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b1-integrin-dependent migration of microglia in
response to neuron-released a-synuclein

Changyoun Kim1,2, Eun-Deok Cho3, Hyung-Koo Kim2, Sungyong You4, He-Jin Lee2,3,
Daehee Hwang5 and Seung-Jae Lee1,2

Chronic neuroinflammation is an integral pathological feature of major neurodegenerative diseases. The recruitment of microglia

to affected brain regions and the activation of these cells are the major events leading to disease-associated neuroinflammation.

In a previous study, we showed that neuron-released a-synuclein can activate microglia through activating the Toll-like receptor

2 (TLR2) pathway, resulting in proinflammatory responses. However, it is not clear whether other signaling pathways are

involved in the migration and activation of microglia in response to neuron-released a-synuclein. In the current study, we

demonstrated that TLR2 activation is not sufficient for all of the changes manifested by microglia in response to neuron-

released a-synuclein. Specifically, the migration of and morphological changes in microglia, triggered by neuron-released

a-synuclein, did not require the activation of TLR2, whereas increased proliferation and production of cytokines were strictly

under the control of TLR2. Construction of a hypothetical signaling network using computational tools and experimental

validation with various peptide inhibitors showed that b1-integrin was necessary for both the morphological changes and the

migration. However, neither proliferation nor cytokine production by microglia was dependent on the activation of b1-integrin.

These results suggest that b1-integrin signaling is specifically responsible for the recruitment of microglia to the disease-

affected brain regions, where neurons most likely release relatively high levels of a-synuclein.
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INTRODUCTION

Parkinson’s disease (PD) is an age-related neurodegenerative
disease characterized by motor and non-motor symptoms.1

Pathologically, PD is characterized by the loss of dopamine
neurons in the substantia nigra pars compacta and is
associated with abnormal protein accumulation in forms
known as Lewy bodies (LBs) and Lewy neurites.2 LBs and
Lewy neurites are composed of various proteins; however, the
amyloid fibril form of a-synuclein is the predominant
component.3 PD is a multifactorial disorder; however, a
large body of evidence has suggested that a-synuclein has
important roles in the onset and progression of the disease.4,5

Although a-synuclein is a typical neuronal cytosolic protein,
some a-synuclein is released from neurons6 and is present in
body fluids such as the cerebrospinal fluid, serum and brain
interstitial fluid.7,8 Extracellular a-synuclein is transferred to
neighboring neurons and astrocytes, promoting abnormal

accumulation of a-synuclein, which induces cell death in the
neurons9,10 and an inflammatory response in the astrocytes.11

Neuroinflammation is a key feature of most neurodegen-
erative diseases, and microglia have critical roles in the process
of neuroinflammation.12 Several studies have suggested the
involvement of neuroinflammation in the development and
progression of these diseases, especially in PD.13–15 For
example, activated microglia have been found in the sub-
stantia nigra of PD patients, and degeneration of dopaminergic
neurons has been inhibited by the administration of an
anti-inflammatory drug in a toxicant-induced PD animal
model.16 In addition, several epidemiological studies have
suggested that anti-inflammatory drugs, especially non-
steroidal anti-inflammatory drugs, reduce the risk of PD.15

Therefore, it is likely that neuroinflammation not only is a
pathological epiphenomenon but also may have critical roles
in the disease progression.
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Microglia are a type of resident immune cells in the brain,
and they contribute to the innate immune response.17

Microglia can be activated by various types of stimuli,
including inflammatory stimuli, brain injury and ischemia.18

Upon stimulation, microglia undergo a series of activation
processes, including morphological changes, proliferation,
increased production of intracellular reactive oxygen species
and proinflammatory cytokine gene induction. Chronic
activation of microglia can lead to neuronal damage.13

Microglial cells exposed to neuron-released a-synuclein
exhibited features of activated microglia, including a
morphological transition from a ramified to an ameboid
shape, increased proliferation and production of proinflam-
matory factors such as inflammatory cytokines, reactive
oxygen species and nitric oxide.14 In our previous study, we
demonstrated that some of these changes, such as the
induction of cytokines, are mediated by the activation of
toll-like receptor 2 (TLR2).14 However, it is not clear whether
activation of TLR2 signaling is sufficient to elicit all of
the features of microglial activation that are triggered by
neuron-released a-synuclein.

In the current study, we demonstrate that TLR2 activation is
not sufficient for all of the changes manifested by microglia in
response to neuron-released a-synuclein. Specifically, the
changes in microglial migration and morphology that are
triggered by neuron-released a-synuclein required b1-integrin,
whereas the increased proliferation and increased production
of cytokines are strictly under the control of TLR2.

MATERIALS AND METHODS

Animals
Sprague–Dawley rats and C57BL/6 mice were purchased from
Samtako (Osan, Korea). TLR2-deficient mice were obtained from
Oriental Bioservice (Kyoto, Japan).19 The animal use protocols in this
study were approved by Konkuk University’s Animal Care and Use
Committee.

