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Abstract
The development of disease-modifying therapies for Parkinson’s disease is a major challenge which would be facilitated
by a better understanding of the pathogenesis. Leucine-rich repeat kinase 2 (LRRK2) and α-synuclein are key players in
Parkinson’s disease, but their relationship remains incompletely resolved. Previous studies investigating the effect of
LRRK2 on α-synuclein–induced neurotoxicity and neuroinflammation in preclinical Parkinson’s disease models have
reported conflicting results. Here, we aimed to further explore the functional interaction between α-synuclein and
LRRK2 and to evaluate the therapeutic potential of targeting physiological LRRK2 levels. We studied the effects of
total LRRK2 protein loss as well as pharmacological LRRK2 kinase inhibition in viral vector–mediated α-synuclein–
based Parkinson’s disease models developing early- and late-stage neurodegeneration. Surprisingly, total LRRK2 abla-
tion or in-diet treatment with the LRRK2 kinase inhibitor MLi-2 did not significantly modify α-synuclein–induced
motor deficits, dopaminergic cell loss, or α-synuclein pathology. Interestingly, we found a significant effect on α-
synuclein–induced neuroinflammatory changes in the absence of LRRK2, with a reduced microglial activation and
CD4+ and CD8+ T cell infiltration. This observed lack of protection against α-synuclein–induced toxicity should be
well considered in light of the ongoing therapeutic development of LRRK2 kinase inhibitors for idiopathic Parkinson’s
disease. Future studies will be crucial to understand the link between these neuroinflammatory processes and disease
progression as well as the role of α-synuclein and LRRK2 in these pathological events.

Key Words Leucine-rich repeat kinase 2 . alpha-synuclein . Parkinson’s disease . neuroinflammation . kinase inhibition

Introduction

Mutations in leucine-rich repeat kinase 2 (LRRK2) can cause
familial Parkinson’s disease (PD), and variations in its locus
are associated with an increased risk of developing sporadic
PD [1]. Several pathogenic LRRK2 mutations increase its
kinase activity [2, 3], and evidence from patients with sporad-
ic PD indicates that enhanced LRRK2 kinase activity is also
involved in PD pathogenesis in the absence of LRRK2 muta-
tions [4]. Hence, pharmacological inhibition of LRRK2 ki-
nase activity is a very attractive disease-modifying strategy
[5]. Several potent and selective LRRK2 kinase inhibitors
have been developed [6–8], and some are currently being
tested in phase I clinical studies [9]. Nevertheless, how
LRRK2 exactly contributes to the development of PD is still
unclear. One of the outstanding questions is whether LRRK2
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and alpha-synuclein (αSYN) operate in the same pathological
pathway. Several groups have tried to address the question
whether reducing LRRK2 activity by genetic LRRK2
knock-out (KO), antisense oligonucleotides, or LRRK2 ki-
nase inhibitors can protect against αSYN-induced neurode-
generation. These independent studies have resulted in con-
flicting conclusions varying from a rescue of neuronal loss
[10–15], reduced pathological αSYN levels, to a lack of neu-
roprotection [16–19]. Therefore, a better insight into the func-
tional interaction between both proteins will be a key to cor-
rectly evaluate the therapeutic potential of LRRK2 inhibition.

Inflammatory pathways might provide a mechanistic link
between LRRK2 and αSYN-mediated toxicity. LRRK2 ki-
nase inhibition was shown to reduce the number of activated
myeloid cells in an αSYN-based PD model [11].
Additionally, αSYN overexpression in wild-type (WT) rats
resulted in increased LRRK2 protein levels in inducible nitric
oxide synthase–positive myeloid cells [11] and LRRK2 ki-
nase inhibition was reported to increase the clearance of
αSYN by microglia [20]. Recently, transcriptome analysis
of LRRK2KOmicroglial cells identified alterations of inflam-
matory pathways upon treatment with αSYN preformed fi-
brils [21]. Whether this modulatory effect on neuroinflamma-
tion is dependent on LRRK2 kinase activity is unclear, given
that LRRK2 kinase inhibition did not reduce neuroinflamma-
tion in an αSYN-overexpression rat model expressing physi-
ological LRRK2 levels [12].

Here, we aimed to further clarify the link between
LRRK2 and αSYN-mediated neurodegeneration and neu-
roinflammation in vivo. To this end, we used a variety of
recombinant adeno-associated viral (rAAV) vector–based
PD rat models ranging from a modest to a more aggres-
sive neurodegenerative phenotype. We have previously
demonstrated progressive time- and dose-dependent neu-
rodegeneration, neuropathology, and neuroinflammatory
changes induced by rAAV-mediated αSYN overexpres-
sion in the substantia nigra (SN) of the rat [22, 23].
Here, we induced different levels of human A53T or
WT αSYN in the SN of LRRK2 KO rats as well as WT
rats with chronic pharmacological LRRK2 kinase inhibi-
tion. We found that reducing LRRK2 levels or LRRK2
kinase activity did not protect against αSYN-induced
motor deficits, neurodegeneration, or αSYN pathology
regardless of the sever i ty of the model used .
Interestingly, LRRK2 KO rats injected with a high dose
of A53T αSYN vector presented less reactive microglia
and infiltrating immune cells compared with WT rats.
Our findings show that the potentially protective effects
of reduced LRRK2 activity against αSYN-induced neu-
rodegeneration highly depend on the model used. We
further identify LRRK2 as a positive regulator of
(αSYN-induced) neuroinflammation, both at the level
of microglia and infiltrating T cells. Our results provide

more insight into the physiological function of LRRK2
and reveal how its activity might be involved in patho-
logical processes.

