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Abstract
Multiple missense mutations in Leucine–rich repeat kinase 2 (LRRK2) have been linked to Parkinson’s disease (PD), the most
common degenerative movement disorder. LRRK2 is expressed by both neurons and microglia, the residential immune cells
in the brain. Increasing evidence supports a role of LRRK2 in modulating microglial activity, of which Lrrk2-null rodent
microglia display less inflammatory response to endotoxin lipopolysaccharide (LPS). The underlying molecular mechanism,
however, remains elusive. Chemokine (C–X3–C) receptor 1 (CX3CR1), predominantly expressed by microglia, suppresses
microglial inflammation while promotes migration. Using whole-genome microarray screening, we found that Cx3cr1 mRNA
levels were substantially higher in microglia derived from Lrrk2 knockout (Lrrk2–/–) mice. The total and cell surface levels of
CX3CR1 proteins were also remarkably increased. In correlation with the enhanced CX3CR1 expression, Lrrk2-null microglia
migrated faster and travelled longer distance toward the source of fractalkine (CX3CL1), an endogenous ligand of CX3CR1. To
investigate the impact of CX3CR1 elevation in vivo, we compared LPS-induced inflammation in the striatum of Lrrk2–/– knock-
out mice with Cx3cr1 heterozygous and homozygous knockout background. We found that a complete loss of Cx3cr1 restored
the responsiveness of Lrrk2–/– microglia to LPS stimulation. In conclusion, our findings reveal a previously unknown regula-
tory role for LRRK2 in CX3CR1 signalling and suggest that an increase of CX3CR1 activity contributes to the attenuated inflam-
matory responses in Lrrk2-null microglia.
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Introduction
As the sole resident immune cell in the central nervous system
(CNS), microglia actively survey their surrounding brain paren-
chyma through continuous extension and retraction of their
multiple long and ramified processes under healthy condition
(1). In response to stimulation, microglia undergo rapid mor-
phological and functional alterations that include enlarge-
ment of cell bodies with shorter and thicker processes and
enhancement of migration and phagocytosis (2). Previously,
we have shown that inhibition of PD-related Lrrk2 suppresses
microglial activation in a line of a-synuclein transgenic mice
(3). It has been further documented that Lrrk2 inhibition atten-
uates the inflammatory responses of microglia induced by LPS
exposure and a-synuclein overexpression (4,5). LRRK2 is ex-
pressed in many different cell types, including macrophagic
and monocytic cells and microglia (6,7). However, the molecu-
lar mechanism of LRRK2 in regulating microglial activation re-
mains poorly understood.

Fractalkine and its cognate receptor (CX3CR1) form a
unique one-to-one ligand-receptor chemokine pair that play
an important role in microglial activation (8–10). Notably,
Fractalkine is highly expressed in neurons, while CX3CR1 is
exclusively expressed in microglia in the CNS (11,12). Genetic
disruption of Cx3cr1 causes excessive microglial activation, re-
sulting in neurotoxicity in mouse models of systemic inflam-
mation, PD, and amyotrophic lateral sclerosis (8). On the other
hand, exogenous administration of Fractalkine is neuroprotec-
tive in models of neuroinflammation (9,13). Together, these
previous studies support an inhibitory role of Fractalkine/
CX3CR1 signalling in control of microglial inflammatory re-
sponse (8,14).

Starting from genome–wide microarray screening, we
found substantial increase of Cx3cr1 mRNA and protein ex-
pression in Lrrk2-null microglia. We further revealed a func-
tional correlation between Lrrk2–deficiency and CX3CR1
augmentation in cultured microglia and mouse models. Our
results suggest an enhancement of CX3CR1 signalling contrib-
utes to the attenuated inflammatory responses observed in
Lrrk2–null microglia.

Results
Lrrk2–null microglia are less responsive to LPS exposure

LPS activates microglia, resulting in enlarged cell bodies with
shorter and thicker processes (15,16). Fractal dimension has
been used to calculate the complexity of microglial morphology
and activated microglia show the reduced value of fractal di-
mension (10). To investigate the role of LRRK2 in microglial acti-
vation, we stereotaxically injected LPS into the striatum of
Lrrk2þ/þand Lrrk2–/– mice (Fig. 1A). Microglia were visualized by
staining with an antibody against ionized calcium-binding
adapter molecule 1 (Iba1) (17). More enlarged microglia were ob-
served at both the ipsilateral and contralateral of LPS injection
sites in the dorsal striatum of Lrrk2þ/þmice compared to the lit-
termate Lrrk2–/– animals (Fig. 1B). The fractal dimension of
Lrrk2–/– microglia was significantly lower than that of Lrrk2þ/þ

cells at both injection sites (Fig. 1C and D). By contrast, no differ-
ence in microglial morphology was observed at the striatum of
vehicle-injected Lrrk2þ/þand Lrrk2–/– mice (data not shown).
These results confirm the previous reports that Lrrk2-null
microglia are less responsive to LPS exposure (4).