Materials
The peptides 4N1K (KRFYVVMWKK) and RHD peptide were
purchased from Bachem (Bubendorf, Switzerland). WRW4 was
obtained from Tocris Bioscience (Ellisville, MO, USA). GRGDS
and SDGRG peptides were purchased from Sigma Aldrich (St. Louis,
MO, USA).

Cell culture
Human SH-SY5Y neuroblastoma cells and primary microglia (rat
and mouse) were maintained according to a previously described
protocol.14

Preparation of conditioned medium
SH-SY5Y neuroblastoma cells were differentiated in the presence of
retinoic acid for 5 days and then infected with adenoviral vectors
expressing a-synuclein (adeno/a-syn) and LacZ (adeno/lacZ) at a
multiplicity of infection of 100. After 2 days of incubation, these cells
were incubated in serum-free Dulbecco’s modified Eagle’s medium for
18 h. The culture supernatants were centrifuged at 1000� g for 10 min
and subsequently at 10 000� g for 10 min. The concentration of

a-synuclein in the medium was on average 1.06±0.371mg ml�1

(s.e.m.).14 The supernatants were concentrated using 10 000 molecular
weight cutoff centrifugal filters (Millipore, County Cork, Ireland).

Morphological analysis of microglia
Primary rat or mouse microglia were cultured in poly-D-lysine-coated
12-well culture plates. On the following day, cells were treated with
either conditioned medium or lipopolysaccharide for 24 h. The
morphology of microglia (ameboid/ramified) was analyzed in 10
randomly chosen areas for each independent experiment, and the
mean values were obtained.

Reverse transcription polymerase chain reaction (RT-PCR)
Microglia were treated with conditioned medium for 6 h, and the
total RNA was then extracted from the cells using an RNeasy Mini kit
(Qiagen, Hilden, Germany), according to the manufacturer’s proto-
col. Equal amounts of total RNA were reverse-transcribed using an
iScript complementary DNA synthesis kit (Bio-Rad, Hercules, CA,
USA). The complementary DNA products were amplified with PCR
using specific primers and temperature cycles, as indicated (Table 1).

Reconstruction of integrin network model
To reconstruct the integrin network model, we used 2009 differentially
expressed genes (DEGs) (877 DEGs at 6 h only, 797 DEGs at 24 h only
and 335 DEGs common to both time points) that were identified in
our previous study (GSE 26532).14 Functional enrichment analysis of
upregulated genes was performed using DAVID to identify the cellular
processes and pathways governed by a-synuclein conditioned medium
(aSCM) at 6 and 24 h. We selected a subset of genes associated with
focal adhesion and the leukocyte transendothelial migration pathway.
This subset contained motifs indicative of well-defined signaling
downstream of integrins and protein–protein interactions. Using these
criteria, genes were selected from among all upregulated genes listed in
the KEGG pathway database.20 The selected genes and their inter-
actions were visualized using Cytoscape.21 The network nodes were
arranged according to the pathway map of the corresponding genes.
The node and border colors indicate mRNA abundance in aSCM-
exposed primary rat microglia that is higher (red) or lower (green)
than in those exposed to LacZ-conditioned medium (LZCM) at 6 and
24 h, respectively. The resulting network describes the putative
integrin-dependent downstream signaling regulated by a-synuclein
in primary rat microglia cultured in conditioned medium.

Cell viability assay
Rat primary microglia were seeded into dark 96-well cell culture
plates coated with PDL. They were then treated with conditioned
medium and antagonists. After 24 h of incubation, the viability of the
attached cells in each culture plate was determined using a CyQUANT
cell proliferation assay kit (Invitrogen, Carlsbad, CA, USA).

Wound-healing assay
Primary rat microglia were seeded into PDL-coated 12-well cell
culture plates. The following day, a 200-ml tip was used to scratch the
surface of the cell culture, and the recovery width of the scratched
surface was then measured at nine marked sites.22,23 Microglia
were pre-incubated with antagonists for 30 min before the addition
of the conditioned medium to the culture medium. After a further
18-h incubation, the recovery width of the scratched surface was
re-measured at the nine marked sites for each independent
experiment, and the mean values were calculated.
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Statistical analysis
InStat (GraphPad Software, San Diego, CA, USA) was used for all
statistical analysis. All data are presented as means±s.e.m. All data
were analyzed for statistical significance by using unpaired t-tests.

RESULTS

TLR2-dependent and -independent microglial responses to
neuron-released a-synuclein
Our previous study demonstrated a role for TLR2 in at least
some aspects of neuron-released a-synuclein-induced micro-
glial activation. To extend our understanding of a-synuclein-
induced microglial activation, we obtained conditioned

medium from differentiated SH-SY5Y cells overexpressing
either a-synuclein or LacZ (aSCM, LZCM), as well as mouse
or rat primary microglia treated with each of these condi-
tioned media. Upon exposure to aSCM, microglia underwent
morphological changes from resting to ameboid shapes
(Figures 1a–c). Treatment with lipopolysaccharide, an activator
of microglia, also induced morphological changes in the
microglia (Figure 1c). In contrast, morphological changes
were absent in LZCM-exposed microglia (Figures 1a and c).
To analyze cytokine gene induction, mouse primary microglia
were treated with aSCM for 6 h, and proinflammatory
cytokine gene expression was investigated by RT-PCR.