Materials and Methods

Animals and Treatment

All animal experiments were carried out in accordance with
the European Communities Council Directive of November
24, 1986 (86/609/EEC), and approved by the Bioethical
Committee of the KU Leuven (Belgium) (ECD project
2017-070). Male LRRK2 KO rats (LEH-Lrrk2tm1sage) and
WT Long–Evans controls (Horizon Discovery, Waterbeach,
UK) of approximately 350 g were used at 8 weeks of age,
unless stated differently, and housed under a normal 12 h
light/dark cycle with free access to pelleted food and tap wa-
ter. Rats were fed with food pellets containing either MLi-2
(Merck, Kenilworth, NJ) at a dose of 15 mg/day/kg of body
weight (Research Diets, Inc., New Brunswick, NJ) or placebo
starting on day 4 after injection and maintained for the dura-
tion of the experiment. Animals were randomly assigned to
the compound or placebo groups. For biochemical analysis of
tyrosine hydroxylase (TH), acute LRRK2 kinase inhibition
was obtained via intraperitoneal (i.p.) injection of MLi-2
(10 mg/kg) in 20% β-cyclodextrin or vehicle alone twice a
day during the last 5 days of the experiment.

Recombinant AAV Production and Purification

Vector production and purification were performed as previ-
ously described [24]. The plasmids include the constructs for
the AAV7 serotype, the AAV transfer plasmid encoding hu-
man A53T mutant or WT αSYN under the control of the
ubiquitous CMVie-enhanced synapsin1 promoter, and the
pAdvDeltaF6 adenoviral helper plasmid. Real-time PCR anal-
ysis was used for genomic copy determination.

Stereotactic Vector Injections

All surgical procedures were performed using aseptic tech-
niques and ketamine (60 mg/kg, i.p., Ketalar, Pfizer, Puurs,
Belgium) and medetomidine (0.4 mg/kg, Dormitor, Pfizer)
anesthesia. Following anesthesia, the rodents were placed in
a stereotactic head frame (Stoelting, Wood Dale, IL).
Injections were performed with a 30-gauge needle and a
10-μl Hamilton syringe (Hamilton, Bonaduz, GR,
Switzerland). LRRK2 KO or WT rats were injected with
3 μl rAAV2/7 A53T or WT αSYN vector (low vector dose:
3.0E + 11 genome copies (GC)/ml, medium vector dose:
4.0E + 11 GC/ml, high vector dose: 9.0E + 11 GC/ml). An
additional group of rats was injected with a high dose (9.0E +
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11 GC/ml) rAAV2/7 eGFP control vector. Stereotactic coor-
dinates used for the SN were anteroposterior (−5.3), lateral
(−2.0), and dorsoventral (−7.2), calculated from the dura using
bregma as reference. The injection rate was 0.25 μl/min, and
the needle was left in place for an additional 5 min period
before being retracted.

Cylinder Test

The cylinder test was employed to quantify forelimb use.
Contacts made by each forepaw with the wall of a 20-cm-
wide clear glass cylinder were scored from the videotapes by
an observer blinded to the animal’s identity. A total of 25
contacts were recorded for each animal. The number of con-
tralateral forelimb contacts was expressed as a percentage of
total forelimb contacts. Nonlesioned control rats score around
50% in this test.

Immunohistochemistry

Rats were sacrificed with an overdose of sodium pentobarbital
(200 mg/kg, i.p., Dolethal, Vetoquinol, Lure, France) followed
by 2-step intracardial perfusion with saline and 4% paraformal-
dehyde (PFA) in PBS. After post-fixation overnight in 4% PFA,
50-μm-thick coronal brain sections were made with a vibrating
microtome (HM 650V, Microm, Walldorf, Germany).
Immunostainings were performed on free-floating sections using
antibodies against TH (AB152 rabbit polyclonal 1:1000,
Millipore, Overijse, Belgium),αSYN (AB 5038 rabbit polyclon-
al 1:5000, Millipore), phosphorylated αSYN (P-αSYN mouse
11A5, 1:5000, provided by Elan Pharmaceuticals, Inc., Dublin,
Ireland), Iba1 (goat polyclonal 1:1000, Abcam, Cambridge,
UK), and MHC II (mouse MCA46G 1:250, Serotec, Temse,
Belgium). For chromogen-based immunohistochemistry (TH,
αSYN, Iba1, and MHC II), sections were pretreated with 3%
hydrogen peroxide for 10 min and incubated with 10 mM sodi-
um citrate (pH 6.0) at 80 °C for 20 min, followed by incubation
on ice for 10 min. Sections were treated with 10% normal serum
(matched to secondary antibody, DakoCytomation, Leuven,
Belgium) in 0.1% Triton X-100 in PBS and incubated overnight
with primary antibody. As secondary antibody, biotinylated anti-
rabbit IgG (1:600 for TH and αSYN, DakoCytomation), anti-
goat IgG (1:300 for Iba1, DakoCytomation), and anti-mouse IgG
(1:500 for MHCII, DakoCytomation) were used, followed by
incubation with streptavidin–horseradish peroxidase complex
(1:1000, DakoCytomation). TH immunoreactivity was visual-
ized using Vector SG (SK-4700, Vector Laboratories,
Burlingame, CA), and αSYN and Iba1 immunoreactivity was
visualized using 3,3-diaminobenzidine (0.4 mg/ml, Sigma-
Aldrich, St. Louis, MS) as a chromogen. For immunofluores-
cence staining (P-αSYN and TH), sections were rinsed three
times in PBS and then incubated overnight in PBS–0.1%
Tri ton X-100 with 10% donkey serum (Jackson

ImmunoResearch Laboratories, Inc., Ely, UK) and with the pri-
mary antibody. After three rinses in PBS–0.1%TritonX-100, the
sections were incubated in the dark for 2 h in fluorochrome-
conjugated secondary antibodies: donkey anti-rabbit Alexa 488
(1:1000, Molecular Probes, Invitrogen, Merelbeke, Belgium)
and donkey anti-mouse Cy3 (1:500, Jackson ImmunoResearch,
Uden, TheNetherlands). After being rinsed in PBS andmounted,
the sections were coverslipped with Mowiol 488 (Calbiochem,
San Diego, CA) and DAPI (1:1000).

