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Abstract

Mutations in the leucine-rich repeat kinase 2 (LRRK?2) gene are the most frequent cause of autosomal dominant Parkinson’s
disease (PD), producing psychiatric and motor symptoms. We conducted this study to explore whether microglial dopamin-
ergic (DAergic) fiber refinement and synaptic pruning are involved in the abnormal behavioral phenotypes of carriers of
the LRRK2 G2019S mutation, by employing young and middle-aged PD model mice. The results revealed a characteristic
late-onset hyperactivity and a progressive decline in the motor coordination of the LRRK2 G2019S mutation mice. LRRK?2
G2019S mutation-induced aberrant microglial morphogenesis, with more branches and junctions per cell, resulted in exces-
sive microglial refinement of dopaminergic (DAergic) fibers. Moreover, aberrant synaptic pruning distinctly impacted the
prefrontal cortex (PFC) and dorsal striatum (DS), with significantly higher spine density in the PFC but the opposite effects
in the DS region. Furthermore, LRRK2 G2019S mutation remodeled the inflammatory transcription landscape of microglia,
rendering certain cerebral areas highly susceptible to microglial immune response. These findings indicate that LRRK?2
G2019S mutation induces the production of inflammatory cytokines and mediates abnormal microglial morphogenesis
and activity, resulting in abnormal phagocytosis, synaptic pruning and loss of DAergic fibers during aging, and, eventually,
PD-related behavioral abnormalities.
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kinase 2 (LRRK2) G2019S mutation plays a critical role
in late-onset PD (Mancini et al. 2020; Sheerin et al. 2014).
While aging is regarded as a primary risk factor for PD
pathogenesis, the penetrance of LRRK2 G2019S (Xiao et al.
2015) in PD increases robustly with aging as well: from 28%
at the age of 59 to 51% at the age of 69 (Healy et al. 2008).
Mice with the LRRK2 G2019S mutation also show a loss
of striatal dopaminergic (DAergic) terminals, with aging as
a major determinant of the effect (Chou et al. 2014; Novello
et al. 2018; Xu et al. 2012). LRRK2 is particularly enriched
in the striatum and prefrontal cortex (PFC), but quite lim-
ited in the midbrain (Giesert et al. 2013; Mandemakers et al.
2012). This disparate expression pattern implies that LRRK?2
may play a distinct role in responding to the regional stim-
ulation from dopamine (DA) and other neurotransmitters
in the striatum and PFC, which are associated with motor
dysfunction and neuropsychiatric abnormalities. However,
it remains to be elucidated how LRRK2 G2019S mutation
is implicated in the loss of striatal DAergic fibers and neu-
ropathological change of PFC in PD-associated abnormal
motor and neuropsychiatric behaviors during aging.

Microglia play an important role in the monitoring of syn-
aptic function and the repair of neural circuits (Ikegami et al.
2019). Microglial activation and abnormal synaptic prun-
ing have been reported in several psychomotor disorders,
including PD and schizophrenia (Matikainen-Ankney et al.
2018; Sellgren et al. 2019). Activated microglia can secrete a
variety of inflammatory mediators, including cytokines and
chemokine, which promote the damage to the neurons and
synapses in PD (Ho 2019). LRRK2 is richly expressed in
the microglia of the primary phagocytes of the mammalian
brain (Gardet et al. 2010; Hakimi et al. 2011). Recent reports
indicate that LRRK2 G2019S mutation impacts microglial
activity, resulting in disordered microglial phagocytosis and
migration. Moreover, the activity of microglia also changes
with aging (Harry 2013). However, it remains unclear how
LRRK?2 G2019S mutation impacts aging-related abnormal
microglial synaptic pruning in specific brain regions of PD.

Notably, the injured DAergic fibers and synaptic com-
ponents may be sensitive indicators of the advance of the
PD course. Meanwhile, age-related deficits in brain function
may occur due to the reconstruction of microglia-related
neural circuits, which is closely related with abnormal
behaviors (Lee et al. 2019). To date, little literature is avail-
able regarding the impacts and potential contribution of
abnormal microglial activity on DAergic fibers and synapses
in LRRK2 G2019S mutant mice.

Here, we explored whether microglial DAergic fiber
refinement and synaptic pruning are involved in the abnor-
mal behavioral phenotypes of carriers of LRRK2 G2019S
mutations by employing young and middle-aged PD model
mice. We revealed a new pathogenic mechanism of the
LRRK2 G2019S mutation, in which it alters the microglial
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function in the neurodegeneration in PD brains during aging.
This knowledge may facilitate the identification of the fea-
tures of microglial function in the prodromal and late stages
of PD, and pave the way for effective clinical interventions
of microglial modulation as a candidate target.

