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ABSTRACT

Parkinson’s disease (PD) is the most common neurodegenerative motor disorder. The mechanisms underlying
the onset and progression of Levodopa (L-Dopa)-induced dyskinesia (LID) during PD treatment remain elusive.
Emerging evidence implicates functional modification of microglia in the development of LID. Thus, under-
standing the link between microglia and the development of LID may provide the knowledge required to pre-
serve or promote beneficial microglial functions, even during a prolonged L-Dopa treatment. To provide novel
insights into microglial functional alterations in PD pathophysiology, we characterized their density, mor-
phology, ultrastructure, and degradation activity in the sensorimotor functional territory of the putamen, using
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) cynomolgus monkeys. A subset of MPTP monkeys was
treated orally with L-Dopa and developed LID similar to PD patients. Using a combination of light, confocal and
transmission electron microscopy, our quantitative analyses revealed alterations of microglial density, mor-
phology and phagolysosomal activity following MPTP intoxication that were partially normalized with L-Dopa
treatment. In particular, microglial density, cell body and arborization areas were increased in the MPTP
monkeys, whereas L-Dopa-treated MPTP animals presented a microglial phenotype similar to the control ani-
mals. At the ultrastructural level, microglia did not differ between groups in their markers of cellular stress or
aging. Nevertheless, microglia from the MPTP monkeys displayed reduced numbers of endosomes, compared
with control animals, that remained lower after L-Dopa treatment. Microglia from MPTP monkeys treated with
L-Dopa also had increased numbers of primary lysosomes compared with non-treated MPTP animals, while
secondary and tertiary lysosomes remained unchanged. Moreover, a decrease microglial immunoreactivity for
CD68, considered a marker of phagocytosis and lysosomal activity, was measured in the MPTP monkeys treated
with L-Dopa, compared with non-treated MPTP animals. Taken together, these findings revealed significant
changes in microglia during PD pathophysiology that were partially rescued by L-Dopa treatment. Albeit, this L-
Dopa treatment conferred phagolysosomal insufficiency on microglia in the dyskinetic Parkinsonian monkeys.
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1. Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegen-
erative disorder after Alzheimer’s disease (Lebouvier et al., 2009).
About 1% of the worldwide population above 60 years of age is affected
by PD (Morin et al., 2014; Tysnes and Storstein, 2017). PD is thought to
result from an interplay between genetic variations and various risk
factors such as aging, chronic stress, brain trauma, and infection
(Tansey and Goldberg, 2010; Schapira and Jenner, 2011; Vyas et al.,
2016; Niraula et al., 2017). Signs of rigidity, bradykinesia, resting tre-
mors, and postural instability allow clinical diagnosis of the disease
(Jankovic, 2008). The motor deficits in PD emerge from a progressive
degeneration of substantia nigra (SN) pars compacta dopaminergic (DA)
neurons. These DA neurons innervate the striatum, including the sen-
sorimotor putamen, which is involved in long-term representation of
motor sequences (Lehéricy et al., 2005). DA neuronal degeneration
leads to a significant decrease of DA content in the striatum (Morin
et al., 2014; Tysnes and Storstein, 2017).

Despite lacking a disease-modifying property, treatment with
Levodopa (L-Dopa), a natural precursor of DA, combined with a Dopa
decarboxylase inhibitor, which prevents L-Dopa degradation in the
periphery, provides an effective symptomatic relief (Mercuri and
Bernardi, 2005; Poewe et al., 2010; Montioli et al., 2016). However, as
the disease progresses, beneficial effects of L-Dopa become associated
with, as early as five years into treatment, with first into involuntary
motor fluctuations and later L-Dopa-induced dyskinesia (LID) (Barnum
et al., 2008; Martinez et al., 2015). Indeed, most patients experience
abnormal involuntary movements caused by L-Dopa treatment that can
be more debilitating than PD itself (Ahlskog and Muenter, 2001;
Mercuri and Bernardi, 2005; Fabbrini et al., 2007). This suggests that
the blunting of clinical improvement during L-Dopa treatment may be
associated with disruptive neurochemical changes and/or progressive
dysfunction of cellular mediators over time. Regrettably, after > 40
years of clinical use, alternatives to L-Dopa treatment are still limited.
People with PD now live longer (ever-increasing disease duration) and
are chronically exposed to DA treatment that can lead to LID. Therefore,
LIDs remain a challenge in PD treatment, despite the scientific knowl-
edge advent and a recent, but controversial, review on the decline of
troublesome dyskinesia prevalence due to better management of PD
(Chaudhuri et al., 2019). Available therapeutics that can improve LID
and other L-Dopa associated complications, without loss of therapeutic
efficacy, remain an unmet need (Vijayakumar and Jankovic, 2016).
Amantadine, an anti-viral agent and a glutamate NMDA receptor an-
tagonist (e.g., new ADS-5102), is the most prescribed anti-LID drug but
it is associated with debilitating side-effects (Hubsher et al., 2012;
Pahwa et al., 2015, 2017; Hauser et al., 2017; Oertel et al., 2017).
Clozapine is another anti-LID drug but with potential serious adverse
effects (e.g., agranulocytosis) (Durif et al., 2004). Thus, elucidating the
neuropathological events underlining LID may bring us a step closer to
developing an effective therapy to manage LID in the foreseeable fu-
ture.

LID occur when the levels of DA in the striatum are too high, very
low or persistently unstable (Huot et al., 2013). As such, symptomatic
motor deterioration during L-Dopa treatment is partly attributed to the
progressive loss of striatal DA axon terminals, which convert L-Dopa to
DA, as well as loss of DA transporter on DA terminals (Hong et al.,
2014). This culminates in an abnormal activation of DA receptors at the
synapses of dorsolateral putamen (Carta et al., 2017). However,
emerging evidence suggest indirect contributions of L-Dopa in the onset
and severity of LID through non-neuronal mechanisms involving al-
terations of neurochemicals as well as microglia, the immune cells of
the brain (Carta et al., 2017). For instance, 6-hydroxydopamine (6-
OHDA)-lesioned rats affected with LID presented exacerbated levels of
the pro-inflammatory cytokines tumor necrosis factor (TNF)-a and in-
terleukin (IL)-1f in the striatum (Barnum et al., 2008; Mulas et al.,
2016). In this animal model, treatment with anti-inflammatory drugs,
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such as corticosterone and the PPAR-y agonist rosiglitazone, attenuated
both the intensity of LID and the levels of pro-inflammatory cytokines
in the striatum (Barnum et al., 2008; Martinez et al., 2015). Intra-
striatal infusion of the IL-1f receptor antagonist, IL-1ra, was also suf-
ficient to decrease LID severity, which supports a local action of the pro-
inflammatory cytokine (Barnum et al., 2008). Similarly, peripheral li-
popolysaccharides (LPS; bacterial component) administration increased
LID in 6-OHDA-lesioned hemiparkinsonian rats (Mulas et al., 2016). In
this study, LID was associated with increased brain levels of TNFa
without significant changes in the periphery. Of note, the anti-dyski-
netic drug amantadine attenuated microglial secretion of TNF-a and
nitric oxide following LPS challenge in a neuron-microglia co-culture
(Ossola et al., 2011; Kim et al., 2012). The study further speculates
against the conventional belief that the neuroprotective potential of
amantadine is microglial-dependent but independent from NMDA re-
ceptor inhibition. This is because at lower concentration, amantadine
protects neuron-glia culture from 1-methyl-4-phenylpyridinium
(MPP*) and LPS-induced toxicity whereas higher concentration of 4-5
folds was required to resolve NMDA-induced toxicity. Also, evidence
from a non-human primate model of PD and post-mortem PD brains
receiving L-Dopa treatment revealed a significantly reduced level of
arachidonic acid, a precursor of several pro-inflammatory pros-
taglandins, in non-dyskinetic subjects compared with those displaying
motor complications (Julien et al., 2006). Taken together, microglia-
mediated neuroinflammation might contribute significantly to LID.
Understanding the link between microglial functional capacity and the
pathophysiology of PD including the development of LID is thus crucial
to determine their contributions to LID. This may provide a template for
microglial rejuvenation or restoration of beneficial functions, even
during a prolonged L-Dopa treatment (Awogbindin et al., 2020).

