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Constitutive Silencing of LRRK2 Kinase Activity
Leads to Early Glucocerebrosidase Deregulation
and Late Impairment of Autophagy in vivo
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Abstract
Background: Mutations in leucine-rich repeat kinase 2 (LRRK2) are associated with familiar and sporadic
Parkinson’s disease. LRRK2 modulates the autophagy-lysosome pathway (ALP), a clearance process
subserving the quality control of cellular proteins and organelles. Since dysfunctional ALP might lead to
α-synuclein accumulation and, hence, Parkinson’s disease, LRRK2 kinase modulation of ALP, its age-
dependence and relation with pSer129 a-synuclein inclusions in striatal and nigral neurons were
investigated in vivo.

Methods: Striatal ALP markers were analyzed by Western blotting in 3, 12 and 20-month-old LRRK2
G2019S knock-in mice (bearing enhanced kinase activity), LRRK2 knock-out mice, LRRK2 D1994S knock-
in (kinase-dead) mice and wild-type controls. The lysosomotropic agent chloroquine was used to
investigate the autophagic �ux in vivo. Quantitative Real-time PCR was used to quantify the transcript
levels of key ALP genes. The activity of the lysosomal enzyme glucocerebrosidase was measured using
enzymatic assay. Immunohistochemistry was used to co-localize LC3B puncta with pSer129 a-synuclein
inclusion in striatal MAP-positive and nigral TH-positive neurons.

Results: No genotype differences in macroautophagy and chaperone-mediated autophagy markers were
observed at 3 months. Conversely, increase of LC3-I, p62, LAMP2 and GAPDH levels, decrease of p-mTOR
levels and downregulation of mTOR and TFEB expression was observed in 12-month-old kinase-dead
mice. The LC3-II/LC3-I ratio was reduced following administration of chloroquine, suggesting a defective
autophagic �ux. G2019S knock-in mice showed LAMP2 accumulation and downregulation of ALP key
genes MAP1LC3B, LAMP2, mTOR, TFEB and GBA1. Subacute administration of the LRRK2 kinase
inhibitor MLi-2 in wild-type and G2019S knock-in mice did not replicate the pattern of kinase-dead mice.
Lysosomal glucocerebrosidase activity was increased in 3 and 12-month-old knock-out and kinase-dead
mice, and GBA1 expression reduced in 12-month-old G2019S knock-in mice. Immuno�uorescence
revealed a dissociation between LC3B puncta accumulation and pSer129 a-synuclein inclusions in
striatal neurons of kinase-dead and G2019S knock-in mice.

Conclusions: We conclude that constitutive LRRK2 kinase silencing results in early deregulation of GCase
activity followed by late impairment of macroautophagy and chaperone-mediated autophagy. In G2019S
knock-in mice, pSer129 a-synuclein inclusions observed under basal conditions appear unrelated to
autophagy impairment. 

Background
Accumulation of misfolded protein and damaged/dysfunctional organelles is a common hallmark of
neurodegenerative disorders of aging, such as Parkinson’s disease (PD). Several genetic factors, among
which mutations in the leucine-rich repeat kinase 2 (LRRK2) gene, contribute to PD pathogenesis [1–3].
LRRK2 is a large multidomain protein, encompassing a catalytic core with GTPase and kinase domains,
�anked by protein-protein interaction motifs [4, 5]. LRRK2-related PD is characterized by an age-
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dependent and incomplete penetrance. The most common mutation, p.G2019S, confers enhanced kinase
activity and causes autosomal dominant PD, whereas the LRRK2 locus is a risk factor for idiopathic PD
[6, 7]. The enhancement of LRRK2 kinase activity proved neurotoxic in several in vitro and in vivo studies
[8–11]. On the contrary, LRRK2 mutant mice harboring kinase-dead mutations, among which D1994N,
exhibited a reduced age-related neuronal toxicity [12]. LRRK2 plays a role in a variety of cellular functions
and pathways, thus, not surprisingly, various mechanisms have been recognized or hypothesized to be
involved in LRRK2-mediated neuropathology, among which the modulation of the autophagy-lysosomal
pathway (ALP) [13–17]. Autophagy is a highly conserved process responsible for bulk degradation of
cellular debris as well as dysfunctional/damaged organelles by delivery to lysosomes and is classically
divided in three main types: macroautophagy, chaperone-mediated autophagy (CMA) and
microautophagy. ALP integrates extracellular and intracellular stimuli to regulate energy balance and
proteostasis [18, 19]. However, ALP e�ciency declines during physiological aging [20], resulting in
impaired α-synuclein (α-syn) clearance and, possibly, sensitization to PD onset or facilitation of its
progression [21, 22]. Several studies have attempted to establish whether LRRK2 is a positive or negative
modulator of ALP [14, 15, 23, 24]. Most studies were carried out in vitro and led to inconsistent data,
possibly due to the different cell types and neurons used, type of LRRK2 mutant, and mutant
overexpression levels. Also in vivo (ex vivo) studies did not give a conclusive picture. Indeed, original
studies pointed out to ALP impairment in the kidney and lungs of aged LRRK2 KO [25–30] and KD mice
[25]. An increase in autophagic markers p62 and LC3-II and a reduction in the lysosomal/endosomal
marker LC3-I was found in the optical nerve (for p62 also in striatum and SN) of 15-month-old mice
lacking both LRRK1 and LRRK2 that were interpreted as being due to ALP inhibition [31]. Interestingly,
however, the same conclusion was reached by studies performed in 15-20-month-old G2019S KI mice [32,
33] or BAC G2019S rats [34] and showing reductions of LC3-I and LAMP1 or increase of LC3-II levels and
LC3 puncta in various brain areas. Nonetheless, none of these studies analyzed the autophagic �ux in
vivo, as per accepted recommendations [35], making it di�cult to interpret whether the increase observed
in LC3-II re�ect an increased or decreased autophagic �ux.