Lrrk2–null microglia show higher levels of Cx3cr1 mRNA
and protein expression

To understand the molecular mechanism of differential immu-
nity of Lrrk2–/– microglia, we performed microarray analysis on
primary microglial cultures. We found multiple alterations of
gene expression between Lrrk2þ/þand Lrrk2–/– cells (GEO acces-
sion number: GSE83562). Noticeably, the mRNA levels of Cx3cr1
in Lrrk2–/– microglia were substantially higher than that in
Lrrk2þ/þcells (Supplementary Material, Fig. S1). We further con-
firmed this finding in microglial cultures and mouse brains by
quantitative RT-PCR (Fig. 2A and B). Using immunocytochemis-
try in cultured microglia, we found that CX3CR1 localized at the
cell periphery and around the nucleus of both Lrrk2þ/þand
Lrrk2–/– cells (Fig. 2C). Western blot analysis revealed the expres-
sion level of CX3CR1 proteins was substantially increased in
Lrrk2–/– microglia compared to controls (Fig. 2D and E). These
data demonstrate higher levels of Cx3cr1 mRNA and protein ex-
pression in Lrrk2–null microglia.

Lrrk2–null microglia show higher cell surface
presentation of Cx3CR1

CX3CR1 binds to its ligand Fractalkine at the cell surface to ini-
tiate the intracellular signalling (11). We examined the cell sur-
face localization of CX3CR1 by staining the non–permeabilized
microglia using an antibody against the extracellular domain of
CX3CR1. We found more CX3CR1 staining in Lrrk2–/– microglia
(Fig. 3A). We further labelled surface proteins by biotin and
immunoprecipitated the biotinylated proteins for western blot
analysis of CX3CR1 levels. The ratio of cell surface presentation
of CX3CR1 was substantially increased in Lrrk2–/– microglia
(Fig. 3B and C). Collectively, these results show more CX3CR1 re-
ceptors at the cell surface of Lrrk2–/– microglia.

Lrrk2–null microglia display increased motility
in response to fractalkine stimulation

To test the functional significance of increased CX3CR1 expres-
sion in Lrrk2–/– microglia, we examined the responses of Lrrk2þ/þ

and Lrrk2–/– cells to Fractalkine stimulation. Using DUNN cham-
ber, we found that Lrrk2–/– microglia migrated remarkably faster
than Lrrk2þ/þcells in the presence of 5 nM Fractalkine (Fig. 4A
and B). Although there was no difference in the Euclidean dis-
tance (the straight-line distance between the start point and
end point), time-lapse recoding showed that Lrrk2–/– microglia
travelled for longer distance compared to Lrrk2þ/þcells (accu-
mulated distance) (Fig. 4C). It appeared that Lrrk2–/– microglia
moved faster and made more changes of direction than the con-
trol cells in the presence of Fractalkine. The increased motility
of Lrrk2–/– microglia correlates with the increased CX3CR1 ex-
pression in those cells.

Increased CX3CR1 activity contributes to the attenuated
inflammatory responses in Lrrk2-null microglia

To investigate whether the enhanced CX3CR1 expression atten-
uates the response of Lrrk2–/– microglia to LPS stimulation, we
generated a cohort of Lrrk2þ/þand Lrrk2–/– mice in Cx3cr1 hetero-
zygous (Cx3cr1GFP/þ) and homozygous knockout (Cx3cr1GFP/GFP)
background. In this line of Cx3cr1 knockout mice, the coding
exons of Cx3cr1 are replaced with a gene encoding green fluores-
cent protein (GFP)(18). The mice were administrated with LPS or
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vehicle by intraperitoneal injection. Both microglial fractal di-
mension and soma size were analysed in striatum (Fig. 5A–D).
In the Cx3cr1 heterozygous background, Lrrk2þ/þmicroglia
showed a decreased fractal dimension and increased soma size

after treated with LPS compared to vehicle, while Lrrk2–/–

microglia displayed no obvious changes of morphology (Fig. 5A,
C and D). By contrast, in the Cx3cr1 homozygous knockout back-
ground, Lrrk2–/– microglia showed a very similar response to LPS

Figure 2. Lrrk2–null microglia show increased Cx3cr1 mRNA and protein expression. (A, B) Bar graphs depict Cx3cr1 mRNA expression in cultured microglia (A) and

mouse brains (B). Values represent mean 6 S.E.M. Significant differences between the groups are determined by Student’s t-test and expressed as follows: ***P<0.001.