Even though the direct contribution of L-Dopa to progressive ni-
grostriatal neurodegeneration is being debated (Fahn et al., 2004;
Lipski et al., 2011), increased concentration of extrasynaptic DA in the
cytosol, which characterizes chronic non-physiological DA supple-
mentation during L-Dopa treatment, may fuel the accumulation of toxic
metabolites and oxidative stress (Sabens et al., 2010; Lipski et al., 2011)
with deleterious outcomes on the surrounding microglia. For instance,
unutilized L-Dopa and DA auto-oxidize to reactive quinones, semi-
quinones, aminochromes or a more stable neuromelanin (Kostrzewa
et al., 2002; Herrera et al., 2017). These metabolites form covalent
complexes with alpha (a)-synuclein (Fasano et al., 2003; Xu and Chan,
2015), a dysfunctional signal that fuels pro-inflammatory microglial
phenotypic switch and impairment of phagocytosis (Choi et al., 2015;
Awogbindin et al., 2020). Moreover, the degeneration of neurons
containing neuromelanin overload may further solicit microglial in-
volvement and trigger pro-inflammatory responses (Zecca et al., 2008;
Zhang et al., 2011; Viceconte et al., 2015). Importantly, using mouse-
derived microglia deficient in macrophage antigen complex-1, a re-
ceptor involved in phagocytosis initiation, Zhang et al. demonstrated
that microglial phagocytosis of neuromelanin contributes to the de-
generation of primary ventral midbrain neurons in culture (Zhang et al.,
2011). Thus, we hypothesize that microglial intracellular machineries
involved in debris clearance may particularly become compromised
during LID.

To study the implications of microglia in PD pathophysiology in-
cluding the development and expression of LID, we have characterized
the changes in their density, morphology, ultrastructure, as well as
degradation activity in the sensorimotor putamen of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) cynomolgus monkeys
(Macaca fascicularis). The MPTP monkey model best replicates the
emergence of LID symptoms upon L-Dopa treatment (Morin et al.,
2014). Using a combination of light, confocal, and transmission elec-
tron microscopy, our analyses in MPTP monkeys compared with
healthy controls first revealed increases in microglial density, as well as
cell body and process arborization area, that returned to control values
with L-Dopa treatment. These changes indicate that microglia become
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more numerous and hyper-ramified in the striatum of MPTP monkeys,
while their phenotypic changes are normalized by L-Dopa. At the ul-
trastructural level, microglia did not show signs of cellular stress and/or
early aging (e.g. dilation of the Golgi apparatus and endoplasmic re-
ticulum, accumulation of lipofuscin granules) in the different groups.
However, microglia from MPTP monkeys, without or with L-Dopa
treatment, displayed decreased numbers of endosomes compared to
control animals. Microglia from MPTP animals treated with L-Dopa also
had increased numbers of primary lysosomes, which might reflect a
compensatory mechanism, while secondary and tertiary lysosomes re-
mained unchanged in number. In addition, microglial
munoreactivity for CD68, a glycoprotein associated with their phago-
lysosomal activity, was unchanged at the confocal level after MPTP
exposure, but decreased with L-Dopa treatment. While CD68 is con-
sidered a marker of phagocytosis and lysosomal activity, we provide
ultrastructural evidence that it localizes to secondary lysosomes, in
which endosomes are fused to lysosomes, as well as tertiary residual
debris in striatal microglia. Overall, these findings identify striatal mi-
croglial changes that are partially rescued by L-Dopa treatment during
PD pathophysiology. In addition, our study reveals for the first time a
phagolysosomal insufficiency in microglia during LID. Therapeutic in-
terventions targeting microglial reactivity, specifically their dysfunc-
tional phagolysosomal activity, may prove invaluable in the prevention
of L-Dopa associated abnormal involuntary movements.

im-

2. Material and methods
2.1. Animal model

2.1.1. Statement on the welfare of animals

All experimental procedures were approved by the Comité de pro-
tection des animaux de ’Université Laval (protocols # 2010-062 and
2015-089), according to the Canadian Council on Animal Care’s Guide
to the Care and Use of Experimental Animals (Ed2) guidelines. Minimal
number of animals were used in these experiments.

2.1.2. Experimental groups

This study was conducted on 12 ovariectomized adult female
monkeys (Macaca fascicularis, Primus Bio-Resources, Charles River)
between 4 and 11 years of age that weighed between 2.8 and 4.6 kg
(Table 1). Animals were housed under a 12-hour light-dark cycle with
water and food provided ad libitum.

Four monkeys were used as controls and 8 others received systemic
infusion of MPTP (Sigma-Aldrich) through subcutaneous Alzet mini-
pumps (0.5mg/24h in saline solution; Durect Corporation) until

Table 1
Information on the control, MPTP and MPTP + L-Dopa treated female monkeys
used for this study.

Group ID Weigth (kg) Age (year) Survival time post-
MPTP (year)
Control S-2310 3.9 4.33
S-2311 3.0 4.25
S-2312 3.5 3.83
S-2313 3.8 4.5
Mean = SEM. - 3.6 £ 0.20 5.23 * 0.14 -
MPTP S$-2268 3.2 5.1 0.33
S$-2269 3.1 5 0.18
S-2270 2.8 5 0.15
S-2273 3.3 5.1 0.20
Mean + SEM. - 3.1 = 0.11 5.05 * 0.03 0.22 = 0.04
MPTP + L-Dopa S-2631 4.6 11.2 7.21
S-2711 2.9 9.75 1.67
S-2722 3.5 9 0.51
S-2747 3.7 10.3 1.25
Mean = SEM. - 3.7 £ 035 10.06 = 0.46 °" 2.66 + 1.54

NOTE: * p < 0.0001 vs Control monkeys; ¥ p < 0.0001 vs MPTP monkeys
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stabilization of the bilateral parkinsonian syndrome was achieved
(Riahi et al., 2013). Behavioral response to MPTP intoxication was as-
sessed by using a motor scale developed at Université Laval that takes
into consideration posture, mobility, climbing, gait, grooming, voicing,
social interaction and tremor (Hadj Tahar et al., 2004). Animals were
scored twice, one week before transcardiac perfusion, using 2 h video
recording sessions during which behavior was scored every 15 min. At
the time of perfusion, all MPTP monkeys were stabilized and did not
show any sign of behavioral recovery. Four of the eight MPTP monkeys
received chronic L-Dopa to model LID. These monkeys were treated
chronically, during a one month-period or until dyskinesia stabilized,
once daily with L-Dopa/benserazide 100/25mg capsule p.o. alone
(Prolopa, Hoffmann-La Roche; a mixture of 100 mg of L-Dopa and
25mg of benserazide). Afterwards, behavioral responses were video
recorded for each animal following a subcutaneous administration of L-
Dopa methyl ester (Sigma-Aldrich) at a fixed dose (15-30 mg/kg), tai-
lored for each animal for an optimal response, always in combination
with benserazide (50mg, Sigma-Aldrich), a peripheral Dopa dec-
arboxylase inhibitor. The behavioral responses of each MPTP animal
were video recorded in the morning after a subcutaneous injection of
vehicle (saline solution) (for 2-3 h) and on another day in the morning
following administration of L-Dopa (for 4-5 h, i.e. duration of the motor
response). Video analysis was conducted blind to the experimental
conditions. All MPTP and MPTP + L-Dopa animals were scored using a
motor scale that distinguishes between mild, moderate or severe par-
kinsonism, and MPTP + L-Dopa animals using the dyskinetic scale
quantifying LID, as described previously (Hadj Tahar et al., 2004). The
dyskinetic score measures the severity of dyskinesias. The difference
between mild, moderate and severe dyskinesias for a given body seg-
ment is based on the assessment of the amplitude and frequency
(whether they are occasional, intermittent, or constant) of abnormal
movements. For the microglial analyses, monkeys were matched for
their parkinsonian score and had a similar extent of denervation as
shown in Fig. 1A (disability scale, showing the parkinsonian score) and
extent of denervation as shown in Fig. 1C (estimated with DA trans-
porter (DAT) immunostaining). All animals (Table 1) were used for
light, confocal and transmission electron microscopy, except for S2711
which did not have an optimal ultrastructural preservation and was not
used for transmission electron microscopy. An additional MPTP
monkey, 4 years of age, was also used to determine the subcellular lo-
calization of CD68 in the sensorimotor territory of the putamen.

