fig. 5B); however, LKO cells had signifi-
cantly higher LAMP1 signal at base (PBS control), to the
same degree as the increased produced by PFF treatment
in WT and GKI cells, which did not increase following
PFF treatment. Quantification of LAMP1 signal intensity
only within ACBs (containing pS129 aSyn aggregates)
showed a similar level of LAMP1 staining in WT, LKO
and GKI (Fig. SA and C) and there was no significant
difference in co-localization of pS129 aSyn and LAMP1
(Fig. SA and D).

The pattern of p62 staining in WT, LKO and GKI cells
was similar in PBS-treated cultures; being diffusely punc-
tate throughout the soma and apparent within proximal
dendrites (Fig. 5A). Although the pattern of p62 signal
was similar in all genotypes, and levels were similar be-
tween LKO and WT cells, the field signal area was sig-
nificantly greater in PBS-treated neurons of GKI cultures
relative to WT (Fig. SE). In cells treated with PFF, p62
signal increased significantly in all genotypes (Fig. SE).
Although p62 levels increase with PFF treatment, quanti-
fication of p62 signal intensity within ACBs (containing
pS129 aSyn aggregates) showed a similar level of p62 in
WT, LKO, and GKI (Fig. SA and F). In ACBs, p62 deco-
rated somatic pS129 aSyn aggregates to a high degree, as
evidenced by a ~60% co-localization overlap (Pearson’s
R coefficient), but there was no significant difference be-
tween genotypes (Fig. SA and G).

Discussion

As far as we are aware, the results here are the first dem-
onstration of enhanced susceptibility to PFF-induced aSyn
aggregation in neurons from G2019S germ-line knock-in
mice. This is in agreement with similarly enhanced aggre-
gation observed in cultures from LRRK2 G2019S overex-
pressing mice (Volpicelli-Daley et al., 2016; Henderson
et al., 2018; Bieri et al., 2019). LRRK2 has many func-
tions in varied cell types throughout the body; glia and
other cells have been implicated in the passage of aSyn
and LRRK2 function. However, any differences in
induced synucleinopathy between genotypes here must be
purely neuronal, as we see no glia in our cultures (by
Ibal and GFAP staining, signal was entirely blank, data
not shown). Most phosphorylated synuclein staining was
within axonal processes, which is consistent with patho-
logical processes beginning at the site of endogenous syn-
uclein function (Sulzer and Edwards, 2019) and staining
at axon terminals in untreated neurons (Fig. 1). The

pS129 staining in this paradigm is reflective of

S. Maclsaac et al.

modifications on endogenous synuclein and does not
occur in synuclein knock-out mouse neurons. Differential
sensitivity to PFF treatments might, therefore, be engen-
dered by differing levels of synuclein; however, we found
no difference in synuclein protein levels by semi-quantita-
tive western blot of knock-out or knock-in cortex
(Supplementary Fig. 2).

It is interesting to note that studies using BAC G2019S
transgenic mouse hippocampal cultures report only an
~25% increase in pS129 aggregates, relative to littermate
controls (Volpicelli-Daley et al., 2016; Henderson et al.,
2018; Bieri et al., 2019), in contrast to the ~2-fold in-
crease we observed here. This may reflect technical differ-
ences in the preparation and the amount of aggregation
induced in controls, and potential ceiling effects i.e. the
majority of pS129 signal reported here is neuritic, having
formed within axons, and only a small percentage (~5%)
of neurons exhibits somatic aggregation in control or mu-
tant cultures. This is much lower than values reported in
other studies, e.g. 15-30% in hippocampal cells (Froula
et al., 2018). In support of this argument, although there
was a trend towards decreased numbers of aggregate-con-
taining ACB in knock-out cultures, and a significant in-
crease in the percentage of cell bodies containing
aggregates in knock-in cultures, the percentages of
affected cell bodies are very low and the amount of pSyn
within affected cell bodies of all genotypes was similar.
This highlights that most vulnerability and protection
observed here is within the neuropil and argues that once
a cell has reached the point where somatic aggregation is
occurring, a threshold would appear to have been
reached, after which aggregation is equally bad, irrespect-
ive LRRK2.