N¼5 per group. (C) Representative images show CX3CR1and IBA1 co-staining at cultured microglia. Scale bars, 10 lm. (D) Western blot analyses the expression of

CX3CR1 and LRRK2 proteins in cultured microglia. GAPDH was used as the loading control. (E) Bar graph shows CX3CR1 protein levels in cultured Lrrk2þ/þ and Lrrk2–/–

microglia. Values represent mean 6 S.E.M. Significant differences between the groups were determined by Student’s t-test and expressed as follows: **P<0.01. N¼3 per

group.

Figure 1. Lrrk2–null microglia are less responsive to LPS intrastriatal injection. (A) A cartoon illustrates the sites of LPS intrastriatal injection. (B) Representative images

show IBA1 staining in a series of coronal sections outlined at the boxed areas in (A). Scale bars, 100 lm. (C, D) Bar graphs summarize the calculation of microglial fractal

dimension at both ipsilateral (C) and contralateral (D) injection sites of Lrrk2þ/þ and Lrrk2–/– mice. Values represent mean 6 S.E.M. Significant differences between the

groups are determined by Student’s t-test and expressed as follows: *P<0.05; ***P<0.001. N¼5 per group.
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administration as Lrrk2þ/þcells, including reduction of fractal
dimension and enlargement of cell bodies (Fig. 5B–D). These
findings thereby demonstrate an increase of CX3CR1 signalling
attenuates the inflammatory responses of Lrrk2–/– microglia
in vivo.

Discussion
Using high-through microarray screening, we found that Cx3cr1
mRNA expression was substantially increased in Lrrk2–/– micro-
glia. The amount of CX3CR1 proteins in total microglial lysates
and on the cell surface was also remarkably elevated.
Correlated with an augmentation of CX3CR1 expression, Lrrk2–/–

microglia displayed enhanced motility in response to CX3CR1 li-
gand fractalkine. More importantly, an elevation of CX3CR1 ex-
pression contributes to the attenuated immune responses of
Lrrk2–/– microglia to endotoxin LPS. Therefore, our findings re-
veal a previously unknown mechanism of LRRK2 in regulating
CX3CR1 signalling in immune cells.

Fractalkine and its cognate receptor (CX3CR1) form a unique
one-to-one ligand-receptor chemokine pair that has been dem-
onstrated to play an important role in neuroinflammation and
neuroprotection (11). The interaction between fractalkine and
CX3CR1 contributes to maintain microglia in a surveillance
phase. An activation of CX3CR1 signalling in microglia reduces
the overproduction of proinflammatory molecules, such as in-
ducible nitric oxide synthase (iNOS), interleukin (IL)-1b, tumour
necrosis factor-a (TNF-a), and IL-6 (11,19,20). On the other hand,
inhibition of LRRK2 kinase activity or genetic knockdown of
LRRK2 protein attenuates TNFa secretion and iNOS induction
(4,5). Based on these early findings, we propose that a lack of

LRRK2 promotes CX3CR1 signalling in microglia, resulting in
less inflammatory response.

LRRK2 could affect the expression and function of CX3CR1 at
multiple levels. A previous study reports that the transcription
of Cx3cr1 mRNA is regulated in part by nuclear factor of acti-
vated T-cells (NFAT), of which the expression of Cx3cr1 mRNA
can be suppressed by NFAT inhibitors cyclosporine A and VIVIT
(21). Our early work shows that LRRK2 is a potent negative regu-
lator of NFAT transcriptional activity through retaining NFAT in
the cytosol, while a lack of LRRK2 promotes NFAT activity by al-
lowing NFAT to be more efficiently transported into the nucleus
(22). Therefore, we speculate that LRRK2 may negatively regu-
late the expression of Cx3cr1 mRNA through preventing the nu-
clear translocation of NFAT. Previous studies have also
demonstrated that LRRK2 regulates protein synthesis (23–25),
ER-Golgi export (26), cytoskeleton dynamics (27), endocytosis
(28), and autophagy (29). Potentially, LRRK2 could be involved in
the translation of CX3CR1, exportation of newly synthesized
CX3CR1 from ER to Golgi and cell surface, and recycling and deg-
radation of CX3CR1 from the cell surface. LRRK2 also regulates
protein kinase A (PKA)-dependent signalling pathway in neu-
rons and microglia, in which a lack of Lrrk2 increases PKA activ-
ity (30,31). Since CX3CR1 activation inhibits PKA signalling (32),
an increase of CX3CR1 in Lrrk2–/– microglia may serve as a nega-
tive feedback mechanism to prevent the excessive activation of
PKA and related downstream pathways. The exact underlying
molecular mechanism remains to determine.