2.1.3. Tissue processing

Following behavioral scoring, the animals were euthanized and
brain tissues were collected using a technique compatible with both
immunohistochemistry and electron microscopy as described in
(Tremblay et al., 2010b). One monkey was excluded from the ultra-
structural analysis, only keeping those with an optimal brain tissue
preservation (4 controls, 4 MPTP, and 3 MPTP + L-Dopa). Monkeys
were first anesthetized with a cocktail of ketamine (20 mg/kg, i.m.) and
xylazine (4 mg/kg, i.m.) and were maintained under anesthesia using
3% isoflurane. For perfusion, 300 mL of ice-cold sodium phosphate-
buffered saline (PBS, 0.1 M; pH 7.4) was administered transcardially,
followed by 1 L of cold 4% paraformaldehyde (PFA) mixed with 0.1%
glutaraldehyde and finally by 1.5 L of 4% PFA. Brains were then post-
fixed for 24 h at 4°C in 4% PFA. The next day, 50 um-thick brain sec-
tions were cut in PBS using a vibratome (VT1200 S; Leica). Afterwards,
sections were stored in cryoprotectant (30% ethylene glycol and 30%
glycerol in PBS) at —20°C.

2.2. Immunohistochemistry staining

2.2.1. Light microscopy

To measure microglial density and morphology, 7 rostrocaudal
sections were selected across the entire striatum of each monkey, at a
fixed interval of 600 pm. The sections were immunostained using the
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Fig. 1. Effects of MPTP treatment on motor behavior and DAT staining in the striatum of macaque monkeys. A-C: Histograms showing the (A) motor disability score
at baseline (MPTP monkeys: S-2268: 8.23, $-2269: 9.64, S-2270: 6.78 and S-2273: 7.20 and MPTP + L-Dopa treated monkeys: S-2631: 12.00, S-2711: 5.21, S-2722:
12.22 and S-2747: 11.72), (B) dyskinetic score at the 1 h peak (MPTP + L-Dopa treated monkeys: S-2631: 3.47, S-2711: 1.58, S-2722: 3.02 and S-2747: 8.25) and (C)
average optical density of the DAT immunostaining. D: Representative images of DAT immunostaining in the striatum of control, MPTP-intoxicated and MPTP-

treated with L-Dopa monkeys. Data shown are expressed as means *

S.E.M. **** p < 0.0001, by using one-way ANOVA followed by a Bonferroni post-hoc test. Acb:

nucleus accumbens; Cd: caudate nucleus; ic: internal capsule; N.R.: not relevant; Put: putamen. Scale bars: 2 mm.

marker ionized calcium binding adaptor molecule 1 (IBA1) to analyze
microglia at the light microscopy level. Cryoprotectant was rinsed out
with PBS and the free-floating sections were quenched with 2% H,0, in
70% methanol for 5 min, and then washed with PBS (50 mM at pH 7.4).
They were then placed in 0.1% NaBH, solution for 30 min and washed.
Tissues were incubated in a blocking solution containing 10% fetal
bovine serum (FBS), 3% bovine serum albumin (BSA) and 1% Triton X-
100 for 1h at room temperature (RT). They were then incubated
overnight at 4°C in rabbit anti-IBA1 primary antibody (1:1000 in
blocking solution; catalog no. 019-19741; Wako). The following day,
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after several washes with Tris-buffered saline (TBS; 50 mM at pH 7.4),
sections were incubated in goat anti-rabbit biotin-conjugated secondary
antibody (1:200 in TBS; catalog no. 111-066-046; Jackson
ImmunoResearch) for 1.5 h at RT. The sections were incubated 1 h with
avidin-biotin-peroxidase complex (ABC; 1:100 in TBS; Vector
Laboratories). They were rinsed and developed using diaminobenzidine
(DAB; 0.05%) and H,0, 0.015% in Tris buffer (TB; 50 mM at pH 8.0)
for 4min at RT. Sections were mounted on charged glass slides. They
were dehydrated in increasing concentrations of ethanol (2 min for each
concentration). Slides were then submerged in CitriSolV (catalog no
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1601; Decon Laboratories) and coverslipped with dibutylphthalate
polystyrene xylene (DPX) (Electron Microscopy; EMS).

2.2.2. Fluorescent microscopy

Immunochemistry for DAT was performed to evaluate the extent of
the DA lesion caused by MPTP intoxication. Transverse sections were
taken through 3 striatal levels, pre-commissural (3.0 mm), commissural
(0.0 mm) and post-commissural (-3.0 mm), according to the brain ste-
reotaxic atlas of Martin and Bowden (Martin and Bowden, 2000). These
sections were immunostained for DAT with secondary antibodies cou-
pled to an infrared fluorescent dye. Briefly, sections were first washed
in PBS (50 mM at pH 7.4), then incubated at RT for 1h in a blocking
solution containing 1% Triton X-100 and 2% normal goat serum (NGS)
in PBS. Afterward, sections were incubated overnight at 4°C in the same
blocking solution to which a 1:500 dilution of rat anti-DAT (product no.
MAB369; EMD Millipore Corporation) was added. After being rinsed in
PBS, sections were incubated with goat anti-rat IRDye 800CW (catalog
no. 926-32219; LI-COR Biosciences) diluted 1:1000 in the blocking
solution, for 2h at RT. An infrared imaging system (Odyssey CLx; LI-
COR Biosciences) was then used to scan the immunostained sections
and measurements were taken from the 3 functional territories of the
striatum, as defined according to Parent and Hazrati (Parent and
Hazrati, 1995). Secondary antibody was excited with the appropriate
solid-state diode laser (785 nm).

To evaluate microglial phagolysosomal function, IBA1/CD68 double
staining was performed. Two rostrocaudal sections (3.0mm to
—3.0mm) per animal were selected. They were quenched with 0.5%
NaBH, for 30 min and then blocked with a mixture of 2% normal
donkey serum (NDS), 2% NGS and 0.3% Triton X-100 (in PBS) for 1 h.
Combined primary antibodies: rabbit anti-IBA1 antibody (1:1000, cat-
alog no. 019-19741; Wako) and mouse anti-CD68 antibody (1:50,
catalog no. M0814; Dako) were incubated overnight at 4°C in blocking
solution. The next day, sections were incubated with goat anti-rabbit
Alexa Fluor 488-conjugated (1:300, catalog no. A-11008; Thermo-
Scientific) and donkey anti-mouse Alexa Fluor 568-conjugated (1:300,
catalog no. A-10037; Thermo-Scientific) secondary antibodies in
blocking buffer for 2h at RT. Sections were washed in PBS, counter-
stained with DAPI for 5 min, mounted on slides and coverslipped with
Fluoromount-G (catalog no. 0100-01; SouthernBiotech).