The low percentage of cell bodies affected and the large
increase in pSyn aggregation in mutants could also be a
reflection of the type of neurons in culture (e.g. hippo-
campal versus cortical neurons), or the presence of drug
vectors in all conditions in other studies (e.g. DMSO)
which is potentially stressful. Alternatively, the much
greater increase in pS129 aggregation may relate to dif-
ferences in LRRK2 activity in germ-line knock-in neu-
rons, relative to BAC transgenics. We found knock-in
cortical neurons had much more pronounced synaptic
phenotypes than those from ~3x WT LRRK2 overex-
pressing BAC mice (Beccano-Kelly et al., 2014). In sup-
port of this, a very recent study demonstrated that
LRRK2 G2019S human iPSC-derived neurons exhibit
~2-fold more pS129 aSyn aggregation after 3 weeks, than
otherwise isogenic corrected controls (Bieri et al., 2019).
We found germ-line silencing of LRRK2 reduced sensitiv-
ity to PFF-induced pS129 aSyn aggregation, a result also
recently demonstrated in other LKO scenarios, including
human neurons (Bieri ef al., 2019). These findings, in
concert with those that show LRRK2 ASO silencing
(Zhao et al., 2017) and LRRK2 kinase inhibition
(Volpicelli-Daley et al., 2016) are protective against aSyn
inclusion formation, support the argument that LRRK2
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Figure 5 Lysosome and autophagy marker signals increase with PFF treatment, and basal levels are altered in LKO and GKI
neurons. (A) Representative example (left) confocal immunofluorescent micrographs of LAMPI or p62 (green) and pS129 aSyn (red) staining in
WT, LKO and GKI cortical neurons treated with PBS or PFF. (B) Quantification of LAMPI signal in PFF-treated cultures, relative to PBS within
culture. LAMPI signals increase significantly in WT cultures treated with PFF [Welch’'s ANOVA; W(5,50.27) = 5.42; P = 0.0005; *WT PBS versus
WT PFF P=0.011 Welch’s post hoc, n = image field and (culture)]. LAMPI signal is also significantly increased in GKI cultures with PFF treatment
[*GKI PBS versus GKI PFF P=0.013, Welch’s post hoc n = image field and (culture)]. LAMPI signal is not increased by PFF treatment, but basal
LAMPI signal is significantly greater in LKO cultures [*WT PBS versus LKO PBS P =0.003 by Welch’s post hoc, n = image field and (culture)].

(C) LAMPI signal intensity within ACBs is similar in WT, LKO and GKI PFF-treated cultures [Welch’'s ANOVA; W(2,28.4) = 2.6; P=0.09,

n = image field and (culture)]. (D) Assessment of LAMPI and pS129 aSyn co-localization (Pearson’s R coefficient) within ACBs shows weak co-
localization and no difference in LKO or GKI neurons with WT controls [n=image field and (culture)]. (E) Quantification of p62 signal in PFF-
treated cultures, relative to PBS WT within culture. p62 signals increase significantly in WT, LKO and GKI cultures treated with PFF [Welch’s
ANOVA; W(5,59.9) = 7.2; P=0.0001; **WT PBS versus WT PFF P =0.007, *LKO PBS versus LKO PFF P = 0.044, *GKI PBS versus GKI PFF

P =0.046, Welch’s post hoc, n = image field and (culture)]. Basal p62 signal is significantly greater in GKI cultures [*WT PBS versus GKI PBS
P=0.028, Welch’s post hoc, n = image field and (culture)]. (F) p62 signal intensity within ACBs is similar in WT, LKO and GKI PFF-treated
cultures [Welch’s ANOVA; W(2,39.4) = |.5; P=0.24, n = image field and (culture)]. (G) Assessment of p62 and pS129 aSyn co-localization
(Pearson’s R coefficient) within ACBs shows a high degree of co-localization, but no difference between LKO or GKI neurons, compared with
WT controls [n = image field and (culture)].
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targeting may be beneficial against synucleinopathy. We
found no difference in the level of LRRK2 protein in
GKI cortex (Supplementary Fig. 2), but it is noteworthy
that LRRK2 kinase treatment can dramatically reduce
levels of LRRK2, depending on treatment strategy and
the reduction in LRRK2 levels may contribute in inhibi-
tor studies elsewhere, regardless of activity per se.