The current study sought to investigate the role of LRRK2 kinase activity in the modulation of ALP in vivo,
and how this modulation changes during aging. To this aim, G2019S KI mice (bearing enhanced kinase
activity), LRRK2 D1994S KI mice (bearing a kinase-dead mutation; KD mice), LRRK2 knock-out (KO) mice
and WT mice were analyzed at 3, 12 and 20 months of age. Western blotting (WB) and RT-qPCR were
used to monitor the levels and expression of macroautophagy markers LC3-I, LC3-II, p62, mTOR and its
Ser2448 phosphorylated, active form (hereafter referred to as p-mTOR), AMPK and its Thr172
phosphorylated, active form (hereafter referred to as p-AMPK) and CMA markers LAMP2 and GAPDH. The
transcript levels of Transcription factor EB (TFEB) a master regulator of autophagy and lysosome
biogenesis [36, 37] were also measured. Modulation of the autophagic �ux in vivo was achieved via
subacute administration of Chloroquine (CQ), a lysosomotropic agent that inhibits the fusion of
autophagosomes with lysosomes [35]. The hydrolytic activity of the lysosomal enzyme
Glucocerebrosidase (GCase) was measured in the striatum of 3 and 12-month-old LRRK2 mutant mice.
Indeed, impaired GCase activity is associated with PD [38–40] and GBA1 heterozygous mutations are the
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second most common cause of genetic PD [41]. Moreover, the impact of pharmacological inhibition of
LRRK2 kinase activity on ALP was investigated via subacute administration of MLi-2. Lastly, to correlate
ALP alterations with phosphorylation of α-syn at Serine129 (pSer129 α-syn), an early index of
synucleinopathy [42], previously observed in G2019S KI mice [43, 44], co-immuno�uorescence analysis
was conducted to visualize LC3B puncta and pSer129 α-syn inclusions in striatal MAP+ neurons and
nigral TH+ neurons.

Methods

Animals
Experimental procedures involving the use of animals complied with the ARRIVE guidelines and the EU
Directive 2010/63/EU for animal experiments and were approved by the Ethical Committee of the
University of Ferrara and the Italian Ministry of Health (license 714/2017-PR). Female and male
homozygous LRRK2 G2019S KI, KO and KD mice backcrossed for at least 9 generations on a C57BL/6J
background, were used [44, 75, 76]. Founders were obtained from Mayo Clinic (Jacksonville, FL, USA)
(LRRK2 KO mice) [30] and from Novartis Institutes for BioMedical research (Novartis Pharma AG, Basel,
Switzerland) (G2019S KI and KD mice) [25]. A colony of non-transgenic wild-type (WT) mice was initially
set from heterozygous breeding of G2019S KI mice, then control WT male mice used in all experiments.
Colonies were grown at the vivarium (LARP) of the University of Ferrara and kept under regular lighting
conditions (12 h light/dark cycle), with free access to food (4RF21 standard diet; Mucedola, Settimo
Milanese, Milan, Italy) and water. Animals were housed in groups of 5 for a 55x33x20 cm polycarbonate
cage (Tecniplast, Buguggiate, Varese, Italy) with a Scobis Uno bedding (Mucedola, Settimo Milanese,
Milan, Italy) and environmental enrichments.

Tissue processing
Mice were anesthetized with iso�urane, transcardially perfused with Phosphate Buffer Solution (PBS),
then �xed with 4% paraformaldehyde (PFA) solution (pH 7.4) at 4°C. Brains were dissected out and post-
�xed in 4% PFA for 24 h. Brains were then transferred in 30% sucrose in PBS at 4°C and then stored at
-80°C. PFA-�xed brains were sectioned at 50 µm (coronal sections) with a cryo-microtome (Leica, Buffalo
Grove, Illinois, US) and stored in cryoprotective medium (30% glycerol, 30% ethylene glycol) at -20°C.

LC3B, pSer129 α-syn and MAP2 immuno�uorescence
Tissue processing and immunohistochemistry were performed on free-�oating sections. Coronal sections
of striatum (AP from + 1.0 to -1.25 from bregma) [77] were used for all histological assays. Sections were
rinsed 3 times in PBS and blocked in 5% normal goat serum (ab7481, Abcam, Cambridge, Massachusetts,
US) and 0.3% TritonX-100 in PBS for 1 h. The following primary antibodies were used: LC3 (1:3000; Rb
ab51520, Abcam), pSer129 α-syn (1:2000; Ms ab184674, Abcam), MAP2 (1:1000; Ck ab5392, Abcam), TH
(1:1000; Ck ab76442, Abcam). After overnight incubation at 4°C, the primary antibody staining was
revealed using donkey anti-Rabbit Secondary Antibody Alexa Fluor 488 (1:1000; A-21206, ThermoFisher
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Scienti�c, Waltham, Massachusetts, US), donkey anti-Mouse Secondary Antibody Alexa Fluor 555
(1:1000; A31570, Thermo Fisher Scienti�c), goat Anti-Chicken IgY H&L Alexa Fluor 647 (1:1000;
ab150171, Abcam). Sections were rinsed in PBS 3 times, incubated in DAPI solution, mounted on
Superfrost Plus slides (ThermoFisher Scienti�c) and coverslipped using antifade Fluoromount G
(ThermoFisher Scienti�c). Images were acquired using a Leica SP8-X confocal microscope at 63X and
unbiased estimations of LC3 and pSer129 α-syn in MAP2+ and TH+ cells were performed (Fiji software,
NIH, Bethesda, Maryland, US and Cell Pro�ler software, Cambridge, Massachusetts, US) by investigators
blinded to genotype and experimental conditions.

Western Blot analysis
Mice were anesthetized with iso�urane and sacri�ced via cervical dislocation, as described [44, 75, 76].
Striatal tissue was subdissected, snap-frozen and stored at -80°C until further use. Tissue was lysed on
ice in 1X RIPA lysis buffer supplemented with 1X Halt protease and phosphatase Inhibitor Cocktail
(ThermoFisher Scienti�c). RIPA lysates were centrifuged at 15,000 g for 10 min at 4°C to remove cellular
debris. The pellet was discarded, and clari�ed lysates were quanti�ed with a Pierce BCA protein assay
(ThermoFisher Scienti�c). Tissue lysates were mixed with 4X LDS Sample buffer, 10X Reducing Agent,
equal amounts of protein were subjected to 4–12% Bis-Trisglycine gel or 16% Trisglycine gel and
transferred to PVDF membranes (Bio-Rad). Membranes were blocked with 5% milk or 5% BSA in tris-
buffered saline with 0.1% Tween (TBST) and immunoblotted according to standard protocols. The
following primary antibodies were used for the detection of endogenous LC3 (1:3000; Rb ab51520,
Abcam), p62 (1:1000; Rb ab91526, Abcam), LAMP2 (1:1000; Rt ab13524, Abcam), mTOR (1:1000; Rb
mAb #2983, CST), phospho-mTOR (Ser2448) (1:1000; Rb mAb #2971, CST), AMPKα (D5A2) (1:1000; Rb
BK5831S CST), Phospho-AMPKα (Thr172)(1:1000; Rb mAb BK 2535S CST), phospho-S6K1(Thr389)
(1:1000; Rb BK9205S CST), S6K1 (1:1000;Rb BK9202S CST), pSer1292 LRRK2 (1:300; Rb ab203181,
Abcam), LRRK2 (1:300; Rb ab133474, Abcam), β-actin (1:3000; Rb ab8227, Abcam). Following incubation
at 4°C overnight, horseradish peroxidase-conjugated secondary antibodies, goat anti-Rb (1:4000; 12–348
Merck Millipore, Burlington, Massachusetts, US) and goat anti-Rat (1:4000, AP136P, Merck Millipore), and
an ECL kit (ThermoFisher Scienti�c) were used to detect protein signals. Multiple exposures and images
were acquired using the ChemiDoc MP System (Bio-Rad, Hercules, California, US) and protein bands were
quanti�ed by densitometry using ImageLab Software (Bio-Rad). β-actin bands were used for
normalization.