Table 1 A list of primers and reaction conditions for RT-PCR analysis

Gene (symbol) Sequence (5 0-3 0) Tm (1C) Species Product size (bp)

IL-1b
F—TGAAGCAGCTATGGCAACTG 55 Rat 199
R—TGCCTTCCTGAAGCTCTTGT

TNFa
F—TGCCTCAGCCTCTTCTCATT 55.4 Rat 367
R—TGTGGGTGAGGAGCACATAG

NOS2
F—CACCTTGGAGTTCACCCAGT 60 Rat 170
R—ACCACTCGTACTTGGGATGC

ICAM-1
F—CAGGGTGCTTTCCTCAAAAG 55 Rat 249
R—GGGCATGAGACTCCATTGTT

MMP-9
F—GTCTTCCCCTTCGTCTTCCT 55 Rat 249
R—AGGGGAGTCCTCGTGGTAGT

ITGa5
F—AGGTGACGGGACTCAACAAC 60 Rat 151
R—GGGCATTTCAGGACTTGTGT

SCIN
F—ACCAGAGACGAGCTGACGAT 60 Rat 101
R—GGCTCTTTGCCTTGAGACAC

Rac1
F—TTTGAAAATGTCCGTGCAAA 60 Rat 306
R—CAGCAGGCATTTTCTCTTCC

scin
F—ACCAGAGACGAGCTGACGAT 60 Rat 101
R—GGCTCTTTGCCTTGAGACAC

b-Actin
F—TGTTGGCATAGAGGTCTTTACGG 60 Rat 278
R—TGAGAGGGAAATCGTGCGTG

GAPDH
F—ACCACAGTCCATGCCATCAC 60 Rat 452
R—TCCACCACCCTGTTGCTGTA

IL-1 b
F—CCGATGGGTTGTACCTTGTC 60 Mouse 284
R—CGGACTCCGCAAAGTCTAAG

TNFa
F—GACCTTCCAGGATGAGGACA 60 Mouse 283
R—AGGCCACAGGTATTTTGTCG

b-actin
F—TGTTACCAACTGGGACGACA 60 Mouse 391
R—TCTCAGCTGTGGTGGTGAAG

Abbreviations: IL, interleukin; RT-PCR, Reverse transcription polymerase chain reaction; TNF, tumor necrosis factor.
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The expression of interleukin-1b and tumor necrosis factor
(TNF)a increased in response to treatment with aSCM. These
changes were dependent on TLR2 because TLR2 gene deple-
tion eliminated cytokine gene induction (Figure 1d). In
contrast to cytokine gene induction, there was no significant
difference between the normal microglia and the TLR2-
deficient microglia in the extent of morphological changes
upon exposure to neuronal cell-released a-synuclein
(Figure 1e). These results suggest the existence of two distinct
regulatory mechanisms for microglial responses to neuronal
cell-released a-synuclein: a TLR2-dependent mechanism and a
TLR2-independent mechanism.

Construction of a hypothetical network for neuron-released
a-synuclein-induced morphological changes in microglia
To investigate the mechanism underlying the morphological
changes in microglia in response to aSCM, we analyzed, in
detail, the gene expression profile data that we obtained in the
previous study (GSE 26532).14 The KEGG pathway enrich-
ment analysis of upregulated genes suggested that the integrin

signaling pathway would be activated as a late response, with
high statistical significance (Figure 2 and Table 2). This is in
addition to the activation of the TLR2 signaling pathway,
which was extensively characterized in our previous study.14

On the basis of these data, we postulated that the integrin
signaling pathway might represent another key mechanism of
microglial response to neuron-released a-synuclein, especially
the mechanism controlling morphological changes. Using
DEG data and protein–protein interaction data derived from
a public database (NCBI GEO), we constructed a hypothetical
signaling network model for the integrin signaling triggered by
aSCM (Figure 3a). The network model suggested that the
integrin signaling pathway was responsible for microglial
morphological changes. Induction of gene expression in the
integrin signaling cascade was verified using RT-PCR in
microglia after exposure to aSCM (Figure 3b). Furthermore,
the hypothetical network model suggested that activation of
the integrin signaling resulted in increased cell motility in
addition to morphological changes, both of which involve
extensive actin rearrangement (Figure 3a).