As pS129 aSyn aggregates are insoluble, and it is pos-
sible that aggregates could be where axons were, which
since degenerated, as many were associated with blebbed
axonal processes. However, we observed no evidence of
PFF-induced cell death over this timeframe, and we did
not observe an affected cell body-like aggregate without
an associated nucleus, suggesting the vast majority
of pS129 aggregates are (or were) within axons.
Furthermore, we observed axonal aggregates and frag-
mented axons within otherwise perfectly healthy-looking
neurons. We did not observe pS129 aggregation after
seeding with monomeric synuclein, suggesting oligomeric
forms are necessary for conversion of endogenous aSyn
to pathogenic forms. That said, others have observed ag-
gregation after monomeric treatment of more mature neu-
rons (Hassink et al., 2018), and future studies may
determine whether LKO and knock-in cells are differen-
tially affected by monomer-induced aggregation at more
mature i vitro stages.

LAMP1 levels significantly increased upon PFF treat-
ment throughout the neuropil in WT (and GKI) cultures,
but LAMP1 in neuropil was not associated with pSyn
aggregates. Furthermore, in cell bodies that did contain
large aggregates (ACBs), LAMP1 levels were not
increased, and co-localization between pSyn and LAMP1
was not higher than expected for a diffuse somatic mark-
er such as LAMP1 (~25-30% by Pearson’s R coeffi-
cient). Levels of the autophagy adaptor protein p62
similarly increased throughout the neuropil in all cultures,
but not within aggregate-containing ACB. However, in
contrast to LAMP1, p62 was partially localized with
pSyn aggregates in the neuropil, and closely decorated
somatic aggregates (~70% coefficient).

While the data here do not provide evidence for causal
mechanistic relationships, there are two correlates with
genetic protection and vulnerability, respectively, LAMP1
(knock-out cells) and p62 signals being increased. A role
for LRRK2 in lysosomal clearance was demonstrated in
LKO mice, which exhibit accumulation of enlarged sec-
ondary lysosomes in peripheral tissues (Tong et al., 2010;
Herzig et al., 2011). Since, under lysosomal overload
stress, Rab7L1/Rab29 has been proposed to recruit acti-
vated LRRK2 to lysosomal membranes, where phosphor-
ylation of Rab8 and Rab10 promotes stabilization and
secretion, respectively (Eguchi et al., 2018). A basal in-
crease in LAMP1 staining in knock-out cells may mean
they have more, or more active, lysosomal machinery
primed to deal with aSyn degradation within the lyso-
some. This may explain why LAMP1 signals do not co-
localize with pSyn aggregates. LAMP1 signals were not

S. Maclsaac et al.

increased in LRRK2 knock-in cells, in agreement with
data from LRRK2 G2019S patients (Orenstein et al.,
2013). The autophagy marker p62, which transports ubi-
quitin conjugates to autophagosomes for degradation, has
been shown to physically interact with LRRK2 (Park
et al., 2016), and may be a LRRK2 phosphorylation sub-
strate (Kalogeropulou et al., 2018). During this process,
p62 is constitutively degraded in autophagosomes
(Johansen and Lamark, 2011). Thus an increase in p62
signal at base in LRRK2 knock-in mouse cultures sug-
gests the autophagy system is stalling/already under
stress. As autophagy is one of the major degradation
pathways for aSyn, basal impairment here may well con-
tribute to increased sensitivity of LRRK2 mutant neurons
to PFF-induced pSyn aggregation. How basal levels of
p62 or LAMP1 might translate to reports of in vivo and
in vitro vulnerability to PFF-induced aggregation in
G2019S scenarios is unclear; however, we found no evi-
dence for increases in p62 in cortical lysates, and while
LAMP1 quantification was not achieved, correlative
changes in levels were also not apparent (Supplementary
Fig. 2).

In summary, neurons from G2019S germ-line knock-in
mice are more sensitive to iz vitro PFF-induced pSyn con-
version, whereas LRRK2 gene-silenced neurons are par-
tially protected. This adds to a growing number of
studies that argue LRRK2 silencing, and potentially in-
hibition, may be a useful therapeutic strategy against
synucleinopathy.
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