Microglial cells are highly motile (1). The presence of
Fractalkine increases the migration of microglia (8,33), which
may explain the why Lrrk2–/– microglia moved faster toward the
source of Fractalkine in cultures, since Lrrk2–/– cell possess more

Figure 3. Lrrk2–null microglia show increased presentation of CX3CR1 at the cell surface. (A) Representative images show CX3CR1 staining of impermeabilized micro-

glia. The cells were counterstained with IBA1 and Topro3. Scale bar, 10 lm. (B) Western blot analyses the levels of CX3CR1. LRRK2 and actin at cell surface and in total

lysates. (C) Bar graph depicts that the ratio of CX3CR1 proteins at cell surface in cultured Lrrk2þ/þ and Lrrk2–/– microglia. Values represent means 6 SEM. Significant dif-

ferences between the groups are expressed as follows: **P < 0.01. The experiments were repeated three times independently.
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Cx3CR1. Additionally, Lrrk2–/– microglia tended to make more
turns and travelled a longer distance. We suspect this irregular
movement pattern of Lrrk2–null cells could be attributed to the
dysfunction of LRRK2 in regulating the dynamics of actin and
microtubule reorganization in cells (34–36). Previous studies
suggest spleen tyrosine kinase (Syk) plays an important role in
fractalkine/CX3CR1–induced chemotaxis (37,38). The binding of
fractalkine with CX3CR1 activates Syk, which promotes cell mo-
tility through regulating actin dynamics via activation of both
Rac1/WAVE2 and Cdc42/WASP pathways. Alternatively, LRRK2
can also regulate the movement of microglia by modulating the
activity of focal adhesion kinase (FAK) in the organization of the
dynamic actin network underneath cell protrusions, which
allows Lrrk2–knockdown microglia more motile compared to
control cells (39). Moreover, this study also demonstrates that
PD-related LRRK2 G2019S missense mutation attenuates micro-
glial motility by inhibiting FAK activity, while LRRK2 inhibitor
restores the movement (39), suggesting an involvement of
microglial abnormalities in the pathogenesis of PD. In addition,
LRRK2 also regulates the activity of actin binding proteins ERM
and cofilin during neuron development (27,30,35). However, we
did not observe substantial alterations of ERM and cofilin activi-
ties in microglia (unpublished data). Therefore LRRK2 seems to
participate multiple signalling pathways that actively regulate

actin dynamics in microglia and neurons during cell migration
and morphogenesis.

Increasing evidence suggests that neuronal death can be in-
duced not only by defects in neurons but also by impairments
in glia, including microglia, which provide critical support for
neuron survival and function. Our findings on the modulatory
role of LRRK2 in CX3CR1 signalling shed new light on the emerg-
ing pathogenic mechanisms of neuroinflammation in PD.

Materials and Methods
Mice

The Lrrk2�/�mice were generated through deletion of the sec-
ond coding exon of LRRK2 (35). Cx3cr1GFP/þmice (18) were ob-
tained from the Jackson Laboratory. All mouse work follows the
guidelines approved by the Institutional Animal Care and Use
Committees of the National Institute of Child Health and
Human Development, and the Johns Hopkins University School
of Medicine.

LPS intrastriatal injection

Surgical procedures were carried out under gas anaesthesia
(isoflurane:oxygen:nitrous oxide, 1:33:66) and aseptic condi-
tions. One microliter LPS (5 mg/ml, TLR-grade, E.coli, Serotype
O111:B4 S-form; Enzo Life Sciences) were slowly (2 min) injected
by 10 ml hamilton syringe with 33 gauge needle into striatum of
1–month–old Lrrk2þ/þand Lrrk2–/– mice (n¼ 5). The coordinates
of injection sites in striatum are: 0.7mm posterior to Bregma,
1.9mm lateral to midline, and 3.5mm ventral to skull surface.
After injection, the needle was held in the injection place for
two more minutes. Chloramphenicol (sodium succinate) was
injected (i.m. 50 mg/kg) to avoid possible bacterial infection dur-
ing surgery. The animals were then put back to the cages for full
recovery. The mice were sacrificed at 72 h after injection, and
the brains were fixed by 4% paraformaldehyde and processed
for neuropathological analysis.