Figure 1 TLR2-dependent and -independent microglial activation by neuron-released a-synuclein. Rat and mouse primary microglia were
treated with LZCM, aSCM or lipopolysaccharide (LPS) (1mg ml�1, as a positive control) for 24 h (a–c) or 6 h (d). (a–c) aSCM- or LPS-
induced morphological changes in rat primary microglia: from the resting shape (a) to an ameboid shape (b). (c) The percentage of
ameboid microglia was determined by microglial morphology analysis (n¼3). (d) Wild-type and TLR2-deficient mouse microglia were
treated with conditioned medium for 6 h, and total mRNA was then extracted and reverse-transcribed. The expression of cytokine genes
(tumor necrosis factor a (TNFa) and interleukin (IL)-1b) was determined using conventional RT-PCR. (e) Murine primary microglia from
wild-type and TLR2-deficient mice were treated with LZCM, aSCM or LPS for 24h. The percentage of ameboid microglia was determined
by microglial morphology analysis (n¼3). Morphology analysis data were analyzed using an unpaired t-test. Scale bars, 10mm. Error bars
represent the s.e.m. *Po0.05; ***Po0.001. ‘n’ represents the number of independent experiments.
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Role of b1-integrin in aSCM-induced microglial
morphological changes
To determine the role of integrins in microglial responses to
neuron-released a-synuclein, we tested the effects of functional
peptide antagonists on various cell surface receptors. Primary
rat microglia were pre-incubated with antagonists for 30 min
before the addition of aSCM, and the morphological changes
of the microglia were analyzed after 24 h. aSCM-induced
morphological changes were significantly inhibited by the
RHD peptide, a b1-integrin-interacting peptide from amyloid
beta24,25 (Figure 4a). However, other peptide antagonists,
4N1K (an antagonist of CD47) and WRW4 (an antagonist
of formyl peptide chemotactic receptor-like 1), did not affect
the morphological changes of microglia by aSCM (Figure 4a).
The effects of RHD on the aSCM-induced morphological
changes were dose-dependent, further validating the role of
integrins (Figure 4b). Conversely, aSCM-induced microglial
proliferation and cytokine gene expression were not affected by
pre-treatment with RHD (Figures 4c–e). These results suggest
that the integrin signaling pathway is specifically responsible
for the morphological changes but not for cell proliferation or
cytokine gene induction.

b1-integrin-dependent morphological changes and
migration of microglia by neuronal cell-released a-synuclein
To validate the role of b1-integrin in aSCM-induced morpho-
logical changes of microglia, we used a specific antagonist
peptide of b1-integrin, GRGDS. As expected, pre-incubation
with GRGDS inhibited aSCM-induced morphological changes

in the microglia (Figure 5a). However, SDGRG, a control
peptide with the reverse sequence of GRGDS, did not affect
the morphological changes in the microglia (Figure 5a).
Consistent with the data obtained with the RHD peptide,
aSCM-induced microglial proliferation (Figure 5b) and cyto-
kine gene induction (Figure 5c) were not altered by GRGDS
pre-incubation.

b1-Integrin is a ubiquitous b subunit that pairs with at least
10 different a subunits. It has important roles in various
cellular processes, including cell motility and growth.26 To
determine whether neuron-released a-synuclein increases
microglial cell motility, we performed the wound-healing
assay. Rat primary microglial cultures were scratched before
treatment with either LZCM or aSCM and incubated for 18 h.
Treatment with aSCM significantly increased the rate of
wound recovery (Figure 6), whereas the recovery after LZCM
treatment did not differ significantly from that of Dulbecco’s
modified Eagle’s medium treatment (Figure 6). When micro-
glia were pre-incubated with either GRGDS or SDGRG,
aSCM-induced acceleration of wound recovery was completely
nullified by GRGDS, a functional b1-integrin antagonist
(Figure 6), whereas pre-treatment with SDGRG had no
effect (Figure 6). These results suggest that neuron-released
a-synuclein increases microglial motility in a b1-integrin-
dependent manner.

DISCUSSION

Role of b1-integrin in a-synuclein-induced increase
in microglial motility
The accumulation of activated microglia in disease-affected
regions of the brain is a prominent pathological feature of
LBdiseases.27 Microglia may be recruited to specific brain
regions in response to various types of stimuli and
transformed from the resting, ramified shape to the
macrophage-like/ameboid phenotype.28,29 The recruitment of
microglia to specific brain regions and their activation may
contribute to the progressive neurodegeneration.28 Therefore,
how microglia are recruited to the disease-affected regions of
the brain is one of the central questions in the study of
neurodegenerative diseases.

Using gene expression profile analysis, we constructed a
hypothetical intracellular signaling network that leads to

Figure 2 Gene expression profiling analysis of microglia exposed to aSCM. The enriched KEGG pathways were identified from upregulated
genes in aSCM-treated rat primary microglia, and the enrichment scores are displayed for each pathway.

Table 2 A list of upregulated genes involved in

integrin-mediated signaling pathways

Cellular process (log2 scale) Symbol Fold change

Integrin-mediated signaling pathway Itgam 1.751581

Pram1 1.299044

Itga5 1.735116

Vav1 1.179845

Plek 1.527567

Itgb2 2.349445

Itgal 1.654326

a-synuclein-induced microglial responses
C Kim et al

5

Experimental & Molecular Medicine



increased cell motility in aSCM-treated microglia (Figure 2a).
The network model strongly suggested a role for the
integrin-signaling cascade in aSCM-induced cell motility. This
model was functionally validated using peptide antagonists,
showing that b1-integrin has critical roles in inducing this
motility. In contrast, b1-integrin antagonists had no effect on
cytokine gene induction or cell proliferation. These results
suggest that b1-integrin signaling is specifically responsible
for the migration of microglia to disease-affected regions of
the brain.