GCase activity assay
GCase activity was measured as described [78]. Mice were anesthetized with iso�urane and sacri�ced via
cervical dislocation. Mouse striata (∼15 mg) were dissected out and rapidly homogenized in 150 µl and
250 µl of ice-cold RIPA buffer. Ten micrograms of protein lysates for each sample were diluted in 100 µl
of Assay buffer (0.1 M sodium citrate phosphate, pH 5.6; 0.1% Triton X-100; 0.25% sodium taurocholate
and 2.5mM 4-4-Methylumbelliferyl β-D-glucopyranoside or 4-MUG). Standard curve (6-point standard
curve: 25 µM − 0 µM) was also prepared by serial dilutions of 4-methylumbelliferyl (4-MU, M1381, Sigma-
Aldrich, Saint Louis, Missouri, USA) in ddH20. After incubation with the substrate for 1 h at 37°C, the
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reaction was terminated adding 150 µl of stop solution (0.25 M Glycine, pH 10.4). Plates were read (Ex
360/Em 460) in Ensight Perkin Elmer (Perkin-Elmer, Boston, MA, USA), a �uorescent plate reader using
Kaleido software (Perkin-Elmer). Enzymatic activity was assessed from a 4-methylumbelliferyl standard
curve, whereas protein quanti�cation was determined using a bicinchoninic acid (BCA) assay
(ThermoFisher Scienti�c).

Quantitative Real-Time PCR analysis
Mice were anesthetized with iso�urane and sacri�ced via cervical dislocation. Total RNA was extracted
from striatal tissue (15 mg) of 12-month-old WT, G2019S KI, KO and KD mice (n = 8 each) using TRI
Reagent (Sigma-Aldrich). One microgram of total RNA was treated with DNase I (Thermo Fisher
Scienti�c) and used for cDNA synthesis, performed by the RevertAid First Strand cDNA Synthesis Kit
(ThermoFisher Scienti�c), according to the manufacturer’s instructions. Real-time PCR was performed
using a CFX Connect Real-time PCR Detection System (Bio-Rad) in 12 µl reaction mixture containing 1.6
µl of 1:5 diluted cDNA, 6 µl SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), 0.4 µl forward primer
(10 µM), 0.4 µl reverse primer (10 µM) and 3.6 µl nuclease free water. Thermal cycling condition protocol
was set at 95°C for 2 min, 40 cycles at 95°C for 15 s and 60°C for 30 s. After the cycling protocol, a
melting-curve analysis from 55°C to 95°C was conducted. Expression of MAP1LC3, TFEB, mTOR, LAMP2,
p62, and GBA1 genes was normalized using β-ACT and HPRT as reference genes [79], applying QBase + 
method [80]. Gene-speci�c primers (Table S1) were used, and eight independent biological replicates,
made in triplicate, were performed for each genotype.

Drug treatment
CQ, a validated lysosomotropic autophagy inhibitor, was administered (50 mg/kg, i.p.) once daily for
three consecutive days to assess the autophagic �ux [81]. Mice were anesthetized with iso�urane and
sacri�ced via cervical dislocation at 4 or 24 h after the last CQ injection and striatal tissues were
dissected out to perform WB analysis. To con�rm the e�cacy of this CQ administration protocol in
blocking the autophagolysosomal formation, CQ was �rst administered to a cohort of 3-month-old WT
mice (n = 6). After con�rming LC3-II accumulation and the increase of LC3-II/I ratio, the protocol was
applied to two cohorts of 12-month-old WT and KD mice (n = 6 each).

MLi-2 treatment
Two cohorts of 12-month-old WT and G2019S KI mice (n = 6 per genotype in each cohort) were
subacutely treated with MLi-2 to inhibit LRRK2 kinase activity. Two protocols of MLi-2 administration
were adopted: 10 mg/Kg, i.p., twice daily for seven days, or 5 mg/kg, i.p., once daily for seven days.
Animals were sacri�ced 4 or 12 h after the last injection and one striatum was collected to perform WB
analysis, while the other striatum for RT-qPCR analysis.

Drugs
CQ was purchased from Sigma and was dissolved in saline solution. MLi-2 was purchased from
Carbosynth (Commpton, Bershire, UK) and was dissolved in 4% DMSO and 30% hydroxyprpyl β-
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cyclodextrin.

Statistical analysis
Data are expressed as mean ± SEM (standard error of mean) of n mice. Statistical analysis was
performed using Prism 8.0 (GraphPad Software Inc., CA, USA). For experiments with n > 2 groups, one-
way ANOVA followed by the Bonferroni’s for multiple comparisons was used. QBase + analysis was
performed to quantify fold change in gene expression [80], and data analyzed by one-way ANOVA
followed by Dunnett’s test for multiple comparisons. When only two groups of data were analyzed (e.g.,
to assess the e�cacy of CQ or MLi-2) the Student’s t test, two-tailed for unpaired data, was used.
Statistical signi�cance was set at p < 0.05.