To quantify the circulating monocytes infiltrating the sensorimotor
region of the dorsal putamen, an IBA1/TMEM119 double staining was
also performed. The marker IBA1 is commonly used to study microglia,
considering that it provides an exceptional visualization of their mor-
phology (Gonzalez Ibanez et al., 2019), but it is also expressed by
peripheral myeloid cells that can infiltrate the brain, especially in
contexts of disease, while TMEM119 is considered to be microglia-
specific (Bennett et al., 2016). One rostrocaudal section per animal
(3.0 mm to —3.0 mm) was quenched with 0.1% NaBH, for 30 min and
then blocked with a mixture of 5% NDS, 0.5% gelatin and 0.3% Triton
X-100 (in TBS) for 1 h. The sections were incubated with rabbit anti-
TMEM119 primary antibody (1:500, catalog no. HPA051870; Sigma-
Aldrich) overnight at 4°C. The next day, the sections were washed and
incubated with donkey anti-rabbit Alexa Fluor 568-conjugated sec-
ondary antibody (1:300, catalog no. A-10042; Thermo-scientific) for 2 h
at RT, and then with rabbit anti-IBA1 primary antibody conjugated to
Alexa Fluor 635 (1:100, catalog no. 013-26471; Fujifilm Wako) over-
night at 4°C. All the antibodies were diluted in blocking buffer. The next
day, the sections were washed in PBS, counter-stained with DAPI,
mounted on slides and coverslipped with Fluoromount-G.

2.2.3. Electron microscopy

For transmission electron microscopy, two rostrocaudal transverse
sections taken at the commissure level (0.0 mm) were selected for each
of the 11 monkeys used in the ultrastructural analysis. They were im-
munostained for IBA1 to analyze microglial ultrastructural features.
Cryoprotectant was first rinsed out with PBS and free-floating brain
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sections were quenched with 0.3% (v/v) H,O5 in PBS for 5min fol-
lowed by a 30 min incubation in 0.1% NaBH,4. For blocking, sections
were incubated in 10% FBS, 3% BSA and 0.01% Triton X-100 for 1 h at
RT. They were then incubated overnight at 4°C in rabbit anti-IBA1
primary antibody (1:5000, catalog no. 019-19741; Wako) diluted in
blocking solution. The following day, sections were incubated in
donkey anti-rabbit biotin-conjugated secondary antibody (1:300 in
TBS; catalog no. 111-066-046; Jackson ImmunoResearch) for 1.5h,
ABC for 1 h, and the staining was revealed with 0.05% DAB and 0.015%
H,0, during 4 min at RT. Sections were then incubated in 1% osmium
tetroxide for 30 min. After washes with phosphate buffer, sections were
dehydrated in increasing concentrations of ethanol, followed by 3 wa-
shes of 5min in propylene oxide and immersion in Durcupan resin
(Electron Microscopy Sciences; EMS) for 24h at RT. The next day,
sections were flat-embedded between ACLAR sheets (EMS) and resin
was polymerized at 55°C for 72 h. In each section, a trapezoid was ex-
cised from the sensorimotor territory of the putamen and re-embedded
on a resin block. Ultrathin sections, approximately 75 nm-thick, were
cut with an ultramicrotome (Leica Ultracut UC7) and collected on
copper 200-mesh grids (EMS).

Immunostaining against CD68 was also performed to determine its
subcellular localization in microglia using transmission electron mi-
croscopy, using one transverse section taken at the commissure level
from one animal, as for the IBA1 staining. Tissues were quenched with
0.3% H»0- in PBS for 5min, then placed in 0.1% NaBH,4 for 30 min.
Sections were incubated overnight at 4°C with a mouse anti-CD68 pri-
mary antibody (1:50, catalog no. M0814; Dako) in blocking solution
(10% FBS, 5% BSA and 0.01% Triton X-100). The next day, sections
were incubated in goat anti-mouse biotin-conjugated secondary anti-
body (1:300 in 0.01% Triton X-100 added to TBS; catalog no. 115-066-
071; Jackson ImmunoResearch) for 1.5h. The following steps were
identical to the ones described above for IBA1 except that 0.01% Triton
X-100 in TBS was used to wash sections.

2.3. Microscopy analyses

2.3.1. Microglial density and morphology analyses

To analyze microglial density, an unbiased stereological approach
was performed using a light microscope equipped with the
Stereolnvestigator software (v. 7.00.3; MicroBrightField), a digital
camera with a motorized stage and a Z-axis indicator. Using the ste-
reotaxic atlas of Martin and Bowden (Martin and Bowden, 2000), the
contour of the sensorimotor functional territory of the putamen was
traced at a low magnification on each transverse section, according to
Parent and Hazrati (1995). A grid composed of 1500X 1500 um
squares was randomly placed over the contour and a counting frame of
200 X200 um was drawn at each intersection of the grid. Every IBA1-
immunopositive cell body contained inside of the counting frame that
did not touch the exclusion lines was counted at a magnification of
100X. For each counting frame, thickness of the brain section was de-
termined. The mean section thickness was 24.3 = 2.1 um. Coefficients
of error (Gunderson, m = 1 and 2nd Schmitz-Hof) obtained were 0.03
or 0.04, respectively.

For the analysis of microglial morphology, colored pictures were
acquired at 40X using a Zeiss AxioPlan brightfield microscope equipped
with an Infinity 2 camera (5 MP; Lumenera). An observer blinded to the
experimental groups analyzed the images. For each animal, 15 IBA1-
immunopositive cell bodies and their arborizations were analyzed using
ImageJ software (NIH, v.1.50b). All the cells in focus were analyzed in
each picture before moving to the next picture not to introduce selec-
tion bias (Tremblay et al., 2012). For each cell, the soma area was
determined by tracing a line around the cell body using the freehand
selection tool of ImageJ. Distal process extremities were also connected
together to measure arborization area using the polygon selection tool
of ImageJ. A morphological index was next calculated by dividing the
soma area by the arborization area (Milior et al., 2016) in order to
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Table 2
Additional results from the ultrastructural analyses of IBA1-positive cell bodies.
All analyzed features are expressed as numbers/cell body.

Mean *+ SEM P value
Control MPTP
Lipofuscin 0.05405 + 0.03769  0.1053 =+ 0.06299  0.7399
ER and Golgi dilation 0.4595 + 0.1429 0.2105 * 0.09359  0.2255
Elongated 0.08108 + 0.04549 0.1579 = 0.07082  0.8697
mitochondrion
Extracellular digestion 0.6486 + 0.1239 0.7368 + 0.1586 > 0.9999
Extracellular space 0.7027 =+ 0.07618 0.7895 = 0.06702  0.7255
pocket
Synaptic contact 1.243 + 0.1875 0.9211 + 0.1380 0.2807
Mean + SEM P value
MPTP MPTP + L-Dopa
Lipofuscin 0.1053 + 0.06299 0.1111 + 0.06163  0.9967
ER and Golgi dilation 0.2105 + 0.09359 0.1481 =+ 0.08777 > 0.9999
Elongated 0.1579 + 0.07082 0.3333 * 0.1068 0.2070
mitochondrion
Extracellular digestion 0.7368 + 0.1586 0.6296 + 0.1524 > 0.9999
Extracellular space 0.7895 + 0.06702 0.8889 + 0.06163 0.6775
pocket
Synaptic contact 0.9211 + 0.1380 0.7037 + 0.1393 0.7195

determine microglial reactivity (Streit et al., 1999). This morphological
index was used to correlate the area of the soma with the area of the
arborization; the larger the value is, the greater the soma is compared to
the ramifications.