Integrins have roles in microglial activation induced by
neurotoxic peptides
Integrins are heterodimeric transmembrane proteins (compris-
ing one a and one b subunit) that are expressed on the surface
of most cells.30 At present, 18 a and 8 b subunits have been
identified, and 24 different a/b complexes have been
demonstrated. Integrins are the major adhesion molecules
involved in cell-to-cell and cell-to-extracellular matrix
interactions, and they are critical for multiple cellular
functions, including cell migration, phagocytosis and

proliferation.31 Interestingly, multiple types of integrins
interact with amyloid beta, mediating neuronal cell death
and migroglial immune responses.25,32–42 The amino-acid
sequence of Ab (RHD), which is structurally similar to the
general integrin recognition sequence RGD, has been suggested
as an integrin recognition site.24,25 Our results indicate that the
RHD peptide blocked aSCM-induced microglial responses
and that there is a similar mode of interaction between
a-synuclein and integrins. Consistent with our results, recent
studies have shown the involvement of integrins in
a-synuclein-induced cellular responses. Familial PD-linked
mutant and wild-type a-synuclein induced aM-integrin
activation via NADPH oxidase in microglia.43 Nitrated forms
of a-synuclein have been shown to induce neuronal cell
toxicity via interaction with a5b1-integrin.44 Integrins also
interacted with a synthetic prion peptide; the functional
inhibition of a5b1-integrin attenuated the activation of BV2
microglia induced by neurotoxic prion peptide PrP106-126.45

Thus, integrins may have important roles in neurodegenerative
diseases through interactions with various disease-linked
proteins.

Figure 3 Hypothetical signaling network related to morphological changes and migration of microglia exposed to neuron-released
a-synuclein. Rat primary microglia were treated with LZCM or aSCM. (a) To analyze alterations in gene expression, total mRNA was
extracted from microglia and submitted to microarray analysis. DEGs were detected at two different time points (6 and 24 h).
A hypothetical signaling network was constructed using DEGs from aSCM-exposed microglia (inner circle, 6 h; outer circle, 24h).
(b) Changes in the expression of the identified genes in the network were determined using conventional RT-PCR.
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Recent studies have suggested that receptors other than
TLR2 and integrins act together with a-synuclein to cause
microglial activation and/or clearance of extracellular
a-synuclein. These receptors include TLR4 and CD36.46,47

The conclusions of those studies were derived from experi-
ments conducted with bacterially expressed recombinant
a-synuclein. The roles of these proteins in microglial

recruitment and activation need to be further validated with
neuron-released a-synuclein.

Microglial recruitment and activation by neuron-released
a-synuclein
Neurons continuously release a-synuclein via unconventional
exocytosis.6 The secretion of a-synuclein is minor in scale;

Figure 4 Integrin-dependent morphological changes of microglia by neuron-released a-synuclein. (a, c, e) Rat primary microglia were
pretreated with 4N1K (100mg ml�1), RHD (20mg ml�1) and WRW4 (20mg ml�1) for 30min and then incubated with a conditioned
medium for 24 h (a, c) or 6 h (e). (b, d) Rat primary microglia were pretreated with the indicated concentration of RHD for 30min and
then exposed to a conditioned medium for 24 h. (a, b) The percentage of ameboid microglia was determined by microglial morphology
analysis (n¼3). (c, d) Cell proliferation was determined by measuring cellular nucleic acid contents (n¼3). (e) The expression levels of
cytokine genes (TNFa and IL-1b) were determined using conventional RT-PCR. All data were analyzed using unpaired t-tests. Error bars
represent the s.e.m. *Po0.05; **Po0.01; ***Po0.001. ‘n’ represents the number of independent experiments.
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however, it is regulated by protein folding stresses. Exocytosis
of a-synuclein is increased by oxidative modifications of
a-synuclein,48,49 mitochondrial dysfunction50 and inhibition
of autophagy.51 a-synuclein proteins released from ‘stressed’
neurons were found to contain more oligomeric forms than
the cytosolic proteins.14,50 Neuron-released a-synuclein
oligomers interacted with and activated TLR2 on the surface

of microglia, thereby inducing proinflammatory responses.14

Considering these previous results together with our
current study, we speculate that, in LB diseases, b1-integrin
signaling is specifically responsible for the recruitment of
microglia to the disease-affected brain regions, where
neurons release relatively high levels of a-synuclein and its
oligomeric forms. Furthermore, proinflammatory activation of
the recruited microglia is mediated by the activation of
TLR2 signaling. Our work suggests that both b1-integrin
and neuron-released a-synuclein may have important roles
in establishing local inflammation and may therefore be
novel therapeutic targets for modifying neuroinflammation
in LB diseases.
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Figure 5 b1-Integrin-dependent morphological changes in
microglia in response to neuron-released a-synuclein. Rat primary
microglia were pretreated with GRGDS (20mg ml�1), RHD
(20mg ml�1) or SDGRG (20mg ml�1) for 30min and then
incubated with aSCM for 24h (a, b) or 6 h (c). (a) Microglial
morphology analysis (n¼3). (b) Cell proliferation assay (n¼3). (c)
The expression levels of TNFa, IL-1b and iNOS were determined
using conventional RT-PCR. All data were analyzed using unpaired
t-tests. Error bars represent the s.e.m. *Po0.05; ***Po0.001. ‘n’
represents the number of independent experiments.

