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Recent Parkinson’s disease research has focused on understanding the function of the cytosolic protein, �-synuclein, and its contribution
to disease mechanisms. Within neurons, �-synuclein is hypothesized to have a role in regulating synaptic plasticity, vesicle release, and
trafficking. In contrast, glial-expressed �-synuclein remains poorly described. Here, we examine the consequence of a loss of �-synuclein
expression on microglial activation. Using a postnatal brain-derived culture system, we defined the phenotype of microglia from wild-
type and knock-out �-synuclein mice (Scna�/�). Scna � / � microglia displayed a basally increased reactive phenotype compared with the
wild-type cells and an exacerbated reactive phenotype after stimulation. They also exhibited dramatic morphologic differences compared
with wild-type, presenting as large, ramified cells filled with vacuole-like structures. This corresponded with increased protein levels of
activation markers, CD68 and �1 integrin, in the Scna � / � cells. More importantly, Scna � / � microglia, after stimulation, secreted
elevated levels of proinflammatory cytokines, TNF� (tumor necrosis factor �) and IL-6 (interleukin-6), compared with wild type.
However, despite the reactive phenotype, Scna � / � cells had impaired phagocytic ability. We demonstrate for the first time that
�-synuclein plays a critical role in modulating microglial activation state. We suggest that altered microglial �-synuclein expression will
affect their phenotype as has already been demonstrated in neurons. This has direct ramifications for the contribution of microglia to the
pathophysiology of disease, particularly in familial cases linked to altered �-synuclein expression.

Key words: microglia; TNF�; �-synuclein; phagocytosis; inflammation; Parkinson

Introduction
Overexpression and mutations in �-synuclein are associated with
early-onset Parkinson’s disease (PD) (Polymeropoulos et al.,
1997; Kruger et al., 1998; Singleton et al., 2003). It is aggregated
intracellularly as a component of Lewy bodies characteristic of
Parkinson’s as well as other neurodegenerative diseases collec-
tively referred to as synucleinopathies (Perry et al., 1990; Spillan-
tini and Goedert, 2000). �-Synuclein belongs to a family of three
proteins and is highly conserved among vertebrates (for review,
see Clayton and George, 1998). It is highly expressed in the brain
in both glia and neurons, in areas including the thalamus, sub-
stantia nigra, caudate nucleus, hippocampus, amygdala, and sub-
thalamic nucleus (Shibayama-Imazu et al., 1993; Ueda et al.,
1993, 1994). It is found in presynaptic terminals of neurons
(Maroteaux et al., 1988; McLean et al., 2000), but also in other
regions of neurons as well as within astrocytes and oligodendro-

glia (Richter-Landsberg et al., 2000; Mori et al., 2002).
�-Synuclein binds a variety of proteins (Jenco et al., 1998; Peng et
al., 2005) and lipid vesicles (Cole et al., 2002), and is involved in
lipid metabolism (Cabin et al., 2002; Castagnet et al., 2005;
Golovko et al., 2005, 2006). Absence of �-synuclein expression is
associated with striatal dysfunction (Abeliovich et al., 2000).
These data support the hypothesis that �-synuclein may regulate
vesicle trafficking and release by altering lipid membrane stabil-
ity, intracellular lipid uptake, and metabolism.

Whereas the function of neuronal �-synuclein continues to be
characterized, the role of �-synuclein in regulating glial physiol-
ogy remains poorly defined. Recent studies in human astrocytes
and macrophages have demonstrated an increase in �-and
�-synuclein expression, respectively, after stimulation with lipo-
polysaccharide (LPS) and interleukin-1 (IL-1), suggesting a role
for �-synuclein in the inflammatory process (Tanji et al., 2001,
2002). Few studies have reported the expression and function of
this protein within microglia. Although microglial activation in
vivo correlates with fibrillar �-synuclein deposition and fibrillar
�-synuclein is capable of activating microglia in vitro, it is unclear
what role its expression plays in regulating microglial behavior
(Croisier et al., 2005; Zhang et al., 2005). We hypothesized that
expression of the protein itself may also alter microglia reactivity.
Here, we present results using an in vitro microglia culture system
from wild-type �-synuclein-expressing mice and �-synuclein
gene-ablated mice, Scna� / �, to characterize the phenotype dif-
ferences caused by lack of �-synuclein expression.
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Materials and Methods
Materials. The anti-�1 integrin, extracellular signal-regulated kinase 2
(ERK2), and horseradish peroxidase-conjugated secondary antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). LPS
and anti-�-tubulin, a mouse monoclonal IgG2B antibody (catalog #T
6793) were purchased from Sigma (St. Louis, MO). The anti-CD68 an-
tibody was purchased from Serotec (Raleigh, NC). The anti-�-synuclein
(Syn-1) antibody is a mouse IgG1 antibody purchased from BD Trans-
duction Laboratories (San Diego, CA) (catalog #610786). The 4D6 anti-
�-synuclein is a mouse monoclonal IgG antibody and was a gift from
Signet Laboratories (Dedham, MA) (catalog #9720-02). FITC-labeled
Escherichia coli (K-12 strain) Bioparticles were purchased from Invitro-
gen (Eugene, OR).

