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ARTICLE INFO ABSTRACT
Keywords: The G2019S mutation of LRRK2 represents a risk factor for idiopathic Parkinson’s disease. Here, we investigate
G2019S LRRK2 whether LRRK2 kinase activity regulates susceptibility to the environmental toxin 1-methyl-4-phenyl-1,2,5,6-tetra-

LRRK2 kinase-dead
LRRK2 knock-out
MLi-2
PF-06447475

hydropyridine (MPTP). G2019S knock-in mice (bearing enhanced kinase activity) showed greater nigro-striatal
degeneration compared to LRRK2 knock-out, LRRK2 kinase-dead and wild-type mice following subacute MPTP
treatment. LRRK2 kinase inhibitors PF-06447475 and MLi-2, tested under preventive or therapeutic treatments,

pSer935 LRRK2 protected against nigral dopamine cell loss in G2019S knock-in mice. MLi-2 also rescued striatal dopaminergic
Parkinson’s disease terminal degeneration in both G2019S knock-in and wild-type mice. Immunoblot analysis of LRRK2 Serine935
MPTP phosphorylation levels confirmed target engagement of LRRK2 inhibitors. However, MLi-2 abolished phospho-
TSPO Serine935 levels in the striatum and midbrain of both wild-type and G2019S knock-in mice whereas PF-06447475
['*F1-vC701 partly reduced phosphoSerine935 levels in the midbrain of both genotypes. In vivo and ex vivo uptake of the 18-kDa

translocator protein (TSPO) ligand [*8F]-VC701 revealed a similar TSPO binding in MPTP-treated wild-type and
G2019S knock-in mice which was consistent with an increased GFAP striatal expression as revealed by Real Time
PCR. We conclude that LRRK2 G2019S, likely through enhanced kinase activity, confers greater susceptibility to
mitochondrial toxin-induced parkinsonism. LRRK2 kinase inhibitors are neuroprotective in this model.

Abbreviations: Argl, arginasel; a-syn, o-synuclein; AAV, adeno-associated virus; COX2, cyclooxygenase2; CT, computed tomography; DA, dopamine; ECL,
enhanced chemiluminescence; GFAP, glial fibrillary acid protein; iba-1, ionized calcium binding adaptor molecule 1; iNOS, inducible nitric oxidase synthase; iPD,
idiopathic Parkinson’s disease; KD, kinase-dead; KI, knock-in; KO, knock-out; LRRK2, leucine-rich repeat kinase 2; MPTP, 1-methyl-4-phenyl-1,2,5,6-tetrahy-
dropyridine; PBS, Phosphate Buffer Solution; PD, Parkinson’s disease; PET, positron emission tomography; PFF, preformed fibrils; SNc, substantia nigra pars
compacta; SPM, Statistical Parametric Mapping; SUV, Standardized Uptake Value; TH, tyrosine hydroxylase; TMEM119, transmembrane protein 119; TSPO, 18-kDa
translocator protein; WT, wild-type.
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S. Novello et al.
1. Introduction

Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are
associated with a significant proportion of familial (5-6%) and idio-
pathic (1-2%) Parkinson’s disease (iPD) (Healy et al., 2008). LRRK2-
associated PD is clinically and neuropathologically indistinguishable
from iPD (Kalia et al., 2015; Mestre et al., 2018), and shows autosomal
dominant transmission with incomplete penetrance (Reed et al., 2019),
suggesting an interplay among G2019S mutation, intrinsic (e.g. age) and
environmental (e.g. toxins) factors. The ¢.6055G > A mutation, which
results in a substitution of a glycine with a serine in position 2019 (p.
G2019S) within the kinase domain, is most frequently associated with
the disease (Correia Guedes et al., 2010; Reed et al., 2019). This muta-
tion results in a higher kinase activity (Greggio et al., 2006; West et al.,
2005; Yao et al., 2010), which is instrumental for in vitro (Greggio et al.,
2006; Smith et al., 2006; West et al., 2007) and in vivo neurotoxicity (Lee
et al., 2010; Xiong et al., 2018). On this basis, LRRK2 kinase inhibitors
are being developed as disease-modifying agents (West, 2017) and are
presently evaluated in clinical trials (Tolosa et al., 2020). MLi-2 (Scott
et al., 2017), PF-06447475 (Fell et al., 2015) and PFE-360 (Fuji et al.,
2015) are the most potent and selective brain-penetrant LRRK2 in-
hibitors developed so far, and their neuroprotective potential has been
convincingly proven in vitro. Nonetheless, LRRK2 kinase inhibitors
proved either effective (Daher et al., 2015; Nguyen et al., 2020; Rocha
etal., 2020) or ineffective (Fell et al., 2015; Henderson et al., 2018; Kelly
et al.,, 2021; Van der Perren et al., 2021) in attenuating nigro-striatal
dopamine (DA) neuron degeneration in rodent models of PD. G2019S
LRRK2 knock-in (G2019S KI) mice represent a suitable model to study
the interplay between genetics, intrinsic and environmental factors in
PD pathogenesis since they do not show overt nigro-striatal DA neuron
degeneration (Volta and Melrose, 2017) but early signs of nigro-striatal
dysfunction, affecting DA release (Tozzi et al., 2018; Yue et al., 2015),
transport (Longo et al., 2017), and signaling (Migheli et al., 2013), as
well as cortical glutamatergic transmission (Beccano-Kelly et al., 2014).
Moreover, they show mitochondrial network disruption (Tozzi et al.,
2018; Yue et al., 2015) and autophagy impairment (Schapansky et al.,
2018; Wallings et al., 2019) accompanied by striatal and nigral accu-
mulation of phosphoSerine 129 a-synuclein (a-syn), a possible toxic
form of a-syn, most abundant in Lewy bodies (Oueslati, 2016), which
might work to increase the susceptibility to PD triggers (Longo et al.,
2017; Novello et al., 2018). Indeed, AAV human A53T a-syn over-
expression caused larger synucleinopathy and nigro-striatal degenera-
tion in G2019S KI mice compared to WT mice (Novello et al., 2018). To
further confirm this view, we sought to investigate whether G2019S
LRRK2 also confers higher susceptibility to the parkinsonian toxin 1-
methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP), which selectively
destroys dopaminergic neurons by blocking mitochondrial complex I
and elevating oxidative stress (Betarbet et al., 2002; Schildknecht et al.,
2017). Previous studies have reported larger nigro-striatal degeneration
in BAC human G2019S transgenic mice exposed to acute MPTP (Arbez
et al., 2020; Karuppagounder et al., 2016). Considering the confounders
associated with this genetic model (overexpression of a human trans-
gene in substantia nigra pars compacta, SNc, presence of endogenous
murine LRRK2 simultaneously with human LRRK2 mutant), and the
caveats of an acute protocol of MPTP administration, the contribution of
LRRK2 kinase activity was studied in G2019S KI and wild-type (WT)
mice subjected to subacute MPTP administration. As a comparison, mice
with constitutive deletion of LRRK2 (KO mice) (Hinkle et al., 2012) and
mice KI for the LRRK2 kinase-dead mutation D1994S (KD mice) (Herzig
et al.,, 2011) were used. Furthermore, the neuroprotective effect of
LRRK2 kinase inhibitors PF-06447475 and MLi-2 was investigated, and
target engagement confirmed through immunoblot analysis of phos-
phoSerine935 (pSer935) LRRK2 (Deng et al., 2011; Dzamko et al., 2010)
and phosphoThreonine73 (pThr73) Rab10 (pRab10) (Ito et al., 2016;
Thirstrup et al., 2017) levels, as readout of LRRK2 kinase activity. To
collect preliminary information on the neuroprotective mechanisms

Neurobiology of Disease 162 (2022) 105579

underlying the action of LRRK2 inhibitors, microgliosis and astrogliosis
were evaluated through immunohistochemistry of ionized calcium
binding adaptor molecule 1 (iba-1) and glial fibrillary acid protein
(GFAP; astrocyte marker). The impact of MPTP on neuroinflammation
markers was also investigated by in vivo and ex vivo computed tomog-
raphy/positron emission tomography (CT/PET) imaging with the 18-
kDa translocator protein (TSPO) ligand, ['8F]-vC701 (Di Grigoli et al.,
2015), coupled to expression analysis (QRT-PCR) of striatal TSPO,
transmembrane protein 119 (TMEM119, microglia marker), GFAP,
inducible nitric oxidase synthase (iNOS) and cyclooxygenase 2 (COX-2)
(pro-inflammatory genes) and Arginase 1 (Argl) (anti-inflammatory
gene).