2.3.2. Microglial ultrastructural analyses

Between 7 and 10 IBAl-positive cell bodies in each of the 11 ex-
amined animals (4 control, 4 MPTP and 3 MPTP + L-Dopa monkeys)
were randomly acquired at 6800X using a FEI Tecnai Spirit G2 trans-
mission electron microscope operating at 80 kV and equipped with a
digital camera ORCA-HR (10 MP; Hamamatsu). The images were ana-
lyzed with ImageJ by an observer blinded to the experimental condi-
tions. For each cell body, the number of lysosomes, lipofuscin granules,
dilated endoplasmic reticulum (ER) and Golgi apparatus cisternae, en-
dosomes (either empty or containing debris), elongated mitochondria,
extracellular digestion events, and contacts made onto synaptic ele-
ments (dendritic spines recognized by their post-synaptic density, axon
terminals identified by their synaptic vesicles) were analyzed, as pre-
viously described (St-Pierre et al., 2019). Lipofuscin granules were
identified by their dark heterogeneous and granulous appearance
(Peters et al., 1991). Endosomes were identified by their ovoid shape
delineated by a single membrane. They contained partially or fully
digested cellular constituents such as vesicles and myelin debris. Their
size had to be between 100 nm and 1.7 um for inclusion in the analysis.
Lysosomes were identified by their dark appearance, size between
0.5 um and 2.0 um, and frequent association with degraded lipid bodies
or vacuoles (El Hajj et al., 2019). Primary, secondary and tertiary ly-
sosomes were differentiated based on the criteria previously established
by El Hajj et al. (El Hajj et al., 2019). Briefly, primary lysosomes were
characterized by their round homogenous shape with electron-dense
granules found near the membrane. Secondary lysosomes were identi-
fied based on their round heterogenous and electron-dense shape, as
well as their association with vacuoles, while tertiary lysosomes were
differentiated from secondary lysosomes by their association with va-
cuoles, lipofuscin granules and lipid bodies. Cisternae of ER and Golgi
apparatuses had a minimum width of 50 nm to be considered dilated.
Mitochondria had to be at least 1000 nm of length to be considered
elongated (Hui et al., 2018). Elongated mitochondria were previously
associated with a shift in the fusion/fission balance towards fusion
(Westermann, 2008). Microglia-associated extracellular space pockets
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were larger than the extracellular space usually observed between
neighboring cells (Tremblay et al., 2010a) and were distinguished from
distal astrocytic processes by their lack of a delineating plasma mem-
brane (Peters et al., 1991). Extracellular digestion, which is also termed
“exophagy” (Haka et al., 2016; El Hajj et al., 2019), was identified as
extracellular space pockets containing partially digested cellular ele-
ments such as membranes sometimes forming myelin, axon terminals or
dendritic spines.

2.3.3. Peripheral myeloid cell infiltration and phagolysosomal activity
analyses

Confocal imaging of the IBA1/CD68 double staining was performed
using an inverted Leica DMI 600B microscope with a Quorum WaveFX
Spinning disk. Images of the sensorimotor putamen were captured at a
magnification of 40X with the 491 nm (green) and 561 nm (red) lasers.
Z-stacks were acquired using a Hamamatsu ORCA-R2 camera
(512X 512 pixels). Merged planes pictures were generated from the z-
stacks using Volocity software (Version 5.4, PerkinElmer). Confocal
imaging of the IBA1/TMEM119 double staining was performed using a
Zeiss Axio Imager Z2 microscope. Images of the sensorimotor putamen
were captured at a magnification of 20X using the 561 nm (red) and
640 nm (far red) lasers. Z-stacks were acquired with an Axiocam 506
mono camera. The analyses of the double staining were performed
blind to the experimental conditions using either Photoshop CC 2018
(IBA1/CD68) or ImageJ (IBA1/TMEM119). Between 30 and 50 IBA1-
immunopositive microglial cells per animal were randomly analyzed
for colocalization with CD68 or TMEM119, in both cell body and pro-
cesses. Every IBAl-immunopositive cells not touching the exclusion
lines, as for the density analysis, were examined to avoid selection bias.
For CD68, puncta smaller than 2 pixels were excluded.

2.4. Statistical analyses

All statistical analyses were conducted using GraphPad Prism soft-
ware (v. 6.01). A parametric one-way ANOVA test was performed and
followed by a Bonferroni post-hoc test to make specific comparisons
between the groups: control vs MPTP, MPTP vs MPTP + L-Dopa, and
control vs MPTP + L-Dopa for Table 1 and Fig. 1, or control vs MPTP
and MPTP vs MPTP + L-Dopa for Table 2 and all the other figures. An
unpaired Student’s t-test was instead used when comparing only two
groups, for the survival time post-MPTP (Table 1) and motor disability
score (Fig. 1A). To identify statistically significant outliers, an online
Grubbs test (GraphPad Prism; https://www.graphpad.com/quickcalcs/
Grubbsl.cfm) was used in all the experiments and the outliers were
removed from the datasets. Sample size (n) refers to the number of
animals used for the motor disability and dyskinetic scores, DAT ana-
lysis, as well as IBAl-positive cells for density experiments, or to the
number of IBA1-positive cells examined in the other experiments, as
previously published by our group (Milior et al., 2016; Hui et al., 2018;
El Hajj et al., 2019). Differences were considered statistically significant
at p < 0.05. All reported values are mean *+ standard error of the
mean (S.E.M.).

3. Results

3.1. MPTP monkeys display motor disability as well as dyskinesia upon L-
Dopa treatment

After behavioral stabilization subsequent to MPTP administration,
the motor behavior of all MPTP monkeys used in the present study was
assessed under basal conditions, following administration of vehicle.
The baseline motor disability scores did not differ significantly between
the two MPTP monkey groups (Fig. 1A p = 0.4124), indicating a similar
parkinsonian syndrome under basal conditions. The L-Dopa treated
MPTP group also developed moderate LID (Fig. 1B).
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3.2. MPTP monkeys show significant dopaminergic lesions regardless of L-
Dopa treatment

The optical density of DAT immunostaining within the functional
territories of the striatum was measured using an infrared imaging
system to assess the extent of the dopaminergic lesion caused by MPTP
intoxication. Both the non-treated and the L-Dopa-treated MPTP mon-
keys showed significantly reduced DAT immunoreactivity in the sen-
sorimotor putamen when compared to the control group (1658 = 241
and 624 = 223, compared to 9166 + 504; p < 0.0001) (Fig. 1C).
These measures correspond to 81.9 * 2.6% and 93.2 * 2.4% de-
creases for the MPTP and MPTP + L-Dopa groups, respectively. No
significant difference was found regarding the extent of MPTP-induced
DA denervation between non-treated and L-Dopa-treated animals
(p = 0.2805).

3.3. The numerical and morphological changes of microglia in the striatum
of PD monkeys are normalized by L-Dopa treatment

To identify possible functional alterations of microglia during PD
pathophysiology, including LID, we performed a thorough density and
morphological analysis of IBAl-immunolabeled cells using light mi-
Croscopy.

First, microglial density was assessed using an unbiased stereo-
logical approach by counting IBAl-immunopositive cells in the sen-
sorimotor region of the putamen across the different experimental
groups (Fig. 2). Microglial density was found to be increased in MPTP
versus control monkeys (9190 + 320 cells/mm® in MPTP versus
6922 = 580 cells/mm?® in control animals, p = 0.0126) (Fig. 2E). Mi-
croglial density was also normalized to control levels in MPTP monkeys
treated with L-Dopa (6928 + 376 cells/mm?® in L-Dopa) (Fig. 2E). A
double immunofluorescent staining for IBA1 (marker of myeloid cells
including microglia) and TMEM119 (microglia-specific; (Bennett et al.,
2016)) was then used to determine if this increase in density could
result from an infiltration of circulating monocytes in the striatum
(Supplementary Fig. 1). This analysis revealed that the proportion of
cells only positive for IBA1 increases in the sensorimotor region of the
putamen of MPTP versus control monkeys (7.826 + 1.775% in MPTP
versus 2.927 *+ 1.180% in control animals, p = 0.0159) (Supp. Fig. 1J),
suggesting that monocytic infiltration is partially responsible for the
increase in IBAl-positive cell density. This proportion further reduced
to control levels in MPTP monkeys treated with L-Dopa (Supp. Fig. 1J).