Mice. Synuclein gene-ablated mice (129/SvEv), Scna�/�, were gener-
ated and characterized as described previously (Cabin et al., 2002).
Scna�/� and Scna�/� (wild-type) mice were derived by crossing Scna�/�

heterozygotes to create appropriate genotypes (Ellis et al., 2005).
Tissue culture. Microglia were derived from postnatal day 1 (P1) to P2

wild-type and Scna � / � mouse brains as described previously (Floden et
al., 2005). Briefly, meninges-free cortices are isolated, trypsinized, and
plated onto tissue culture flasks with feeding every fifth day. At 14 d in
vitro, microglia were harvested from the mixed culture by rapid shaking
(120 rpm; 30 min) and plated for use. Microglial purity is routinely
verified at �98% by CD68 immunoreactivity.

Quantitation of secreted tumor necrosis factor � and IL-6. Microglia
were plated at a density of 40,000 cells/well in serum-free DMEM/F-12
onto 96-well tissue culture plates for 24 h with and without 25 ng/ml LPS.
After stimulation, medium was removed from the cultures and concen-
trations of secreted tumor necrosis factor � (TNF�) and IL-6 were de-
termined using commercially available mouse TNF� and IL-6 colorimet-
ric sandwich ELISA plates purchased from R & D Systems (Minneapolis,

MN). Experiments were performed with eight
replicates per condition and repeated a mini-
mum of three times. Data are presented as
mean values (�SD), and statistical significance
was determined by unpaired one-way ANOVA
with Tukey-Kramer’s post hoc comparison
( p � 0.05).

Phagocytosis assay. Phagocytosis was quanti-
fied by measuring the uptake of FITC-labeled
bioparticles. Briefly, microglia were plated into
96-well plates (40,000 cells/well) and incubated
with or without FITC-labeled bioparticles (0.25
mg/ml) for 3 h. To quench the signal from ex-
tracellular or outer plasma membrane-
associated bioparticles, the medium was re-
moved and the cells were rinsed with 0.25
mg/ml trypan blue in PBS. Intracellular fluo-
rescence was read via fluorescent plate reader
(Bio-Tek, Winooski, VT) at 480 nm excitation
and 520 nm emission. Experiments were per-
formed with eight replicates per condition and
repeated a minimum of three times. Data are
presented as mean values (�SD), and statistical
significance was determined by unpaired
ANOVA with Tukey–Kramer’s post hoc com-
parison ( p � 0.05).

Immunocytochemistry. To perform culture
immunocytochemistry, microglia were
plated in serum-free DMEM/F-12 for 24 h,
fixed in 4% paraformaldehyde (37°C; 30
min), immunostained using anti-CD68, and
visualized using Vector VIP as the chroma-
gen (Vector Laboratories, Burlingame, CA).
Immunofluorescent double labeling was per-
formed using anti-CD68 and Syn-1 antibod-
ies with FITC- and Texas Red-conjugated
secondary antibodies.

Western blot. To perform Western blot anal-
yses, microglia were plated in serum-free DMEM/F-12 for 24 h with or
without LPS (50 ng/ml). Cells were collected, and lysates were quantified.
Proteins were resolved by 10% SDS-PAGE, transferred to polyvinylidene
difluoride membranes and Western blotted using anti-�1 integrin,
�-tubulin, CD68, ERK2 (loading control), or �-synuclein (4D6) anti-
bodies. Blots were probed with affinity-purified horseradish
peroxidase-conjugated secondary antibodies, and antibody binding
was visualized by enhanced chemiluminescence. Optical density of
protein bands were quantitated using Adobe Photoshop software.
Quantitation data are presented as mean values (�SD), and statistical
significance was determined by unpaired ANOVA with Tukey–Kram-
er’s post hoc comparison (*p � 0.05; **p � 0.001).