LPS intraperitoneal injection

Vehicle (phosphate-buffered saline; PBS solution) or LPS (TLR-
grade, E.coli, Serotype O111:B4 S-form; Enzo Life Sciences) at the
concentration (2 mg/kg body weight, intraperitoneal; two doses)
was daily injected into 2-month-old C57BL/6 and transgenic
mice (n¼ 4). Forty-eight hours after the first injection, the mice
were sacrificed, and the brains were fixed by 4% paraformalde-
hyde and processed for neuropathological analysis.

Primary microglia culture and immunocytochemistry

Primary microglia culture was prepared as described previously
(17). In brief, the mixed cell culture was prepared from postnatal
4 day–old mice and maintained at 37 �C and 5% CO2 for 14 days
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
heat-inactivated foetal bovine serum (FBS), 100U/ml penicillin
and 100 mg/ml streptomycin. Microglia cells were collected as
floating cells by gentle shaking for the following experiments.

Microglia were fixed in 4% PFA as described previously (17).
Briefly, they were permeabilized with Triton X-100 and incu-
bated with 10% donkey serum (Sigma-Aldrich) for 1h to block
unspecific binding and incubated overnight with the primary
antibody. Antibodies specific to CX3CR1 (1:500, Abcam), and ion-
ized calcium binding adaptor molecule-1 (IBA1; 1:500, Wako

Figure 4. Lrrk2–null microglia show enhanced motility toward to the source of

Fractalkine application. (A) Representative traces show the movement of micro-

glia in the absence or presence of 5 nM Fractalkine in the outer well. Each dot

represents an individual microglial cell. The outer wells are marked with circles.

(B, C) Bar graphs show the velocity (B), as well as the accumulative (accum) and

Euclidean distance (C) of microglia during the tracing period. The data were de-

rived from three independent experiments.
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Chemicals; 1:500, Abcam) were used for immunocytochemistry.
Alexa 488- or Alexa 568-conjugated secondary antibody (1:500;
Invitrogen) was used to visualize the staining.

For extracellular membrane staining of CX3CR1, live micro-
glia were incubated with the primary CX3CR1 antibody (1:100,
Abcam) on ice for 30 min in BWD buffer (20 mM HEPES, 125 mM
NaCl, 5 mM KCl, 5 mM dextrose, 10 mM NaHCO3, 1 mM KH2PO4,
1 mM CaCl2, and 1 mM MgCl2, pH 7.4), containing mouse Fc
Block (BD Biosciences) (37). Then the microglia were fixed and
performed IBA1 immunocytochemistry as described above.
Fluorescence images were captured using a laser scanning con-
focal microscope (LSM 510; Zeiss) at the same gain and offset
settings. The images of staining were presented as a single op-
tical layer after being acquired in z-series stack scans at 0.8 lm
intervals.

Microarray

The primary microglia cells were lysed in the lysate buffer (in-
cluded in the RNeasy kit, Qiagen, Hilden, Germany) and homog-
enized completely. The total RNA was extracted from the cell
lysate with the RNeasy mini kit in accordance with the proto-
cols prescribed by the manufacture (Qiagen). Biotinylated cRNA
were prepared from 250 ng of total RNA in each sample with the

Illumina Total Prep RNA Amplification kit (Ambion) and hybrid-
ized to the BeadChip Array Mouse WG-6 v2 (Illumina) following
the standard hybridization protocol. The chip was scanned by
iScan (Illumina) with the standard scanning protocol. The data
were analysed with the Illumina BeadStudio software suite.

Real-time reverse-transcription PCR

Primary microglial cells were seeded on 6-well plates and
washed with ice-cold PBS three times, and total RNA was iso-
lated with RNeasy mini kit (Qiagen). The mouse brain samples
were collected and isolated RNA by Trizol reagent, followed by
clean-up using the RNeasy mini kit. The cDNA was then synthe-
sized from 100 ng of RNA with the RT2 First Strand kit (Qiagen).
The SYBR Green real-time PCR detection method was used to
quantitate the transcript levels of the Cx3cr1, and b-actin using
commercially prepared primers (Qiagen). The gene expression
was calculated as fold changes normalized with the b-actin.