Results

Effect of aging on expression of ALP markers in LRRK2
mice
To evaluate whether age-related dysfunction in striatal macroautophagy and CMA machineries is
associated with LRRK2 kinase activity, WB analysis was performed in striatal tissues from 3, 12 and 20-
month-old G2019S KI, KO, KD and WT mice. No marker changes across genotypes were observed in 3-
month-old mice (Fig. S1). Conversely, changes of LC3-I (F3,28=18.03, p < 0.0001; Fig. 1A), LC3-II
(F3,28=2.85, p = 0.055, Fig. 1B), p62 (F3,20=5.37, p = 0.0071), p-mTOR (F3,28=12.94, p < 0.0001; Fig. 1E),
LAMP2 (F3,28=8.50, p = 0.0004; Fig. 1G) and GAPDH (F3,20=11.69, p = 0.0001; Fig. 1H) were detected in 12-
month-old mice. KD mice showed a 2-fold increase in the abundancy of LC3-I and p62, an 80% elevation
of LC3-II and a 72% reduction of p-mTOR with respect to controls. This was associated with an increase
of CMA markers LAMP2 (+ 46%) and GAPDH (+ 70%). As far as KO and G2019S KI mice were concerned,
a 45% increase of LAMP2 levels was only observed. As AMPK is a functional antagonist of mTOR and
promotes autophagy in most systems, AMPK levels were investigated in 12-month-old mice (Fig. S2).
AMPK levels were signi�cantly affected across genotypes (F3,20=3.62, p = 0.0308), being a 50% elevation
observed in KD mice.

WB analysis at 20 months (Fig. 2) showed signi�cant changes of LC3-II (F3,20=5.49, p = 0.0065; Fig. 2B),
p62 (F3,20=8.53, p = 0.0008; Fig. 2D), p-mTOR (F3,20=8.91, p = 0.0006; Fig. 2E), mTOR (F3,20=22.28, p < 
0.0001; Fig. 2F) and LAMP2 (F3,20=4.93, p = 0.0100; Fig. 2G) across genotypes. Again, KD mice were most
affected, showing increases of LC3-II (+ 30%), p62 (+ 80%) and mTOR (+ 95%) levels along with a 50%
reduction of p-mTOR levels. At variance with that observed in younger mice, signi�cant elevations of p62
(+ 47%), mTOR (+ 73%) and LAMP2 (+ 30%) levels were found in KO mice. Conversely, no changes in
macroautophagy or CMA markers were observed in G2019S KI mice. To investigate whether the increase
of mTOR corresponded to an increase of its activity, the phosphorylation levels of the mTOR substrate,
S6K1 were investigated (Fig. S3). No changes in p-S6K1 and S6K1 levels were found (Fig. S3B, C). p-
AMPK and AMPK levels were also investigated (Fig. S3D, E). Only p-AMPK levels were signi�cantly
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affected across genotypes (F3,20=6.93, p = 0.0022). Both KO and KD mice showing marked increases (+ 
443% and + 300% respectively), being this effect was just above the limit of signi�cance in KD mice (p = 
0.059).

Gene expression analysis of autophagy-related markers at
12 months
To investigate whether changes in protein levels correlated with changes in gene expression, RT-qPCR
was performed in striatal extracts from 12-month-old mice (Fig. 3). Changes were observed in mRNA
levels of MAP1LC3B (F3,28=5.23, p = 0.0054; Fig. 3A), LAMP2 (F3,27=13.44, p < 0.0001; Fig. 3C), mTOR
(F3,28=5.39, p = 0.0047; Fig. 3D) and TFEB (F3,28=3.40, p = 0.0315; Fig. 3E) whereas mRNA levels of p62
were unaffected (Fig. 3B). KD mice showed a 20% reduction of mTOR and TFEB mRNA whereas KO
mice a 20% reduction of MAP1LC3B mRNA. Conversely, G2019S KI mice appeared largely impaired at
transcriptional level due to the signi�cant 20% downregulation of MAP1LC3B, LAMP2, TFEB and mTOR
gene transcripts.

Autophagic �ux assessment in LRRK2 KD mice at 12
months of age
The lysosomotropic autophagy inhibitor CQ was employed to determine whether the LC3 changes were
due to increased or impaired ALP [35]. To validate the administration protocol, CQ (50 mg/Kg, i.p.) [45]
was administered daily for three consecutive days in 3-month-old WT mice, and animals were sacri�ced
24 hours after the last injection (Fig. S4A). A signi�cant 30% increase was found in LC3-II levels (df = 10,
t = 2.88, p = 0.0165) and LC3-II/I ratio (df = 10, t = 2.44, p = 0.0350), which is considered an index of
effective blockage of autophagosome-lysosome fusion (Fig. S4A) [35]. CQ treatment did not alter the
levels of other macroautophagy or CMA markers, such as p62, LAMP2, p-mTOR and mTOR in 3-month-
old WT mice (Fig. S4B). The same protocol was then applied to assess the autophagic �ux in 12-month-
old WT, G2019S KI, KO and KD mice (Fig. S4C). CQ administration signi�cantly reduced the levels of LC3-I
(-60%, df = 10, t = 4.20, p = 0.0018), LC3-II (-80%, df = 10, t = 5.70, p = 0.0002) and p62 (-40%, df = 10, t = 3, p 
= 0.0065) in KD mice (Fig S4C), and elevated LC3-I levels in WT (+ 60%; df = 10, t = 3, p = 0.0107) and
G2019S KI (+ 110%; df = 10, t = 3, p = 0.0110) mice (Fig. S4C). However, the LC3-II /I ratio was signi�cantly
reduced by 40% in G2019S KI (df = 10, t = 6.11, p = 0.0001), KO (df = 10, t = 5.22, p = 0.0004), KD (df = 10,
t = 4.66, p = 0.0009) and WT (df = 10, t = 10, p = 0.0040) mice, suggesting an impairment of the
autophagic �ux in all genotypes (Fig. S4C). This was accompanied by a consistent elevation of p-mTOR
levels across all CQ-treated LRRK2 mutants, that was most dramatic in KD mice: G2019S KI (+ 150%, df = 
10, t = 2.55, p = 0.0288), KO mice (+ 110%, df = 10, t = 3.72, p = 0.0040), KD mice (+ 1630%; df = 10, t = 3.74,
p = 0.0038). KD mice also showed a 60% reduction of mTOR levels (df = 10, t = 3.41, p = 0.0066). LAMP2
levels were found 57% elevated only in WT mice after CQ treatment (df = 10, t = 3, p = 0.0096; Fig.S4C).
These results, in particular the lack of an increase of LC3-II and LC3-II/I ratio in CQ-treated WT mice, led us
to hypothesize that these changes were due to a tardive feedback mechanism occurring in all genotypes
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as a consequence of the CQ-mediated blockage of the autophagic �ux, as previously reported in WT mice
[45]. Therefore, CQ administration was replicated anticipating WB analysis at 4 h after the last CQ
injection, i.e. when the ALP blockage is still effective. This new administration protocol was performed
only in 12-month-old KD mice, i.e. the only genotype showing alterations in LC3-I and LC3-II levels. At this
time-point, LC3-I levels were unchanged (Fig. 4A) whereas LC3-II levels (df = 10, t = 5.63, p = 0.0002;
Fig. 4B) and the LC3-II/I ratio (df = 10, t = 10.35, p < 0.0001; Fig. 4C) were 2.5-fold elevated in WT mice,
likely due to the inhibition of autolysosome formation. Conversely, CQ-treated KD mice exhibited a 30%
reduction of LC3-II levels (df = 10, t = 2.31, p = 0.0432) and LC3-II/I ratio (df = 10, t = 2.61, p = 0.0258),
indicating a defective autophagic �ux (Fig. 4B, C). Consistently, the cargo protein p62 accumulated in CQ-
treated WT mice (+ 78%, df = 10, t = 4.30, p = 0.0016) but not in KD mice (Fig. 4D). Conversely, p-mTOR
levels were elevated by 2.5-fold in WT mice (df = 10, t = 6.32, p < 0.0001) and by 12-fold in KD mice (df = 
10, t = 19.57, p < 0.0001; Fig. 4E) suggesting a marked mTOR activation in both genotypes. This
enhancement of mTOR activation was coupled to a 44% reduction in total mTOR levels in KD mice (df = 
9, t = 4.18, p = 0.0024; Fig. 4F). LAMP2 levels were elevated by CQ administration in both WT (+ 28%, df = 
10, t = 2.60, p = 0.0265) and KD mice (+ 52% df = 10, t = 5.89, p = 0.0002; Fig. 4G).