Figure 6 b1-Integrin-dependent migration of microglia in response
to neuron-released a-synuclein. The migration of rat primary
microglia was measured using a wound-healing assay. Rat primary
microglia were pretreated with Dulbecco’s modified Eagle’s
medium, GRGDS (20mg ml�1) or SDGRG (20mg ml�1) for 30min
and then incubated with aSCM. After an 18-h incubation, the
widths of the marked wounds were measured using a light
microscope. (a) Representative images of microglia in the wound-
healing assay. (b) Migration of microglia is expressed as the length
between the wound boundaries (n¼3). Data were analyzed using
unpaired t-tests. Error bars represent the s.e.m. *Po0.05;
**Po0.01. ‘n’ represents the number of independent experiments.

a-synuclein-induced microglial responses
C Kim et al

8

Experimental & Molecular Medicine



1 Dauer W, Przedborski S. Parkinson’s disease: mechanisms and models.
Neuron 2003; 39: 889–909.

2 Forno LS. Neuropathology of Parkinson’s disease. J Neuropathol Exp
Neurol 1996; 55: 259–272.

3 Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. alpha-
Synuclein in filamentous inclusions of Lewy bodies from Parkinson’s
disease and dementia with lewy bodies. Proc Natl Acad Sci USA 1998;
95: 6469–6473.

4 Kim C, Lee SJ. Controlling the mass action of alpha-synuclein in
Parkinson’s disease. J Neurochem 2008; 107: 303–316.

5 Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces of alpha-
synuclein: from structure and toxicity to therapeutic target. Nat Rev
Neurosci 2013; 14: 38–48.

6 Lee HJ, Patel S, Lee SJ. Intravesicular localization and exocytosis
of alpha-synuclein and its aggregates. J Neurosci 2005; 25:

6016–6024.
7 Mollenhauer B, El-Agnaf OM, Marcus K, Trenkwalder C

Schlossmacher MG. Quantification of alpha-synuclein in cerebrospinal
fluid as a biomarker candidate: review of the literature and considerations
for future studies. Biomark Med 2010; 4: 683–699.

8 Emmanouilidou E, Elenis D, Papasilekas T, Stranjalis G, Gerozissis K,
Ioannou PC et al. Assessment of alpha-synuclein secretion in mouse and
human brain parenchyma. PloS One 2011; 6: e22225.

9 Desplats P, Lee HJ, Bae EJ, Patrick C, Rockenstein E, Crews L et al.
Inclusion formation and neuronal cell death through neuron-to-neuron
transmission of alpha-synuclein. Proc Natl Acad Sci USA 2009; 106:

13010–13015.
10 Danzer KM, Ruf WP, Putcha P, Joyner D, Hashimoto T, Glabe C et al.

Heat-shock protein 70 modulates toxic extracellular alpha-synuclein
oligomers and rescues trans-synaptic toxicity. FASEB J 2011; 25:

326–336.
11 Lee HJ, Suk JE, Patrick C, Bae EJ, Cho JH, Rho S et al. Direct transfer

of alpha-synuclein from neuron to astroglia causes infla-
mmatory responses in synucleinopathies. J Biol Chem 2010; 285:

9262–9272.
12 Wake H, Moorhouse AJ, Miyamoto A, Nabekura J. Microglia: actively

surveying and shaping neuronal circuit structure and function. Trends
Neurosci 2013; 36: 209–217.

13 Long-Smith CM, Sullivan AM, Nolan YM. The influence of microglia
on the pathogenesis of Parkinson’s disease. Prog Neurobiol 2009; 89:

277–287.
14 Kim C, Ho DH, Suk JE, You S, Michael S, Kang J et al. Neuron-released

oligomeric alpha-synuclein is an endogenous agonist of TLR2 for paracrine
activation of microglia. Nat Commun 2013; 4: 1562.

15 Hirsch EC, Hunot S. Neuroinflammation in Parkinson’s disease: a target for
neuroprotection? Lancet Neurol 2009; 8: 382–397.

16 Wu DC, Jackson-Lewis V, Vila M, Tieu K, Teismann P, Vadseth C et al.
Blockade of microglial activation is neuroprotective in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson disease.
J Neurosci 2002; 22: 1763–1771.

17 Carson MJ. Microglia as liaisons between the immune and central nervous
systems: functional implications for multiple sclerosis. Glia 2002; 40:

218–231.
18 Hanisch UK, Kettenmann H. Microglia: active sensor and versatile

effector cells in the normal and pathologic brain. Nat Neurosci 2007;
10: 1387–1394.

19 Takeuchi O, Hoshino K, Kawai T, Sanjo H, Takada H, Ogawa T et al.
Differential roles of TLR2 and TLR4 in recognition of gram-negative
and gram-positive bacterial cell wall components. Immunity 1999; 11:

443–451.
20 Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M. KEGG:

Kyoto encyclopedia of genes and genomes. Nucleic Acids Res 1999; 27:

29–34.
21 Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D et al.