Microglial morphology was next examined, and morphological
changes were quantified for both cell bodies and process arborization
(Fig. 3). The cell body area of IBAl-positive cells was significantly in-
creased in MPTP monkeys compared with controls (41.2 + 1.6 um? in
MPTP versus 32.4 = 1.0 um? in control animals, p < 0.0001) and re-
turned to control values in the MPTP monkeys that received L-Dopa
(326 £ 1.3 umz in L-Dopa) (Fig. 3D). The arborization area of IBA1-
positive cells was also significantly increased in the MPTP group com-
pared to control animals (1616.9 + 53.1um® in MPTP versus
1454.1 = 32.4 um? in control animals, p = 0.0140) and normalized by
the L-Dopa (1300.3 + 41.5 um2 in L-Dopa animals) (Fig. 3E). In ad-
dition, the morphological index, considered a measure of microglial
reactivity to injury or pathological challenges (Streit et al., 1999), was
significantly increased in MPTP monkeys compared with the controls
(0.027 = 0.001 for MPTP versus 0.023 = 0.001 for control animals,
p = 0.0063) (Fig. 3F). Overall, these findings indicate that microglial
density, as well as cell body and arborization areas, are increased in the
striatum of MPTP monkeys, while L-Dopa treatment rescues these
phenotypic alterations. These changes in microglial density and mor-
phology might impact their physiological functions.
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3.4. The phagolysosomal system of microglia is altered in the striatum of PD
monkeys and partially rescued by L-Dopa treatment

To provide functional insights into the consequences of these
changes in microglial density and morphology in the striatum of our PD
monkey model, we next conducted ultrastructural analyses of IBA1-
positive cells. Our observations did not reveal the occurrence of de-
generating elements in the sensorimotor putamen of MPTP monkeys
(data not shown), which is in agreement with their stable motor im-
pairment or PD score. Microglial cellular functions were also assessed in
the sensorimotor putamen, comparing controls with MPTP monkeys,
and MPTP monkeys treated with L-Dopa (Fig. 4). The quantitative
analysis of IBA1-positive cell bodies revealed that their number of li-
pofuscin granules, extracellular space pockets containing or not debris,
elongated mitochondria, as well as dilated ER and Golgi apparatus
cisternae did not differ significantly between experimental groups
(Table 2 and Supp. Fig. 2 for representative examples of these orga-
nelles). Nevertheless, the number of endosomes per IBA1-positive cell
body was significantly reduced in MPTP monkeys compared with
control ones (4.250 * 0.4027 in MPTP versus 5.527 + 0.3972 in
control animals, p = 0.0466) (Fig. 4H), suggesting a reduced phago-
cytic activity. This number of endosomes per IBA1-positive cell body
was not normalized by L-Dopa treatment (3.611 = 0.4482 in
MPTP + L-Dopa animals, p = 0.5904) (Fig. 4H). The number of pri-
mary lysosomes per IBAl-positive cell body nevertheless increased in
MPTP monkeys treated with L-Dopa compared to untreated MPTP
monkeys (0.4815 + 0.1877 in MPTP + L-Dopa versus
0.07895 *+ 0.0433 in MPTP animals, p = 0.0171) (Fig. 41), which may
suggest a compensatory mechanism. Lastly, the numbers of secondary
or tertiary lysosomes per IBA1-positive cell body were not significantly
different between groups (Fig. 4J,K). Together, these findings point
toward an impairment of the phagolysosomal system in microglia
during PD pathophysiology that is partially reversed by L-Dopa treat-
ment.

Lastly, to provide insights into this change in microglial phagoly-
sosomal activity on a molecular level, we performed a double im-
munostaining against IBA1 and CD68, a glycoprotein associated with
endosomes and lysosomes (Fig. 5). Observations were made in the
sensorimotor region of the putamen by confocal microscopy. By
counting the number of CD68 puncta per IBAl-positive cell, when
comparing total cells or cell bodies and process arborizations sepa-
rately, we did not detect significant differences between the control and
MPTP monkey groups (Fig. 5J-L). Nevertheless, the density of CD68
puncta per IBAl-positive cell was reduced in MPTP monkeys treated
with L-Dopa compared with non-treated MPTP animals (total cell:
18.00 + 0.6373 in MPTP vs 12.17 * 0.6774 in MPTP + L-
Dopa, p < 0.0001). Similarly, the density of CD68 puncta per IBA1-
positive cells was reduced in MPTP monkeys treated with L-Dopa
compared with non-treated MPTP animals when considering cell bodies
(4.013 = 0.1657 in MPTP versus 3.008 * 0.1673 in L-Dopa treated
animals, p < 0.0001) and arborizations (13.99 + 0.5837 in MPTP
versus 9.111 + 0.5896 in L-Dopa treated animals, p < 0.0001) sepa-
rately (Fig. 5J-L). To confirm that CD68 expression in striatal microglia
is, as expected from the literature, associated with their phagolyso-
somal system, in which endosomes fuse with lysosomal vesicles to de-
grade cellular constituents (Eskelinen and Saftig, 2009), we lastly per-
formed an immunocytochemical electron microscopy against CD68.
Our ultrastructural observations confirmed that CD68 localizes to en-
dosomes, as well as secondary lysosomes and tertiary residual debris,
with some staining observed on the plasma membrane, in microglia
from the sensorimotor putamen (Fig. 5M,N). These results together
indicate that microglial degradation activity is compromised during PD
pathophysiology and that this disruption partially prevails in the con-
text of LID (Fig. 6).
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Fig. 2. Effects of MPTP and L-Dopa treatment on microglial density in the striatum of macaque monkeys. A: Example of a counting frame used for the stereological
assessment of microglial density in the sensorimotor putamen. B-D: Representative images of IBAl-positive cells in (B) a control monkey, (C) a MPTP-intoxicated
monkey, and (D) a MPTP monkey treated with L-Dopa. E: The histogram shows the number of IBA1-positive cells per mm® in the sensorimotor putamen of the three
experimental groups. Statistically significant differences were obtained between control and MPTP monkeys, as well as between MPTP and MPTP with L-Dopa

animals. Data shown are expressed as means *
500 pm (B-D).