2. Materials and methods
2.1. 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 Committees of the Uni-
versity of Ferrara and San Raffaele Hospital (Milano), and the Italian
Ministry of Health (license 102/2017-PR). Three to four-month-old,
male homozygous G2019S KI, LRRK2 KO, KD mice, and age-matched
WT controls, backcrossed on a C57BL/6 J background, were used
(Albanese et al., 2021; Longo et al., 2017; Longo et al., 2014; Mercatelli
et al., 2019). Founders were obtained from Novartis Pharma (G2019S KI
and KD mice) (Herzig et al., 2011) and from Mayo Clinic (Jacksonville,
FL, USA) (LRRK2 KO mice) (Hinkle et al., 2012). Mice were 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 environ-
mental enrichments.

2.2. Experimental design

In the first experiment, four cohorts of 3-month-old G2019S KI (n =
22), LRRK2 KO (n = 16), KD (n = 16) and WT (n = 22) male mice (n =
18-22 each) were randomly divided in two balanced groups and treated
with MPTP 30 mg/Kg (i.p.) or saline once daily for 7 days. Twenty-four
hours after the end of treatment, animals were anaesthetized with iso-
flurane, transcardially perfused with 4% paraformaldehyde (PFA), and
brains extracted and processed for tyrosine hydroxylase (TH) immuno-
histochemistry. Two different protocols were adopted to assess the
neuroprotective potential of LRRK2 inhibitors (Supplementary Fig. 1).
In the first one, 32 3-month-old mice were pretreated with PF-06447475
(10 mg/kg twice daily, i.p.) or vehicle (n = 16 each) for 3 days, then
each cohort was split into two subgroups receiving either PF-06447475
-+ MPTP or PF-06447475 alone, MPTP or saline for further 7 days. In the
second protocol, a “clinically-relevant” approach was adopted since PF-
06447475 was given therapeutically after the onset of MPTP treatment.
Twenty-four G2019S KI mice were allotted in 3 groups (n = 8/group)
and treated with vehicle for 14 days, MPTP for 7 days followed by saline
for 7 days, or the combination of MPTP and PF-06447475 (for 10 days,
starting from the 4th day after MPTP). A control group treated with PF-
06447475 alone was not included in this experiment since, as shown in
Fig. 3, PF-06447475 alone did not affect the number of nigral DA cells.
The protocol used in G2019S KI mice was replicated in a balanced cohort
of 24 WT mice (n = 8/group). A “clinically driven” protocol was also
adopted to investigate the neuroprotective properties of MLi-2 (10 mg/
kg i.p. twice daily). Two cohorts of G2019S KI and WT mice (n = 36
each) were divided into four balanced groups and administered with
saline, MPTP, MLi-2 alone, or in combination with MPTP. Finally, to
prove the selectivity of MLi-2, this protocol was replicated in 24 LRRK2
KO mice treated with MPTP, MPTP + MLi-2 and vehicle (n = 8 each).



S. Novello et al.

Target validation was performed in 18 WT and 18 G2019S KI 3-4
month-old male mice. Each cohort was divided in three groups (n = 6
each) randomly receiving PF-06447475 or MLi-2 (both at 10 mg/Kg i.p.
twice daily), or an equivalent amount of vehicle for 10 days. General
health conditions along with weight, mobility, tremor, hind-limb
clasping, body condition, coat and eyes appearance were assessed and
scored before each first daily injection. At the end of treatment, two
hours after the last injection, mice were anaesthetized and euthanized
via cervical dislocation. Brains were extracted, the striatum and
midbrain excised and processed for Western blot analysis of pSer935
LRRK2 and pRab10.

For imaging studies, 3-4-month-old male G2019S KI mice WT con-
trols (n = 30 each group) were recruited. For in vivo study, 8 G2019S KI
and 6 WT mice underwent the first CT and PET [18F]VC701 acquisitions
before starting MPTP treatment (as above) (d0) and the second CT and
PET acquisitions at the end of the 7 day-treatment (d7). For ex vivo
biodistribution analysis of ['®F]VC701, 10 G2019S KI and 9 WT mice
were treated with MPTP, and 10 G2019S KI and 9 WT mice with vehicle.

2.3. Immunohistochemistry

Immunohistochemistry was performed as previously described
(Longo et al., 2017; Novello et al., 2018). Brielfy, 50 pm-thick free-
floating sections of the striatum (AP from +1.0 to —1.25 from
bregma) and the SNc (AP from —3.16 to —3.52 from bregma (Paxinos
and Franklin, 2001) were tested for a rabbit polyclonal antibody raised
against TH (ab112; 1:750 in BSA 1% PBST; Abcam, Cambridge, UK), iba-
1 (ab178846; 1:2000 in BSA 1% PBST; Abcam, Cambridge, UK) or GFAP
(G9269, 1:100 in BSA 1% PBST, Merck Millipore, Darmstadt, Germany).
Sections were then rinsed and incubated for 1 h with an anti-rabbit HRP-
conjugated secondary antibody (ab6721, 1:500 in BSA 1% PBST;
Abcam, Cambridge UK) and revealed by a DAB substrate kit (ab64238,
Abcam, Cambridge, UK). Sections were mounted on gelatinized slides,
dehydrated, and coverslipped for further analysis.

2.4. Stereological counting

Stereological analysis was performed by counting TH+ neurons
(phenotypic marker) and cresyl violet stained cells (structural marker)
in SNc, according to an unbiased stereological sampling method based
on optical fractionator stereological probe, as previously described
(Longo et al., 2017; Novello et al., 2018). A Leica DM6B motorized
microscope (Leica Microsystems, Milan, Italy) coupled with a Stereo
Investigator software (MBF Europe, Delft, The Netherlands) was used.
Counting was performed on 5 consecutive 50 pm-thick slices, magnified
at 63 x .

2.5. TH quantification in the striatum

Images were taken at 2.5x or 10x magnification with a Leica DM6B
motorized microscope, and optical densitometry analyzed off-line as
grey level with ImageJ using the corpus callosum as background (Nov-
ello et al., 2018).