Cytoscape: a software environment for integrated models of biomolecular
interaction networks. Genome Res 2003; 13: 2498–2504.

22 Yuskaitis CJ, Jope RS. Glycogen synthase kinase-3 regulates microglial
migration, inflammation, and inflammation-induced neurotoxicity. Cell
Signal 2009; 21: 264–273.

23 Jeon H, Kim JH, Kim JH, Lee WH, Lee MS, Suk K. Plasminogen activator
inhibitor type 1 regulates microglial motility and phagocytic activity.
J Neuroinflammation 2012; 9: 149.

24 Ghiso J, Rostagno A, Gardella JE, Liem L, Gorevic PD, Frangione B.
A 109-amino-acid C-terminal fragment of Alzheimer’s-disease amyloid
precursor protein contains a sequence, -RHDS-, that promotes cell
adhesion. Biochem J 1992; 288 (Pt 3), 1053–1059.

25 Sabo S, Lambert MP, Kessey K, Wade W, Krafft G, Klein WL. Interaction of
beta-amyloid peptides with integrins in a human nerve cell line. Neurosci
Lett 1995; 184: 25–28.

26 Barkan D, Chambers AF. beta1-integrin: a potential therapeutic target in
the battle against cancer recurrence. Clin Cancer Res 2011; 17:

7219–7223.
27 Mrak RE, Griffin WS. Common inflammatory mechanisms in Lewy body

disease and Alzheimer disease. J Neuropathol Exp Neurol 2007; 66:

683–686.
28 Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of

microglia. Physiol Rev 2011; 91: 461–553.
29 Perry VH, Nicoll JA, Holmes C. Microglia in neurodegenerative disease.

Nat Rev Neurol 2010; 6: 193–201.
30 Huttenlocher A, Horwitz AR. Integrins in cell migration. Cold Spring Harb

persp Biol 2011; 3: a005074.
31 Takada Y, Ye X, Simon S. The integrins. Genome Biol 2007; 8: 215.
32 Bozzo C, Lombardi G, Santoro C, Canonico PL. Involvement of beta(1)

integrin in betaAP-induced apoptosis in human neuroblastoma cells. Mol
Cell Neurosci 2004; 25: 1–8.

33 Wright S, Malinin NL, Powell KA, Yednock T, Rydel RE, Griswold-Prenner I.
Alpha2beta1 and alphaVbeta1 integrin signaling pathways mediate
amyloid-beta-induced neurotoxicity. Neurobiol Aging 2007; 28:

226–237.
34 Frasca G, Carbonaro V, Merlo S, Copani A, Sortino MA. Integrins mediate

beta-amyloid-induced cell-cycle activation and neuronal death. J Neurosci
Res 2008; 86: 350–355.

35 Wright S, Parham C, Lee B, Clarke D, Auckland L, Johnston J et al.
Perlecan domain V inhibits alpha2 integrin-mediated amyloid-beta neuro-
toxicity. Neurobiol Aging 2012; 33: 1379–1388.

36 Goodwin JL, Kehrli ME Jr, Uemura E. Integrin Mac-1 and beta-
amyloid in microglial release of nitric oxide. Brain Res 1997; 768:

279–286.
37 Koenigsknecht J, Landreth G. Microglial phagocytosis of fibrillar beta-

amyloid through a beta1 integrin-dependent mechanism. J Neurosci
2004; 24: 9838–9846.

38 Jeon YJ, Won HY, Moon MY, Choi WH, Chang CH, Lee JY et al. Interaction
of microglia and amyloid-beta through beta2-integrin is regulated by RhoA.
Neuroreport 2008; 19: 1661–1665.

39 Zhang D, Hu X, Qian L, Chen SH, Zhou H, Wilson B et al. Microglial
MAC1 receptor and PI3K are essential in mediating beta-amyloid
peptide-induced microglial activation and subsequent neurotoxicity.
J Neuroinflammation 2011; 8: 3.

40 Bamberger ME, Harris ME, McDonald DR, Husemann J, Landreth GE. A
cell surface receptor complex for fibrillar beta-amyloid mediates microglial
activation. J Neurosci 2003; 23: 2665–2674.

41 Eikelenboom P, Zhan SS, Kamphorst W, van der Valk P, Rozemuller JM.
Cellular and substrate adhesion molecules (integrins) and their ligands in
cerebral amyloid plaques in Alzheimer’s disease. Virchows Arch 1994;
424: 421–427.

42 Matter ML, Zhang Z, Nordstedt C, Ruoslahti E. The alpha5beta1 integrin
mediates elimination of amyloid-beta peptide and protects against apop-
tosis. J Cell Biol 1998; 141: 1019–1030.

43 Zhang W, Dallas S, Zhang D, Guo JP, Pang H, Wilson B et al. Microglial
PHOX and Mac-1 are essential to the enhanced dopaminergic neurode-
generation elicited by A30P and A53T mutant alpha-synuclein. Glia 2007;
55: 1178–1188.