Stereological Quantification of Dopaminergic
Neurons

The number of TH+ cells in the SN was determined by stereo-
logical measurements using the optical fractionator method in a
computerized system as described before [25] (Stereo
Investigator; MicroBrightField (MBF), Delft, The Netherlands).
Every fifth section throughout the entire SNwas analyzed, with a
total of 7 sections for each animal. The coefficients of error,
calculated according to the procedure of Schmitz and Hof [26]
as estimates of precision, varied between 0.05 and 0.10.
Percentages represent the loss of dopaminergic neurons com-
pared to the contralateral, non-injected side. For the CD68 and
Iba1 stereological quantifications, we made use of the software
Stereologer, SRC Biosciences (Stereology Resource Center,
Saint Petersburg, FL). Microglial morphology was assessed
using the IURNucleator (volume) and IUR-Line (length) probes.
All analyses were performed by an investigator blinded to the
different groups.

Quantification of Striatal Dopaminergic Terminals

Seven sections covering the whole striatum were stained
against TH as previously described. Images were acquired
using the Leica DM4 B optical microscope (Leica, Wetzlar,
Germany) with a Leica DFC 320 digital camera (Leica) and
the Leica Application Suite software (Leica). Intensity mea-
surement was performed using the software ImageJ.
Percentages represent the loss of striatal TH compared to the
contralateral, non-injected side.

Western Blot Analysis

Nigral and striatal tissues were freshly isolated and homoge-
nized in 5 volumes of buffer (10 mM Tris-HCl, 10 mM
EDTA, 0.25 mM sucrose, pH 7.5) containing a protease in-
hibitor cocktail (Roche cOmplete) and phospho-STOP
EASYPACK (Roche, Anderlecht Belgium) using a Dounce
tissue grinder followed by sonication (15 s, duty cycle 30%,
output 2 using the Branson Sonifier 250). The brain samples
used to determine αSYN expression levels were additionally
spun for 10 min at 6000g at 4 °C, and the resulting superna-
tants represented the protein fraction. Kidney tissue was
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homogenized in 10 volumes of urea buffer (8 M urea,
100 mM Tris-HCl, 10% glycerol, 1% SDS, 5 mM DTT,
1 mM EDTA, 1 mM EGTA, pH 6.8) containing protease
and phosphatase inhibitor using a Dounce tissue grinder.
Protein sample concentration was determined by BCA protein
assay (Thermo Scientific, MA, USA) according to the manu-
facturer’s directions.

To assess LRRK2, LRRK2 P-S935, and TH levels by
Western blot analysis, 40 μg protein was mixed with a 6×
denaturing loading buffer (50 mM Tris-HCl, pH 6.8, 4%
SDS, 10% β-mercaptoethanol, 12% glycerol, and 0.01%
bromophenol blue). Samples were heated to 95 °C for
10 min and ran on NuPAGE 3–8% Tris-acetate gradient gels
(Invitrogen, Waltham, MA). Separated proteins were trans-
ferred to a polyvinylidene fluoride (PVDF) membrane (Bio-
Rad, Irvine, CA). Nonspecific binding sites were blocked for
15 min in PBS with 0.1% Triton X-100 (PBS-T) and 5%
nonfat milk. After overnight incubation at 4 °C with primary
antibodies (anti-LRRK2 N241A/34 1:200, NeuroMab, CA;
anti-LRRK2 (P-S935) 1:100, Abcam; anti-TH Ab152
1:1000, Millipore; anti-vinculin V9131 1:100,000, Sigma;
anti-αTubulin T5168 1:10,000, Sigma), blots were washed 3
times with PBS-T and incubated with horseradish peroxidase–
conjugated secondary antibody (Dako, Glostrup, Denmark)
for 1 h and washed again 3 times.

To measure the αSYN expression levels in the nigral brain
samples, 15 μg of protein was mixed with a 6× loading buffer,
boiled for 10 min, and separated on a 4–15% Tris-glycine
(Bio-Rad) gel with Novex Tris-glycine-SDS running buffer
and the PageRuler Plus molecular weight marker. After elec-
trophoresis, proteins were blotted onto a PVDF membrane
(Bio-Rad) for 30 min (Trans-Blot Turbo Transfer system) in
TurboBlotter transfer buffer. After transfer, membranes were
incubated with 0.4% paraformaldehyde for 20 min at RT,
rinsed 3× with PBS-T, and blocked in 5% nonfat milk in
PBS-T for 30–60 min. After blocking, membranes were incu-
bated with rabbit anti-αSYN primary antibody (in-house,
1:2000) in 5% milk in PBS-T overnight at 4 °C. Anti-β-
tubulin (Sigma T4026, 1:10,000) was used as internal loading
control. After rinsing 3× with PBS-T, blots were incubated
with horseradish peroxidase–conjugated secondary antibod-
ies. Bands were visualized using Clarity Western ECL (Bio-
Rad) and developed with a GE ImageQuant 800 (GE
Healthcare, Bloomington, IL). Densitometric analysis was
performed using ImageQuant software (GE Healthcare).