Materials and Methods
Mice

BAC LRRK2 (G2019S) mice (Stock 018,785) were pur-
chased from Jackson Laboratories. Male wild-type (WT)
and transgenic littermate mice were obtained by breeding
heterozygotes. As gender may affect the biological behav-
ior or pathophysiological changes of mice in the process
of aging (Kundey et al. 2019), we only selected male mice
for research in order to minimize the impact of gender dif-
ferences, including the effect of estrogen on cognition and
other behaviors. The genotypes were confirmed by poly-
merase chain reaction (PCR) analysis of tail biopsy speci-
mens. The environment was maintained at a steady ambient
temperature on a 12/12-h light/dark cycle, and the mice had
access to food and water ad libitum. All behavioral tests
were conducted during the light phase of the cycle, specifi-
cally between 9 am and 5 pm.

Open-Field Test

As described previously (Nolan et al. 2017), the activity and
anxiety levels of mice were measured with the Flex-Field
activity system (SANS SA215, Saiangsi, Inc., China). Open-
field software was used to trace and quantify the movement
of the mice in the apparatus for 5 min.

Rotarod Test

As described previously (Zhang et al. 2019), mice were
placed onto a rotating rod that automatically accelerated
from O to 40 rpm over 5 min (SANS SA102, Saiangsi, Inc.,
China). The length of time each mouse stayed on the rotat-
ing rod was recorded. The test was performed in triplicate.

Gait Analysis

As described previously (Fernagut et al. 2002), each mouse
was allowed to trot on a strip of paper (4.5 cm wide, 110 cm
long) down a brightly lit runway towards a dark goal box.
Each mouse was trained for 15 s at a speed of 8 cm/s. After
1 min of rest, the movements of the mouse were recorded.
The stride length, sway length, and stance length were ana-
lyzed with ImagelJ software.
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Cylinder Experiment

As described previously (Ip et al. 2017), mice were placed
into a transparent Plexiglas cylinder (12 cm in diameter
and 30 cm in height) and observed for 3 min. Each time
the mice reared on their hind limbs, records were made to
note how many times they touched the inner surface of the
cylinder with the right forepaw, the left forepaw, or both
simultaneously. The final index was calculated as percentage
of right forepaw use according to the following equation:
(right paw only +0.5 both paws)/ (right paw only + left paw
only +both paws) x 100%. With this index, we defined the
forepaw usage preference as follows: 50%, representing sym-
metric use of both forepaws; < 50%, indicating a preference
for the left forepaw; > 50%, signifying a preference for the
right forepaw.

Fear Conditioning

As described previously (Nolan et al. 2017), fear condition-
ing experiments were conducted in Quick Change test cham-
bers (SANS SA218, Saiangsi, Inc., China). On the first day
of testing, animals were transported to a holding room and
allowed to acclimate for 30 min. They were then taken to a
separate testing room and placed in fear conditioning cham-
bers. The animals received two pairings of a 30-s, 80-dB
white noise stimulus (the conditioned stimulus, or CS) and
a 2-s, 0.7 mA shock stimulus (the unconditioned stimulus,
or US) that immediately followed the white noise. After a
120-s interval, the second pairing of CS and US was pro-
ceeded. The trial lasted for a total of 760 s. Animals were
then returned to the holding room, and the apparatus was
cleaned with a 75% ethanol solution and dried thoroughly.
The second day of testing consisted of two trials. In the
first trial, the mice were placed in the familiar context and
allowed to move freely for 300 s to evaluate freezing behav-
ior in the original context. After 1 h, the animals underwent
a second trial, in which the context was altered by changing
the shape and floor of the chamber as well as adding a novel
lemon odor emanating from under the floor grid. The ani-
mals were placed in the new context for 360 s. For the first
150 s, they were allowed to acclimate to the novel context;
then, they were presented with the CS continuously for 30 s
and allowed to move freely for another 3 min. The freezing
behavior of the mice was examined.

RT-qPCR Analysis

RNA extraction, cDNA production, and SYBR Green-
based qPCR were performed as described previously
(Bonnard et al. 2020). The primer sequences used are sum-
marized in Table 1. The mRNA expression was normalized
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

as indicated. The analysis programs were written in R
programming language (v. 3.6.3), and the relationships
between variables were visualized as a heat map with the
“pheatmap” R package (v. 1.0.12).

Golgi Staining

Golgi staining was performed using the manufacturer’s
protocols (Hito Golgi-Cox OptimStain™ Kit, USA). Spine
density was measured based on the secondary branches of
apical dendrites of pyramidal neurons located in the pre-
frontal cortex and medium spiny neurons from the dorsal
striatum. A total of 20 neurons per animal (N =3 mice)
were evaluated.