4. Discussion

The present study characterized the changes in IBAl-positive cell
density, morphology, and phagocytosis during PD pathophysiology,
including chronic L-Dopa treatment causing LID, using a MPTP monkey
model that best recapitulates motor symptoms of the disease. In parti-
cular, we examined the sensorimotor territory of the putamen, con-
sidering that DA denervation is most severe in this striatal region of
MPTP monkeys (Gagnon et al., 2016). Our results using IBA1 staining
revealed that striatal microglia become more abundant and shift their
morphological phenotype towards enlarged cell body with more ex-
tended process arborization compared with control animals. These
changes in microglia previously associated with a “mild activation” in
other contexts (Kanaan et al., 2008; Hinwood et al., 2013; Tynan et al.,
2013; Hui et al., 2018) were normalized to control values upon L-Dopa
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S.E.M. * p < 0.05, by using one-way ANOVA followed by a Bonferroni post-hoc test. Scale bars: 100 um (A) and

treatment. A decreased number of endosomes inside striatal IBA1-po-
sitive cell bodies in the MPTP group that was not reversed by L-Dopa
treatment was nevertheless measured at the ultrastructural level.
Moreover, primary lysosomes increased in number in the IBA1-positive
cell bodies from the MPTP group treated with L-Dopa while no differ-
ences were observed for secondary and tertiary lysosomes. In addition,
IBA1-positive cell expression of CD68, associated with phagolysosomal
activity, was not changed with MPTP but significantly decreased with
L-Dopa, when measured by confocal microscopy, indicating a partial
microglial phagolysosomal dysfunction in the L-Dopa-treated group
experiencing LID. To our knowledge, this is the first report on the ef-
fects of L-Dopa on microglial phenotype in the striatum of MPTP
monkeys. Overall, these results support the importance of studying the
roles of microglia in PD pathophysiology, beyond the acute stage of DA
denervation and during chronic L-Dopa treatment when LID are
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Fig. 3. Effects of MPTP and L-Dopa treatment on microglial cell body and arborization area, as well as morphological index in the striatum of macaque monkeys. A-C:
High magnification photomicrographs showing IBA1-positive cells in the sensorimotor putamen of (A) control, (B) MPTP and (C) MPTP + L-Dopa monkeys. D-F:
Histograms showing the quantification of microglial (D) cell body area (umz), (E) arborization area (pmz), and (F) morphological index (arbitrary units; a.u.) in the
three experimental groups. Data shown are expressed as means + S.E.M. *p < 0.05, **p < 0.01, ****p < 0.0001, by one-way ANOVA followed by a Bonferroni
post-hoc test. Scale bars: 20 pm.
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Fig. 4. Effects of MPTP and L-Dopa treatment on microglial ultrastructure in the striatum of macaque monkeys. A-C: Representative images of IBAl-positive cell
bodies in (A) control, (B) MPTP and (C) MPTP-treated with L-Dopa monkeys. D-G: Representative higher magnification images of (D) endosome, (E) elongated
mitochondrion, (F) lipofuscin granule, and (g) primary lysosome. H-I: Histograms showing the number of (H) endosomes, (I) primary lysosomes, (J) secondary
lysosomes, and (K) tertiary lysosomes per microglial cell body in the three experimental groups. Statistically significant differences were obtained between control
and MPTP monkeys, as well as between MPTP and MPTP with L-Dopa animals. Data shown are expressed as means = S.E.M. *p < 0.05, by using one-way ANOVA
followed by a Bonferroni post-hoc test. Pink: endosomes, yellow: primary lysosomes, purple: lipofuscin granules, and green: mitochondria. Black arrows: extracellular
space pockets, m: microglia, ma: myelinated axons. Scale bars: 1 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

experienced. intriguing possibility that peripheral myeloid cells could at least par-

In our MPTP monkey model, we measured by stereology an in- tially explain the measured increase in IBA1-positive cells density. We
creased number of IBA1-positive cells in the sensorimotor region of the observed in the striatum of our MPTP monkey model an increased
putamen. In addition to yolk-sac derived resident microglia, a small proportion of IBAl-positive cells that were immunonegative for
number of bone marrow-derived monocytes can infiltrate the brain and TMEM119, which is considered a microglia-specific marker (Bennett

differentiate into microglia-like cells expressing IBA1. This raised the et al.,, 2016), thus supporting this hypothesis. The density of IBA1-
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Fig. 5. Effects of MPTP and L-Dopa
treatment on microglial phagolyso-
somal activity in the striatum of ma-
caque monkeys. A-I: representative
confocal images showing CD68-posi-
tive puncta in IBA1-positive cells: (A,
D, G) IBAl-positive cell, (B, E, H)
CD68-positive puncta, and (C, F, I)
merged imaged, from the sensor-
imotor putamen region of the three
experimental groups. J-L: Histogram
showing the number of CD68-positive
puncta per IBAl-positive (J) cell
body, (K) process arborization and (L)
total cell. M~—N: Localization of
CD68-positive staining in microglia at
the ultrastructural level. White ar-
rowheads: endolysosomal compart-
ment, black arrowhead: plasma
membrane. Data are represented as
means + S.EM. **** p < 0.0001,
by using one-way ANOVA followed
by a Bonferroni post-hoc test. Scale
bar: 15 pm.
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Fig. 6. Schematic representation of the main findings of this study.

positive/TMEM119-negative cells was further reduced in the MPTP
animals treated with L-Dopa, reaching control values. Infiltration in the
MPTP animals could result from an increase in blood brain barrier
(BBB) permeability over the course of pathology, considering that BBB
leakage was previously reported in the SN and striatum of a MPTP
mouse model using fluoresceinisothiocyanate-labeled albumin (FITC-
LA) (Zhao et al., 2007). Similar to our findings with IBA1, previous
studies have reported increased expression of major histocompatibility
complex (MHC) class II-positive cells in human PD brains, across the
SN, putamen and hippocampus, only to name a few regions (Imamura
et al., 2003), or human leukocyte antigen (HLA)-DR positive cells in the
SN pars compacta of MPTP cynomolgus monkeys (Barcia et al., 2004).
MHC class II and HLA-DR are expressed by microglia and other popu-
lations of myeloid cells (McGeer et al., 1988; Perry et al., 2010). While
MHC class II is classically considered to be a marker of antigen pre-
sentation (Weenink and Gautam, 1997), it is expressed by reactive
microglia and associated with other neurodegenerative conditions such
as Alzheimer’s disease (Hopperton et al., 2018).

In addition to their changes in density, microglia can transform from
a ramified to an amoeboid morphology characterized by shorter pro-
cesses and a bigger cell body (Davis et al., 2017). These morphological
changes together define a reactive or “activated” microglial phenotype
(Nayak et al., 2014; Tay et al., 2017). Amoeboid microglia are generally
considered to be highly phagocytic (Davis et al., 2017). Here, we ob-
served instead a shift towards hyper-ramified cells, which are con-
sidered to be “mildly activated” (Walker et al., 2014), in the putamen of
MPTP monkeys. Our results are in accordance with the study of Hurley
and colleagues in which MHC class II-positive cells were compared
between control and MPTP macaque monkeys. In the striatum, micro-
glia were mainly taking a ramified morphology. By contrast, in the
same study, MHC class II-positive microglia of the SN, nigrostriatal tract
and globus pallidus displayed heterogeneous morphologies: either ra-
mified, amoeboid or multinucleated (Hurley et al., 2003). Of note, this
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hyper-ramified morphological phenotype observed in PD pathology
might be exclusive to primates including humans (Imamura et al.,
2003), since amoeboid microglia were seen most of the time in the
striatum and SN of MPTP mice (Kurkowska-Jastrzebska et al., 1999; Wu
et al., 2002). These apparent differences between studies could be at-
tributed to differences in species (Hurley et al., 2003). Indeed, dis-
tinctions between rodent and human microglia were described, per-
taining to their proliferative capacity, transforming growth factor
(TGF)p signaling response, as well as expression of TNFy receptors and
histocompatibility complexes (Kreutzberg, 1996; Grow et al., 2016).
The normalization of both microglial numeral and morphological
alterations by L-Dopa treatment might indicate a partial rescue of their
physiological functions. In fact, microglia express DA receptors, with
some difference regarding the exact subtypes between studies, in both
mouse and human microglial cells in vitro (Farber et al., 2005;
Mastroeni et al., 2009). DA influences microglial migration and induces
potassium current changes in rodent brain slices (Farber et al., 2005). In
the latter study, a reduction of microglial nitric oxide release was also
observed with DA treatment after a challenge with LPS. However, DA
did not modulate microglial release of the pro-inflammatory cytokines
TNFa and IL-6 (Farber et al., 2005). Additionally, L-Dopa therapy was
shown to reduce the oxidative stress measured in peripheral blood
mononuclear cells from PD patients (Prigione et al., 2006). Never-
theless, several studies have reported increased levels of the in-
flammatory markers cyclooxygenase-2 (COX2) and inducible nitric
oxide synthase (iNOS) in the striatum of 6-OHDA-lesioned rats treated
with L-Dopa and experiencing LID (Del-Bel et al., 2016; Carta et al.,
2017). High doses of L-Dopa were also shown to produce oxidative
stress in vivo, leading to neuronal death by apoptosis (Jin et al., 2010;
Sabens et al., 2011). However, it remains unclear if microglia are in-
volved or not in mediating these outcomes (Peterson and Flood, 2012).
In agreement with our observation, both high (25mg/kg) and low
(6 mg/kg) doses of chronic L-Dopa treatment in 6-OHDA-lesioned rats
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resulted in abnormal involuntary movements but without any detect-
able morphological aberration in CD68 (ED-1) positive cells within the
striatum (Lindgren et al., 2007).