2.6. Iba-1 and GFAP analysis

Three consecutives sections were mounted on a coverslip and images
were obtained using a Leica DM6B motorized microscope, and later
analyzed with ImageJ software (Novello et al., 2018). Iba-1+ cells were
binarized and number of cells, circularity and area of surface occupied in
pixels? were quantified to compare the different treatments. For GFAP
analysis, striatum limits were delineated to obtain a representative
surface of protein expression. Finally, the immunopositive surface was
calculated as percentage of total striatum area.
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2.7. Western blot

Western blot analysis was performed as previously described (Longo
et al., 2017; Mercatelli et al., 2019). Briefly, 30 pg of protein obtained
from striatal and midbrain homogenates were loaded onto 4% to 12%
gradient polyacrilamide precast gels (Bolt 4%-12% Bis-Tris Plus Gels;
Life Technologies, Carlsbad, CA, USA) and transferred onto polyvinyl
difluoride membrane, blocked for 60 min with 5% nonfat dry milk in
0.1% Tween 20 Tris-buffered saline, and incubated overnight at 4 °C
with rabbit anti-pSer935 LRRK2 antibody (ab133450, 1:500, Abcam,
Cambridge, UK) or pThr73 Rab10 (ab230261, 1:1000, Abcam, Cam-
bridge, UK). Midbrain homogenates were also probed for TH with anti-
rabbit TH antibody (ab112, 1:600, Abcam, Cambridge, UK). Horseradish
peroxidase-linked secondary antibody (goat anti-rabbit IgG HRP-
conjugate 12-348, 1:4000, Merck Millipore, Darmstadt, Germany) was
used and immunoreactive proteins were visualized by enhanced chem-
iluminescence (ECL) detection kit (Pierce™ BCA Protein Assay Kit,
Thermo Scientific or ECL+, GE Healthcare). Images were acquired and
quantified using the ChemiDoc MP System and the ImageLab Software
(Bio-Rad). Membranes were then stripped and re-probed with rabbit
anti-LRRK2 (ab133474, 1:1000, Abcam, Cambridge, UK) or rabbit anti-
GAPDH antibody (ABS16, 1:1000, Merck Millipore, Darmstadt, Ger-
many). Data were analyzed by densitometry; the optical density of
pSer935 LRRK2 was normalized to total LRRK2 whereas total LRRK2
and pThr73 Rab1l0 were normalized to GAPDH levels. To minimize
experimental variability, each blot was replicated twice, and data
averaged.

2.8. gRT-PCR

Total RNA was isolated using TRI Reagent (Sigma-Aldrich, Saint
Louis, Missouri, USA) following the manufacturer’s instructions, washed
once with cold 75% ethanol, dried and resuspended in 10 pl of RNAse
free water. Final RNA concentration was determined using SmartSpec
Plus spectrophotometer (Bio-Rad, Hercules, California, USA) and then
stored at —80 °C until use. A total amount of 1 pug of RNA was reverse
transcribed to cDNA, after DNAse treatment, using the iScript gDNA
Clear cDNA Synthesis Kit (Bio-Rad), incubating it for 5 min at 25 °C, 20
min at 46 °C and 1 min at 95 °C, in a final reaction volume of 20 pl. For
real-time qPCR analysis, 1.8 pl of cDNA was used for each reaction to
quantify the relative gene expression. cDNA was amplified with iQ SYBR
Green Supermix (Bio-Rad) in a 20 pl reaction using the CFX96 Touch
Real-Time PCR Detection System (Bio-Rad): after an initial denaturation
at 95 °C for 3 min, the reactions were performed for 40 cycles (each
cycle consisting in 15 s at 95 °C and 1 min at 60 °C). To perform the PCR
reaction, primers for TSPO, TMEM-119, iNOS, COX2, Argl, GFAP,
B-actin, and HPRT (sequences reported in Supplementary Table 1) were
purchased from Invitrogen (Thermo Fischer Scientific, Carlsbad, Cali-
fornia, USA). Each target gene expression was normalized with the mean
of the expression of housekeeping genes (f-actin and HPRT), and the
relative quantification was calculated using the AACt method.

2.9. Imaging studies

2.9.1. Invivo CT/PET study with [*®F]-VC701

The radiotracer [ISF] -VC701 was prepared as described (Di Grigoli
et al.,, 2015). CT and PET acquisitions were performed using X-cube®
and B-cube® (Molecubes, Gent, BE), respectively. On the day of CT/PET
imaging, animals were injected in a tail vein with 4.67 + 0.3 MBq of
radiotracer and maintained under a red warm lamp. After about 90 min
for tracer uptake, each animal was anaesthetized with 2% isoflurane in
medical air and then positioned prone on the scanner bed for the CT scan
centered on the brain (exam duration: 4 min, X-Ray beam duration: 90 s,
kVp: 40, current: 400 pA, rotation time: 60 s, angular views: 960). At the
end of the CT acquisition, the bed with the immobilized animal was
removed and inserted in the PET scanner for a 20 min static acquisition.
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PET scan was started 100 min after injection. During the exam, mice
were maintained under anesthesia, and body temperature and respira-
tory rate were constantly monitored.

2.9.2. CT/PET images analysis

CT and PET data were reconstructed using the proprietary Molecubes
software included in the system. CT images were reconstructed with a
200 pm isotropic pixel size using a standard ISRA algorithm. PET images
were reconstructed using a List-Mode OSEM algorithm with 30 itera-
tions and 400 pm isotropic voxel size, accounting for the tracer decay
correction. Thanks to the bed positioning system, PET and CT images are
automatically co-registered.

CT/PET images were processed using Region of Interest (ROI)
analysis and Statistical Parametric Mapping (SPM). SPM is a voxel-based
operator-independent analysis that allows the identification of brain
regions resulting above a statistical threshold in between groups or
conditions comparisons. The program was adapted in our laboratory for
small animal use and tested as a potential tool to detect group or con-
dition effect on neuroinflammation. In detail, ROI analysis was per-
formed using PMOD software 4.1 (Zurich, Switzerland) where the high-
resolution CT images were manually co-registered to an MRI brain
template (Ma et al., 2005). The estimated transformation was applied to
the PET image. After realignment to this standard space, ROIs from the
atlas were applied to the PET image to extract activity values. SN ROI
was manually drawn as the brain template does not include it. Radio-
activity values were calculated as standard uptake values (SUV) ob-
tained as follows: after image calibration in MBq/cc using a calibration
phantom, radioactivity concentration in each brain voxel is corrected for
['8F]-decay (T2 = 109.8 min) from brain counting to the time of
radiopharmaceutical injection. Radioactivity concentration in the brain
is then divided for the injected dose and multiplied for animal weight.
SUV is the standard index of radiopharmaceutical uptake used either in
preclinical and clinical research. For SPM, a CT image was generated by
manual registration and averaging multiple animals between themselves
using SPM tools (SPM 12, http://www.fil.ion.ucl.ac.uk/spm/software/
spm12/). The final image was rigidly co-registered to the same MRI
template used for the manual analysis. For the analysis phase, each CT
was non-linearly wrapped in this new space using the SPM normaliza-
tion algorithm (Ashburner and Friston, 1999). The estimated trans-
formation was applied to the corresponding PET scan. To reduce inter-
subject variability, and due to the lack of a potential reference region
where no inflammatory response can be defined a priori, image intensity
was scaled to the global mean uptake of the brain. Isotropic smoothing
with a 1.7 mm FWHM Gaussian kernel was applied.

2.9.3. Ex vivo study with [*®F]-VC701

At the end of MPTP treatment, mice were injected with [18F] -VC701
(4.46 + 0.4 MBq) in a tail vein and maintained under a red warm lamp
for tracer uptake. After 120 min, mice were anaesthetized with 4%
isoflurane in medical air and euthanized by decapitation. Blood samples
were obtained from retro-orbital collection. A sample of blood (100 pl)
was transferred into a tube, while the remaining was centrifuged to
obtain plasma for the radioactivity counting. Brain was rapidly
removed, rinsed into cold heparinized PBS, and divided into different
brain regions, including anterior and posterior cortex, striatum, SN,
hippocampus and cerebellum, which were placed into pre-weighed
tubes. All tubes were counted in a gamma-counter (LKB Compugamma
CS1282, Wallac). After counting, tissue and blood/plasma radioactivity
concentration were corrected for radioisotope decay and expressed as
SUV, as previously described for PET, with the exception that radioac-
tivity concentration was measured using a gamma counter.