Brain Tissue Treatment (Immunohistochemistry
and Immunofluorescence)

Mice were anesthetized with a ketamine (100 mg kg™")/xyla-
zine (20 mg kg™!) cocktail and perfused with 0.9% saline,
followed by fixation with 4% paraformaldehyde (PFA) for
6 h and subsequent incubation of the brains in 30% sucrose
for 48 h. For immunohistochemistry (IHC) staining, 40 pm
sagittal slices were obtained with a Leica CM 1950 freezing
microtome. The IHC was measured according to a procedure
published previously (Pan et al. 2019). The primary antibody
was mouse monoclonal LRRK?2 antibody (1:300, MABN40;
Millipore, Darmstadt, Germany). Images were captured
using an Olympus microscope (Olympus, Tokyo, 1630914,
Japan). LRRK2-positive particles were quantified using the
“Analyze Particles” function of ImageJ software, which pro-
vides the average optical density. For immunofluorescence
staining, the brains were sectioned into slices (40 um coro-
nal slices) on a Leica freezing microtome, permeabilized
in Tris-buffered saline (TBS) with 0.3% Triton X-100, and
finally blocked with 10% normal donkey serum. For immu-
nofluorescence staining, the sections were incubated with
antibodies against ionized calcium-binding adapter mol-
ecule 1 (Ibal, #019-19,741, 1:1000; Wako, Osaka, Japan),
tyrosine hydroxylase (TH, sc-25269, 1:500; Santa Cruz Bio-
tech, Dallas, Texas), dopamine transporter (DAT, MAB369,
1:500; Millipore, MA, USA), postsynaptic density protein
95 (PSDY95, MAB1956, 1:500; Millipore), and vesicular glu-
tamate transporter 1 (VGLUTI, 135,304, 1:1000; Synaptic
System, Goettingen, Germany). Immunoreactive structures
were detected with Alexa Fluor donkey anti-mouse, anti-
rabbit, or anti-rat secondary antibodies in the 488-, 594-,
or 647-nm range (1:2000; Invitrogen, Carlsbad, CA, USA).
Nuclei were stained with DAPI (1:5000; Invitrogen). Fluo-
rescence images were captured under a confocal laser scan-
ning microscope (LSM 780; Zeiss, Thornwood, NJ, USA).
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Table 1 Sequence of Q-PCR primers

Gene name Forward primer (5’ to 3’)  Reverse primer (5’ to 3”)

GAPDH CAGTGGCAAAGTGGAGATTGTTG CTCGCTCCTGGAAGA
TGGTGAT

Clqa GACTGAAGGGCGTGAAAGG ATGGACTCTCCTGGT
TGGTG

C3 CTGGCCCTGATGAACAAACT GGATGTGGCCTCTAC
GTTGT

C3aR GTGCAAACTTATCCCATCCATC GTACTATCAGACATC
GGTCCAG

CR1 GGATACAGAACAGTAAGTCGCT CAGGTAGAAAGGTCT
GAGGAAG

IL-1a ATCAGCAACGTCAAGCAACG GGTTGGATGGTCTCT
TCCAGA

TNF-a ACTGGCAGAAGAGGCACTCC GCCACAAGCAGGAAT
GAGAA

iNOS CCTCCTCGTTCAGCTCACCT CAATCCACAACTCGC
TCCAA

TGF-p CCAGATCCTGTCCAAACTAAGG CTCTTTAGCATAGTA
GTCCGCT

Argl CAATGAAGAGCTGGCTGGTG GGCCAGAGATGCTTC
CAACT

Yml AAGGAGCCACTGAGGTCTGG TTGTCCTTGAGCCAC
TGAGC

IL-6 ACTTCCATCCAGTTGCCTTCTTGG TTAAGCCTCCGACTT
GTGAAGTGG

IFN-y CTTGAAAGACAATCAGGCCATC CTTGGCAATACTCAT
GAATGCA

Trem?2 TCATGTACTTATGACGCCTTGA GAGGTTCTTCAGAGT
GATGGTG

Tmem119 GGCTGACATTCTGGCTGCTACC CTCCTCCGACCCACC
CTTCAC

PU.1 GGCTGACATTCTGGCTGCTACC CTCCTCCGACCCACC
CTTCAC

CX3CR1 CATGTGCAAGCTCACGACTG TCCGGTTGTTCATGG
AGTTG

SORL1 CCAAACGCTATCTACATTGAGC GCAAACATATACTTG
TCGCGAA

P2RY12 CCTGCCTTGATCCATTCATCTA GTCCTTTCTTCTTGTTTG
TCCC

CD33 ACTCCTGACATTATAATCCCGG TTGACATCCAGGAGA
AAGTAGG

CSFIR CTCTTCACTCCGGTGGTGGT GCACCTGGTACTTCG
GCTTC

ABCA7 AACCATGGAATTTCCCTTTTCG TCGTAGAAGTCAAGG
TTGAGTC

1L-4 TACCAGGAGCCATATCCACGGATG TGTGGTGTTCTTCGT
TGCTGTGAG

1.46, NIH, Bethesda, MD, USA). Three independent replica-
tions were performed for each experimental setting.