Flow Cytometry

Two-year-old LRRK2 KO and WT control male rats were bi-
laterally injected in the SN with 3 μl of rAAV2/7 A53T αSYN
vector (high vector dose: 9.0E + 11 GC/ml). Two weeks post
injection, the animals were sacrificed with an overdose of sodi-
um pentobarbital (Dolethal, 200 mg/kg, i.p.), followed by

intracardial perfusion with ice-cold saline. Midbrains were dis-
sected and mechanically dissociated into a single-cell suspen-
sion with a Dounce homogenizer, followed by passage through
a 40-μm cell strainer. Cells were washed with Hank’s Balanced
Salt Solution (HBSS) and centrifuged at 400g for 3 min. The
pellet was resuspended in a 37% Percoll (GE Healthcare Bio-
Sciences) gradient and centrifuged for 25min at 800gwith slow
acceleration and no brake. Cells were collected from the bottom
of the tube andwashed twice with DMEMcontaining 10% fetal
bovine serum (FBS) and once with FBS stain buffer (BD
Biosciences, Franklin Lakes, NJ). Cells were blocked with
mouse anti-rat FcγII receptor (CD32) (1:500, D34-485, BD
Biosciences) and stained for the following surface markers:
CD45 OX1, FITC (eBioscience, Affymetrix, San Diego, CA);
MHC II HIS19, APC (eBioscience); CD3 eBioG4.18, PE
(eBioscience); CD8a OX8, PE-Cyanine7 (eBioscience);
CD11b WT.5 (RUO), BV450 (BD Biosciences); and CD4
OX-35 (RUO), BV510 (BD Biosciences). A fixable viability
dye eFluor 780 (eBioscience) was used in each condition. Cells
were fixed in 4% PFA, and data was acquired on the following
day. Fluorescence Minus One (FMO) controls of each marker
were included. Flow cytometry/FACS was performed at the
VIB-KU Leuven FACS Core Facility using a BD
FACSCanto II cytometer with the FACSDiva software. Data
was analyzed using FlowJo v10.0.7 software. Fifty thousand
events were collected for each brain sample.

Statistical Analyses

Graph creation and statistical analysis were performed using
GraphPad Prism forWindows (GraphPad Software, Inc.), ver-
sion 8.0. Results are presented as means ± standard error of the
mean. Normality of data was tested using the Shapiro–Wilk
test. Statistical significance was assessed using either a t test or
when multiple groups were analyzed simultaneously, either
one-way ANOVA followed by Tukey’s multiple comparison
post hoc test or two-way ANOVA followed by Sidak’s post
hoc test. For non-normal distributed data, statistical signifi-
cance was assessed using the Kruskal–Wallis test followed
by Dunn’s multiple comparison post hoc test. Significance
was represented as follows: *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.

Results

LRRK2 Ablation Does Not Affect αSYN-Induced
Progressive Motor Deficits In Vivo

To explore the functional interaction between LRRK2 and
αSYN and to evaluate LRRK2 activity as a therapeutic target,
we studied the effects of reduced LRRK2 activity on different
aspects of αSYN-mediated neurodegeneration and
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neuroinflammation. To this end, we applied our in-house–de-
veloped rat PD model, based on rAAV-mediated overexpres-
sion of human αSYN (rAAV2/7 αSYN) in the dopaminergic
neurons of the SN [23]. We have previously extensively char-
acterized this model and showed that the phenotypes investi-
gated in this study (i.e., nigral dopaminergic neurodegenera-
tion, striatal TH loss, motor behavior deficits, and sustained
neuroinflammation) are specific for αSYN, as none of these
phenotypes could be detected in control conditions injected

with a rAAV-GFP vector [23, 27]. Here, A53T orWTαSYN-
encoding vectors were injected in WT and LRRK2 KO rats
(Fig. 1A). The lack of LRRK2 protein in the LRRK2 KO rats
was confirmed via Western blotting (Fig. S1C). By applying
different vector doses (low: 3E11 GC/ml, medium: 4E11 GC/
ml, and high: 9E11 GC/ml), we induced different levels of
αSYN overexpression (Fig. S2) to obtain distinct levels of
neurodegeneration ranging from a modest to a more severe
phenotype. To monitor motor performance, we subjected the

Fig. 1 LRRK2 ablation does not
protect against αSYN-induced
progressive motor deficits in vivo.
(A) Schematic representation of
the experimental setup. WT (+/+)
and LRRK2 KO (−/−) rats were
injected with different doses of
rAAV2/7 vectors encoding A53T
or WT αSYN in the SN.
Behavioral tests were performed
2 weeks and 4 weeks post
injection (p.i.). In addition, a
group of WT rats was treated
daily with MLi-2 or placebo via
food pellets from day 4 to 28. All
animals were sacrificed 4 weeks
p.i., and the brains were processed
for histological analysis. (B, C)
Left forepaw use in the cylinder
test for WT and LRRK2 KO rats
2 weeks and 4 weeks p.i. with
rAAV2/7 A53T (low, medium,
and high doses) (B) orWT αSYN
vector (low and medium doses)
(C). Graphs represent mean ±
S.E.M. Statistical differences
were assessed using two-way
ANOVA and Sidak’s post hoc
test, n = 8–11 animals/group. WT
versus LRRK2 KO: A53T
αSYN, F(5, 107) = 1.933; WT
αSYN, F(3, 72) = 1.200; *p =
0.0251. Vector dose effect: A53T
αSYN, F(2, 50) = 1.864,
p > 0.05; WT αSYN, F(1, 36) =
0.1768, p > 0.05
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A53T and WT αSYN-injected animals to a cylinder test
(Fig. 1B, C), which revealed progressive motor deficits over
time. As a control, we injected a high dose (9E11 GC/ml) of
an eGFP vector in WT animals and confirmed the lack of
behavioral deficits (Fig. S3A). Loss of LRRK2 did not atten-
uate theαSYN-inducedmotor deficits. On the contrary, all the
A53T αSYN–injected KO animals displayed a trend towards
increased motor deficits, which was significant in the
medium-vector dose group (Fig. 1B). We can conclude that
under our experimental conditions, LRRK2 deletion did not
abate the αSYN-induced motor deficits in mild or severe
A53T or WT αSYN–based PD models. In some of the con-
ditions, it even worsened the motor behavior.