Immunohistochemistry and light microscopy

As described previously (40), mice were perfused via cardiac in-
fusion with 4% paraformaldehyde in cold PBS. To obtain frozen
sections, brain tissues were removed and submerged in 30%

Figure 5. Inhibition of CX3CR1 restores the responsiveness of Lrrk2–null microglia to LPS stimulation. (A, B) Representative images show GFP signals at the dorsal stria-

tum of Lrrk2þ/þ/Cx3cr1GFP/þ and Lrrk2–/–/Cx3cr1GFP/þ (A), as well as Lrrk2þ/þ/Cx3cr1GFP/GFP and Lrrk2–/–/Cx3cr1GFP/GFP mice. Scale bars, 50 lm. (C, D) Bar graphs depict the

measurements of fractal dimension (C) and area (D) of Lrrk2þ/þ/Cx3cr1GFP/þ, Lrrk2–/–/Cx3cr1GFP/þ, Lrrk2þ/þ/Cx3cr1GFP/GFP, Lrrk2–/–/Cx3cr1GFP/GFP microglia. Values repre-

sent means 6 SEM. Significant differences between the groups are expressed as follows: **P<0.01; ***P<0.001. One-way ANOVA followed by Newman-Keuls multiple

comparison tests. N¼4 per group.
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sucrose for 24 h and sectioned at 30 lm thickness with cryostat
(Leica CM1950). Antibodies specific to Iba1 (1:500, Wako
Chemicals) were used as suggested by the manufacturers. Alexa
488 or Alexa 568-conjugated secondary antibody (1:500,
Invitrogen) was used to visualize the staining. Fluorescence im-
ages were captured using a laser scanning confocal microscope
(LSM 510; Zeiss). The paired images in all of the figures were col-
lected at the same gain and offset settings. When post collec-
tion processing was done, it was applied uniformly to all paired
images. The images of staining were presented as a single op-
tical layer after being acquired in z-series stack scans at 0.8 lm
intervals.

Morphometric analysis of microglial morphology

The fractal dimension and cellular areas analysis was per-
formed on images acquired by 25X objective using the NIH
Image J software as described before (41,42). Briefly, the images
were background subtracted, normalized (segmentation and
threshold setting) and the readouts of images scanning were de-
termined using a specific plugin “Fractal Dimension and
Lacunarity”. For quantification, three sections at Bregma 0.28, 0
and �0.28 mm were acquired per animal, and three digital im-
ages at striatum were acquired per section.

Chemotaxis assay using the Dunn chemotaxis chamber

Chemotaxis was assessed using a Dunn chemotaxis chamber
(Weber Scientific International Ltd., Teddington, UK) according
to the method described previously (43). In brief, the cells were
attached to square coverslips for 2 h, and washed three times
with serum free DMEM. Then a coverslip was placed over the
chamber, whose outer and inner wells were filled with DMEM.
The medium in the outer well was exchanged for DMEM con-
taining 5 nM Fractalkine (recombinant mouse CX3CL1/
Fractalkine full length, R&D Systems) through the slit, and the
chamber was set on the stage of a microscope (ECLIPSE TE300;
Nikon), which was maintained at 37�C.

Western blot

Primary microglial cells were analysed by quantitative immuno-
blotting with anti-CX3CR1 (1:500, abcam), LRRK2 (1:1,000,
University of California Davis/US National Institutes of Health
NeuroMab Facility 73-188), and b-actin (1:1,000; Sigma) antibod-
ies. All of the immunoblots were visualized by enhanced chemi-
luminescence development (Pierce) and quantified by the NIH
Image J software.

Plasma membrane protein biotinylation assay

The surface biotinylation assay was performed as reported pre-
viously (26,44). Total protein and EZ-Link Sulfo-NHS-SS-Biotin
(ThermoFisher) isolated biotinylated protein were analysed by
quantitative immunoblotting with anti-CX3CR1 (1:500, Abcam),
LRRK2 (1:1,000, University of California Davis/US National
Institutes of Health NeuroMab Facility 73-188) and b-actin
(1:1,000; Sigma) antibodies. All of the immunoblots were visual-
ized by IRDye secondary antibodies and quantified on an
Odyssey CLx Imaging System (LI-COR).

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
software (GraphPad Software). Data are presented as
mean 6 S.E.M. Statistical significance was determined by com-
paring means of different groups using the Student’s t-test or
ANOVA followed by the post hoc test (*P< 0.05; **P< 0.01;
***P< 0.001).

Supplementary Material
Supplementary Material is available at HMG online.
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