Dendritic Spine Analysis

Images of the prefrontal cortex and the dorsal striatum (DS)

were acquired using an LSM 780 x 100/1.4 oil objective ~ Image Analysis

(Zeiss). Each image consisted of a stack of images taken

across the z-plane of the PFC and the DS neurons. Spine ~ The paired images in all the figures were collected at the
analysis was performed with ImageJ software (Fiji, ImageJ =~ same gain and offset settings and subjected to uniform
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post-collection processing. The images were either pre-
sented as a single optic layer after acquisition in z-series
stack scans from individual fields or displayed as maximum
intensity projections to represent confocal stacks. For quan-
titative assessment of the accumulation of protein and the
distributions of various markers, images were obtained using
identical settings and exported to ImageJ software for image
analyses. Images were converted to an 8-bit color scale (fluo-
rescence intensity from O to 255). Areas of interest were first
selected by the polygon or freehand selection tools and then
subjected to measurement by area fractions. All images were
acquired and quantified by a user blinded to the experimen-
tal design. For microglial counts and morphologic analysis,
confocal images for the selected marker Ibal were modi-
fied as 8-bit and Z-stack projection images. Ibal and DAPI*
cells were counted per high-power field (HPF). The resulting
images were smoothed, binarized, and skeletonized using the
Skeletonize Plugin in ImageJ (Arganda-Carreras et al. 2010).
The resulting images were processed by choosing the Ana-
lyze Skeleton 2D 3D option in the Skeletonize Plugin, and
the number of branches and junctions per cell were obtained
from the Results tables. The junction index is commonly used
to evaluate microglial morphology (Filipello et al. 2018). For
the density of VGLUT1" and PSD95* analyses, a max inten-
sity threshold, with a lower limit of 58 and 60, respectively,
and an upper limit of 255, was applied using the “Analyze
Particles” function in Fiji.

Statistical Analysis

Statistical tests were performed using GraphPad Prism
6.0 (GraphPad Software, San Diego, CA, USA). Statisti-
cal significance was determined by comparing the means
of different groups using the two-tailed Student’s #-test and
two-way ANOVA analysis. In all figures, error bars repre-
sent the mean + SEM. A p-value of <0.05 was considered
statistically significant.

Results

Different Behavioral Performance in LRRK2 G2019S
Mutant Mice and WT Mice During Aging

To evaluate the impact of LRRK?2 malfunction on age-
dependent behavioral alterations, we conducted a bat-
tery of behavioral tests on 2- and 10-month-old WT and
Lrrk276%°1%5 mice. The current study found that, compared
with age-matched WT mice, 2-month-old Lrrk2~%2°1 mice
spent a significantly reduced amount of time in the center of
the open field (p <0.01; Fig. 1a and c); compared with the
age-matched WT mice, the 10-month-old Lrrk2~620198 pice
spent significantly more activity time in the center of the

open field and the peripheral trajectory (WT: 4.90+0.96%,
Lrrk27201%5: 16,61 +1.27%, p<0.0001; WT: 9.82+1.02 m,
Lrrk27920195; 14.49 +0.99 m, p <0.05; Fig. 1a and c), sug-
gesting that the abnormal neuropsychological behavior of
the Lrrk2=92°1% mice is greatly enhanced. Meanwhile,
compared with the age-matched controls, the middle-
aged Lrrk2792°1% mice moved at a higher speed (WT:
36.56 +4.02 mm/s, Lrrk2~9%1%S: 5538 +4.24 mm/s,
p<0.001; Fig. 1e and f). The cylinder experiment revealed
no significant asymmetry of forepaw preference in the 2-
or 10-month-old WT or Lrrk276%°1%5 mice (Fig. 1g). Gait
tests were evaluated by footprint analysis. Compared with
their respective young counterparts, the aged WT and
Lrrk276%201% mice both reported obvious differences in
gait, including shorter stride distance (Fig. 1h and 1), wider
sway distance (Fig. 1h and k), and longer stance distance
(Fig. 1h and j), which intensified with age. However, no
changes were found between genotypes. To examine changes
in motor learning and coordination, we administered the
accelerating rotarod test. The analysis demonstrated sig-
nificant main effects of age (F(; 5;,=19.07, p<0.0001) and
gene mutation (F,; 5;,=48.56, p<0.0001), with Lrrk2~ 201
mice, especially the aged ones, exhibiting a greater pro-
pensity to fall, which suggests impaired coordination and
decreased stamina. No significant interaction of genotype
with age was detected (F(1’51)=0.1 1, p=0.74) (Fig. 11). The
animals were subsequently evaluated in a trace fear condi-
tioning test for fear memory. The freezing behavior of the
two Lrrk292%15 groups was not markedly decreased when
compared with that of the two WT groups, indicating that
conditioned fear cues were well retained (Fig. Im and n).
Our findings evidence the characteristic late-onset hyperac-
tivity and a progressive decline in motor coordination that
occur in Lrrk276%°1% mice.

