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Regulator of G-Protein Signaling 10 Promotes Dopaminergic
Neuron Survival via Regulation of the Microglial
Inflammatory Response
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Epidemiological studies suggest that chronic use of nonsteroidal anti-inflammatory drugs lowers the incidence of Parkinson’s disease
(PD) in humans and implicate neuroinflammatory processes in the death of dopamine (DA) neurons. Here, we demonstrate that regu-
lator of G-protein signaling 10 (RGS10), a microglia-enriched GAP (GTPase accelerating protein) for G� subunits, is an important
regulator of microglia activation. Flow-cytometric and immunohistochemical analyses indicated that RGS10-deficient mice displayed
increased microglial burden in the CNS, and exposure to chronic systemic inflammation induced nigral DA neuron loss measured by
unbiased stereology. Primary microglia isolated from brains of RGS10-deficient mice displayed dysregulated inflammation-related gene
expression profiles under basal and stimulated conditions in vitro compared with that of primary microglia isolated from wild-type
littermates. Similarly, knockdown of RGS10 in the BV2 microglia cell line resulted in dysregulated inflammation-related gene expression,
overproduction of tumor necrosis factor (TNF), and enhanced neurotoxic effects of BV2 microglia on the MN9D dopaminergic cell line
that could be blocked by addition of the TNF decoy receptor etanercept. Importantly, ablation of RGS10 in MN9D dopaminergic cells
further enhanced their vulnerability to microglial-derived death-inducing inflammatory mediators, suggesting a role for RGS10 in
modulating the sensitivity of dopaminergic neurons against inflammation-mediated cell death. Together, our findings indicate that
RGS10 limits microglial-derived TNF secretion and regulates the functional outcome of inflammatory stimuli in the ventral midbrain.
RGS10 emerges as a novel drug target for prevention of nigrostriatal pathway degeneration, the neuropathological hallmark of PD.
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Introduction
Neuroinflammatory processes have been implicated in the
pathogenesis of Parkinson’s disease (PD) (for review, see Tansey
et al., 2007), a progressive neurodegenerative movement disorder
resulting from the loss of dopaminergic (DA) neurons in the
substantia nigra pars compacta (SNpc) (Przedborski, 2005;
Olanow, 2007). Progress has been made in identifying inflamma-
tory mediators that contribute to DA neuronal dysfunction
(McGeer and McGeer, 2008; Skaper, 2007; Tansey et al., 2007),
but key molecular regulators of neuroinflammatory responses in
the ventral midbrain remain unknown.

Microglia are resident brain macrophages that respond to en-
vironmental stresses and immunological challenges (Puntam-
bekar et al., 2008; Tansey and Wyss-Coray, 2008). Chronically

activated microglia overproduce soluble inflammatory media-
tors such as tumor necrosis factor (TNF) (Sawada et al., 2006),
nitric oxide (Moss and Bates, 2001; Liu et al., 2002), and
interleukin-1 (IL-1) (Chao et al., 1995; Mrak and Griffin, 2005,
2007) and enhance inflammation-induced oxidative stress in the
ventral midbrain (Liu et al., 2002; Block and Hong, 2005; McGeer
et al., 2005; Mrak and Griffin, 2007). Central and peripheral ad-
ministration of lipopolysaccharide (LPS), the endotoxin pro-
duced by Gram-negative bacteria often used to model CNS infec-
tion, potently activates microglia and induces delayed,
progressive, and selective DA neuron death (Gao et al., 2002; Ling
et al., 2002; Gibbons and Dragunow, 2006; Ling et al., 2006; Qin
et al., 2007). Although TNF-dependent mechanisms have been
implicated in the death of midbrain DA neurons (Sriram et al.,
2002, 2006a,b; Ferger et al., 2004; McCoy et al., 2006), the mech-
anisms that limit microglial-derived TNF production to protect
the nigrostriatal pathway are unknown.

The regulator of G-protein signaling (RGS) family of proteins
negatively regulate G-protein-coupled receptor (GPCR) signal-
ing by virtue of their GTPase accelerating protein (GAP) activity
at G� subunits (Berman et al., 1996; Siderovski et al., 1999; Ross
and Wilkie, 2000). Twenty-one functional RGS genes divided
into six families are expressed in mice and humans (Zheng et al.,
1999; Ross and Wilkie, 2000), and the striatal-enriched RGS9-2
has been implicated in PD-related motor abnormalities (Gold et
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al., 2007). RGS10 is a 20 kDa member of
the R12 subfamily (Hunt et al., 1996; Sid-
erovski et al., 1999; Ross and Wilkie, 2000)
expressed at high levels in brain circuits
relevant to higher brain function, includ-
ing the hippocampus, striatum, and dorsal
raphe (Gold et al., 1997). Although RGS10
protein has been detected in a number of
subcellular compartments in mouse neu-
rons and microglia (Waugh et al., 2005),
the function of RGS10 in these cell types
has not been determined. In humans, ge-
netic susceptibility loci for age-related
maculopathy, a photoreceptor degenera-
tive disease associated with microgliosis,
map to the same region of human chro-
mosome 10q26 as the RGS10 gene (Ja-
kobsdottir et al., 2005; Schmidt et al.,
2006), suggesting that loss of RGS10 may
predispose an organism to neurodegen-
erative disease. The primary goal of these
studies was to test the hypothesis that
RGS10 regulates microglial activation,
thereby influencing DA neuron survival in
the ventral midbrain.

Materials and Methods
Mice. B6;129S5-Rgs10Gt(IRESBetageo)421Lex mice
were generated by Lexicon Genetics using their
proprietary random-targeting technology
(Zambrowicz et al., 1998). The RGS10-
deficient (RGS10 �/�) and wild-type (WT) lit-
termate mice used in the study were derived
from RGS10 heterozygote (RGS10 �/�) breed-
ing pairs (mixed 129/C57BL/6, nonback-
crossed) and were housed in a pathogen-free
climate-controlled facility with ad libitum ac-
cess to food and water. PCR analysis of tail DNA
was used for genotyping that was later con-
firmed by postmortem Western blot analysis.
All animal studies were approved by the Insti-
tutional Animal Care and Use Committee at
The University of Texas Southwestern Medical
Center at Dallas.

Reagents. Rabbit anti-tyrosine hydroxylase
(TH) antibody was purchased from Millipore
Bioscience Research Reagents. Goat anti-
RGS10 antibody was obtained from Santa Cruz
Biotechnology. Anti-CD68 antibody was pur-
chased from AbD Serotec. The CellTiter 96
AQueous Assay (MTS) reagent for the viability assay was obtained from
Promega. Cell culture reagents were purchased from Sigma-Aldrich or
Invitrogen.

Primary microglial cell culture. Primary microglial cells were harvested
from mouse pups at postnatal day 3 (P3)–P6. The brain cortices were
isolated and minced. Tissues were dissociated in 0.25% trypsin-EDTA
for 20 min at 37°C and agitated every 5 min. Trypsin was neutralized with
complete media [DMEM/F12 supplemented with 20% heat-inactivated
fetal bovine serum (Sigma), 1% penicillin-streptomycin, and 1%
L-glutamine (Sigma)]. Mixed glial cultures were maintained in complete
media at 37°C and 5% CO2 for 14 –18 d in vitro. Once cultures reached
�95% confluency, primary microglial cells were harvested by mechani-
cal agitation (150 rpm for 40 min). Isolated microglia were plated in
DMEM/F12 supplemented with 10% heat-inactivated fetal bovine serum
with desired density. The purity of the microglial cultures was assessed by
performing immunocytochemistry with the panmicroglial marker CD68

(macrosialin) and found to be �95%. Contamination by astrocytes (as-
sessed by GFAP immunocytochemistry) and neurons (assessed by MAP2
immunocytochemistry) was found to be �5%.