2.10. Statistical analysis

Data are expressed as absolute values and are mean + SEM of n mice.
Statistical analysis was performed using Prism 8.0 (GraphPad Software

Neurobiology of Disease 162 (2022) 105579

Inc., CA, USA). P < 0.05 values were considered statistically significant.
Drug effect was analyzed by one-way, two-way or three-way ANOVA
followed by the Tukey test for multiple comparisons. A two-tailed Stu-
dent t-test was used to compare two groups of unpaired data. In vivo CT/
PET comparison between groups was performed in the same subjects
(pre- and post-MPTP) using a two-tailed Student t-test for paired data
(test re-test). Imaging ROI data are expressed as SUV and presented as
mean + SEM of n mice. SPM analysis was performed at the voxel level.
Clusters of statistically significant voxels were defined using a threshold
of p < 0.01 and a minimum cluster extent of 50 voxels, without cor-
rections for multiple comparisons. Ex vivo biodistribution analysis was
performed using two-way ANOVA followed by the Tukey test for mul-
tiple comparisons.

2.11. Drugs

MPTP, PF-06447475, and MLi-2 were purchased from Carbosynth
(Compton, Berkshire, UK). MPTP was dissolved in saline. PF-06447475
and MLi-2 were dissolved in 2% DMSO and 30% hydroxypropyl
B-cyclodextrin. The radiotracer [1®F]-VC701 was prepared as described
(Di Grigoli et al., 2015) and dissolved in saline before injection.

3. Results

3.1. MPTP caused larger nigro-striatal toxicity in G2019S KI mice
compared to WT, LRRK2 KO and KD mice

To confirm the greater susceptibility of G2019S KI mice to MPTP, the
toxin was administered subacutely to WT, LRRK2 KO, KD and G2019S KI
mice for 7 days, and the integrity of the nigro-striatal pathway was
investigated 24 h after the end of treatment (Fig. 1, Supplementary
Fig. 1). Two-way ANOVA revealed that MPTP caused the loss of TH+
neurons in the SNc of all genotypes (treatment F; 67 = 447.70, p <
0.0001) (Fig. 1A). The reduction of TH+ neurons was similar in WT,
LRRK2 KO, and KD mice (50%) but significantly greater in G2019S KI
mice (75%) (treatment X genotype F3 7 = 7.00, p = 0.0004) (Fig. 1A).
Consistently, MPTP reduced the density of striatal TH+ terminals in all
genotypes (treatment Fq 54 = 363.2, p < 0.0001) and G2019S KI mice
showed a larger reduction (—80%) compared to WT, LRRK2 KO, and KD
mice (—45-60%; Fig. 1B) (treatment X genotype F3s4 = 8.53, p <
0.0001).

3.2. LRRK2 inhibitors protected from MPTP-induced neurotoxicity

To investigate the neuroprotective potential of LRRK2 inhibitors, the
ability of PF-06447475 (10 mg/Kg, twice daily i.p.) (Henderson et al.,
2015) to preserve the TH phenotype in G2019S KI mice was first
investigated (Supplementary Fig. 1). MPTP caused a 72% reduction of
TH+ neurons, which was prevented by PF-06447475 (MPTP X PF-
06447475 interaction Fq 24 = 45.97, p < 0.0001) (Fig. 2A). MPTP also
caused a similar 75% loss of TH+ terminals in the striatum but, quite
surprisingly, PF-06447475 failed to affect it (Fy28 = 0.02, p = 0.87)
(Fig. 2B). PF-06447475 was then administered to G2019S KI and WT
mice 4 days after the onset of MPTP treatment, according to a “clinically-
relevant” protocol (Fig. 3; Supplementary Fig. 1). Two-way ANOVA
revealed a significant effect of treatment (F2 42 = 99.18 p < 0.0001),
genotype (Fq 42 = 14.78 p = 0.0004) and genotype X treatment inter-
action (Fy42 = 6.56 p = 0.0033). Again, MPTP caused a larger DA
neuron degeneration in G2019S KI mice (70%) than WT mice (43%)
(Fig. 3A). PF-06447475 did not affect the MPTP-induced loss of nigral
DA neurons in WT mice but attenuated the excessive loss seen in G2019S
KI mice, bringing the number of spared neurons close to that observed in
WT animals (Fig. 3A). Different from SNc, PF-06447475 was again un-
able to affect the MPTP-induced striatal TH+ terminal degeneration in
both genotypes (Fig. 3B) (treatment F5 4o = 275.51 p < 0.0001, geno-
type Fq,42 = 0.89 p = 0.34, genotype X treatment interaction Fa 45 = 0.08
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Fig. 1. Degeneration of dopamine (DA) neurons in the substantia nigra compacta (SNc) and tyrosine hydroxylase (TH) positive terminals in the striatum of G2019S
KI, LRRK2 KO, KD and WT mice following subacute treatment with MPTP. Mice were treated with MPTP (30 mg/Kg i.p. once daily for 7 days), then euthanized 24 h
after the last injection. A. Stereological quantification of DA neurons in SNc, and representative images (scale bar = 250 pm). B. Quantification of optical density
(greyscale arbitrary units) in striatal slices, and representative images (scale bar = 500 pm). Data represent individual values (8 mice/group in the WT and G2019S KI
cohorts, and 8 mice/group in the LRRK2 KO and KD cohorts), with means + SEM. **p < 0.01 according to two-way ANOVA followed by the Tukey test for multiple
comparisons.
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Fig. 2. Effect of prophylactic treatment with the LRRK2 inhibitor PF-06447475 on MPTP-induced dopaminergic nigro-striatal tract degeneration in G2019S KI mice.
Mice were pre-treated with PF-06447475 (10 mg/Kg i.p. twice daily), then administered subacute MPTP (30 mg/Kg, i.p. once daily) for 7 days. Mice were euthanized
24 h after the last MPTP injection. Stereological quantification of tyrosine hydroxylase (TH) positive DA neurons in substantia nigra compacta (A) and optical density
of TH positive terminals in the striatum (B), along with representative images. Scale bar = 250 pm (A) or 500 pm (B). Data are expressed as the number of TH positive
neurons (A) and striatal optical density (greyscale arbitrary units, B), and represent individual values (7 mice/group), with means + SEM. **p < 0.01 according to

two-way ANOVA followed by the Tukey test for multiple comparisons.