LRRK2 G2019S Mutation Induces Distinct Microglial
Morphology Alterations in Mice During Aging

As cerebral LRRK?2 is abundantly expressed in microglia
and anatomically concentrated in the striatum (STR) and
PFC but weakly expressed in the midbrain area (Fig. S1), we
performed a quantitative morphological analysis and compared
the complexity of microglial process outgrowth in the PFC
and DS of Lrrk279%°1%5 and WT mice at 2 and 10 months
of age by staining them for the myeloid cell marker, ionized
calcium-binding adapter molecule 1 (Ibal) (Fig. 2). The
analysis revealed a more complex microglial morphology in
Lrrk2=92%% animals, with more branches and junctions per
cell in the PFC at 2 months of age (branches: WT: 117.0+4.15,
Lrrk27620198: 2142 +11.55, p<0.0001; junctions: WT:
49.50+1.70, Lrrk276201%5: 89,31 +4.82, p <0.0001; Fig. 2a
and c). This change persisted to 10 months of age, although
the difference declined. In the DS region, the changes were
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«Fig. 1 Behavioral performance of LRRK2 G2019S mutant mice and
WT mice during aging. a—f Exploratory activity and anxiety-like
responses in the open field test. a Representative track images of mice
in the open field. b Distance from the central and peripheral area. ¢
Percentage of time in the inner field. d—e Accumulative (Accum.)
frequency of speed distribution in WT and Lrrk2~2°1%S mice at 2
and 10 months of age. f Average speed. g Cylinder test. h Parame-
ters measured in footprint analysis with dotted lines representing the
direction of progression (DoP) of walking. Histograms representing
differences in: i stride length, j stance length, k sway length (cm). 1
Rotarod test. m Representative track images of mice in the fear con-
ditioning test. n Quantification of freezing time on day 2 for 3 min
before shock (baseline) and on day 2 for 30 s shock (tone) and after
shock (trace) (n=17 and 15 for 2-month-old WT and Lrrk2~ 620198
mice, respectively; n=15 and 8 for 10-month-old WT and
Lrrk27G20195 mice, respectively). *p <0.05, **p <0.01, **¥p <0.001,
kD <0.0001

also evident (Fig. 2d and e). The findings suggest that LRRK?2
G2019S mutation is involved in the delicate regulation of
microglial morphogenesis during aging.

LRRK2 G2019S Mutation Accelerates Age-Related
Loss of DAergic Nerve Fibers in the Dorsal Striatum

We next investigated whether LRRK2 G2019S mutation
impacts DAergic nerve fibers during aging. The axonal ter-
minals of DA neurons in the DS were visualized by DAT/
TH staining (Fig. 3a). Quantification by confocal micros-
copy showed that at 2 months of age, the TH* and DAT
density in the DS was significantly reduced in the LRRK2
G2019S group (TH* density: WT: 112.80+5.30 pm?,
Lrrk27620198: 53 36 +4.34 pm?, p <0.0001; DAT density:
WT: 1056 +47.43 pm?, Lrrk27920195: 424.40 +23.06 pm?,
p<0.0001; Fig. 3b and c). Compared with 10-month-old
WT mice, the age-matched group of Lrrk27621S mice
showed a further decrease in TH* and DAT density (TH*
density: WT: 113.80 +4.89 pm?, Lrrk2~%1%5: 67.93 +3.59
pm?, p <0.0001; DAT density: WT: 506.0 +30.08 pm?,
Lrrk27620195: 327,60 + 11.84 pm?, p <0.01; Fig. 3b and c).
Furthermore, we found that in the LRRK2 G2019S mutant
mice, the density and fluorescence intensity of TH + and
DAT fibers were loose and weak, as opposed to the tight
density and high fluorescence intensity observed in the age-
matched wild-type mice (Fig. 3d and e). Altogether, these
results suggest that the LRRK2 G2019S mutation induces
the loss of DAergic nerve fibers in the striatum during aging.

LRRK2 G2019S Mutation Triggers Excessive
Microglial Refinement of DAergic Fibers During
Aging

Given the differences in microglial morphology in the dor-
sal striatum of the WT and Lrrk2~2°1% groups, we next
assessed the potential role of microglia in refining DAergic
fibers in Lrrk276%°!5 mice during aging. The microglial

engulfment of DAergic fibers was quantified by acquiring
a 3D reconstruction. The results showed that the puncta of
TH* or DAT was phagocytosed by microglia; the orthogo-
nal projection revealed spatial colocalization, which was
further confirmed on the 3D surface area (Fig. 4a and d).
Quantitative analysis revealed that the average size, num-
ber, and total volume of DAT structures were increased
in the cells of the 2-month-old Lrrk2-6%201%S mice (aver-
age size: WT: 0.96+0.03 pm?®, Lrrk276201%S: 1.49+0.10
um?, p <0.0001; number: WT: 6.53 +0.42, Lrrk2~920195;
9.84+0.67, p<0.001; total volume: WT: 6.33+0.45 pm3,
Lrrk276%0195: 15.41 +1.54 ym?, p <0.0001; Fig. 4e and g),
a difference that persisted in the 10-month-old Lrrk2~6201
group (number: WT: 7.05+0.71, Lrrk2~9%°1%5: 9.67 + 1.06,
p<0.05; total volume: WT: 9.27 +0.98 pm?, Lrrk2~6201%5;
13.40 +1.59 pm?, p <0.05; Fig. 4e and g). Compared
with the age-matched WT mice, the number and total vol-
ume of TH™ structures were increased in the cells of the
Lrrk2~ 620195 mice (number: WT: 3.80+0.51, Lirk2~ 620195,
6.05 +£0.55, p<0.05; total volume: WT: 4.11+0.63 pm3,
Lrrk27620195: 7 84 +0.64 ym®, p <0.05; Fig. 4h and j). Nota-
bly, significant increases in the average size and the volume
of phagocytic particles were observed in the 10-month-old
Lrrk279%°15 mice when compared with the 2-month-old
Lrrk2=9%°1 mice (average size: p <0.0001; total volume:
p <0.01; Fig. 4h and j). These results imply that the increase
in microglial phagocytosis induces the markedly decreased
DAT and TH™ density in the Lrrk2~52°1 mice.