Flow cytometry. Mouse brain tissues from P6 pups were dissociated to
single-cell suspension by enzymatic degradation using a MACS Technol-
ogy neural tissue dissociation kit from Miltenyi Biotec according to the
manufacturer’s protocol. Brain tissues were weighed before mincing, a
prewarmed enzyme mix was added to the tissue pieces, and they were
incubated with agitation at 37°C. The tissue was further mechanically
dissociated by trituration, and the suspension was applied to a 40 �m cell
strainer. Cells were processed immediately for MACS MicroBead sepa-
rations. To separate primary microglia, the CD11b-positive cells were
magnetically labeled with CD11b (microglia) MicroBeads. The cell sus-
pension was loaded onto a MACS Column (Miltenyi Biotec), which was
placed in the magnetic field of a MACS Separator (Miltenyi Biotec). The
magnetically labeled CD11b-positive cells were retained within the col-
umn. After removing the column from the magnetic field, the magneti-

Figure 1. RGS10-deficient mice display increased microglial burden in the CNS. A, Brain tissues from WT (dotted line) and
RGS10-deficient (solid line) mice were dissociated and stained as described in Materials and Methods. CD11b and F4/80 expression
were analyzed using FACScan flow cytometry. B, Dark-field immunofluorescence photomicrographs of CD68 immunoreactivity in
hippocampus, neocortex, and midbrain of WT (right) and RGS10 �/� (left) mice. Dotted contours denote the approximate
boundaries of the substantia nigra (SN) in the coronal sections shown. Scale bars, 250 �m. Inset, High-magnification image of
microglia.
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cally retained CD11b-positive cells were eluted as the positively selected
cell fraction.

Cells were incubated with FITC conjugated to monoclonal mouse
CD11b antibodies (Miltenyi Biotec) and/or phycoerythrin (PE) conju-
gated to mouse F4/80 antibodies (Caltag Laboratories). FITC- and PE-
conjugate monoclonal antibodies (mAbs) with irrelevant specificity were
used as negative controls. A total of 10 4 cells with light scatter character-
istics of cells of each sample were analyzed using FACSCalibur (BD
Biosciences).

Cell culture. Culture conditions for the BV2 microglia cell line con-
sisted of DMEM/F-12 medium supplemented with 5% heat-inactivated
fetal bovine serum. Cultures of the MN9D dopaminergic cell line con-
sisted of DMEM supplemented with 10% fetal bovine serum. To induce
process outgrowth in MN9D cells and increase their sensitivity to apo-
ptotic stimuli, cells were incubated with 5 mM valproic acid in N2-
supplemented serum-free DMEM for 3 d to induce terminal neuronal
differentiation.

Small interfering RNA. RGS10-specific small interfering RNA (siRNA)
duplexes, nonsilencing control siRNA, and siRNA transfection reagents
were purchased from Santa Cruz Biotechnology. The siRNA transfection
was performed according to the manufacturer’s protocol. In each case,
the final siRNA concentration was 60 nM.

Perfusion and tissue processing for immunohistochemistry. At 6 weeks
after start of intraperitoneal LPS injections [7.5 � 10 5 endotoxin units
(E.U.)/kg twice weekly], young adult (3–5 months old) mice were deeply

anesthetized with Euthasol (pentobarbital so-
dium and phenytoin sodium) and intracardi-
ally perfused with 10 ml of heparinized 1� PBS/
0.1% glucose, pH 7.4, followed by 50 ml of 4%
paraformaldehyde (PFA) in PBS. Processing of
brain sections was done as described previously
(McCoy et al., 2006). Brains were postfixed for
24 h in 4% PFA solution and cryoprotected in
20% sucrose in PBS for 18 –24 h. Coronal sec-
tions (30 �m thickness) were cut through the
striatum and SNpc on a Leica cryostat and
mounted on glass slides (SuperFrost Plus;
Fisher Scientific) for immunohistological anal-
yses and stereological estimate of DA neuron
number.

Immunohistochemistry. Sections on glass
slides were fixed for an additional 15 min in 4%
paraformaldehyde, followed by a 1� PBS rinse,
pH 7.4. Sections were incubated in 0.2 M gly-
cine, pH 7.4, for 30 min to minimize tissue
autofluorescence caused by the aldehyde fixa-
tive. Sections were permeabilized for 35 min in
TBS containing 0.3% Triton X-100 and 1%
normal donkey serum (NDS), followed by
blocking for 60 min in TBS containing 1%
NDS. Sections were incubated in primary anti-
body for 24 h at 4°C in TBS containing 0.1%
Triton X-100 and 1% NDS. Secondary anti-
body incubations were performed for 4 h at
room temperature in the same dilution buffer.
Nuclei were counterstained with 0.5 �g/ml
Hoechst 33258. Sections were coverslipped
with aqueous-based mounting medium with
antifade reagent (Biomeda). IgG sera were used
at the same concentration as the corresponding
primary antibodies to confirm the specificity of
staining.

Stereological nigral DA neuron counts. Stereo-
Investigator analyses software (MicroBright-
Field) was used to perform unbiased stereologi-
cal counts of TH-immunoreactive cell bodies in
the SNpc using the optical fractionator method
(West et al., 1991). For analysis, the treatment
of the various brain sections was blinded to the
observer. The boundary of SNpc was outlined

under magnification of the 4� objective. Cells were counted with a 40�
oil-immersion objective (1.3 numerical aperture) using a Nikon 80i up-
right fluorescence microscope. Serial sections through the extent of SNpc
were cut on a Leica CM1650 cryostat and placed eight per slide (cut
thickness of 30 �m and final mounted thickness of 22 �m) for systematic
analysis of randomly placed counting frames (size, 50 � 50 �m) on a
counting grid (size of 120 � 160 �m) and sampled using an 18 �m
optical dissector with 2 �m upper and lower guard zones. Every other
slide was stained for TH/Hoechst 33258. A DA neuron was defined as a
TH-immunoreactive cell body with a clearly visible TH-negative
nucleus.

Immunocytochemistry. Cells were fixed with 4% paraformaldehyde,
permeabilized with TBS containing 3% gelatin from cold water fish skin
(CWFS) (Sigma), 1% BSA, and 0.3% Triton X-100, blocked with TBS
containing 3% CWFS and 1% BSA. Primary antibody incubations were
done for 24 h at 4°C with primary antibodies diluted in antibody diluent
(TBS containing 3% CWFS, 1% BSA, and 0.1% Triton X-100), anti-
RGS10 (1:250), anti-CD68 (1:250), or anti-TH (1:250). The bound pri-
mary antibody was visualized on a fluorescence microscope after incu-
bation with an appropriate Invitrogen Alexa-conjugated secondary
antibody (1:1000). Nuclei were counterstained with 0.5 �g/ml Hoechst
33258. Stained cells were coverslipped with aqueous-based mounting
medium with antifade reagent (Biomeda). Images were captured with a
CoolSnap CCD ES monochromatic camera and analyzed with Meta-