Results
Microglia from Scna � / � mice are morphologically different
from wild-type microglia
To begin defining the role of �-synuclein expression in modulat-
ing microglial activation, we first compared the morphological
phenotype between Scna� / � and wild-type microglia. We chose
to use the common postnatal brain-derived microglia culture
system for these studies based on our previous experience with
this model (Sondag and Combs, 2004; Floden et al., 2005). Mi-
croglia were cultured from P1–P2 mouse brains from both
Scna� / � and wild-type animals for 14 d in vitro in parallel, and
then isolated and plated for use in identical conditions. Although
both Scna� / � and wild-type microglia were robustly immuno-
reactive for the microglial marker protein, CD68, the morpholo-
gies dramatically differed (Fig. 1A,B). The Scna� / � microglia
were flat and ramified and heavily burdened with vacuole-like

Figure 1. Microglia from Scna � / � mice display a ramified, heavily vacuole-laden phenotype in vitro compared with wild-
type microglia. Microglia were isolated from 14 d in vitro mixed glia cultures and plated onto tissue culture plastic for 24 h. A, Cells
were fixed in 4% paraformaldehyde and immunostained with an anti-CD68 antibody. Antibody binding was visualized using
Vector VIP as the chromagen. B, Cells were double-labeled using anti-CD68 and anti-�-synuclein antibodies with FITC- and Texas
Red-conjugated secondary antibodies, respectively. Nuclei were stained with DAPI before mounting for confocal imaging. Con-
trast of merged images was increased to better illustrate double label. The arrows indicate large vacuole-like structures present in
Scna�/� microglia.
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structures compared with their wild-type counterparts. To con-
firm the purity of our cultures and microglial expression of
�-synuclein, we fluorescently labeled the cultured cells with
CD68, Syn-1, and 4�,6�-diamidino-2-phenylindole (DAPI) (Fig.
1B). Together, these data confirm microglial expression of
�-synuclein and suggest that the basal activation state of the two
cell types in vitro is different.

Microglia from Scna � / � mice displayed increased levels of
reactive marker proteins
To verify the hypothesized difference in basal activation state, we
next compared protein levels of well characterized microglia-
reactive marker proteins, CD68 and �1 integrin, in Scna� / � and
wild-type cells. Microglia were isolated from mixed glia cultures
after 14 d in vitro and analyzed by Western blot. Increased basal
levels of both CD68 and �1 integrin were observed in the
Scna� / � microglia compared with wild-type cells consistent
with the idea that the Scna� / � microglia may be basally activated
(Fig. 2A). Scna� / � microglia also displayed an increase in pro-
tein levels of the cytoskeletal protein �-tubulin compared with
wild-type cells, consistent with the dramatic, ramified morphol-
ogy we observed (Figs. 1, 2A). Quantitative analysis of the West-
ern blots from multiple cultures showed statistically higher reac-
tive protein levels in the Scna�/� microglia than wild-type
microglia (Fig. 2B). These data support the idea that Scna� / �

microglia are basally reactive compared with wild-type cells.
It is known that microglia, after stimulation, increase their

expression of a number of proteins, including �1 integrins exam-
ined above (Milner and Campbell, 2003). To determine whether
stimulation further differentiated the Scna� /� microglia from wild-
type cells, we stimulated them with a well characterized, potent
proinflammatory stimulus, bacterial endotoxin, LPS, before again
performing Western blots for �1 integrin and �-tubulin. As ex-
pected, wild-type microglia showed increased levels of �1 integrin
and �-tubulin after stimulation indicative of their activation (Fig.
2C) and to approximately the level seen in the unstimulated
Scna� /� microglia (Fig. 2C). Stimulation of the Scna� /� microglia
also resulted in additional increases in both protein levels (Fig. 2C).
These data suggest that the Scna� /� cells become hyperreactive
compared with wild-type cells after proinflammatory stimulation.

Microglia from Scna � / � mice secreted increased amounts of
proinflammatory cytokines, TNF� and IL-6, after stimulation
To quantitatively assess the basal and stimulated reactivity of the
Scna� / � cells, we measured secretion of two cytokines, TNF�

Figure 3. Microglia from Scna � / � mice secrete increased levels of proinflammatory cyto-
kines after stimulation compared with wild-type microglia. Microglia were isolated from
Scna � / � and wild-type mixed glia cultures at 14 d in vitro and plated in the absence or
presence of 25 ng/ml LPS for 24 h. Conditioned medium was collected from the cells and
secreted TNF� (A) and IL-6 (B) concentrations were determined using commercial ELISA.
Graphs are representative of four independent experiments. Each experiment was performed
with eight replicates per condition, and values were averaged (�SD). *p � 0.001 from respec-
tive control.