Middle-aged Lrrk2-52°1%5 Mice Display an Enhanced
Density of Excitatory Synapses in the PFC

Previous studies have reported that Lrrk2~%291%S animals
were characterized by paradoxical mild hyperactivity
(Mancini et al. 2020), which is consistent with our find-
ings (Fig. 1a and c). In order to further analyze the pos-
sible causes of hyperactive behavior in the 10-month-old
Lrrk2792919 group, we focused on the prefrontal cortex.
Golgi staining revealed a significantly higher dendritic spine
density in the PFC of the Lrrk2~62°'% mice than in the WT
mice (WT: 9.89 +0.59 /10 pm, Lrrk276291%5: 13.83+0.78
/10 pm, p<0.0001; Fig. 5a and b). However, in the DS
region, the opposite results were observed (WT: 16.04 +0.58
/10 pm, Lrrk276215: 13,39 +0.60 /10 pm, p <0.05; Fig. 5a
and c). We found that the synapses of the 10-month-old
Lrrk275291% mice were heavily trimmed, which was consist-
ent with the TH* and DAT refinements (Fig. 3b and c). Post-
synaptic density protein 95 (PSD95) is a pivotal postsynaptic
scaffolding protein in excitatory neurons (Coley and Gao
2018). In order to investigate whether microglia in the PFC
of Lrrk279%01%5 mice are defective in synapse elimination,
the amount of PSD95 within microglial phagolysosomes in
the PFC of 10-month-old Lrrk2~%°'%S mice or age-matched
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«Fig. 2 Increased microglial complexity in the PFC and DS of 2- and
10-month-old Lrrk2-5%01% mice. a Confocal fluorescence images
showing Ibal/Alexa Fluor-594-labeled microglia (left and middle
panels) and skeletonized reconstruction of an individual microglial
cell (right panel) in the prefrontal cortex (PFC) and dorsal striatum
(DS) of 2- and 10-month-old wild-type (WT) and Lrrk2~ 620198 mice:
white frames marking a single microglial cell, the reconstructed skel-
etonized image shown in the right panel. Original magnification X 63;
Scale bar=20 pm. Quantitative analysis of total branches (b and d)
and junctions (c and e) per cell in the PFC and DS. For 2-month-
old WT group, N=3 mice, n=66 cells (PFC), n=43 cells (DS); for
10-month-old WT group, N=3 mice, n=32 cells (PFC), n=27 cells
(DS); for 2-month-old Lrrk270%91% N=3 mice, n=32 cells (PFC),
n=24 cells (DS); for 10-month-old Li7k2~6%°1%S, N=3 mice, n=26
cells (PFC), n=31 cells (DS). *p <0.05, **p <0.01, ****p <(0.0001

WT mice was analyzed by immunofluorescence. A signifi-
cantly smaller amount of PSD95 puncta was detected in
the microglia of the Lrrk2=%2°!5 mice than in those of the
WT group (total volume: p=0.037; average size: p=0.009;
Fig. 5h and k), paralleled by a higher total amount of PSD95
per field (WT: 9.776 +0.29%, Lrrk2-5%°1%5: 14.39 +0.50%,
p <0.0001; Fig. 5d and f). Meanwhile, immunofluores-
cence analysis revealed an increased density of the excita-
tory presynaptic marker VGLUT1 (WT: 15.70 £ 0.60%,
Lrrk279201%5: 18.00+0.51%, p <0.01; Fig. Se and g) and
an observable decline in VGLUT1 puncta in the microglia
of Lrrk2=62°1% mice when compared with those of WT
mice (total volume: p=0.0249; average size: p=0.0019;
Fig. 51 and o). These results show that the synaptic pruning
capacity of microglia decreases in the PFC brain region of
Lrrk276%01%8 mice.