Changes in GCase activity and GBA1 expression in LRRK2
mice
Since data pointed to a reduced autophagic �ux in KD mice, we investigated whether also the activity of
lysosomal GCase was affected in LRRK2 mice (Fig. 5). Signi�cant changes were observed both at 3
months (F3,20=8.46, p = 0.0008; Fig. 5A) and 12 months (F3,24=14.97, p < 0.0001; Fig. 5B). When compared
to WT controls, KD mice showed an enhancement at both ages (+ 80% and + 32%, respectively) whereas
KO mice only at 12 months (+ 47%), although such increase was signi�cant when the comparison was
made against 3-month-old G2019S KI mice (p < 0.05). Conversely, no changes of GCase activity were
detected in G2019S KI mice. RT-qPCR analysis interrogated whether changes in GCase activity were
accompanied by changes of GBA1 transcript levels in 12-month-old LRRK2-mutant mice. No signi�cant
change in GBA1 gene expression was detected across genotypes (F3,28=2.45, p = 0.0844; Fig. 5C)
although a tendency towards a reduction (15%) was observed in G2019S KI mice.

Subacute pharmacological inhibition of LRRK2 kinase
activity
To test whether pharmacological LRRK2 kinase inhibition replicates the ALP impairment associated with
the constitutive kinase silencing in vivo, MLi-2, a potent and brain penetrant LRRK2 kinase inhibitor, was
administered subacutely for 7 days in 12-month-old WT and G2019S KI mice. Levels and expression of
macroautophagy and CMA markers were evaluated 4 h after the last injection. Target engagement was
con�rmed by WB analysis of pSer1292 LRRK2 levels, a readout of LRRK2 kinase activity [46], in G2019S
KI mice. In a pilot experiment, 10 mg/Kg (i.p.) b.i.d. for 7 days was administered, since this protocol was
well tolerated in 3-month-old mice (unpublished data). After a few doses, however, lethality was observed
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in some 12-month-old mice of both genotypes prompting us to lower the dosage to 5 mg/Kg (i.p.), once a
day for 7 days. Under these conditions, no signs of distress or mortality were noticed. WB analysis
revealed a 42% reduction of pSer1292 LRRK2 levels in G2019S KI mice (Fig. S5), indicating effective
targeting of LRRK2 in vivo. MLi-2 caused a 50% elevation of LC3-I in WT mice (df = 10, t = 2.35, p = 
0.00406) but not in G2019S KI mice, and no changes in LC3-II or LC3-II/ I ratio in both genotypes (Fig. 6A).
p62 levels were elevated in both WT and G2019S KI mice, although the increase was signi�cant only in
G2019S KI mice (+ 80%, df = 10, t = 2.52, p = 0.0303) whereas LAMP2 levels remained unaffected
(Fig. 6A). Interestingly, p-mTOR was reduced by 32% (df = 10, t = 2.58, p = 0.00272) and mTOR levels
enhanced by 30% (df = 10, t = 2.51, p = 0.0306; Fig. 6A) in G2019S KI mice, whereas no changes were
observed in WT mice. RT-qPCR analysis showed that MLi-2 increased MAP1LC3B (+ 35%, df = 10, t = 2.62,
p = 0.00257), and reduced mTOR (-25%, df = 10, t = 3.66, p = 0.0044) and TFEB (-20%, df = 10, t = 2.71, p = 
0.00218) transcripts in WT mice (Fig. 6B). Moreover, MLi-2 reduced mTOR transcripts in G2019S KI mice
(-25%, df = 10, t = 3.86, p = 0.0032) and left unaffected p62 and LAMP2 transcript levels in both genotypes
(Fig. 6B).

Immuno�uorescence analysis of LC3B puncta and pSer129
α-syn in striatum and substantia nigra
We previously reported accumulation of pSer129 α-syn soluble forms in the striatum and substantia nigra
(SN) of 12-month-old G2019S KI mice [43]. To investigate whether changes in ALP markers were
associated with signi�cant increase of neuronal pSer129 α-syn inclusions, immuno�uorescence analysis
in the striatum and SN of 12-month-old WT, KD, KO and G2019S KI mice was carried out (Fig. 7).
Signi�cant changes in LC3 puncta were observed across genotypes (F3,28=5.40, p = 0.0046). Consistent
with the increase in LC3B-I and LC3B-II detected by WB analysis, LC3B puncta were more abundant (+ 
78%) in striatal MAP2+ neurons of KD mice compared to WT mice (Fig. 7A, B) whereas no alterations
were observed in KO or G2019S KI mice. On the contrary, pSer129 α-syn signal was elevated in striatal
MAP2+ neurons of G2019S KI mice (+ 60%) but not KD and KO mice (F3,28=3.68, p = 0.0237) (Fig. 7A, C).
LC3B changes were also detected in TH + neurons of SN (F3,29=12.47, p < 0.0001), with KD and KO mice
showing an increase (2.5-fold and 2-fold, respectively) and G2019S KI mice no change (Fig. 7D, E).
However, no changes in pSer129 α-syn signal were observed in TH + neurons across genotypes (Fig. 7F).