Figure 2. Microglia from Scna � / � mice display increased levels of reactive marker proteins compared with wild-type microglia. Microglia from P1–P2 Scna � / � and wild-type mice were
cultured for 14 d in vitro as mixed glia cultures. At 14 d in vitro, microglia were isolated and plated for 24 h. A, Cells were lysed, and proteins were resolved by 10% SDS-PAGE. Lysates were Western
blotted using anti-�1 integrin, �-tubulin, and CD68 antibodies. Equal protein loading was verified using an anti-ERK2 antibody (loading control). B, Optical density of �1 integrin, �-tubulin, and
CD68 protein bands from five independent culture preparations derived from different litters were normalized against respective ERK2 levels and averaged (�SD) (**p � 0.001 and *p � 0.05 from
respective control). C, Microglia isolated at 14 d in vitro were stimulated with or without 50 ng/ml LPS for 24 h, and then lysed, and proteins were resolved by 10% SDS-PAGE. Lysates from three
independent culture preparations from different litters were immunoblotted using anti-�1 integrin and �-tubulin antibodies. Blots were visualized via enhanced chemiluminescence.
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and IL-6, from wild-type and Scna� / � microglia under unstimu-
lated and LPS-stimulated conditions. Consistent with our mor-
phologic and Western blot assays, Scna� / � and wild-type micro-
glia basally secreted both cytokines, although no significant
differences were seen (Fig. 3A,B). More importantly, after stim-
ulation, Scna� / � microglia secreted significantly larger amounts
of both cytokines (Fig. 3A,B). These data demonstrated that
Scna� / � cells have a hyperreactive phenotype after proinflam-
matory stimulation.

Microglia from Scna � / � mice displayed decreased
phagocytic ability
Although cytokine secretion and morphologic changes are typi-
cal assays for defining microglial activation states, we further de-
fined the differences between cells by using a more functional
measure of reactivity, phagocytic ability. Just as there are multiple
activation states in microglia, many phagocytic pathways exist as
well. We examine one of these phagocytic pathways here; others
may be unaffected. We compared phagocytic ability between the
two cell types as a final assay of activation state differences by
quantitating uptake of FITC-conjugated Escherichia coli biopar-
ticles. Wild-type microglia phagocytosed a significantly greater
amount of bioparticle compared with the Scna� / � cells (Fig. 4).
Therefore, although knock-out cells secrete elevated levels of cy-
tokines after stimulation and present with a reactive morphology,
they are deficient in phagocytic ability. These data demonstrate
the complexity of the activation phenotype induced by the loss of
�-synuclein expression.

Discussion
After stimulation, microglia undergo several changes to adopt a
reactive phenotype. Activated microglia alter expression of a va-
riety of proteins, including cell adhesion molecules, such as
ICAM-1 (intercellular adhesion molecule 1) and �1 integrin, cy-
tokines, such as TNF� and IL-6, and costimulatory molecules,
such as MHC II (major histocompatibility complex II) (Frohman
et al., 1991; Boka et al., 1994; McGeer et al., 1988, 2001). Micro-
glia use these proteins to increase their adhesion and migration
ability, to restructure their cytoskeleton to assist in phagocytosis
and migration, and to stimulate surrounding cells via secretion
(Thomas, 1992). Although this is a typical phenotype displayed
by active microglia, it is not the only activation state these cells

acquire. It is now appreciated that a spectrum of microglial acti-
vation states exist (Mantovani et al., 2002; Gordon, 2003).

The microglial phenotype induced by �-synuclein deficiency
represents one such atypical activation state. We have observed
that Scna� / � microglia have a ramified, vacuolar morphology
with increased cytokine secretion and decreased phagocytic abil-
ity. Although disparate characteristics, they are all a consequence
of the absence of �-synuclein expression. These observations
demonstrate that Scna� / � microglia have a somewhat reactive
phenotype basally compared with wild-type cells. In addition,
Scna� / � microglia are capable of even further increased activa-
tion after stimulation compared with their wild-type counter-
parts. Despite this, however, knock-out microglia have decreased
phagocytic ability. Perhaps this is not entirely surprising given the
fact that heightened phagocytic activity of microglia is generally
associated with an ameboid morphology similar to that of our
wild-type cells (Smith and Hoerner, 2000). More importantly,
increased phagocytic ability is not an integral characteristic of an
activated phenotype. Certainly, alternative activation states de-
scribe microglia with a typical proinflammatory phenotype but a
reduced ability to phagocytose (Mantovani et al., 2002; Gordon,
2003).