LRRK2 G2019S Mutation Alters Microglia
and Inflammation-Related Molecules in the PFC
and Striatum

The above-mentioned findings indicate that the immune
response triggered by the LRRK2 G2019S mutation may be
an important factor impacting the pathophysiology of PD. To
test this possibility, we isolated brain regions and extracted
RNA to identify the expressed mRNAs by RT-qPCR analy-
sis. Cluster analysis showed obvious associations among the
expression levels of certain genes (Fig. 6a and c), suggest-
ing that LRRK2 G2019S mutation alters the relationships
among microglial transcripts with increasing age. Tmem119
and PU.1 were found to be differentially expressed in the
PFC region between Lrrk2~2°1% and WT mice. Compared
with that of the age-matched controls, Tmem119 mRNA
(»<0.001) and PU.1 mRNA (p <0.001) were upregulated
in the 10-month-old Lrrk2~9291%S mice (Fig. 6b). Previous
studies have attributed age-related PD physiopathology to
neuroinflammation (De Virgilio et al. 2016). Compared with
the age-matched controls, TNF-o« mRNA (p <0.01), iNOS
mRNA (p<0.01), IL-6 mRNA (p <0.01), IFN-y mRNA

(p<0.05), and IL-4 mRNA (p <0.05) were upregulated in
the 10-month-old Lrrk2~%2°15 mice (Fig. 6b and S2). In
the STR region, compared with the age-matched controls,
IFN-y mRNA (p <0.05) was upregulated in the 10-month-
old Lrrk2=20% mice (Fig. 6d).

Discussion

Clinical and experimental studies of PD are dominated by a
focus on the degeneration of DAergic neurons and the ensu-
ing abnormalities in the motor system. However, a number
of non-motor symptoms, including cognitive and psychi-
atric symptoms, may appear during the disease course
(Huntley and Benson 2020). Previous research reports that
Lrrk275201 animals are characterized by paradoxical mild
hyperactivity (Mancini et al. 2020), which is consistent
with our finding. There is evidence that psychiatric behav-
ior is related to synaptic response and synaptic plasticity
(Matikainen-Ankney et al. 2018). The present study docu-
ments in 10-month-old Lrrk2~92°1% mice a remarkable
pathogenic finding that the significantly increased spine
density and defective microglia mediate excitatory synapse
elimination in the PFC. Thus, the increase in excitatory
synaptic density in the PFC may contribute to the hyper-
activity in Lrrk2=692°1%5 mice. These findings provide a
neuroanatomical basis for the observed hyperactivity in
middle-aged Lrrk2~2°1%5 mice.

LRRK?2 mutation carriers without PD manifestations
showed reduced DAT binding at an early stage, which might
represent a primary effect on DAT function that is independ-
ent of nerve terminal loss and does not become apparent
until later in life (Wile et al. 2017). Reduced DAT levels
might indicate a decreased density of DAergic neurons,
regulatory changes in synaptic terminal density, or a change
in transporter expression. In the current study, Lrrk2~62019
mice, especially middle-aged ones, showed an increased pro-
pensity to fall during the accelerating rotarod test, implying
impaired coordination and decreased stamina. Such primary
motor disturbances result principally from the progressive
death of DAergic neurons in the substantia nigra and accom-
panying degenerative loss of DAergic axon terminals within
the striatum (Huntley and Benson 2020). Another possibility
may lie in the impaired corticostriatal synaptic plasticity,
which is considered to be a cellular basis for somatic motor
regulation and motor skill learning (Wang et al. 2019). This
may be mechanistically explained by our finding that, in the
DS region, the synapses of middle-aged Lrrk2-52°1°S mice
are heavily trimmed, accompanied by accelerated refinement
of DAergic fibers in the same region of the brain.

Microglia are monocytic immune cells that protect
neurons from noxious stimuli, including pathological
a-synuclein species, and microglial activation is believed
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«Fig.3 The expression of DAergic nerve fibers in dorsal striatum of
Lrrk27620198 mice. a Representative images showing TH (red) and
DAT (green) staining in dorsal striatum in the 2- and 10-month-
old WT and Lrrk2~9%1% mice. DAPI was used to stain the nucleus
(blue). Scale bar=20 pm. b, ¢ Density of TH (b) and DAT (c) in the
dorsal striatum of the 2- and 10-month-old WT and Lrrk2~S2°1%S(GS)
mice (n=3 animals per genotype; n>4 sections per animal). d Com-
parison of the density and fluorescence intensity of DAergic nerve
fibers within the dorsal striatum among 2- and 10-month-old WT
and Lrrk2~621 mice. The vertical dotted line crossing the axonal
terminals projection is 140 pm long from top to bottom. Scale
bars =20 pm. e Quantification of the density and fluorescence inten-
sity of TH* and DAT fibers. **%p <0.001, **%¥p <0.0001

to contribute to neuroinflammation and neuronal death in
PD (Schapansky et al. 2015). LRRK2 is richly expressed
in the microglia (Gardet et al. 2010; Hakimi et al. 2011).
Recent reports have indicated that LRRK2 G2019S mutation
impacts microglial activity, resulting in disordered micro-
glial phagocytosis and migration. Microglia in mice with the
LRRK2 G2019S mutation display an increased phagocytic
response in vitro (Choi et al. 2015; Dwyer et al. 2020; Kim
et al. 2018). Our findings that the complexity of microglial
morphology increased in Lrrk2~92°%% mice suggest that the
LRRK?2 G2019S mutation is involved in the delicate regula-
tion of microglial morphogenesis during aging.