Reduced LRRK2 Activity Does Not Attenuate αSYN-
Induced Neurodegeneration In Vivo

Next, we assessed the level of nigral dopaminergic neurode-
generation induced by overexpression of different levels of
A53T or WT αSYN. We observed loss of the dopaminergic
neurons in the SN of all the rAAV2/7αSYN–injected animals
4 weeks post injection (p.i.) (Fig. 2A–C), whereas no neuro-
toxicity was observed inWT animals injectedwith a high dose
of eGFP vector (Fig. S3B). Injection with a low, medium, or
high vector dose of rAAV2/7 A53T αSYN resulted in a dose-
dependent TH+ neuronal cell loss of 33%, 43%, and 60%,
respectively. Injection with a low or a medium vector dose
of rAAV2/7 WT αSYN resulted in a lesion size of 45% and
59%, respectively. However, no significant differences were
observed between WT and LRRK2 KO animals for both the
rAAV2/7 A53T– and WT αSYN–injected animals at any
vector dose. Quantification of the dopaminergic nerve termi-
nals revealed a significant striatal lesion upon injection of
different doses of A53T (ranging from 35 to 85%) or WT
(ranging from 40 to 70%) rAAV2/7 αSYN 4 weeks p.i. In
line with the dopaminergic cell loss, no significant differences
were detected betweenWT and LRRK2 KO animals in all the
different conditions evaluated (Fig. 2E–G).

Using a similar experimental setup, we evaluated the effect
of pharmacological LRRK2 kinase inhibition. rAAV2/7 WT
αSYN–injected WT rats (medium vector dose) were treated
with MLi-2, one of the most potent LRRK2 kinase inhibitors
currently available, or placebo. The LRRK2 kinase inhibitor
was administered at a concentration of 15 mg/kg/day for
4 weeks using an in-diet treatment protocol [6] with an actual
mean intake of 13 mg/kg/day. The treatment was well tolerat-
ed without differences in animal weight between the treatment
and placebo groups (Fig. S1A). Inhibition of LRRK2 kinase
activity in the brain induced by chronic MLi-2 in-diet treat-
ment was reported previously [6, 28] and observed in-house in
mice (data not shown). Here, we confirmed MLi-2–induced
inhibition of LRRK2 kinase activity by showing dephosphor-
ylation at LRRK2 S935 in the kidney of the same animals

used to study αSYN-induced effects in the brain (Fig. S1B).
Treatment with MLi-2 did not alter αSYN-mediated nigral
dopaminergic cell loss (Fig. 2D). Similarly, no difference in
striatal lesion was found in WT animals treated with the MLi-
2 compound compared to placebo (Fig. 2H).

Reduced LRRK2 Activity Alters Nigral and Striatal TH
Levels

Although no significant differences in neurotoxicity were
detected, we observed a trend towards increased nigral
cell loss in the LRRK2 KO animals injected with a medi-
um and high rAAV2/7 A53T αSYN vector dose (Fig. 2B,
F), in line with the observed motor deficits (Fig. 1B). To
investigate this unexpected finding more thoroughly, we
used immunoblotting to assess the levels of TH in nigral
and striatal brain fractions of WT and LRRK2 KO ani-
mals injected with a medium dose of rAAV2/7 A53T
αSYN. Densitometry analysis revealed significantly low-
er TH levels in the SN and the striatum of LRRK2 KO
animals compared with those of WT rats (Fig. 2I, J). In
addition, we treated a subgroup of αSYN-injected WT
animals with MLi-2 via i.p. injections (10 mg/kg for 5
consecutive days), inducing acute inhibition of LRRK2
kinase activity (Fig. S1C). Western blot analysis revealed
a significant decrease in TH levels in the striatum but not
in the SN of MLi-2–treated rats compared with placebo-
treated animals (Fig. 2I, J). Together, these results suggest
that both loss of LRRK2 and reduced LRRK2 kinase ac-
tivity affect TH levels in αSYN-overexpressing nigral
neurons.

Reduced LRRK2 Activity Does Not Affect αSYN
Pathology

Next, we assessed the effect of genetic LRRK2 ablation and
pharmacological LRRK2 kinase inhibition on the phosphory-
lation of αSYN. Previous studies have shown that αSYN
phosphorylated at serine 129 consistently accumulates in
Lewy bodies [29]. Therefore, the presence of phosphorylated
αSYN in the dopaminergic neurons of the SN is considered a
pathological marker of PD. Immunofluorescent double
stainings for P-αSYN and TH revealed clear P-αSYN–posi-
tive nigral neurons 4 weeks p.i. in all the experimental condi-
tions (Figs. 3A and S4). However, no significant difference in
the number of P-αSYN–positive dopaminergic neurons was
observed betweenWT and LRRK2KO animals at any dose of
rAAV2/7 A53T or WT αSYN (Fig. 3B, C). Similarly, no
difference in the number of P-αSYN–positive dopaminergic
neurons was observed between the MLi-2–treated and
placebo-treated animals (Fig. 3D).
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Loss of LRRK2 Attenuates αSYN-Induced Microglial
Activation and T Cell Infiltration

Given the ro l e o f bo t h LRRK2 and αSYN in
neuroinflammatory processes, we investigated whether

reducing LRRK2 activity affects the αSYN-induced inflam-
matory response. First, we quantified the number of Iba1-
positive microglia in the SN (Fig. 4A–D). Overexpression of
αSYN increased the number of Iba1-positive cells, as previ-
ously described [27]. However, no significant difference was