WT VEH KO VEH WT LPS KO LPS KO VEH
/WT VEH

KO LPS
/WT LPS

NM_013854 Abcf1 ATP-binding cassette, sub-family F (GCN2 1.9570 2.8333 14.1634 12.2441 1.45 -1.16
NM_009744 Bcl6 B-cell leukemia/lymphoma 6 0.0223 0.0168 0.0013 0.0098 -1.33 7.81
NM_007551 Cxcr5 Chemokine (C-X-C motif) receptor 5 0.0213 0.0110 0.0038 0.0071 -1.94 1.86
NM_009778 C3 Complement component 3 0.1898 0.3136 22.1156 24.2517 1.65 1.10
NM_009807 Casp1 Caspase 1 0.0030 0.0017 0.0028 0.0081 -1.79 2.90
NM_011329 Ccl1 Chemokine (C-C motif) ligand 1 0.2592 0.1572 2.6561 2.2370 -1.65 -1.19
NM_011330 Ccl11 Small chemokine (C-C motif) ligand 11 0.0065 0.1052 1.2317 2.1734 16.25 1.76
NM_011331 Ccl12 Chemokine (C-C motif) ligand 12 39.1950 82.8763 0.0299 0.0084 2.11 -3.55
NM_011888 Ccl19 Chemokine (C-C motif) ligand 19 2.3468 4.2176 0.0292 0.0092 1.80 -3.17
NM_011333 Ccl2 Chemokine (C-C motif) ligand 2 0.0202 0.0403 0.4764 0.3337 1.99 -1.43
NM_016960 Ccl20 Chemokine (C-C motif) ligand 20 7.6377 13.1746 2.8311 2.1737 1.72 -1.30
NM_009137 Ccl22 Chemokine (C-C motif) ligand 22 0.0246 0.0224 207.9635 174.6596 -1.10 -1.19
NM_019577 Ccl24 Chemokine (C-C motif) ligand 24 0.4042 0.7109 196.0181 149.5120 1.76 -1.31
NM_009138 Ccl25 Chemokine (C-C motif) ligand 25 0.6239 0.8891 0.5711 0.5336 1.43 -1.07
NM_011337 Ccl3 Chemokine (C-C motif) ligand 3 0.5229 1.9707 51.7138 81.3064 3.77 1.57
NM_013652 Ccl4 Chemokine (C-C motif) ligand 4 0.9137 1.8217 5.7765 6.0852 1.99 1.05
NM_013653 Ccl5 Chemokine (C-C motif) ligand 5 0.9458 1.6147 0.5892 0.4851 1.71 -1.21
NM_009139 Ccl6 Chemokine (C-C motif) ligand 6 6.7044 12.4229 1.1972 1.3725 1.85 1.15
NM_013654 Ccl7 Chemokine (C-C motif) ligand 7 0.8378 2.0844 0.0199 0.0075 2.49 -2.66
NM_021443 Ccl8 Chemokine (C-C motif) ligand 8 0.0012 0.0089 0.0587 0.0132 7.70 -4.44
NM_011338 Ccl9 Chemokine (C-C motif) ligand 9 0.0153 0.0208 0.0971 0.0823 1.36 -1.18
NM_009912 Ccr1 Chemokine (C-C motif) receptor 1 0.0363 0.0826 2.4762 1.8900 2.28 -1.31
NM_009915 Ccr2 Chemokine (C-C motif) receptor 2 88.9847 152.7944 2.7709 2.5747 1.72 -1.08
NM_009914 Ccr3 Chemokine (C-C motif) receptor 3 0.0810 0.1732 0.0005 0.0003 2.14 -2.13
NM_009916 Ccr4 Chemokine (C-C motif) receptor 4 0.0167 0.0003 0.0003 0.0036 -60.10 11.24
NM_009917 Ccr5 Chemokine (C-C motif) receptor 5 0.0136 0.0101 0.0365 0.0272 -1.35 -1.34
NM_009835 Ccr6 Chemokine (C-C motif) receptor 6 0.0099 0.0037 0.0003 0.0011 -2.66 4.12
NM_007719 Ccr7 Chemokine (C-C motif) receptor 7 0.0687 0.0823 0.2333 0.2138 1.20 -1.09
NM_007720 Ccr8 Chemokine (C-C motif) receptor 8 0.0071 0.0027 0.1790 0.1917 -2.59 1.07
NM_009913 Ccr9 Chemokine (C-C motif) receptor 9 0.3254 0.8629 1.0462 0.1662 2.65 -6.30
NM_007768 Crp C-reactive protein, pentraxin-related 220.3554 349.6431 0.0519 0.0210 1.59 -2.47
NM_009142 Cx3cl1 Chemokine (C-X3-C motif) ligand 1 0.8845 1.6201 0.0346 0.0048 1.83 -7.21
NM_008176 Cxcl1 Chemokine (C-X-C motif) ligand 1 0.0006 0.0046 0.3378 0.3474 7.50 1.03
NM_021274 Cxcl10 Chemokine (C-X-C motif) ligand 10 0.0628 0.2858 0.0156 0.0051 4.55 -3.07
NM_019494 Cxcl11 Chemokine (C-X-C motif) ligand 11 0.0002 0.0016 0.0011 0.0002 8.82 -5.36
NM_018866 Cxcl13 Chemokine (C-X-C motif) ligand 13 0.0133 0.0109 8.9059 7.8797 -1.21 -1.13
NM_011339 Cxcl15 Chemokine (C-X-C motif) ligand 15 0.1034 0.1155 0.0765 0.0713 1.12 -1.07
NM_019932 Pf4 Platelet factor 4 0.0280 0.0133 0.0035 0.0043 -2.11 1.21
NM_009141 Cxcl5 Chemokine (C-X-C motif) ligand 5 0.0430 0.0240 0.0006 0.0171 -1.79 28.69
NM_008599 Cxcl9 Chemokine (C-X-C motif) ligand 9 0.0424 0.0246 0.0410 0.0570 -1.73 1.39
NM_009910 Cxcr3 Chemokine (C-X-C motif) receptor 3 0.1114 0.3008 2.2575 1.0693 2.70 -2.11
NM_007721 Ccr10 Chemokine (C-C motif) receptor 10 3.5878 5.7357 14.3903 10.2707 1.60 -1.40

Fold Up- or Down
Regulation2^-ΔCt

RefSeq Symbol Description

Quantitative PCR array analysis of chemokines and other inflammatory mediators in resting or LPS-stimulated primary microglia
from WT and RGS10�/� mice were performed as described in Materials and Methods. Fold-up regulation is denoted in red, and
fold-down regulation is denoted in green.

Table 1. RGS10 regulates expression of chemokines and other inflammatory mediators
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Morph software (Molecular Devices). Each ex-
perimental set was repeated three times.

Target effector assay. Murine microglial BV2
cells were cultured in the presence of various
concentrations of LPS for 24 h. The murine
MN9D dopaminergic cell line was plated in
flat-bottomed 96-well plates at a density of 7 �
103 cells per well. Conditioned medium (CM)
from BV2 cells was transferred into wells contain-
ing adherent MN9D cells followed by incubation
for 2 d at 37°C in a humidified atmosphere of 5%
CO2. Cell viability was measured by using the
CellTiter 96 AQueous Assay reagent (Promega).
This reagent uses the novel tetrazolium com-
pound 3-(4,5-dimethylthiazol - 2 - yl ) - 5 - ( 3 -
carboxymethoxyphenyl ) -2-(4-sulfophenyl)-

2 H-tetrazolium inner salt (MTS) and the
electron-coupling reagent phenazine metho-
sulfate. MTS is chemically reduced by cells into
formazan, which is soluble in tissue culture me-
dium. The measurement of the absorbance of
the formazan was performed in multititer 96-
well plates at 492 nm during the last 2– 4 h of a
2 d culture. Each experimental condition was
performed in triplicate (or quadruplicate in the
case of experiments involving differentiated
MN9D cells), and three to four independent
experiments were conducted to confirm the
results.