Despite the differences in microglial morphology in the
striatum of the WT and Lrrk2752°!%S groups, the potential
role of microglia in refining DAergic fibers in Lrrk2~6201%8
mice during aging is largely unknown. Our findings reveal
that LRRK2 G2019S mutation results in excessive micro-
glial refinement of DAergic fibers during aging. In the
current study, the markedly decreased TH™ density in the
Lrrk2~9%°1% mice was attributed to the increased microglial
phagocytosis with increasing age. Despite no significant dif-
ference in TH* density between the young and middle-aged
groups of Lrrk292°1S an enlarged volume of phagocytic
particles was found, which may be attributed to the abnor-
mally enlarged varicosities of TH* cells (Liu et al. 2015).
With regard to the molecular mechanisms underlying the
processes in LRRK2-regulated microglial activation and
phagocytosis, one possible explanation may be that LRRK?2
orchestrates cytoskeletal components such as actin, tubu-
lin, and ERM proteins. Another alternative may be that the
pathological G2019S mutation causes hyperphosphorylation
and hyperpolymerization of cytoskeletal components, in turn
leading to reactive microglia with enhanced cell activity,
migration, and phagocytosis in response to pathological
stimuli (Russo et al. 2014).

LRRK?2 is involved in neuroinflammation. Specifically,
this protein promotes microglial priming via negative regu-
lation of the transcription factors NFAT and NF-kB, lead-
ing to intensified immune responses. This suggests that
LRRK?2 is not directly involved in degenerative processes
but rather influences other pathways that lead to neurode-
generation (Schildt et al. 2019). In this study, the results
showed that cytokines (IFN-y, TNF-a, and IL-4) were
increased in the PFC region of middle-aged Lrrk2~62019
mice. However, only one cytokine (IFN-y) was increased in
the DS region of middle-aged Lrrk2~5%°!%5 mice. The find-
ings suggest that the microenvironment of LRRK2 G2019S
mutation causes different expression of cytokines in certain
brain regions. In some pathological conditions, microglia
produce increased levels of cytotoxic and inflammatory
mediators, such as TNF-a, which can reactivate micro-
glia in a positive feedback mechanism (Bras et al. 2020).
Similarly, IFN-y induces reactive phenotypes in microglia
associated with morphological changes (Papageorgiou
et al. 2016). The secretion of IL-4 by M2-activated mac-
rophages promotes humoral immune responses and down-
regulates M1-mediated responses. Originally, M2 activa-
tion was thought to produce a protective effect. However,
evidence shows that M2 cytokines such as IL-4 also result
in the induction of some chronic inflammatory processes
(Shapouri-Moghaddam et al. 2018; Wynn 2003). Moreo-
ver, our results found that the transcription factor PU.1 was
increased in the PFC region of middle-aged Lrrk2-62019
mice. PU.1 is critical in the development of myeloid cells
and a major regulator of microglial gene expression. PU.1
expression levels are driven by increased pro-inflammatory
response (Pimenova et al. 2021; Rustenhoven et al. 2018).
These data suggest that microglia in Lrrk276201% mice
actively participate in the pathogenesis of neuronal damage
in neurodegenerative diseases by producing inflammatory
mediators. Our findings in the present study provide evi-
dence that microglial activation at DAergic fiber terminals
and synapses in the striatum contributes to the severity of
motor symptoms and at synapses in the PFC contributes to
hyperactive behaviors, supporting the notion that reactive
microglia exacerbate the progression of the disease in a
region-specific manner. The reason for the differences in
microglial reactivity may come from differential cytokine
stress between the PFC and DS. Further studies are needed
to elucidate fine mechanisms that contribute to the abnor-
mal microglial phagocytosis and refinements of synapses
and DAergic fibers during aging.
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«Fig.6 The expression of inflammation and microglia-related mol-
ecules in PFC and striatum of Lrrk2-6201%5 mice. a, ¢ Cluster analy-
sis of mRNA expression of phagocytic receptors and inflammation-
related molecules from the PFC (a) / striatum (STR) (c¢) of
the 2- and 10-month-old WT and Lrrk2-%2°'%S mijce. b, d Relative
mRNA expression of Tmem119, PU.1, TNF-a, iNOS, IL-6, and
IFN-y from the PFC (b) /STR (d). Levels of the mRNAs were nor-
malized to the levels of GAPDH mRNA in the same sample and val-
ues are expressed as fold change (n=6 mice per group). *p <0.05,
**p <0.01

Conclusion

In summary, the study provides a novel and detailed micro-
glial aberrant morphogenesis of LRRK2 mutation in vivo
and deepens our comprehension of the relationship among
behavior, neuron-microglial interaction, and molecular
phenotypes in the PD model of LRRK2 G2019S during
aging. These findings indicate that LRRK2 G2019S muta-
tion impacts microglial morphogenesis and activity and
remodels the transcription landscape of microglial inflam-
matory molecules, thereby leading to abnormal microglial
phagocytosis, synaptic pruning, and loss of DAergic fib-
ers during aging, and, eventually, PD-related behavioral
abnormalities.
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