Discussion
This study aimed at investigating the role of LRRK2 in the modulation of striatal autophagy and
lysosomal function in vivo, its kinase- and age-dependence, and relation with pSer129 α-syn inclusions in
striatal and nigral neurons, using mice bearing enhanced or silenced LRRK2 kinase activity, or devoid of
the full LRRK2 protein. The major �nding is that constitutive silencing of LRRK2 kinase activity is
associated with deregulation of GCase activity and age-dependent impairment of the autophagic �ux.
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LRRK2 kinase silencing results in age-dependent inhibition
of ALP in vivo
No differences in levels of macroautophagy and CMA markers were observed in the striatum of 3- month-
old mice, supporting the hypothesis that no disruption of ALP machinery occurs early in life [47].
Accordingly, no changes in the levels of Akt, mTOR and its substrate TSC2 were observed in the kidneys
of 6-week-old G2019S KI, KO and KD mice [25]. Instead, LC3-I and the autophagosome-associated marker
LC3-II [48] accumulated in the striatum of 12-month-old KD mice, along with LC3B-I and LC3B-II puncta in
both striatal MAP2+ and nigral TH+ cells. Different lines of experimental evidence support the hypothesis
that such changes re�ect an impairment and not an upregulation of ALP in striatal neurons of aged mice
carrying silenced LRRK2 kinase activity. First, CQ prevents lysosomal acidi�cation causing blockage of
autophagolysosome formation, and if ALP were normally active or even upregulated, an increase of LC3-
II/I ratio would be expected after CQ administration [45], as indeed observed in WT mice. The reduction of
LC3-II/I ratio, instead, indicates that CQ caused a further blockage of an already compromised
autolysosome fusion step. Second, the selective autophagy receptor and autophagic clearance marker
p62 accumulated in KD mice. Moreover, p62 levels were elevated in WT mice but unchanged in KD mice
after CQ treatment. Third, the levels of MAP1LC3B and p62 transcripts were unchanged in KD mice,
suggesting that the increase of LC3-I, LC3-II and p62 protein levels was not associated with an increased
synthesis, as it might be expected if autophagic �ux were up-regulated. Moreover, TFEB, a promoter of
autophagy and lysosome biogenesis [36, 37] was downregulated in KD mice.

If ALP is impaired in KD mice, the reduction of mTOR phosphorylated (i.e. active) form might re�ect a
compensatory mechanism to sustain a defective autophagic �ux, since it is a negative regulator of ALP
[49]. This is also supported by the concurrent increase of AMPK levels in KD mice since AMPK and mTOR
oppositely regulate the activity of the autophagy initiator ULK1 [49]. The dramatic increase of p-mTOR
levels in both WT and KD mice following CQ might thus re�ect a general feedback mechanism aimed to
inhibit ALP following lysosomal stress [50]. Nonetheless, a similar reduction of p-mTOR in 20-month-old
KD mice was not associated with a reduction of the phosphorylation of its substrate pS6K1. Although we
did not measure the phosphorylation levels of another mTOR substrate ElF4EBP1 and, therefore, we
cannot rule out the possibility of a differential regulation, the present data would suggest that changes in
mTOR phosphorylation do not translate in changes of mTOR activity. Thus, as pointed out by different in
vitro [51, 52] and in vivo [25] studies it is possible that LRRK2 modulation of ALP occurs independently of
mTOR, since mTOR is at the crossroad of signaling pathways involved in cellular survival, metabolism
and homeostasis [53].

CMA also is likely inhibited in 12-month-old KD mice. In fact, the levels of both the lysosomal receptor
LAMP2 and the CMA substrate GAPDH are elevated under basal conditions (each measure alone would
not allow to draw any conclusion on CMA activity) [54, 55] whereas LAMP2 transcript levels were
unchanged. These data point to lysosomal accumulation and impaired GAPDH clearance in striatum.
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The �nding that CQ increased the striatal levels of LAMP2 in both WT and KD mice would con�rm that
blockade of autophagosome formation causes lysosomal overload.

At 20 months, KD mice still showed an accumulation of the macroautophagy markers LC3-II and p62,
possibly con�rming a long-lasting ALP impairment. This was coupled to a reduced phosphorylation of p-
mTOR but not of its substrate pS6K1, and an increase of the phosphorylated, active form of AMPK.
LAMP2 and GAPDH were unchanged at this age, suggesting normalization of CMA activity. It is
noteworthy that mild changes in ALP markers similar to those observed in KD mice, i.e. elevated p62 and
mTOR levels associated with a slight reduction of p-mTOR levels, became evident in 20-month-old KO
mice, suggesting a late ALP dysregulation also in mice devoid of LRRK2. This is in contrast with the lack
of changes of ALP markers reported in the brain of 15-month-old LRRK2 KO mice [31], although the
different age at analysis might explain the inconsistency. Nonetheless, our data are in line with the
striking age-dependent ALP and lysosomal impairment associated with kidney pathology, consistently
reported in LRRK2 KO rodents in vivo [25–30]. The kidney pathology in KO mice, however, is characterized
by an earlier onset and more severe course compared to the brain pathology. This might be due to the
greater levels of LRRK2 expression in the kidney or to a LRRK1 compensatory role in the brain [31]. In fact,
LRRK1 regulates autophagy in cooperation with LRRK2 [56]. LAMP2 levels were also signi�cantly
elevated in 20-month-old KO mice, although this was not associated with changes in GAPDH protein
levels or LAMP2 gene expression, making it impossible to draw any conclusion on the CMA status in
these animals. In contrast with the reduction of LC3-I and LAMP1 levels found in the cerebral cortex of 20-
month-old G2019S KI mice [32] macroautophagy markers were unchanged in the striatum of G2019S KI
mice, in line with that found in the basal ganglia of G2019S PD patients [57]. G2019S KI mice showed an
increase of LAMP2 (but not GAPDH ) levels at 12 months which is in partial agreement with the increase
of striatal LAMP2 and GAPDH levels in aged R1441G KI mice that was proposed to re�ect CMA
impairment [58]. The inconsistence of the GAPDH changes in the two studies might be related to the
different LRRK2 mutation [34]. Nonetheless, signi�cant downregulation of MAP1LC3B, LAMP2, mTOR
and TFEB was observed in the striatum of 12-month-old G2019S KI mice possibly suggesting a defective
transcription associated with compensatory post-translational regulation.