Quantitative real-time PCR array. Microglia
from WT and RGS10 �/� mice were cultured as
mentioned above and plated at 5 � 10 5 cells per
well in a six-well plate in DMEM/F-12 with 10%
FBS and stimulated with or without LPS (10 ng/
ml) for 6 h. RNA was harvested using Qiagen
RNeasy mini kit and converted into first-strand
cDNA using RT2 First Strand Kit (SuperArray
Bioscience Corporation). Quantitative real-time
PCR was performed using an ABI Prism 7900HT
Fast Detection System (Applied Biosystems).
Each 10 �l reaction was performed in 384-well
format of Mouse Inflammatory Cytokines and
Receptors RT2 Profiler PCR Array (SuperArray Bioscience Corporation;
catalog #PAMM-011). The PCR mix was denatured at 95°C for 10 min
before the first PCR cycle. The thermal cycle profile was denaturation for 15 s
at 95°C and annealing for 60 s at 60°C. A total of 40 PCR cycles were per-
formed. The resulting threshold cycle values for all wells were analyzed using
the Data Analysis Template Excel file provided by SuperArray Bioscience
Corporation.

Real-time quantitative PCR. Real-time quantitative PCR (QPCR) was
performed as described below. Total RNA was isolated from cultured
cells or mouse tissues using RNA Stat-60 (Tel-Test), treated with DNase
I (Invitrogen), and reverse transcribed using Superscript II RNase
H-reverse transcriptase (Invitrogen). RNA concentration was deter-
mined by absorbance at 260 nm. Quantitative real-time PCR was per-
formed using an ABI Prism 7900HT Fast Detection System (Applied
Biosystems). Each 10 �l reaction was performed in 384-well format with
25 ng of cDNA, 5 �l of SYBR green PCR Master Mix (Applied Biosys-
tems), and a concentration of 150 nM of each PCR primer. All reactions
were performed in triplicate. The mRNA expression levels were normal-
ized to those of the mouse house-keeping gene cyclophilin B. Oligonu-
cleotide primers were obtained from Integrated DNA Technologies. The
following mouse primers were used for gene amplification: TNF, induc-
ible nitric oxide synthase (iNOS), IL-1�, cyclooxygenase 1 (Cox-1),
RGS10, Fas, and Cox-2. Primer sequences are available on request.

Electrophoresis and immunoblots. Cells were lysed with 1% NP-40, 10
mM Tris, pH 7.4, 150 mM NaCl, 100 �g/ml PMSF, and protease inhibitor
mix (Sigma) for 30 min on ice. The lysates were electrophoretically sep-
arated on a 4 –10% SDS-PAGE gel (Invitrogen). Membranes were

probed with RGS10 mAb (C-20) and anti-�-tubulin (Santa Cruz Bio-
technology) followed by the appropriate secondary antibody linked to
horseradish peroxidase (HRP). Immunoreactive bands were visualized
with a chemiluminescent HRP substrate (ChemiGlow; Pierce Biotech-
nology) according to the manufacturer’s instructions.

Mouse inflammatory cytokine multiplexed assay. Murine microglial
BV2 cells were cultured in the presence of various concentrations of LPS
for 24 h. CM from BV2 cells was used to measure the production of
cytokines including murine interferon-�, IL-1�, IL-6, IL-10, IL-12, KC,
and TNF using a multiplex assay per the manufacturer’s instructions
(Meso Scale Discovery).

Oligonucleotide arrays. Murine BV2 microglia transfected with scram-
bled control siRNA or with siRNA specific for RGS10 were cultured in
the presence or absence of LPS (10 ng/ml) for 6 h. Total cellular RNA was
isolated using the RNA STAT-60 reagent (Tel-Test). The mouse Th1-
Th2-Th3 cytokine array was obtained from SuperArray Bioscience Cor-
poration and was performed according to the manufacturer’s instruc-
tions. Briefly, 2 �g of total RNA was used for generating the biotin-16-
UTP (Roche)-labeled cRNA. Biotinylated cRNAs were used as probes,
and hybridization was performed as per the manufacturer’s instructions.
The arrays were exposed to an Alpha Innotech FluorChem Image system
for image correction and analyzed using GEArray Expression Analysis
Suite (SuperArray Bioscience Corporation). The level of expression for
each gene was determined from the average density, where the mean was
normalized to a value of 100 and the minimum positive value was 10. To
perform background correction, the lowest average density spot on the
array was found and set as the minimum value. Normalization was per-

NM_008337 Ifng Interferon gamma 6.0473 9.9444 0.0408 0.0079 1.64 -5.19
NM_010548 Il10 Interleukin 10 0.0005 0.0068 0.0204 0.0043 14.15 -4.76
NM_008348 Il10ra Interleukin 10 receptor, alpha 0.0002 0.0033 8.2954 8.6784 17.91 1.05
NM_008349 Il10rb Interleukin 10 receptor, beta 4.8276 10.8711 0.0320 0.0079 2.25 -4.05
NM_008350 Il11 Interleukin 11 0.0671 0.0624 0.0098 0.0067 -1.07 -1.45
NM_008355 Il13 Interleukin 13 0.0197 0.0116 0.0006 0.0031 -1.70 4.78
NM_133990 Il13ra1 Interleukin 13 receptor, alpha 1 0.5283 0.6152 5.7117 4.7740 1.16 -1.20
NM_008357 Il15 Interleukin 15 0.2561 0.2633 71.7786 68.3010 1.03 -1.05
NM_010551 Il16 Interleukin 16 0.1546 0.1015 78.5733 68.7369 -1.52 -1.14
NM_019508 Il17b Interleukin 17B 0.0340 0.0142 0.0268 0.0332 -2.40 1.24
NM_008360 Il18 Interleukin 18 0.0013 0.0141 0.0413 0.0146 11.18 -2.83
NM_010554 Il1a Interleukin 1 alpha 0.0003 0.0096 0.0722 0.0333 30.47 -2.17
NM_008361 Il1b Interleukin 1 beta 0.0125 0.0304 0.0567 0.0067 2.43 -8.42
NM_019450 Il1f6 Interleukin 1 family, member 6 0.0006 0.0142 0.5876 0.3507 21.98 -1.68
NM_027163 Il1f8 Interleukin 1 family, member 8 1.2497 2.3357 1.0024 0.5623 1.87 -1.78
NM_008362 Il1r1 Interleukin 1 receptor, type I 17.8563 28.8453 0.1717 0.0888 1.62 -1.93
NM_010555 Il1r2 Interleukin 1 receptor, type II 0.0411 0.0204 0.0003 0.0080 -2.01 29.51
NM_021380 Il20 Interleukin 20 0.0381 0.0201 0.0004 0.0053 -1.90 12.61
NM_008368 Il2rb Interleukin 2 receptor, beta chain 0.0271 0.0079 0.0037 0.0090 -3.40 2.41
NM_013563 Il2rg Interleukin 2 receptor, gamma chain 0.6441 0.7580 0.0789 0.0656 1.18 -1.20
NM_010556 Il3 Interleukin 3 1.6470 1.5343 0.8585 0.6543 -1.07 -1.31
NM_021283 Il4 Interleukin 4 0.0189 0.0037 0.0067 0.0162 -5.14 2.42
NM_008370 Il5ra Interleukin 5 receptor, alpha 0.0003 0.0010 3.9360 3.1428 3.83 -1.25
NM_010559 Il6ra Interleukin 6 receptor, alpha 2.1448 4.0258 15.6765 12.1060 1.88 -1.29
NM_010560 Il6st Interleukin 6 signal transducer 9.4937 15.6523 0.0369 0.0075 1.65 -4.91
NM_008401 Itgam Integrin alpha M 0.0002 0.0045 1.8890 1.3134 24.30 -1.44
NM_008404 Itgb2 Integrin beta 2 2.2556 3.9547 0.0453 0.0171 1.75 -2.64
NM_010735 Lta Lymphotoxin A 0.0259 0.0119 128.0046 144.7550 -2.17 1.13
NM_008518 Ltb Lymphotoxin B 13.2412 18.6576 15.2596 12.4597 1.41 -1.22
NM_010798 Mif Macrophage migration inhibitory factor 0.1661 0.2032 23.2120 20.6972 1.22 -1.12
NM_009263 Spp1 Secreted phosphoprotein 1 8.4194 9.7052 45.6502 38.4147 1.15 -1.19
NM_011577 Tgfb1 Transforming growth factor, beta 1 0.0064 0.0007 0.0256 0.0330 -9.20 1.29
NM_011609 Tnfrsf1a Tumor necrosis factor receptor superfamily 1.1907 2.1213 0.0357 0.0086 1.78 -4.16
NM_011610 Tnfrsf1b Tumor necrosis factor receptor superfamily 0.0023 0.0030 0.0602 0.0206 1.34 -2.92
NM_011616 Cd40lg CD40 ligand 0.0168 0.0514 14.6549 12.2768 3.05 -1.19
NM_023764 Tollip Toll interacting protein 7.6763 15.9986 3.3284 2.4556 2.08 -1.36
NM_011798 Xcr1 Chemokine (C motif) receptor 1 1.3164 2.6848 154.5183 150.6826 2.04 -1.03