Fig. 2 Reduced LRRK2 activity does not attenuate αSYN-induced neu-
rotoxicity in vivo but alters TH levels. (A) Representative image of TH
immunostaining in the SN 4 weeks p.i. of a medium-dose rAAV2/7 WT
αSYN in LRRK2 KO rats. Scale bars = 500 μm (top) and 50 μm (bot-
tom). (B–D) Stereological quantification of the nigral lesion in the
injected SN relative to the non-injected side 4 weeks p.i. in WT and
LRRK2 KO rats injected with different doses of rAAV2/7 A53T αSYN
(mean ± S.E.M., two-way ANOVA and Sidak’s post hoc test, n = 8–10
animals/group. WT versus LRRK2 KO: F(1, 45) = 1.607, p > 0.05.
Vector dose effect: F(2, 45) = 26.40, ##p = 0.0022, ###p = 0.0008,
####p < 0.0001 (B), rAAV2/7 WT αSYN (mean ± S.E.M., two-way
ANOVA and Sidak’s post hoc test, n = 7–9 animals/group; WT versus
LRRK2 KO: F(1, 29) = 2.894, p > 0.05; vector dose effect: F(1, 29) =
7.183, #p = 0.012) (C) or rAAV2/7 WT αSYN–injected WT rats treated
with MLi-2 or placebo (mean ± S.E.M., t test, n = 6–7 animals/group,
F(7, 5) = 1.155, p > 0.05) (D). (E) Representative image of immunostain-
ing for TH in the striatum after injection of a medium-dose rAAV2/7WT
αSYN in LRRK2KO rats. Scale bar = 2mm. (F–H)Quantification of TH
immunolabeling in striatal dopaminergic terminals in the injected relative

to the non-injected side 4 weeks p.i. in WT and LRRK2 KO rats after
different doses of rAAV2/7 A53T αSYN (mean ± S.E.M., two-way
ANOVA and Sidak’s post hoc test, n = 9–11 animals/group; WT versus
LRRK2 KO: F(1, 54) = 4.774, p > 0.05; vector dose effect: F(2, 54) =
41.74, ####p < 0.0001) (F), rAAV2/7 WT αSYN (mean ± S.E.M., two-
way ANOVA and Sidak’s post hoc test, n = 9–10 animals/group; WT
versus LRRK2 KO: F(1, 36) = 0.9824, p > 0.05; vector dose effect: F(1,
36) = 35.53, ####p < 0.0001) (G), or rAAV2/7 WT αSYN–injected WT
rats treated with MLi-2 or placebo (mean ± S.E.M., t test, n = 9 animals/
group, F(9, 8) = 1.384, p > 0.05) (H). (I, J) Immunoblot analysis of TH
levels in nigral (I) and striatal tissue (J) of LRRK2 KO and WT rats
injected with a medium-dose rAAV2/7 A53T αSYN–treated with MLi-
2 or placebo. NI: non-injected, I: injected. Quantitative analyses were
based on densitometry and present TH levels relative to vinculin or α-
tubulin levels. TH levels are expressed as a percentage of ipsilateral/
contralateral side (mean ± S.E.M., one-way ANOVA and Tukey’s post
hoc test, n = 3–6 animals/group, F(2, 9) = 1.290, **p = 0.007 (I); F(2,
10) = 3.477, *p = 0.013 and **p = 0.003 (J))

955LRRK2 Ablation Attenuates Αlpha-Synuclein–Induced Neuroinflammation Without Affecting Neurodegeneration or...



detected between WT and LRRK2 KO animals for the differ-
ent doses of rAAV2/7 A53T (Fig. 4A, B) or WT αSYN
(Fig. 4A, C). Also, pharmacological LRRK2 kinase inhibition
did not affect the number of Iba1-positive cells in the SN
(Fig. 4A, D). Under inflammatory conditions, microglia shift
from a highly ramified to an ameboid conformation with in-
creased soma size and decreased length of the processes.
Therefore, we also performed a stereological analysis of the
microglial morphology (Fig. S5, Fig. 4A, E–G). Interestingly,
significant morphological differences were observed in the
SN of LRRK2 KO and WT animals injected with a high dose
of rAAV2/7 A53T αSYN vector. Microglia of LRRK2 KO
animals displayed more processes and a smaller soma size
compared with microglia of WT animals, suggesting a role
for LRRK2 in the activation of these cells upon high levels
of A53T αSYN overexpression (Fig. 4E). Next, we assessed
expression of major histocompatibility complex class II
(MHC II) in the SN as a marker for reactive antigen-
presenting cells in LRRK2 KO and WT rats injected with
the different doses of rAAV2/7 A53T or WT αSYN vector
(Fig. 5A–D). A significant reduction in the number of MHC

II–positive cells was observed in LRRK2 KO animals com-
pared with the WT animals injected with the high dose of
A53T, as well as both low and medium doses of WT αSYN
vector. No significant differences were observed in animals
treated with MLi-2. Of note, WT αSYN overexpression in-
duced a significantly stronger MHCII response compared to
the mutant A53T protein (Fig. S6).

Considering the significant differences in microglial
morphology and MHC II expression (Figs. 4E and 5B),
we performed flow cytometric immunophenotyping on
the midbrain of LRRK2 KO and WT animals injected with
a high dose of rAAV2/7 A53T αSYN vector (Fig. 5E–I).
We analyzed the expression level of MHC II in microglia
to assess their activation state, as well as the frequency of
infiltrating CD4+ and CD8+ T cells (gating strategy is
shown in Fig. 5E). In line with the stereological quantifi-
cations, we found a significant reduction in the expression
of MHC II in microglia from LRRK2 KO rats compared to
WT animals (Fig. 5F, G). In addition, the frequency of
CD4+ and CD8+ T cells infiltrating the brain was signifi-
cantly lower in LRRK2 KO animals (Fig. 5H, I).