p = 0.92), as observed in the prophylactic treatment mode (Fig. 2B). To
confirm the neuroprotective potential of LRRK2 inhibitors, MLi-2 was
also tested under a “clinically-relevant” therapeutic protocol (Figs. 4-5;
Supplementary Fig. 1). Three-way ANOVA revealed an overall effect of
genotype (Fy 64 = 9.71 p = 0.0027), MPTP (F; 64 = 217.0 p < 0.0001)
and MLi-2 (Fy 64 = 6.42, p = 0.0137). Expectedly, MPTP again caused a
larger degeneration of DA neurons in G201S KI mice (66%) compared to
WT mice (35%) (genotype X MPTP F; 4 = 6.61 p = 0.0124) (Fig. 4).
MLi-2, ineffective on its own, attenuated the excessive loss of DA neu-
rons in G2019S KI but had no effect in WT mice (genotype X MPTP X
MLi-2) (F1,64 = 6.92 p = 0.0107). Three-way ANOVA on striatal data
(Fig. 5) revealed an overall MPTP effect (F1 64 = 109.0, p < 0.0001) and
MLi-2 (Fq,64 = 85.6, p < 0.0001) but not genotype (Fi64 = 3.48 p =
0.0667). MPTP again caused a more profound loss of TH+ terminals in
the striatum of G2019S KI mice with respect to WT controls (genotype X
MPTP F; 64 = 109.0 p < 0.0001) (Fig. 5) and MLi-2 rescued this loss in
both genotypes (F1 64 = 4.51 p = 0.0376). To confirm that the neuro-
protective effect of MLi-2 was not due to off-targets, MLi-2 was admin-
istered to LRRK2 KO mice treated with MPTP (Fig. 6). MPTP caused a
similar reduction of the number of nigral DA neurons (Fz2; = 89.84 p <
0.0001; Fig. 6A) and striatal TH+ terminals (Fo 21 = 17.22 p < 0.0001;
Fig. 6B) in mice treated with saline or MLi-2, indicating that MLi-2 was
ineffective in the absence of LRRK2.

3.3. Analyses of PF-06447475 and MLi-2 LRRK2 engagement in vivo

To prove target engagement of kinase inhibitors, PF-06447475 and
MLi-2 were administered to WT and G29019S KI mice at the same
dosage used in the treatment protocol (10 mg/kg i.p. twice daily for 10
days) and levels of pSer935 LRRK2 and pRab10 measured in striatal and
midbrain homogenates by immunoblot analysis. LRRK2 inhibitors did
not affect general mouse health conditions or mouse weight (Supple-
mentary Fig. 2) indicating that PF-06447475 and MLi-2 were well
tolerated at the dosage used. Two-way ANOVA on striatal pSer935
LRRK2 levels (expressed as a ratio to total LRRK2 levels, Fig. 7A)
revealed a significant effect of treatment (F2 30 = 39.98, p < 0.0001). PF-
06447475 was ineffective in WT mice and G2019S KI mice, but the
unexpected high variability observed in WT mice confounded statistical
analyses. MLi-2 on the other hand almost abolished pSer935 levels in
both genotypes. Statistical analysis on striatal LRRK2 levels (Fig. 7B)
revealed a significant effect of genotype (F1 30 = 62.27, p < 0.0001),
confirming our previous finding (Mercatelli et al., 2019) that LRRK2
levels were 40% lower in G2019S KI mice with respect to WT mice. Two-
way ANOVA on midbrain pSer935 LRRK2 levels (Fig. 7C) revealed a
significant effect of treatment (F2 30 = 91.17, p < 0.0001). PF-06447475
significantly reduced pSer935 levels by 50% in WT mice and by 30% in
G2019S KI mice whereas MLi-2 almost abolished pSer935 in both ge-
notypes. As in striatum, a significant reduction (35% overall) of LRRK2
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Fig. 3. Effect of therapeutic treatment with the LRRK2 inhibitor PF-06447475 on MPTP-induced dopaminergic nigro-striatal tract degeneration in G2019S KI and
WT mice. Mice were administered subacute MPTP (30 mg/Kg, i.p. once daily for 7 days) and, starting from the 4th day onwards, also with PF-06447475 (10 mg/Kg i.
p. twice daily) for 10 days. Mice were euthanized 24 h after the last PF-06447475 injection. Stereological quantification of tyrosine hydroxylase (TH) positive
dopamine (DA) neurons in SNc (A) and optical density of TH positive terminals in the striatum (B), along with representative images. Scale bar = 250 pm (A) or 500
pm (B). Data are expressed as the number of TH positive neurons (A) and striatal optical density (greyscale arbitrary units, B) and represent individual values (8
mice/group), with means + SEM. **p < 0.01 according to two-way ANOVA followed by the Tukey test for multiple comparisons.

levels was observed in the midbrain of G2019S KI mice (genotype effect
Fy1,28 = 19.43 p = 0.0001; Fig. 7D). Neither inhibitor reduced total
LRRK2 levels. To confirm correct midbrain sampling, immunoblot
analysis on TH levels was performed (Supplementary Fig. 3): two sam-
ples were discarded due to faint TH signal. Finally, pRab10 levels were
also measured. Different from pSer935, however, pRabl0 levels in
striatal and midbrain homogenates were not affected by LRRK2 in-
hibitors (Supplementary Fig. 4).

3.4. MPTP modulates [18F]-VC701 uptake

To test PET feasibility of providing insights into the mechanism
underlying the increased susceptibility of G2019S KI mice to MPTP, the
neuroinflammatory response was monitored in vivo and ex vivo using the
TSPO ligand ['®F]-VC701 (Belloli et al., 2018). In vivo CT/PET imaging
was performed at dO and d7 after MPTP treatment in WT and G2019S KI
mice. SPM analysis applied to test re-test assessment of CT/PET images
showed a cluster of an increased normalized uptake at d7, affecting a
larger portion of brain in WT with respect to G2019S KI mice (Fig. 8).
SPM showed one large cluster of increased relative uptake in the ol-
factory bulb, cerebral cortex, striatum, hippocampus, and thalamus of
WT animals (Fig. 8A, t-threshold = 3.36, t-peak = 13.2, cluster extent =
2482 voxels). Conversely, in G2019S KI mice the cluster of the relative
increase was limited to the striatum (Fig. 8B, t-threshold = 3.0, t-peak t
= 4.39, cluster extent = 391 voxels). ROI analysis on SUV revealed a
trend towards an increase in both genotypes (Supplementary
Tables 2-3). However, due to the high inter-subject variability, no

significant differences were observed between conditions or genotypes.
Taken together, PET results indicate that MPTP produced a small in-
crease of ['8F]-VC701 uptake in different brain regions of both geno-
types. Moreover, SPM analysis on normalized voxels indicates that in
G2019S KI mice the highest uptake was observed in striatal subregions.
MPTP effects on [®F]-VC701 uptake were evaluated also by ex vivo
analysis on tissue samples, which is characterized by higher sensitivity
(Fig. 9). MPTP significantly increased the radioligand uptake (SUV) in
all areas examined (plasma F; 30 = 21.19, p < 0.0001; anterior cortex
F1,31 = 37.06, p < 0.0001; posterior cortex Fy 33 = 34.86, p < 0.0001;
striatum Fq 37 = 53.89, p < 0.0001; SN F; 23 = 15.2, p = 0.0006; hip-
pocampus Fj 31 = 20.26, p < 0.0001; cerebellum F;3; = 17.87, p =
0.0002). A significant treatment X genotype interaction was found only
in posterior cortex (F1,31 = 4.669, p = 0.0386) and striatum (Fy,31 =
6.395, p = 0.0167) although in neither area the difference between
genotypes did not reach statistical significance (p = 0.09 and p = 0.47,
respectively).

To rule out differences in basal and MPTP-stimulated TSPO expres-
sion, qQRT-PCR was performed. No difference in basal or MPTP-induced
TSPO expression was observed between genotypes (Supplementary
Fig. 6) although MPTP caused a tendency for increased TSPO expression
in G2019S KI mice (p = 0.063; Supplementary Fig. 6A).