WT VEH KO VEH WT LPS KO LPS KO VEH
/WT VEH

KO LPS
/WT LPS

Fold Up- or Down
Regulation2^-ΔCt

RefSeq Symbol Description

Table 2. RGS10 regulates expression of interleukins and other inflammatory mediators

Quantitative PCR array analysis of specific interleukins and other inflammatory mediators in resting or LPS-stimulated primary
microglia from WT and RGS10�/� mice were performed as described in Materials and Methods. Fold-up regulation is denoted in
red, and fold-down regulation is denoted in green.
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formed using glyceraldehyde-3-phosphate dehydrogenase with compa-
rable results. Comparison of the two arrays was performed using a fold
ratiometric analysis (x/y).

Statistical analysis. Statistical analysis was done using two-tailed Stu-
dent’s t test; a p value of 0.05 or less was considered significant.

Results
RGS10 deficiency contributes to increased microglial burden
in the CNS
Based on the observation that microglia display high levels of
RGS10 as measured by in situ hybridization (Waugh et al., 2005),
we hypothesized that loss of RGS10 may result in dysregulation of
microglia number and/or microglia activation in the CNS. To test
this hypothesis, we isolated microglial populations at P6 from
brains of RGS10-deficient mice or wild-type littermate mice and
performed quantitative flow cytometry with a pan-microglial
marker (CD11b) and an activation marker (F4/80). Our results

indicated both an increase in the CD11b-
positive population and an increase in the
F4/80-positive population (Fig. 1A). To
extend these findings and to investigate the
extent of regional differences in microglial
burden, we performed immunofluores-
cence labeling of microglia in brain sec-
tions of RGS10-deficient mice and WT lit-
termates with pan-microglial and
activation-specific microglial markers. Re-
markably, anti-CD68 labeling revealed a
marked increase in the microglial burden
in the CNS of RGS10-deficient mice, in
areas including forebrain regions, such as
the neocortex and hippocampus, as well as
the ventral midbrain (Fig. 1B). Together,
immunohistological and flow-cytometric
analyses indicate increased microglial den-
sity and activation status in RGS10-
deficient mouse brains, implicating
RGS10 as an important regulator of mi-
croglia proliferation and/or activation re-
sponses. To investigate this possibility di-
rectly, we isolated microglia from brains of
RGS10-deficient and wild-type mice and
performed quantitative PCR array analysis
of inflammation-related gene expression
in vitro under resting or LPS-stimulated
conditions. Our results revealed dysregu-
lation of a number of genes in RGS10-
deficient microglia under basal conditions
(including several chemokines, interleu-
kins, and interleukin receptors) as well as
dysregulated gene expression in response
to an LPS challenge compared with micro-
glia from wild-type littermates (Tables 1,
2). Therefore, results from these multiple
approaches led us to conclude that RGS10
is an important regulator of microglial
phenotype and may have important regu-
latory roles in neuroinflammatory
processes.

RGS10 deficiency increased
vulnerability of the nigrostriatal
pathway to inflammation-induced
degeneration

The midbrain has one of the highest microglia densities in the
CNS (Lawson et al., 1990), and midbrain DA neurons are
extremely sensitive to inflammation-induced death (De Pablos et
al., 2005; Tansey et al., 2007). Hence, we reasoned that if RGS10 is
a key regulator of microglial activation, loss of RGS10 may result
in dysregulated microglia and possibly nigrostriatal pathway de-
generation. To test this idea, we exposed young adult (3–5
months old) mice to a chronic systemic LPS inflammogen regi-
men (7.5 � 10 5 E.U./kg, i.p., twice weekly) previously reported to
trigger neuroinflammation and increased microglial burden in
the CNS (Kitazawa et al., 2005). Immunofluorescence analysis
confirmed that systemic LPS exposure triggered a neuroinflam-
matory response independent of genotype, but microglia in
RGS10-deficient brains were activated to a greater extent than
microglia in brains from WT littermates as measured by the
activation-specific marker F4/80 (data not shown). More impor-

Figure 2. RGS10-deficient mice display nigral DA neuron loss in response to chronic systemic inflammation. A, Unbiased
stereological analysis of the number of TH-positive neurons in the SNpc of RGS10 �/� [knock-out (KO)] or wild-type littermate
mice injected with saline (Sal) or LPS (7.5 � 10 5 E.U./kg twice weekly) for 6 weeks. Values represent mean � SEM. *p � 0.05.
B, Immunofluorescence labeling of the dopaminergic marker TH in anatomically matched midbrain coronal sections from WT or
RGS10-deficient mice injected with saline or LPS (7.5 � 10 5 E.U./kg twice weekly). Insets, High-magnification images of DA
neurons in SNpc. Scale bar, 250 �m.
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tantly, when we compared midbrain sec-
tions stained with an antibody against TH,
the SNpc of RGS10-deficient mice ex-
posed to chronic systemic inflammation
displayed reduced TH immunoreactivity
compared with that of WT littermate
mice exposed to the same regimen (Fig.
2 B), suggesting increased vulnerability
of the nigrostriatal pathway to
inflammation-induced death in the ab-
sence of RGS10. Stereological quantifi-
cation of TH-positive neurons in the
SNpc of WT mice subjected to 6 weeks of
systemic (i.p.) LPS injections exhibited
only a marginal, not statistically signifi-
cant loss of DA neurons in the SNpc (Fig.
2 A) as expected based on their genetic
background and the low dose and dura-
tion of LPS administered systemically
(our unpublished observation). In con-
trast, RGS10-deficient mice exposed to
chronic peripheral LPS displayed signif-
icant loss (43%) of nigral DA neurons
compared with saline-injected RGS10-
deficient mice, and a 47% decrease com-
pared with saline-injected WT mice
( p � 0.05) (Fig. 2 A). The loss of DA
neurons was restricted to the dorsal-
lateral tier of the SNpc, a pattern remi-
niscent to that induced by MPTP,
whereas the ventral tegmental area was
relatively spared. Moreover, the RGS10-
deficient DA neurons that survived the
LPS regimen displayed signs of atrophy
and degeneration compared with DA neu-
rons in LPS-treated wild-type mice or
saline-treated RGS10-deficient mice (Fig.
2B, insets). These findings suggest a pro-
tective role for RGS10 against
inflammation-mediated cell death in the
SNpc, raising the possibility that the loss of
RGS10 in the CNS resulted in overproduction of microglial-
derived neurotoxic mediators and contributed to the selective
loss of DA neurons in the ventral midbrain.