Fig. 3 Reduced LRRK2 activity does not affect αSYN pathology. (A)
Representative image of a double immunostaining for TH and pSer129-
αSYN after injection of a high dose of rAAV2/7 A53T αSYN vector in
the SN of LRRK2 KO rats. Scale bars = 250 μm (main picture) or 25 μm
(inset). (B, C) Stereological quantification of the number of P-αSYN+

TH+ cells in the SN of WT and LRRK2 KO rats injected with different
doses of rAAV2/7 A53T αSYN (low, medium, high) (B) or rAAV2/7

WTαSYN (low, medium) vector (C) (mean ± S.E.M., two-way ANOVA
and Sidak’s post hoc test, n = 6 animals/group, F(5, 28) = 2.711, p > 0.05
(B); F(3, 20) = 3.411, p > 0.05 (C)). (D) Stereological quantification of
the number of P-αSYN+ TH+ cells in SN of WT rats injected with
rAAV2/7 WT αSYN (medium dose) and treated with MLi-2 or placebo
(mean ± S.E.M., t test, n = 5–6, F(5, 4) = 2.423, p > 0.05)
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Discussion

Using a set of viral vector–based αSYN rat models, we dem-
onstrate a significant role for LRRK2 in αSYN-induced neu-
roinflammation, but a lack of protection against A53T or WT
αSYN–induced neurodegeneration and neuropathology upon
reduced LRRK2 activity. Indeed, genetic LRRK2 ablation or
pharmacological LRRK2 kinase inhibition did not alter or

even increased motor deficits after nigral injection of different
doses of rAAV2/7 WT or A53T αSYN. Also, dopaminergic
neurodegeneration in the SN and the striatal terminals was not
ameliorated in conditions of reduced LRRK2 protein and/or
kinase activity, with a trend towards increased neurotoxicity
in LRRK2 KO rats. These histological observations were re-
inforced by Western blot analysis. Further, we show that ge-
netic ablation or pharmacological LRRK2 inhibition did not

Fig. 4 Loss of LRRK2 attenuates αSYN-induced microglial activation.
(A) Representative images of immunostaining for Iba1 in the SN of WT,
LRRK2 KO, and MLi-2–treated animals injected with different doses of
rAAV2/7 A53T orWTαSYN vector. Scale bars = 250μm (main picture)
or 25 μm (inset). (B, C) Number of Iba1+ microglia in the SN of WT and
LRRK2 KO rats injected with different doses of rAAV2/7 A53T (B) or
WT (C) αSYN vector (mean ± S.E.M., two-way ANOVA and Sidak’s
post hoc test, n = 6 animals/group, F(6, 33) = 4.929, p > 0.05 (B); F(4,
10) = 0.8890, p = 0.05 (C)). (D) Number of Iba1+ microglia in the SN of
WT rats injected with a medium dose of rAAV2/7WTαSYN and treated
with MLi-2 inhibitor or placebo (mean ± S.E.M., t test, n = 6, F(2, 14) =

23.22, p > 0.05). (E, F) Stereological analysis of microglial morphology
in the SN of WT and LRRK2 KO rats injected with rAAV2/7 A53T or
WT αSYN vectors. Data are presented as the ratio of mean cell body
volume/length of ramifications (mean ± S.E.M., two-way ANOVA and
Sidak’s post hoc test, n = 6 animals/group; WT versus LRRK2 KO: F(6,
33) = 2847, **p = 0.0093 (E); F(4, 23) = 2.146, p > 0.05 (F); vector dose
effect: F(2, 30) = 22.86, ###p = 0.0001, ####p < 0.0001 (E); F(1, 20) =
1.530, p > 0.05 (F)). (G) Stereological analysis of microglial morphology
in the SN in WT rats injected with rAAV2/7 WT αSYN (medium dose)
and treated with MLi-2 or placebo (mean ± S.E.M., t test, n = 6, F(5, 5) =
1.204, p > 0.05)
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alter αSYN pathology in any of the models tested, suggesting
that LRRK2 does not interfere with the process of αSYN

aggregation. In contrast, our findings suggest a role for
LRRK2 in αSYN-mediated neuroinflammation, given the
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significant reduction in the frequency of reactive microglia
and infiltrated CD4+ and CD8+ T cells in the absence of
LRRK2.

With LRRK2 kinase inhibitors currently in clinical studies,
the question whether patients with idiopathic PD would ben-
efit from reduced LRRK2 activity is timely and highly rele-
vant. Using different αSYN-based PD models, several groups
have studied the impact of reduced LRRK2 levels and/or ac-
tivity, which resulted in conflicting data. Genetic ablation of
LRRK2 was reported to reduce αSYN aggregation in a trans-
genic mouse model overexpressing A53T αSYN in the fore-
brain [10]; however, this protective effect could not be repli-
cated in a comparable model with hindbrain overexpression
[16]. Also in viral vector–based αSYN PD rat models, loss of
LRRK2 was reported to result in either a complete rescue [11]
or a lack of protection [17] against αSYN-mediated dopami-
nergic toxicity. Similarly, pharmacological LRRK2 kinase in-
hibition was reported to protect against dopaminergic cell
death in a viral vector–mediated αSYN PD rat model [12],
while a more recent study could not replicate these findings
using a similar compound [17]. Also in mice exposed to
αSYN preformed fibrils (PFFs), LRRK2 kinase inhibition
was not protective [18], while in contrast, a reduction in
LRRK2 protein levels by antisense oligonucleotides was re-
ported to ameliorate the dopaminergic neuronal loss induced
by αSYN fibrils [19]. Finally, LRRK2 kinase inhibition was
reported to decrease αSYN aggregate levels in an αSYN
transgenic mouse [30] and a more recent study showed that
G2019S transgenic mice exhibit higher αSYN PFF–induced
pathology in some regions, yet lower pathology in other brain