The expression of CD68, also known as macrosialin in mice, in IBA1-
positive cells was unchanged in our MPTP-intoxicated monkeys.
However, their treatment with L-Dopa significantly reduced IBA1l/
CD68 colocalization, both in cell bodies and ramifications, even below
control levels. In a similar study, Lindgren et al. (2007) observed
minimal CD68 (ED-1) immunoreactivity in L-Dopa treated 6-OHDA-
lesioned rats with abnormal involuntary movements, although stereo-
logical assessment was not performed (Lindgren et al., 2007). While the
interpretation of this finding is unclear, the CD68 protein is upregulated
in phagocytic cells where it localizes to secondary and tertiary lyso-
somal membranes, as well as endosomes (Zotova et al., 2013), and can
also transit to the plasma membrane (Chistiakov et al., 2017), as con-
firmed by our ultrastructural observations in striatal microglia. Con-
trary to our findings in the putamen of MPTP monkeys, it was pre-
viously shown in the SN of post-mortem PD patients that microglial
CD68 expression is increased (Croisier et al., 2005; Doorn et al., 2014).
Theodore and colleagues associated this CD68 increase in the SN to
early neurodegeneration in a PD mouse model overexpressing human
a-synuclein (Theodore et al., 2008). Another group correlated the CD68
increase to DA neuronal death in the SN of rats expressing human o-
synuclein (Sanchez-Guajardo et al., 2010). These results together sug-
gest that microglia undergo region-specific changes in phagolysosomal
activity over the course of PD pathophysiology. In accordance with
previous data regarding the outcome of neuronal activity and the
neuromodulator DA on microglial properties (Biber et al., 2007), in-
cluding phagocytosis, L-Dopa treatment could keep microglia in a
“homeostatic” or surveillant state (Fan et al., 2018). While the MPTP
monkeys receiving L-Dopa suffered from LID, and might display ex-
acerbated remodeling of serotoninergic axon projections in the pu-
tamen as previously shown in MPTP monkeys (Gagnon et al., 2016),
whether the observed phagolysosomal changes in microglia contribute
or not to LID still remains elusive.

Our ultrastructural analyses of IBAl-positive cell bodies in the
sensorimotor region of the putamen of MPTP monkeys revealed no
difference in their prevalence of dilated ER/Golgi organelles, elongated
mitochondria, lipofuscin granules, associated extracellular space (with
or without debris), and synaptic contacts, suggesting that microglial
functions are generally preserved in the different groups. Nevertheless,
a significant decrease in the number of endosomes per microglial cell
body was observed in the MPTP monkeys, and this was not restored by
L-Dopa. This may be an indication of an accumulated phagocytic cargo
which overwhelms and impairs microglial phagocytic clearance (Dal
Ben et al., 2019; Tremblay et al., 2019). An impaired microglial pha-
gocytosis was previously described in aging and several other contexts
of neurodegeneration, supporting the view that microglial dysfunction
(in addition to “mild activation”) might contribute to pathology (Streit,
2002; Tremblay et al., 2019). Further, the observed alteration in pha-
gocytosis was accompanied by an increase in the number of primary
lysosomes in MPTP monkeys receiving L-Dopa, without changes in
secondary or tertiary lysosomes. The increased prevalence of primary
lysosomes could reflect a compensatory mechanism at play to restore
aggravated impaired microglial phagocytic activity (Awogbindin et al.,
2020). During PD and its treatment with L-Dopa, a-synuclein progres-
sively accumulates (Xu and Chan, 2015; Herrera et al., 2017). Conse-
quently, traditional phagocytic clearance becomes impaired, paving
way for non-conventional clearance mechanisms such as Toll-like re-
ceptor 4 (TLR4)-mediated clearance with attendant NF-kB-dependent
pro-inflammatory responses (Stefanova et al., 2011). Indeed, Choi et al.
(Choi et al., 2020) demonstrated that the uptake of overwhelming le-
vels of extracellular and neuron-released a-synuclein by microglia is
not mediated by endosome-dependent phagocytic or endocytic process.
Rather, accumulated a-synuclein was shown to be engulfed by a lyso-
some-associated process that involves a TL4-mediated NF-kB-dependent
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upregulation of the autophagy receptor marker p62/SQSTM1 (Choi
et al., 2020). In the study, pharmacological treatment of microglia with
inhibitors of lysosomal acidification, Bafilomycin A1/ Chloroquine, or
treatment of p62- or TLR4-defficient microglial cells with a-synuclein
aborted the clearance of human a-synuclein, thereby exposing DA
neurons to further degeneration (Choi et al., 2020). Whether the au-
tophagolysosomal dysfunction observed during LID in the current study
is associated with the described microglial “synucleinphagy” in human
PD patients awaits detailed investigation.

A limitation of the present study is that a time course of microglial
changes after MPTP in monkeys was not assessed for a better compar-
ison with other studies. Hence the time after the lesion, the extent of the
lesion, the sex of the animals and if they are gonadectomised all affect
microglia. In 6-OHDA rats as a model of PD, IBA1 immunofluorescence
measures in the SN showed an early mild/moderate increase, (1 day
after 6-OHDA lesion) followed by a mild increase (days 2-7 post 6-
OHDA) and then a moderate increase (14 days post lesion) in ovar-
iectomized females whereas in intact males and females the increase
was mild early on (days 1-2) and unchanged afterwards (days 7-14)
(Siani et al., 2017). By contrast, an extensive MPTP lesion in male mice
was associated with elevated IBA1 protein levels in the striatum mea-
sured by Western blots both 3 and 7 days after MPTP (Takagi et al.,
2007).

5. Conclusion

Our findings indicate that MPTP administration to cynomolgus
monkeys alters microglial density, morphology and phagolysosomal
activity in the sensorimotor functional territory of the putamen, which
are partially normalized by L-Dopa treatment. In particular, MPTP
monkeys showed an increased density of IBAl-positive cells that was
associated with a small, although significant increase in peripheral
myeloid cells (IBAl-positive/TMEM119-negative). Microglia from
MPTP animals also displayed a hyper-ramified morphology associated
with a “mild-activation” that was normalized following L-Dopa ex-
posure. Microglial phagolysosomal activity was further altered in MPTP
monkeys, as shown by their decreased number of endosomes measured
by transmission electron microscopy. This alteration was partially re-
stored by L-Dopa treatment, which increased microglial numbers of
primary but not of secondary and tertiary lysosomes, and reduced CD68
positive puncta in IBAl-positive cells. Our study highlights the im-
portance of investigating microglial functional implication during PD
pathophysiology, including LID. Comparing the roles exerted by mi-
croglia in MPTP monkeys with and without LID could also help to
understand how these immune cells are specifically involved in this
deleterious process and probably predict a target for future ther-
apeutics.
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