RGS10 is expressed in microglia and dopaminergic neurons
in the ventral midbrain
To probe the molecular mechanism by which RGS10 deletion
renders nigral DA neurons susceptible to chronic inflammatory
stimuli, we investigated the pattern of RGS10 expression in the
ventral midbrain of WT mice. Expression of RGS10 protein in the
rodent brain has been reported previously in neurons and micro-
glia but not in astrocytes (Waugh et al., 2005). To confirm the
expression of RGS10 in microglia and DA neurons, we performed
dual-labeling immunofluorescence microscopy. RGS10 immu-
noreactivity in the cell body and nucleus of microglia was easily
detected in CD68-positive microglial cells in midbrain regions of
wild-type mice (Fig. 3A) but not in RGS10�/� mice in which
RGS10 protein is undetectable (Fig. 3B), confirming the specific-
ity of the RGS10 antibody. In addition, RGS10 immunoreactivity
in TH-positive DA neurons of the ventral midbrain was detect-
able in wild-type mice (Fig. 3A) albeit at a lower intensity relative
to that detected in microglia; as expected, RGS10�/� mice ex-

pressed no detectable RGS10 protein in DA neurons (Fig. 3B).
The implication of these findings is that the neurodegenerative
phenotype of RGS10-deficient mice could have resulted from loss
of RGS10 function in either or both cell types.

Inflammatory stimuli regulate RGS10 localization and
protein levels in microglia
Given the RGS10 enrichment in microglia, we performed in vitro
studies with primary microglial cells to investigate whether ex-
pression and localization of RGS10 were modulated by inflam-
matory stimuli. In resting primary microglia, RGS10 was ex-
pressed throughout cytoplasmic and nuclear compartments.
After stimulation with low-dose LPS (10 ng/ml), microglia
(CD68-positive cells) became activated and adopted an ameboid
shape (Fig. 4A). The activation phenotype coincided with rapid
and robust nuclear enrichment of RGS10 discernible by 24 h after
stimulation (Fig. 4A, insets). In the continued presence of LPS,
overall levels of RGS10 decreased by as much as 50% relative to
�-tubulin as measured by quantitative immunoblot analysis (Fig.
4B). We confirmed and extended these observations in the mu-
rine BV2 microglial cell line. Interestingly, we found that chronic
activation of BV2 microglia with low-dose (10 ng/ml) LPS (Fig.
5A), but not with high-dose (1 �g/ml) LPS (Fig. 5B), induced

Figure 3. Cell-type specific expression of RGS10 protein in ventral midbrain of WT mice and cellular localization of microglial
RGS10 in response to inflammatory stimuli. A, Single-channel and overlay images of immunofluorescence labeling for RGS10
(green) and the microglial marker CD68 (red) or RGS10 (green) and the dopaminergic neuron marker TH (red) in the ventral
midbrain of wild-type mice. B, Single-channel and overlay images of dual-labeling immunofluorescence with RGS10 (green) and
the microglial marker CD68 (red) or RGS10 (green) and the dopaminergic neuron marker TH (red) in the ventral midbrain of
RGS10-deficient mice. Scale bar, 110 �m.
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rapid downregulation of RGS10 protein levels in BV2 microglial
cells. In agreement with results obtained in primary microglia,
immunofluorescence labeling of BV2 microglia with anti-RGS10
antibody and nuclear bis-benzimide (Hoechst 33258) counter-
stain revealed that RGS10 was localized to both nuclear and cy-
toplasmic compartments in resting BV2 microglia (Fig. 5C).
Next, we investigated whether the time-dependent LPS-induced
downregulation of RGS10 protein levels could be mimicked by
another classical immune activator and known LPS effector,
TNF. Stimulation of BV2 microglia with TNF (10 ng/ml) also
resulted in decreased levels of RGS10 protein relative to
�-tubulin as measured by immunoblotting analysis (Fig. 5D).
These findings suggest that RGS10 protein turnover in microglia
is regulated by at least two key neuroimmune modulators and
may be differentially regulated by stimuli of different duration
and strengths.

Loss of RGS10 protein in BV2 microglia results in
dysregulation of proinflammatory gene expression
It has been proposed that the functional outcome of microglial
activation on neuronal survival in the brain may depend on the
nature of the initiating stimulus. Specifically, acute inflammatory
stimuli (mimicked by high-dose LPS in vitro) may elicit a protec-
tive microglial phenotype to limit tissue damage, whereas a
chronic inflammatory stimulus (mimicked by low-dose LPS in
vitro) may promote a neurotoxic microglial phenotype associated

with overproduction of proapoptotic in-
flammatory mediators that activate lipid
peroxidation, oxidative stress, and cellular
dysfunction (Wyss-Coray, 2006). We hy-
pothesized that RGS10 functions to regu-
late microglia activation or phenotype
switching; therefore, loss of RGS10 should
result in dysregulated inflammation-
related gene expression. To test this hy-
pothesis, we first performed oligonucleo-
tide arrays to investigate the
inflammation-related gene expression
profile of BV2 microglial cells under rest-
ing versus LPS-stimulated conditions after
transfection with siRNA specific for
RGS10 or a scrambled siRNA control. In
agreement with our results of gene expres-
sion analyses in isolated microglia from
RGS10-deficient mice, we found that
siRNA-mediated specific knockdown of
RGS10 resulted in dysregulated expression
of several chemokine, interleukins, and
SOCS genes under resting conditions rela-
tive to control scrambled knockdown as
well as dysregulated expression of these or
other inflammation-related genes after
LPS treatment (supplemental Table 1,
available at www.jneurosci.org as supple-
mental material). To validate and extend
these findings, we next established the
time course of expression of several LPS-
induced inflammation-related genes by
QPCR in BV2 microglia to determine an
optimal time window during which to sur-
vey for dysregulated expression after
RGS10 knockdown. On the basis of these
results (supplemental Fig. S1, available at

www.jneurosci.org as supplemental material), we reasoned that
loss of RGS10 may result in persistent rather than transient ex-
pression of cytokines such as TNF or IL-1� and/or premature
expression of enzymes with characteristic delayed expression
such as Cox-1 and iNOS. Therefore, we performed siRNA-
mediated knockdown of RGS10 in BV2 microglia (Fig. 6A) and
investigated its effect on mRNA expression of candidate
inflammation-related genes 24 h after LPS stimulation and 48 h
after control or RGS10-specific knockdown (Fig. 6B). Transfec-
tion of siRNA against RGS10 into BV2 microglial cells resulted in
rapid reduction (�50%) of RGS10 mRNA (Fig. 6C). Immuno-
blot analysis revealed that overall RGS10 protein levels were dras-
tically reduced by 24 h, followed by a gradual recovery of the
protein to resting levels by 96 h (Fig. 6A), suggesting a rapid
turnover of RGS10 in microglial cells. Immunocytochemical
analysis of RGS10 protein in BV2 microglia confirmed the high
efficiency of the knockdown by the siRNA directed against
RGS10; a scrambled siRNA (control A) demonstrated the speci-
ficity of the knockdown (supplemental Fig. S2, available at
www.jneurosci.org as supplemental material). Real-time quanti-
tative PCR analyses indicated that specific knockdown of RGS10
in microglia resulted in altered regulation of basal and/or LPS-
stimulated mRNA levels of key inflammation-related genes, in-
cluding statistically significant increases in LPS-induced expres-
sion of TNF, IL-1�, and Fas; a trend for increased LPS-induced
expression of iNOS and Cox-1 that did not reach statistical sig-