regions [31]. Altogether, these data suggest that the observed
protective effect of LRRK2 deletion/inhibition might depend
on the model and readout used. Therefore, with the current
study, we aimed to resolve this question by an extensive char-
acterization of both genetic and pharmacological LRRK2 in-
hibition in a set of robust and well-characterized αSYN-based
models, presenting modest to more severe neurodegeneration.
Our results indicate that physiological WT LRRK2 does not
play a crucial role in αSYN-induced behavioral deficits, neu-
rodegeneration, or αSYN pathology. Still, loss of LRRK2
protein aggravated the αSYN-induced decrease in nigral and
striatal TH protein levels, although this was not accompanied
by more severe dopaminergic cell loss. It is currently unclear
how this relates to neuronal function, yet it might explain the
exacerbated motor deficits observed in the LRRK2 KO rats
(Fig. 1B). The observation that also MLi-2–treated rats dis-
play a similar reduction in striatal TH levels might point to
LRRK2 dephosphorylation at S910 and/or S935 as potential
underlying mechanism. In line with these data, double knock-
in mice carrying the S910A/S935A mutation show alterations
in dopamine-regulating proteins and a significant reduction in
intensity of TH immunoreactivity without dopaminergic neu-
rodegeneration [32]. Future studies will be necessary to ad-
dress how LRRK2 regulates TH protein levels and how this is
related to neuronal (dys)function. Furthermore, we found that
LRRK2 deletion significantly reduces the frequency of reac-
tive microglia and infiltrating T cells in our model. Studies on
inflammatory processes in rAAV-based αSYN models point
to a causal role of neuroinflammation in the pathogenesis of
PD [27, 33, 34]. The involvement of LRRK2 in the infiltration
of peripheral immune cells is a very relevant finding since
peripheral immune responses are believed to play an impor-
tant role in PD pathogenesis [35]. Indeed, infiltrated T cells
have been found in the SN of patients with PD [36] and pep-
tides derived from αSYN can elicit an immune response from
T cells obtained from patients with PD [37]. Additionally, we
have shown that peripheral injection of αSYN fibrillar assem-
blies in naive mice primed with LPS resulted in differential
recruitment of T cells to the brain [38]. Recently, human-
derived monocytes have been shown to react distinctly to
different αSYN assemblies [39]. In addition, being highly
expressed in myeloid cells and upregulated upon inflammato-
ry insults [40], LRRK2 might be another important player in
the immune cascade involved in the pathogenesis of PD.
Multiple lines of evidence point to a significant role for
LRRK2 in neuroinflammation, which is strongly believed to
be, at least partly, mediated by its role in peripheral immune
cells (reviewed in the study of Cabezudo et al. [35]).

The data presented here point to a role for LRRK2 in both
the innate and adaptive immune responses. Remarkably, de-
spite the suppressed microglial activation and T cell infiltra-
tion in the absence of LRRK2, no protection against αSYN-
induced toxicity was established. This is an intriguing finding

�Fig. 5 Loss of LRRK2 attenuates αSYN-induced microglial MHC II
activation and T cell infiltration. (A) Representative image of the MHC
II immunostaining in the SN of WT, LRRK2 KO, and MLi-2–treated
animals injected with different doses of rAAV2/7 A53T or WT αSYN
vector (scale bars = 250 μm (main picture), 50 μm (inset)). (B, C)
Number of MHC II+ cells in the SN of WT and LRRK2 KO rats injected
with different doses of rAAV2/7 A53T (B) or WT (C) αSYN vector
(mean ± S.E.M., two-way ANOVA and Sidak’s post hoc test, n = 6 an-
imals/group, F(1, 29) = 18.33, **p = 0.0012 for A53T high vector dose
(B); F(1, 20) = 22.27, **p = 0.0093 for WT low vector dose, **p =
0.0046 for WT medium vector dose (C)). (D) Number of MHC II+ cells
in the SN of WT rats injected with a medium dose of rAAV2/7 WT
αSYN and treated with MLi-2 inhibitor or placebo (mean ± S.E.M., t
test, n = 6, F(4, 5) = 1.545, p > 0.05). (E–I) Flow cytometry
immunophenotyping on brain tissue of LRRK2 KO andWT rats 2 weeks
after injection with a high dose of rAAV2/7 A53T αSYN vector. (E)
Gating strategy for the identification of MHC II+ microglia, CD4+ T
helper cells, and CD8+ cytotoxic T cells in the midbrain of LRRK2 KO
andWT control animals. (F) Analysis of the number of MHC II+ microg-
lia in LRRK2 KO and WT rats. (G) Analysis of the mean fluorescence
intensity (MFI) of MHC II in microglia from LRRK2 KO and WT rats.
Frequency of CD8+ cytotoxic T cells (H) and CD4+ T helper cells (I) in
the midbrain of LRRK2 KO and WT animals injected with rAAV2/7
A53T αSYN (mean ± S.E.M., t test, n = 5 animals/group, F(4, 4) =
4.379, **p = 0.0012 (F); F(4, 4) = 3.321, ***p = 0.0005 (G); F(4, 4) =
2.383, *p = 0.0472 (H); F(4, 4) = 1.651, *p = 0.0196 (I))
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that underscores the complex relation between LRRK2 and
αSYN and their role in neuroinflammation and neurodegen-
eration. Although the animal models used in this study present
high construct, face, and predictive validity, the complexity
and the chronic character of these processes in the patient
brain might not be fully captured.

In conclusion, our study has revealed a significant role for
LRRK2 in αSYN-induced neuroinflammation. The finding
that targeting LRRK2 did not protect against neurodegenera-
tion and neuropathology should be well considered in light of
the development of LRRK2 kinase inhibitors for idiopathic
PD. The currently ongoing clinical studies will reveal the true
therapeutic potential of LRRK2 kinase inhibitors for both pa-
tients with genetic LRRK2 PD and patients with idiopathic
PD. Future research is crucial to better understand the follow-
ing: 1) how neuroinflammation links to the progression of PD,
2) to what extent αSYN and LRRK2 are key players in these
pathological processes, and 3) the timing of these processes in
the progression of PD.
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