LRRK2 inhibits GCase activity in vivo through its kinase
function
Consistent with the enhanced GCase hydrolytic activity in LRRK2 KO astrocytes [59], the present study
found elevated striatal GCase activity in LRRK2 KO and KD mice in vivo, indicating that striatal GCase
activity is negatively regulated by LRRK2 kinase. Indeed, MLi-2 rescued the impairment of GCase activity
in G2019S patient-derived �broblasts and DA neurons [60]. According to this study, the increased
enzymatic activity observed in both LRRK2 kinase-absent genotypes was not associated with changes of
GBA1 transcript, possibly suggesting a defective intracellular tra�cking of GCase [60]. The lack of GCase
changes in the striatum of G2019S KI mice (only a trend towards an inhibition was observed) might
indicate that the inhibitory regulation is already maximal under physiological conditions so further
increase of LRRK2 kinase activity associated with the G2019S mutation does not cause additional
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inhibition. Nonetheless, the mild reduction of GBA1 expression observed in 12-month-old G2019S KI mice
is consistent with that found in the human PD brain [40]. Elevated GCase activity was observed in 3-
month-old and 12-month-old mice, suggesting that changes in lysosomal function precede changes of
ALP markers observed in these genotypes.

Pharmacological inhibition of LRRK2 kinase activity
To investigate the impact of LRRK2 kinase inhibition on ALP under conditions of normal and enhanced
kinase activity, subacute MLi-2 was administered in 12-month-old WT and G2019S KI mice. Aged mice
were exquisitely sensitive to MLi-2 irrespective of genotype, since they did not tolerate high MLi-2 dosage
causing profound inhibition of kinase activity (pSer1292 levels were reduced by 80% in surviving
G2019S KI mice, not shown). Under a safe MLi-2 dosage (associated with 42% reduction of striatal
pSer1292 LRRK2), an increase of LC3-I levels and MAP1LC3B expression was observed in WT mice.
G2019S KI mice were more affected showing an increase of p62 and mTOR and a reduction of p-mTOR
levels along with a reduction of mTOR expression. In any genotype, subacute MLi-2 administration
replicated the phenotype of 12-month-old KD mice, possibly due to adaptation phenomena
accompanying constitutive silencing of LRRK2 kinase activity and/or the mild level of LRRK2 kinase
inhibition achieved with the subacute protocol.

Various in vitro studies reported that LRRK2 kinase inhibitors, among which MLi-2, improve the
autophagic �ux or rescue the lysosomal defects associated with G2019S LRRK2 [32, 34, 51, 61–63]
whereas other showed the opposite [64]. Our data cannot either support or confute this view, considering
that elevation of p62 (not associated with changes of p62 transcript) and reduction of TFEB transcript
point to ALP blockade while the increase of LC3-I levels and expression suggest the opposite. Although
sub-acute inhibition of LRRK2 kinase activity did not recapitulate the ALP de�cits measured in 12-month-
old KD mice, it can provide information on ALP targets regulated by endogenous LRRK2 control and,
therefore, more sensitive to LRRK2 kinase inhibition. Indeed, the enhancement of LRRK2 kinase activity in
G2019S KI mice brings mTOR function under a stronger LRRK2 control. LRRK2 inhibitors are currently
under investigation as disease modifying agents in PD [65]. Although our data cannot tell whether the
MLi-2 toxicity observed in aged mice is LRRK2-related, they nonetheless con�rm that dosage of LRRK2
inhibitors need to be carefully titrated in aged subjects to avoid profound inhibition of LRRK2 kinase
function [65]. Moreover, further studies are needed to ascertain the effects of long-term treatment with
LRRK2 inhibitors on ALP function, particularly in aged animals.

Relationship between ALP impairment and pSer129 α-syn
inclusions
Previous in vivo studies have shown α-syn oligomer appearance to be associated with CMA impairment
in 18-month-old R1441G LRRK2 mice [58] or with autophagy impairment in 15-month-old LRRK double
KO mice [31] suggesting a link between ALP impairment and synucleinopathy. pSer129 α-syn inclusions
can be viewed as an early index of synucleinopathy [42] since Ser129 phosphorylation increases the
propensity of α-syn to aggregate and propagate [66]. Moreover, pSer129 α-syn co-stains with markers of
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Lewy body pathology in models of PD progression [67, 68] and is highly enriched in Lewy Bodies [69, 70].
Based on previous �ndings that G2019S LRRK2 facilitated α-syn phosphorylation at Ser129 and
nigrostriatal neurodegeneration [43, 71], the possibility that pSer129 α-syn inclusions were associated
with ALP impairment was considered. We previously observed the development of soluble pSer129 α-syn
inclusions in the striatum and SNc of G2019S KI mice during aging [43, 44]. Here, we localize pSer129 α-
syn inclusions in striatal MAP2+ neurons, very likely GABAergic neurons since they represent by far (> 
95%) the most abundant striatal cell population [72]. In line with WB data, however, striatal G2019S
neurons did not show altered LC3B puncta levels whereas striatal LRRK2 KD neurons showed increase in
LC3B puncta but not in pSer129 α-syn inclusions. Thus, ALP impairment and pSer129 α-syn inclusions
occur in different neuronal types. Based on this �nding, we should conclude that the greater nigrostriatal
degeneration observed in aged G2019S KI mice following virally-induced α-syn overload is due to
neuronal ALP-independent mechanisms. However, there might not be a relation between pSer129 α-syn
inclusions observed under basal conditions in G2019S KI mice and their enhanced susceptibility to
parkinsonism. Indeed, a recent study showed that presynaptic pools of neuronal pSer129 α-syn exist that
are unrelated to Lewy Body pathology [73]. This would suggest that striatal pSer129 α-syn inclusions
observed in aged G2019S KI mice under basal conditions might have some bearing with the neuronal
dysfunctions observed in these mice [44]. On the other hand, it cannot be ruled out that the ALP
impairment in KO mice also facilitates synucleinopathy in the presence of α-syn overload, due to the
expected defective α-syn handling.

Conclusions
This study provides strong evidence that constitutive silencing of LRRK2 kinase activity results in early
deregulation of GCase activity and late impairment of macroautophagy and CMA, whereas genetic
deletion of LRRK2 is associated with early deregulation of GCase activity followed by an even more
delayed ALP pattern reminiscent of ALP impairment, possibly indicating a contribution of LRRK2
scaffolding properties and GTPase activity or simply the loss of LRRK1 compensation. Expression of
pathogenic G2019S mutation was not accompanied by changes of striatal macroautophagy markers but
downregulation of key autophagy and lysosomal genes, as reported in the PD brain [74]. This might
indicate that striatal ALP changes are unlike to contribute to G2019S synucleinopathy. This study
contributes to shed light into the complex modulation exerted by LRRK2 over ALP in vivo, demonstrating
that LRRK2 kinase activity is essential for a proper ALP function during aging.