Figure 4. Inflammatory stimuli regulate RGS10 protein localization in primary microglia. A, Single-channel and overlay images
of dual-labeling immunofluorescence with the microglial marker CD68 (red) and RGS10 (green) in primary microglia from brains
of WT mice after 24 or 48 h LPS (10 ng/ml) treatment in vitro. Insets, High-magnification images of primary microglia. Scale bar,
55 �m. B, Immunoblot analysis of RGS10 protein expression (normalized to �-tubulin) in primary microglia in response to LPS (10
ng/ml) treatment. Veh, Vehicle.
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nificance; and no change in Cox-2 mRNA
(Fig. 6D). Together, our findings suggest
that one important function of RGS10 in
activated microglia may be to regulate the
synthesis of a subset of microglial genes
that encode soluble mediators with toxic
activities toward DA neurons. Given the
dynamic pattern of gene expression after
LPS stimulation, a more detailed time-
course analysis after RGS10 knockdown
should reveal additional information to
critically test a role for RGS10 in regulation
of gene transcription during microglial ac-
tivation responses. In light of the fact that a
number of studies have demonstrated that
activated glial cells participate in the
degeneration of DA neurons (Akiyama
and McGeer, 1989; Herrera et al., 2000;
He et al., 2001; Castaño et al., 2002; De-
pino et al., 2003), our results suggest that
RGS10 may represent a novel target for
drug development aimed at modulating
microglial phenotype and protecting
vulnerable neuronal populations from
inflammation-induced cell death.

RGS10 protects DA cells by limiting
microglial production of
inflammatory cytokines
We reasoned that if RGS10 is a regulator of
microglial phenotype, and therefore a crit-
ical determinant of the functional out-
come of microglial activation on DA neu-
ron survival, acute knockdown of RGS10
in microglia may impact the viability of
DA neurons in a target-effector cell assay.
We used BV2 microglia as effector cells
and the dopaminergic cell line (MN9D) as
a target cell to investigate the effect of acute
RGS10 knockdown in each cell type on do-
paminergic cell viability (Fig. 7A). BV2
microglia and MN9D cells were chosen for
these experiments because they can be
transfected with high efficiency. More im-
portantly, MN9D cells express TH (sup-
plemental Fig. S3, available at www.
jneurosci.org as supplemental material)
and can be induced to exit the cell cycle
and undergo terminal differentiation by exposure to valproic
acid, making them a suitable DA neuron-like cell model. Func-
tional assays indicated that CM from LPS-treated BV2 microglia
induced robust death of MN9D cells in a dose-dependent man-
ner with kinetics similar to that displayed by primary DA neurons
from ventral midbrain (data not shown). MN9D toxicity induced
by CM of BV2 cells stimulated with low LPS (10 ng/ml) was
markedly enhanced by knockdown of RGS10 in BV2 microglia
(Fig. 7B), suggesting that one function of RGS10 in microglia is to
limit production of soluble neurotoxic mediators.

Although we found that wild-type microglia express higher
levels of RGS10 relative to midbrain DA neurons, the increased
vulnerability of nigral DA neurons in RGS10-deficient mice to
inflammation-induced degeneration compelled us to rule out a
regulatory role for RGS10 in dopaminergic cells during chronic

inflammatory stress. To investigate whether removal of RGS10
influences dopaminergic survival, we performed siRNA-
mediated knockdown of RGS10 in MN9D cells and then assayed
their sensitivity to CM from BV2 microglial cells stimulated with
saline or LPS. Surprisingly, knockdown of RGS10 in MN9D do-
paminergic cells rendered them more susceptible to the death-
inducing effects of LPS-treated BV2 microglia CM (Fig. 7C).

The enhanced toxicity of the CM from RGS10-deficient BV2
microglia on dopaminergic cells suggested that acute loss of
RGS10 may have resulted in enhanced production of soluble
microglial-derived neurotoxic mediators and/or reduced pro-
duction of microglial-derived protective factors in the CM. Al-
though the exact molecular mechanism(s) by which loss of
RGS10 in microglial cells compromised dopaminergic cell sur-
vival remained unclear, QPCR results in microglia (Fig. 6D) im-

Figure 5. Inflammatory stimuli regulate RGS10 protein levels in BV2 microglial cells. A, Western blot analysis of RGS10 protein
expression (normalized to �-tubulin) in the BV2 microglia cell line indicates downregulation of RGS10 in response to low (10
ng/ml) LPS. B, Western blot analysis of RGS10 protein expression (normalized to �-tubulin) in the BV2 microglia cell line indicates
no change in RGS10 levels in response to high (1 �g/ml) LPS. C, Phase-contrast and immunofluorescence dual-labeling (DAPI/
RGS10) images of BV2 microglial cells treated with low or high LPS for 48 h. Scale bar, 55 �m. D, Western blot analysis of RGS10
protein expression (normalized to �-tubulin) in BV2 microglia cells in response to TNF (10 ng/ml) treatment. Veh, Vehicle.
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plicated cytokines such as TNF and IL-1� as the most likely can-
didates for mediating enhanced dopaminergic cytotoxicity. To
test this possibility, we investigated whether acute knockdown of
RGS10 in BV2 microglia resulted in enhanced production of in-
flammatory mediators.

Multiplexed immunoassays revealed that CM of LPS-treated
BV2 cells contained significant amounts of soluble TNF in a
physiologically relevant concentration range and modestly in-
creased levels (but not statistically significantly) of several other
cytokines including IL-1�, IL-6, IL-10, IL-12, and the chemokine
CXCL1 also known as KC or GRO-1 (Fig. 8). The siRNA-
mediated knockdown of RGS10 in BV2 microglia enhanced pro-
duction of neurotoxic mediators and, in particular, TNF. Given
that previous studies revealed soluble TNF to be a critical medi-
ator of 6-hydroxydopamine-induced nigral DA neuron death in
vivo and in vitro (McCoy et al., 2006), we investigated the extent
to which this inflammatory cytokine could account for the
RGS10-dependent enhanced cytotoxicity of the CM of LPS-
treated BV2 microglia on MN9D dopaminergic cells. Using the
soluble decoy TNF receptor drug etanercept (200 ng/ml) to de-

plete soluble TNF from the CM of LPS-
stimulated BV2 microglia, we found that
blocking TNF action abolished the cyto-
toxic effect of CM collected after an LPS
stimulus from both control and RGS10-
depleted BV2 microglia (Fig. 7D). Consis-
tent with a robust rescue by addition of the
TNF inhibitor, parallel experiments dem-
onstrated that other inflammatory media-
tors (i.e., IL-6 and IL-1�) played a minor
role in LPS-induced toxicity in MN9D
cells (data not shown).