Although we have not yet determined the mechanism by
which �-synuclein regulates microglial activation, it is in-
triguing to speculate that the mechanism may involve alter-
ation in lipid-mediated signal transduction. Lipid-dependent
signaling pathways are an integral component of many stimuli
leading to microglia activation. For example, phospholipase D
(PLD) activity is required for macrophage activation in re-
sponse to a variety of proinflammatory stimuli including LPS
and TNF� (De Valck et al., 1993). PLD activity also contrib-
utes to cytoskeletal restructuring and phagocytosis ability of
microglia and macrophage (Iyer et al., 2004). �-Synuclein in-
teracts with PLD isozymes, which results in inhibition of en-
zymatic activity (Jenco et al., 1998; Ahn et al., 2002), and
overexpression of �-synuclein potently inhibits PLD (Outeiro
and Lindquist, 2003). We have demonstrated increased
palmitic acid turnover in phosphatidylcholine in the
�-synuclein-deficient mouse brains, indicating increased PLD
activity resulting from �-synuclein deficiency (Golovko et al.,
2005). In addition, our recent work suggested that �-synuclein
expression also modulates PLA2 (phospholipase A2)-
dependent signaling events. We have linked �-synuclein to
20:4n-6 metabolism via its impact on endoplasmic reticulum
localized acyl-CoA synthetases (Golovko et al., 2006). Mutant
forms of �-synuclein (A30P, E46K, A53T) fail to modulate
acyl-CoA synthetase activity, suggesting potential derange-
ment of arachidonic acid metabolism and eicosanoid-
dependent signaling in the brain (Golovko et al., 2006). To-
gether, these data support the idea that �-synuclein may
modulate microglial activation by regulating proinflamma-
tory lipid-dependent signaling events.

It will also be important to define the consequences of
�-synuclein overexpression and mutant expression on microglial
phenotype, because these conditions represent the situations re-
sponsible for familial PD. This is particularly relevant given the
possibility that disease mutations result in loss of function. This
would indicate that microglial activation from mutant synuclein
expression plays a direct role in the pathophysiology of disease.
An active role for microglia during selective dopaminergic loss
certainly correlates with the fact that the substantia nigra repre-
sents a brain region particularly concentrated with microglia
(Kim et al., 2000). Moreover, PD brains have a maintained pres-

Figure 4. Microglia from Scna � / � mice have decreased phagocytic ability compared with
wild-type microglia. Microglia from Scna � / � and wild-type control mice were cultured as
mixed glia for 14 d in vitro. Microglia were isolated at 14 d and plated with or without FITC-
labeled E. coli bioparticles (0.25 mg/ml) for 3 h. After the incubation, the medium was removed
and the signal from unphagocytosed or extracellular membrane-associated FITC-labeled bio-
particles was quenched by rinsing with 0.25 mg/ml trypan blue solution. Fluorescence intensity
[relative fluorescence units (RFU)] of phagocytosed bioparticles was measured via a fluorescent
plate reader (480 nm excitation and 520 nm emission) and averaged (�SD). Each condition
was performed with eight replicates, and the graph is representative of three independent
experiments. *p � 0.001 from respective control.
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ence of reactive microglia (McGeer and McGeer, 2004; Teismann
and Schulz, 2004) that increase in number with disease duration
(Croisier et al., 2005). Finally, positron emission tomography has
shown that early-stage PD brains have increased microglial reac-
tivity positively correlating with disease motor severity (Ouchi et
al., 2005). These data demonstrate that altered microglial pheno-
type is an early induced, yet maintained disease histopathology
and likely an important contributor to disease pathophysiology.
Although microglial activation in vivo correlates with fibrillar
�-synuclein deposition and that fibrillar �-synuclein is capable of
activating microglia in vitro (Croisier et al., 2005; Zhang et al.,
2005), our work suggests that altered or mutant microglial
�-synuclein expression may result in a direct contribution by
these cells to the proinflammatory state and neuron loss charac-
teristic of PD.
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