3.5. MPTP elevated GFAP expression in G2019S KI and WT mice

TSPO imaging suggested that MPTP might activate microglia and/or
astrocytes in both genotypes. To confirm this view, qRT-PCR was
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Fig. 4. Effect of therapeutic treatment with the LRRK2 inhibitor MLi-2 on MPTP-induced degeneration of dopamine (DA) neurons in the substantia nigra compacta
(SNc) of G2019S KI and WT mice. Mice were administered subacute MPTP (30 mg/Kg i.p. once daily for 7 days) and starting from the 4th day onwards, also with
MLi-2 (10 mg/Kg i.p. twice daily) for 10 days. Mice were euthanized 24 h after the last MLi-2 injection. Stereological quantification of tyrosine hydroxylase (TH)
positive dopamine (DA) neurons in SNc, along with representative images (scale bar = 250 pm). Data represent individual values (9 mice/group), with means + SEM.
**p < 0.01 according to three-way ANOVA followed by the Tukey test for multiple comparisons.

performed. MPTP did not significantly increase the expression of TMEM-
119, a specific marker of microglia (Supplementary Fig. 6B), or pro-
inflammatory (iNOS, COX2; Supplementary Fig. 6C—D) or anti-
inflammatory (Argl; Supplementary Fig. 6E) genes. Conversely, a
marked and quantitatively similar elevation of astrocytic marker GFAP
(Supplementary Fig. 6F) was observed in WT (t = 6.113, df = 6, p =
0.0009) and G2019S KI (t = 3.459, df = 6, p = 0.0135) mice.

3.6. MLi-2 and PF-06447475 differentially modulated MPTP-induced
neuroinflammation in the striatum of G2019S KI and WT mice

To shed light on the mechanisms underlying the different neuro-
protective effects of LRRK2 inhibitors in striatum, the microglial
response was investigated in striatal slices taken from mice exposed to
MPTP and each of the two LRRK2 inhibitors in the neuroprotection
study (2-week protocol). 2-way ANOVA on the number (Fig. 10A) and
the area occupied (Fig. 10B) by iba-1 positive cells in the PF-06447475
study revealed a significant effect of genotype (number: Fy 49 = 32.36, p
< 0.0001; area Fj 36 = 13.36, p = 0.0008), treatment (number Fy 49 =
68.75, p < 0.0001; area Fp 3¢ = 49.86, p < 0.0001) and a significant
genotype X treatment interaction (number F5 49 = 15.78, p < 0.0001;
area Fy36 = 13.21, p < 0.0001). MPTP caused larger increases of the
number and the area occupied by iba-1 positive cells in G2019S KI mice
with respect to WT mice. PF-06447475 did not affect the MPTP response
in the striatum of WT mice but significantly reduced it in G2019S KI
mice. No treatment effect on circularity, a readout for activated ameboid

microglia, was observed (Fig. 10C). A greater number by iba-1 positive
cells (genotype: Fy 40 = 18.12, p = 0.0001; treatment F5 40 = 128.70, p
< 0.0001, time X treatment interaction Fy 4o = 15.27, p < 0.0001) and
their area (genotype: F1 39 = 41.76, p = 0.0001; treatment F5 39 = 60.09,
p < 0.0001, time-treatment F 39 = 10.11, p = 0.0003) in the striatum of
G20919S KI mice was confirmed in the MLi-2 study (Fig. 10D-F).
However, different from PF-06447475, MLi-2 increased the number
(Fig. 8A) but not the total area (Fig. 10E) occupied by iba-1 positive cells
in the striatum of WT mice, without affecting the microglia increase
after MPTP in G2019S KI mice. Again, no effect on circularity was
observed (Fig. 10F).

Finally, we evaluated whether the neuroprotective effect of MLi-2 in
striatum could be due to a modulation of astrocytosis (Supplementary
Fig. 7). MPTP elevated striatal GFAP staining regardless of genotype
(MPTP Fy,16 = 93.41 p < 0.0001; genotype X MPTP Fy 16 = 3.32 p =
0.08), whereas MLi-2 alone elevated GFAP staining in WT but not
G2019S KI mice (genotype X MLi-2 Fy,16 = 13.29 p = 0.0022). In any
genotype, however, the astrocyte response to MPTP was affected by MLi-
2 (genotype X MPTP X MLi-2 Fq,16 = 0.219 p = 0.65).

4. Discussion

The present study shows that G2019S LRRK2 confers greater sus-
ceptibility to nigro-striatal toxicity induced by subacute MPTP and is in
line with previous studies with hG2019S BAC mice in the acute MPTP
model (Arbez et al., 2020; Karuppagounder et al., 2016). Moreover, it is
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Fig. 5. Effect of therapeutic treatment with the LRRK2 inhibitor MLi-2 on MPTP-induced degeneration of tyrosine hydroxylase (TH) positive terminals in the
striatum of G2019S KI and WT mice. Mice were administered subacute MPTP (30 mg/Kg i.p. once daily for 7 days) and, starting from the 4th day onwards, also with
MLi-2 (10 mg/Kg i.p. twice daily) for 10 days. Mice were euthanized 24 h after the last MLi-2 injection. Optical density of TH positive terminals (greyscale arbitrary
units) in the striatum, and representative images (scale bar = 1 mm). Data represent individual values (9 mice/group), with means + SEM. **p < 0.01 according to
three-way ANOVA followed by the Tukey test for multiple comparisons.
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ANOVA followed by the Tukey test for multiple comparisons.

consistent with the larger reduction of field potential amplitude, an
index of deranged neurotransmission, in striatal slices of G2019S KI
mice exposed to rotenone (Tozzi et al., 2018). Two lines of evidence
suggest that the enhanced LRRK2 kinase activity is instrumental to the

terminals in striatum (B). Data are expressed
as number of TH positive neurons and stria-
tal optical density (grey scale arbitrary units)
and represent 8 mice per group with mean +
SEM. **p < 0.01 according to one-way

greater LRRK2 G2019S toxicity in this MPTP model of parkinsonism. In
fact, neither LRRK2 KO nor KD mice showed enhanced sensitivity to
MPTP, and small molecule LRRK2 kinase inhibitors PF-06447475 and
MLi-2 were able to reverse it. Previous studies proved that PF-06447475
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Fig. 7. Target validation in WT and G2019S KI mice. Mice were treated with the LRRK2 inhibitors PF-06447475 and MLi-2 (10 mg/Kg, twice daily, i.p.) or vehicle
for 10 days and euthanized 2 h after the last injection. The striatum and midbrain were excised and processed for Western blot analysis. The phosphorylation levels of
Serine 935 LRRK2, a readout of kinase activity, were measured and expressed as ratio to total LRRK2 (A, C). LRRK2 levels (B, D) were compared against the
housekeeping GAPDH. In midbrain homogenates, TH levels were also quantified to confirm correct tissue sampling (see Supplementary materials). Data represent
individual values (6 mice/group), with mean + SEM. *p < 0.05, **p < 0.01 according to two-way ANOVA followed by the Tukey test for multiple comparisons.

or its analog PFE-360 are neuroprotective against a-syn-induced
parkinsonism in hG2019S overexpressing rats (Daher et al., 2015) or in
rats where hG2019S LRRK2 was virally overexpressed (although in this
study a destabilizing effect of PFE-360 on the human protein was found)

10

(Nguyen et al., 2020). Nonetheless, the same evidence was lacking for
MLi-2 and this study fills this scientific gap. Actually, MLi-2 rescued
striatal TH positive nerve terminals not only in G2019S KI mice but also
in WT mice. This effect truly relied on LRRK2 since no protection was
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Fig. 8. In vivo CT/PET imaging test-retest with [*5F]-VC701 in MPTP-treated G2019S KI and WT mice. Longitudinal brain evaluation of [*®F]-VC701 uptake in WT
and G2019S KI animals treated with MPTP (30 mg/Kg i.p. once daily for 7 days) and tested before (d0) and after the last injection (d7): test-retest study. SPM results
in WT (A) and G2019S KI (B) mice. The color scale of blobs superimposed on the brain atlas represents the t-value of the t-test in each voxel. The cluster defining

threshold was set at p < 0.01.