44 Liu Y, Qiang M, Wei Y, He R. A novel molecular mechanism for
nitrated {alpha}-synuclein-induced cell death. J Mol Cell Biol 2011; 3:

239–249.
45 Chang J, Yang L, Kouadir M, Peng Y, Zhang S, Shi F et al. Antibody-

mediated inhibition of integrin alpha5beta1 blocks neurotoxic prion
peptide PrP106-126-induced activation of BV2 microglia. J Mol Neurosci
2012; 48: 248–252.

46 Su X, Maguire-Zeiss KA, Giuliano R, Prifti L, Venkatesh K, Federoff HJ.
Synuclein activates microglia in a model of Parkinson’s disease. Neurobiol
Aging 2008; 29: 1690–1701.

47 Fellner L, Irschick R, Schanda K, Reindl M, Klimaschewski L,
Poewe W et al. Toll-like receptor 4 is required for alpha-synuclein
dependent activation of microglia and astroglia. Glia 2013; 61:

349–360.

a-synuclein-induced microglial responses
C Kim et al

9

Experimental & Molecular Medicine



48 Bae EJ, Ho DH, Park E, Jung JW, Cho K, Hong JH et al. Lipid peroxidation
product 4-hydroxy-2-nonenal promotes seeding-capable oligomer forma-
tion and cell-to-cell transfer of alpha-synuclein. Antioxid Redox Signal
2013; 18: 770–783.

49 Lee HJ, Baek SM, Ho DH, Suk JE, Cho ED, Lee SJ. Dopamine promotes
formation and secretion of non-fibrillar alpha-synuclein oligomers. Exp Mol
Med 2011; 43: 216–222.

50 Jang A, Lee HJ, Suk JE, Jung JW, Kim KP, Lee SJ. Non-classical exocytosis
of alpha-synuclein is sensitive to folding states and promoted under stress
conditions. J Neurochem 2010; 113: 1263–1274.

51 Lee HJ, Cho ED, Lee KW, Kim JH, Cho SG, Lee SJ. Autophagic failure
promotes the exocytosis and intercellular transfer of alpha-synuclein. Exp
Mol Med 2013; 45: e22.

This work is licensed under a Creative Commons
Attribution 3.0 Unported License. To view

a copy of this license, visit http://creativecommons.org/
licenses/by/3.0/

a-synuclein-induced microglial responses
C Kim et al

10

Experimental & Molecular Medicine

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

	beta1-integrin-dependent migration of microglia in response to neuron-released agr-synuclein
	Introduction
	Materials and methods
	Animals
	Materials
	Cell culture
	Preparation of conditioned medium
	Morphological analysis of microglia
	Reverse transcription polymerase chain reaction (RT-PCR)
	Reconstruction of integrin network model
	Cell viability assay
	Wound-healing assay
	Statistical analysis

	Results
	TLR2-dependent and -independent microglial responses to neuron-released agr-synuclein

	Table 1 
	Construction of a hypothetical network for neuron-released agr-synuclein-induced morphological changes in microglia

	Figure™1TLR2-dependent and -independent microglial activation by neuron-released agr-synuclein. Rat and mouse primary microglia were treated with LZCM, agrSCM or lipopolysaccharide (LPS) (1thinspmgrgthinspml-1, as a positive control) for 24thinsph (a-c) o
	Role of beta1-—integrin in agrSCM-induced microglial morphological changes
	beta1-integrin-dependent morphological changes and migration of microglia by neuronal cell-released agr-synuclein

	Discussion
	Role of beta1-—integrin in agr-synuclein-induced increase in microglial motility

	Figure™2Gene expression profiling analysis of microglia exposed to agrSCM. The enriched KEGG pathways were identified from upregulated genes in agrSCM-treated rat primary microglia, and the enrichment scores are displayed for each pathway
	Table 2 
	Integrins have roles in microglial activation induced by neurotoxic peptides

	Figure™3Hypothetical signaling network related to morphological changes and migration of microglia exposed to neuron-released agr-synuclein. Rat primary microglia were treated with LZCM or agrSCM. (a) To analyze alterations in gene expression, total mRNA 
	Microglial recruitment and activation by neuron-released agr-synuclein

	Figure™4Integrin-dependent morphological changes of microglia by neuron-released agr-synuclein. (a, c, e) Rat primary microglia were pretreated with 4N1K (100thinspmgrgthinspml-1), RHD (20thinspmgrgthinspml-1) and WRW4 (20thinspmgrgthinspml-1) for 30thins
	ACKNOWLEDGEMENTS
	Figure™5beta1-Integrin-dependent morphological changes in microglia in response to neuron-released agr-synuclein. Rat primary microglia were pretreated with GRGDS (20thinspmgrgthinspml-1), RHD (20thinspmgrgthinspml-1) or SDGRG (20thinspmgrgthinspml-1) for
	Figure™6beta1-Integrin-dependent migration of microglia in response to neuron-released agr-synuclein. The migration of rat primary microglia was measured using a wound-healing assay. Rat primary microglia were pretreated with DulbeccoCloseCurlyQuotes modi