Abbreviations
ALP Autophagy-lysosomal pathway

CMA Chaperone-mediated autophagy

CQ Chloroquine
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GCase Glucocerebrosidase

KD Kinase-dead

KI Knock-in

KO Knock-out

LRRK1 Leucine-rich repeat kinase 1

LRRK2 Leucine-rich repeat kinase 2

α-syn α-synuclein

PD Parkinson’s disease

pSer129 α-syn phosphoSerine 129 α-synuclein

pSer1292 LRRK2 phosphoSerine 1292 LRRK2

TFEB Transcription factor EB

WT Wild-type
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Figure 1

Immunoblot analysis of autophagy-lysosomal pathway (ALP) markers in 12-month-old LRRK2 mice.
Striatum lysates from 12-month-old WT, G2019S KI, KO and KD mice. Semi-quantitative analysis of
macroautophagy markers levels: LC3-I (A), LC3-II (B), LC3-II/I (C), p62 (D), p-mTOR (normalized to total
mTOR) (E) and total mTOR (F). Semi-quantitative analysis of CMA marker levels: LAMP2 (G) and GAPDH
(H). Representative immunoblots of ALP markers in 12-month-old LRRK2-mutant mice (I). β-actin was
used as housekeeping protein. Data are mean ± SEM of 8 mice per group and were analyzed using one-
way ANOVA followed by the Bonferroni’s test for multiple comparisons. *p<0.05, **p<0.01 different from
WT mice.
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Figure 2

Immunoblot analysis of autophagy-lysosomal pathway (ALP) markers in 20-month-old LRRK2 mice.
Striatum lysates from 20-month-old WT, G2019S KI, KO and KD mice. Semi-quantitative analysis of
macroautophagy marker levels: LC3-I (A), LC3-II (B), LC3-II/I (C), p62 (D), p-mTOR normalized on total
mTOR (E) and total mTOR (F). Semi-quantitative analysis of CMA marker levels: LAMP2 (G) and GAPDH
(H). Representative immunoblots of ALP markers in 20-month-old LRRK2-mutant mice (I). β-actin was
used as housekeeping protein. Data are mean ± SEM of 8 mice per group and were analyzed using one-
way ANOVA followed by Bonferroni’s test for multiple comparisons. *p<0.05; ** p<0.01 different from WT
mice.



Page 25/30

Figure 3

RT-qPCR analysis of autophagy-related gene expression in 12-month-old LRRRK2 mice. RNAs were
isolated from striatal tissue of 12-month-old WT, G2019S KI, KO and KD mice. RT-qPCR analysis was
performed to analyze the mRNA expression levels of MAP1LC3B (A), p62 (B), LAMP2 (C), mTOR (D),
TFEB (E) among genotypes. ACT and HPRT were used as reference genes (Gong et al., 2016). Data are
mean ±SEM of 8 mice per genotype. Statistical analysis was performed using one-way ANOVA followed
by the Dunnett’s test for multiple comparison. *p< 0.05, **p<0.01 different from WT mice.
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Figure 4

Autophagic �ux assessment in 12-month-old WT and KD mice. Semi-quantitative analysis of
macroautophagy marker levels: LC3-I (A), LC3-II (B), LC3-II/I (C), p62 (D), p-mTOR normalized on total
mTOR (E) and total mTOR (F). Semi-quantitative analysis of CMA marker levels LAMP2 (G).
Representative immunoblots of macroautophagy, mTOR activation and CMA markers (n=6) after CQ and
saline administration (H). β-actin was used as housekeeping protein. Data are mean ± SEM. Statistical
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analysis was performed using Student’s t test, two-tailed for unpaired data. *p<0.05, **p<0.01 different
from saline-treated mice.

Figure 5

Relative striatal GCase activity in 3 and 12-month-old LRRK2 mice. Striatal tissue lysates isolated from 3-
month-old (A) and 12-month-old (B) WT (n=6-8), G2019S KI (n=6-8), KO (n=6) and KD (n=6) mice were
used to measure Relative GCase activity. Striatal GBA1 gene expression was assessed (n=8) at 12
months (C). ACT and HPRT were used as reference genes for RT-qPCR analysis. Data are mean ± SEM of
n mice per group. For GCase activity assay, data were analyzed using one-way ANOVA followed by
Bonferroni’s test for multiple comparisons. *p<0.05, **p<0.01 different from WT mice. For RT-qPCR
analysis, data were analyzed using one-way ANOVA followed by the Dunnett’s test for multiple
comparison. *p<0.05, **p<0.01 different from WT mice.



Page 28/30

Figure 6

Sub-acute pharmacological inhibition of LRRK2 kinase activity in 12-month-old WT and G2019S KI mice.
Mice were subacutely administered with the LRRK2 kinase inhibitor MLi-2 (5 mg/Kg i.p., once daily for 7
days) and sacri�ced 4 hours after the last injection. A) Semi-quantitative analysis of macroautophagy
markers (LC3-I, LC3-II, LC3-II/I ratio, p62, p-mTOR, mTOR) and CMA marker (LAMP2) levels, and
representative immunoblots. B) RT-qPCR analysis of mRNA levels of MAP1LC3B, p62, LAMP2, mTOR and
TFEB genes. β-actin was used as housekeeping protein and ACT and HPRT were used as reference genes.
Data are mean ± SEM of 6 mice per group. Protein levels were analyzed using one-way ANOVA followed
by the Bonferroni’s test for multiple comparisons *p<0.05, **p<0.01 different from saline-treated mice.
Transcript levels were analyzed using one-way ANOVA followed by the Dunnett’s test for multiple
comparison. *p<0.05, **p<0.01 different from saline-treated mice.
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Figure 7

Immuno�uorescence analysis of LC3B puncta and pSer129 α-syn inclusions in striatal MAP2+ and nigral
TH+ neurons of 12-month-old LRRK2 mice. A) Representative immuno�uorescence images and
quanti�cation of B) LC3B expression and C) pSer129 α-syn inclusions in striatal MAP+ cells. D)
Representative immuno�uorescence images and quanti�cation of E) LC3B expression and F) pSer129
αsyn inclusions in nigral TH+ cells. The number of LC3B puncta was quanti�ed within a mask image
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made by the TH or MAP2 staining. Data are mean ± SEM of 6-8 mice per group and were analyzed using
one-way ANOVA followed by the Bonferroni’s test for multiple comparisons. *p<0.05, **p<0.01 different
from WT mice.
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