observed in MPTP-treated LRRK2 KO mice, suggesting that MLi-2 might
be effective against not only familial G2019S LRRK2-associated PD but
also iPD. The interest for the role of LRRK2 in iPD has been fueled by the
finding that LRRK2 is activated in the brain of iPD patients (Di Maio
et al., 2018). However, some studies reported that genetic or pharma-
cological (via antisense nucleotides) deletion of LRRK2 protected from
genetic (Lin et al., 2009) or viral (Daher et al., 2014) ha-syn over-
expression, PFF injection (Zhao et al., 2017), LPS/paraquat (Dwyer
et al., 2020) or rotenone (Rocha et al., 2020) administration whereas
other studies failed to prove so (Andres-Mateos et al., 2009; Van der
Perren et al., 2021). Consistent with LRRK2 not contributing to iPD,
MLi-2 or PF-360 failed to alter PD-like neurochemical and functional
changes in MitoPark mice (Fell et al., 2015) or protected from nigro-
striatal degeneration rodents injected with a-syn PFFs (Henderson
et al., 2019) or AAV ha-syn (Kelly et al., 2021; Van der Perren et al.,
2021). Only one study reported neuroprotection with subacute PFE-360
(10 mg/Kg twice daily p.o.) in WT rats treated with rotenone (Rocha
et al., 2020), which supports MLi-2 efficacy in MPTP-treated WT mice
observed herein. Perhaps, two main factors influenced the outcome of
these neuroprotection studies: the model employed, which can be
associated with a different degree of endogenous LRRK2 activation, and
the degree of LRRK2 inhibition achieved with the LRRK2 inhibitor.
Indeed, although both PF-06447475 and MLi-2 rescued nigral DA neu-
rons from MPTP-induced neurodegeneration, only MLi-2 was neuro-
protective in striatum, but this different response correlated with the
different degree of LRRK2 inhibition achieved in this area. Indeed, MLi-2
abolished striatal pSer935 LRRK2 levels in both WT and G2019S KI mice
whereas PF-06447475 was ineffective in WT mice and showed only a
trend to inhibition in G2019S KI mice. MLi-2 is ~4-fold more potent
than PF-06447475 in inhibiting purified LRRK2 (IC5¢ 0.76 nM and 3 nM,
respectively) and ~ 18-fold more potent than PF-06447475 in Ser935
dephosphorylation (ICsp 1.4 nM and 24 nM, respectively) in vitro (Fell
et al., 2015; Henderson et al., 2015). Since MLi-2 and PF-360 (a close
analog of PF-06447475) have similar pharmacokinetic properties (Kelly
et al.,, 2018), using the same dose for both inhibitors might have
generated striatal drug concentrations with maximal (MLi-2) or negli-
gible (PF-06447475) LRRK2 inhibitory efficacy. Both compounds are
highly brain penetrant and were used at doses derived from seminal
studies of (Fell et al., 2015) (MLi-2) and (Henderson et al., 2015) (PF-
06447475), followed by others (Kelly et al., 2021; Kelly et al., 2018;
Kluss et al., 2018; Kluss et al., 2021; Van der Perren et al., 2021). For
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MLi-2 we adopted a b.i.d. administration protocol of 10 mg/Kg i.p.
considering the almost complete abrogation of pSer935 levels after
single administration of 3 mg/Kg s.c. (Kluss et al., 2018) or 10 mg/Kg p.
o. (Fell et al., 2015; Kluss et al., 2021), and the short half-life of the
compound (Fell et al., 2015; Kelly et al., 2018). A similar protocol (10
mg/Kg p.o. b.i.d. for 5 days) was also adopted in rats by (Van der Perren
et al., 2021). For PF-06447475, we administered 10 mg/Kg i.p. b.i.d.
due to the ~90% inhibition of pSer935 levels observed in WT mice
administered s.c. with the same dose, and the relative short half-life of
the compound (Henderson et al., 2015). PF-06447475 (3-30 mg/Kg p.o.
b.i.d.) was used by another group in rats (Daher et al., 2015; Kelly et al.,
2021). Our data confirm that LRRK2 dephosphorylated in response to
LRRK2 inhibitors and that pSer935 levels are reliable marker of LRRK2
kinase activity in both WT and G2019S KI mice. Different from pSer935
levels, pRab10 levels did not correlate with LRRK2 kinase inhibition in
striatal homogenates. This agrees with previous studies in mice (Kelly
et al., 2018; Kluss et al., 2021) where pRab12, instead, proved to be a
reliable marker of LRRK2 kinase activity (Kluss et al., 2021). The lack of
response might be due to the animal species and strain, given that Rab10
levels show strain dependence (Kelly et al., 2021). Moreover, since
Rab10 expression, different from LRRK2 expression, is heterogeneous
across the different cell populations, tissue homogenates might not a
suitable preparation to measure target validation using pRabl0 as a
readout (Kelly et al., 2018).

It is noteworthy that, in keeping with previous in vivo studies with
PF-06447475 (Daher et al., 2015; Kelly et al., 2021), PFE-360 (Andersen
et al., 2018; Kelly et al., 2021) or MLi-2 (Fell et al., 2015; Henderson
et al., 2019; Kluss et al., 2021), abrogation of pSer935 levels did not
affect brain LRRK2 levels and was well tolerated. Intriguingly, the
midbrain pattern was different from striatum, since PF-06447475
partially inhibited pSer935 levels in WT and G2019S KI mice, and was
equally effective as MLi-2 in preventing MPTP-induced neuro-
degeneration. It is possible that due to the lower levels of endogenous
LRRK2 in this region compared to the striatum, neuroprotection in SNc¢
can be achieved also at a lower level of LRRK2 kinase inhibition and,
therefore, also with the less potent inhibitor. However, despite MLi-2
abrogated pSer935 LRRK2 levels also in midbrain, it was only able to
rescue the hypersensitivity of nigral G2019S neurons to MPTP, being
unable to protect nigral DA cells from the toxin in any genotype.
Therefore, in the MPTP model, additional mechanisms might be active
at the nigral level that are insensitive to LRRK2 kinase inhibition. The
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Fig. 9. Ex-vivo ['®F]-VC701 brain tissue sampling in G2019S KI and WT mice. Mice were treated with MPTP (30 mg/Kg i.p. once daily) or saline for 7 days, then
euthanized 4 h after the last MPTP injection and 2 h after radiotracer injection. Radioactivity values in blood and plasma samples (A-B) and regional tracer dis-
tribution in anterior (C) and posterior (D) cortex, striatum (E), substantia nigra (F), hippocampus (G), and cerebellum (H) in G2019S KI and WT mice 7 days after
administration. Data are expressed as mean + SEM Standardized Uptake Value (SUV) and show individual values (n = 9 WT vehicle, n = 10 G2019S KI vehicle, n = 6

WT MPTP, n = 10 G2019S KI MPTP) with means + SEM.

paradoxical finding that MLi-2 prevented striatal DA terminal loss in
MPTP-treated WT mice while LRRK2 KO mice were not protected from
MPTP might be explained considering that the LRRK2 homolog, LRRK1,
might compensate for the loss of LRRK2, since their tissue expression,
particularly during development, is coordinated (Biskup et al., 2007). In
adult mice, however, only LRRK2 is expressed in nigro-striatal neurons,
thus acute blockade of LRRK2 might leave uncompensated cellular
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functions regulated by LRRK1. Indeed, constitutive genetic deletion of
both LRRK2 and LRRK1, but not either gene alone, resulted in the early
onset of a parkinsonian phenotype and loss of nigral DA neurons (Giaime
et al., 2017).

With respect to the factors determining the higher sensitivity of
G2019S KI mice to mitochondrial complex I inhibition, several studies
have reported mitochondrial morphological aberrations or dysfunctions
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Fig. 10. Effect of therapeutic treatments
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in G2019S KI mice (Yue et al., 2015), or astrocytes (Ramos-Gonzalez
et al., 2021), fibroblasts (Mortiboys et al., 2010) and iPSC (Cooper et al.,
2012; Sanders et al., 2014) from LRRK2 G2019S patients, and even SH-
SY-5Y cells overexpressing G2019S LRRK2 (Tozzi et al., 2018). In these
cells, specifically, the sensitivity to rotenone manifested as a greater
elevation of ROS production and reductions of Ca®" levels and ATP
synthesis compared to WT cells, accompanied by abnormal morphology
(Tozzi et al., 2018), suggesting a critical effect of LRRK2 on mitochon-
drial function. Both cell autonomous and non-cell autonomous mecha-
nisms might underlie the higher sensitivity of nigral DA neurons to
MPTP. In fact, the elevation of iba-1 and GFAP immunoreactivity in
striatum confirmed that subacute MPTP causes microgliosis and astro-
gliosis (Lee et al., 2019; Qiao et al., 2020). The finding that microglia
recruitment was greater in G2019S KI mice is consistent with the well-
described pro-inflammatory role of G2019S LRRK2 (Ma et al., 2016;
Moehle et al., 2012; Russo et al., 2015). However, whether blockade of
the MPTP-induced inflammatory response underlies the neuroprotective
effects of LRRK2 inhibitors and, particularly, MLi-2 in striatum is a
matter of speculation. In fact, PF-06447475 failed to rescue striatal TH
terminals and did not attenuate the increased striatal microglial
response in MPTP-treated WT mice, albeit reducing it in G2019S KI
mice. This is consistent with that found in the SNc of hG2019S trans-
genic vs non transgenic rats (Daher et al., 2015) although PF-06447475
attenuated the loss of both nigral DA cells and striatal DA terminals in
G2019S transgenic rats (Daher et al., 2015). G2019S overexpression in
hG2019S transgenic rats and/or the higher degree of LRRK2 inhibition
achieved in that study (Daher et al., 2015) might explain the discrep-
ancy. Surprisingly, however, MLi-2 further amplified the increase of iba-
1 positive cells induced by MPTP in WT mice but did not change the
MPTP response in G2019S KI mice, providing striatal protection in both
genotypes. Further analysis also at earlier time points is needed to
establish whether MLi-2 causes striatal neuroprotection through mod-
ulation of the microglial response. In fact, microglia are transiently
activated during the first days of repeated MPTP treatment (Drouin-
Ouellet et al., 2011) and, consistently, analysis of circularity suggests
that iba-1 positive cells are less activated a week after MPTP withdrawal.
The finding that the expression of TMEM119, a specific homeostatic
microglia marker (Satoh et al., 2016), remained unchanged after MPTP
withdrawal might support this view. Therefore, the possibility that the
higher number of iba-1 positive cells in MPTP-treated mice is due to
infiltrating macrophages should be considered. In fact, iba-1 does not
discriminate among microglia and infiltrating macrophages (Davoust
et al., 2008), and prolonged MPTP administration is associated with a
long-lasting increase (up to 14 days after MPTP withdrawal) infiltration
of bone-marrow-derived cells in dopaminergic damaged areas (Rodri-
guez et al., 2007). Whether these cells play a detrimental or beneficial
role remains to be determined. However, the finding that MLi-2
enhanced the number of MPTP-induced iba-1 positive cells in WT
mice might suggest that LRRK2 inhibition promotes the recruitment of
macrophages/microglia with neuroprotective functions (Barnum and
Tansey, 2010; Teismann et al., 2003). The finding that MLi-2 did not
attenuate the MPTP-induced astrocyte activation in the striatum of WT
and G2019S KI mice argues against the possibility that striatal neuro-
protection was achieved through attenuation of MPTP-induced astro-
gliosis. Indeed, astrocytes can have both beneficial and detrimental
effect on neuronal function (Booth et al., 2017). We should, however,
note that MLi-2 was able to elevate GFAP immunoreactivity in WT mice,
thus occluding the effect of MPTP. The view that LRRK2 kinase inhibi-
tion might cause astrocyte deregulation, thereby favoring protection
against MPTP, is in line with LRRK2 kinase being a negative regulator of
astrocyte function. In fact, genetic deletion or pharmacological inhibi-
tion of LRRK2 improved lysosomal function in WT astrocytes (Henry
et al.,, 2015; Sanyal et al., 2020). Why MLi-2 would increase GFAP
signaling specifically in WT mice is unclear, although G2019S LRRK2 is
associated with dramatic changes of astrocyte homeostasis (Streubel-
Gallasch et al., 2021) (Ramos-Gonzalez et al., 2021) which might be
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kinase-independent or not reversable under short-term kinase
inhibition.

An increase of the binding of the TSPO PET tracer [*'C]-PK11195
was previously observed in mice acutely treated with MPTP (Belloli
et al., 2020; Belloli et al., 2018). Such an increase is presently replicated
in the subacute MPTP model using the novel TSPO tracer [ISF] -VC701.
In the absence of a reference region for SPM analysis to reduce inter-
subject variability, voxels were normalized to mean global values of
every single subject, showing a treatment effect in both genotypes with a
large anatomical involvement in WT mice and a limited effect (striatum)
in G2019S KI mice. ROI analysis indicated a modest but consistent in-
crease in tracer uptake in different brain regions including striatum,
cortex, hippocampus, and thalamus, as previously observed in the acute
MPTP model (Belloli et al., 2018). However, due to the low sensitivity
and spatial resolution of PET together with the small increase of binding
observed, the effect was scattered, particularly in G2019S KI mice, and
did not reach a significant threshold. This drawback was overcome by ex
vivo sampling, which revealed a significant increase of similar magni-
tude in different brain regions of both genotypes, again with greater
variability in G2019S KI mice. Considering that TSPO is upregulated in
microglia/macrophages and astrocytes during the proinflammatory
status (Beckers et al., 2018; Pannell et al., 2020), for the reasons detailed
above, the greater uptake of [18F]-VC701 seems more consistent with
astrocyte rather than microglia activation, which is independent of ge-
notype, as also confirmed by striatal GFAP immunoreactivity.

In conclusion, the present study offers novel in vivo evidence that
G2019S KI mice are more susceptible to the nigro-striatal degeneration
induced by Complex I inhibitor MPTP, and that this susceptibility relies
on the increased LRRK2 kinase activity. Besides, it reports for the first
time the neuroprotective effect of MLi-2 in a model of parkinsonism.
This study also provides the first evidence of TSPO PET imaging in living
G2019S KI mice, although further tests are needed to validate this tool as
a marker of neuroinflammation (Belloli et al., 2020). Altogether, these
data confirm that G2019S LRRK2 confers greater susceptibility to
environmental parkinsonian toxins (Rocha et al., 2020), and G2019S KI
mice might represent a model of presymptomatic/premotor PD useful to
investigate the etiology of PD through the interplay of genetic, intrinsic,
and environmental factors (Longo et al., 2017; Novello et al., 2018).
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