In summary, in vivo studies indicated
that RGS10 deficiency resulted in in-
creased microglial burden in the CNS and
degeneration of nigral DA neurons in ani-
mals exposed to chronic systemic inflam-
mation. Mechanistically, in vitro studies
indicated that the loss of RGS10 resulted in
an inflammatory-neurodegenerative pro-
cess that begins with upregulation of
inflammation-related genes, followed by
overproduction of microglial-derived in-
flammatory mediators with known cyto-
toxic effects on DA neurons, and enhanced
sensitivity of DA neurons to microglial-
derived inflammatory mediators. On the
basis of these findings, we conclude that
RGS10 is a key regulator of microglia stress
responses in the CNS and thus a critical
determinant of the functional outcome of
neuroinflammatory events on DA neu-
rons in the ventral midbrain. Targeting
RGS10 activity may represent a novel ther-
apeutic approach to prevent onset and/or
progression of PD in humans.

Discussion
RGS10 is expressed in microglia through-
out the brain and in neurons involved in
higher brain circuits located in hippocam-
pus, striatum, and dorsal raphe, yet its
function in the brain remains poorly de-
fined. Together, our findings that RGS10-

deficient mice display increased microglial burden and enhanced
vulnerability to inflammation-induced nigrostriatal pathway de-
generation demonstrate a novel regulatory role for RGS10 in de-
termining the functional outcome of inflammation. Mechanisti-
cally, these findings suggest a protective role for RGS10 against
inflammation-induced degeneration in the ventral midbrain.
The differential regulation of RGS10 protein levels in response to
low- versus high-dose LPS concentrations in vitro raises the in-
teresting possibility that the strength and duration of TLR4 (toll-
like receptor-4) activation triggers negative feedback loops that
regulate RGS10 stability or turnover.

RGS10 ablation in microglia resulted in overproduction of
soluble TNF, which is toxic to ventral midbrain DA neurons; and
removal of RGS10 from dopaminergic cells heightened their sen-
sitivity to inflammation-induced death. Therefore, the increased
vulnerability of the nigrostriatal pathway of RGS10-null mice to
the neurotoxic effects of chronic neuroinflammation is likely a
result of synergistic loss of RGS10 function in both ventral DA
neurons and microglia. Ongoing experiments in primary ventral

Figure 6. Silencing RGS10 protein in BV2 microglia dysregulates inflammatory gene expression. A, Western blot analysis of
RGS10 protein expression (normalized to �-tubulin) in BV2 microglia after silencing using siRNA interference. B, Schematic of
experimental design to probe the effects of RGS10 knockdown on inflammation-induced gene expression and inflammatory
factor production. C, Real-time quantitative PCR analysis of RGS10 mRNA in BV2 cells transfected with scrambled (control) siRNA
(siCon) or RGS10 siRNA (siRGS10). D, Real-time quantitative PCR analysis of inflammatory-related genes in BV2 microglia 48 h
after control or RGS10 knockdown in cells stimulated with vehicle or LPS for 24 h. Levels of each mRNA were normalized to those
of the mouse house-keeping gene cyclophilin B. Values shown are group means � SEM of three independent treatment condi-
tions in one experiment representative of three independent experiments. *Significant difference between the vehicle and LPS at
p � 0.05; #significant difference between control knockdown and RGS10 knockdown condition at p � 0.05. Veh, Vehicle.
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mesencephalon neuron cultures deficient
for RGS10 are aimed at extending these
findings to elucidate the exact molecular
and signaling mechanisms by which
RGS10 modulates DA neuron survival and
microglial activation. A recent report indi-
cated that RGS10-deficient mice exhibited
impaired osteoclast differentiation and se-
vere osteopetrosis (increased bone den-
sity) because of the absence of RGS10-
dependent calcium current oscillations
and loss of NFATc1 (nuclear factor of ac-
tivated T cells c1) expression (Yang and Li,
2007). Therefore, we speculate that RGS10
may play an important role in the regulation
of intracellular calcium oscillations in neu-
rons. Although future studies will reveal
whether RGS10 has similar roles in DA neu-
rons, the data presented here strongly sug-
gest that RGS10 function in microglia and
neurons serves a protective role against
inflammation-induced degeneration in the
nigrostriatal pathway.

To date, the primary function of RGS
proteins is believed to be the regulation of
heterotrimeric G-protein signaling at the
plasma membrane. Coimmunoprecipita-
tion studies demonstrated that RGS10 as-
sociates specifically with activated forms of
G�i3 and G�z but not with activated G�s

(Hunt et al., 1996). However, our findings
as well as those of others (Chatterjee and
Fisher, 2000; Burgon et al., 2001; Waugh et
al., 2005) reveal that RGS proteins translo-
cate to the nucleus and are found at high
abundance at other intracellular sites. Spe-
cifically, it has been reported that phos-
phorylation of RGS10 at serine 168 by the
cAMP-dependent PKA (protein kinase A)
leads to translocation of RGS10 from the
cytosol to the nucleus, thereby nullifying
RGS10 activity at the plasma membrane
necessary for RGS10 modulation of
G-protein-dependent activation of GIRK
(G-protein-gated inwardly rectifying po-
tassium channel) (Burgon et al., 2001).
These data suggest that RGS proteins pos-
sess functions that go beyond regulating
heterotrimeric G-protein signaling. In-
deed, our findings raise the interesting
possibility that RGS10 might function to
regulate microglial stress responses
through mechanisms that include changes
in gene transcription. Experiments are in
progress to investigate the relative contribution of transcriptional
versus posttranslational events in the RGS10-dependent modu-
lation of microglial activation responses.

The significance of our findings is twofold: first, RGS10
emerges as a molecular switch important for the regulation of
microglial stress responses and DA neuron sensitivity to inflam-
matory stimuli. Second, our findings implicate age-dependent or
neuroinflammation-induced loss of RGS10 as a risk factor for
idiopathic PD. Specifically, our observations that chronic inflam-

matory stimuli downregulate RGS10 protein expression in mi-
croglia raise the interesting possibility that inflammation in the
aging brain may contribute to dysregulation of microglial activa-
tion responses and overproduction of neurotoxic cytokines.
Hence, a possible long-term consequence of having a self-
propelling cycle of neuroinflammation in the midbrain may be to
predispose an aging individual to nigrostriatal degeneration and
development of PD. A better understanding of the normal func-
tion of RGS10 in the CNS along with proof-of-concept studies to

Figure 7. Silencing RGS10 protein in BV2 microglia or dopaminergic MN9D cells enhances inflammation-induced dopaminer-
gic cell death and neutralization of TNF signaling abolishes RGS10-mediated enhancement of microglial cytotoxicity on dopami-
nergic cells. A, Schematic of functional assay design using BV2 microglia cells as effector cells and MN9D dopaminergic cells as
target cells. B, Viability of MN9D target cells 48 h after addition of CM of LPS-treated (24 h) control siRNA-transfected BV2
microglia effector cells versus RGS10 siRNA-transfected BV2 microglia effector cells. Viability of MN9D cells was measured by MTS
incorporation during the last 4 h of a 2 d culture. Values represent group means� SEM of triplicate cultures and are representative
of three independent experiments. *Significant difference between the vehicle and LPS at p � 0.05; #significant difference
between control knockdown and RGS10 knockdown conditions at p � 0.05. C, MN9D cells were transfected with control siRNA or
RGS10 siRNA. Survival of MN9D cells 48 h after transfer of CM from saline- or LPS-treated (24 h) BV2 microglia onto MN9D cells was
measured by MTS incorporation during the last 4 h of a 2 d culture. Values shown represent group means � SEM of triplicate
treatments and are representative of three independent experiments. *Significant difference between the vehicle and LPS at p �
0.05; #significant difference between control knockdown and RGS10 knockdown conditions at p � 0.05. D, Addition of the TNF
decoy receptor etanercept (200 ng/ml) to BV2 microglial cultures during costimulation with LPS to neutralize microglial-derived
soluble TNF in the CM promotes greater viability of MN9D target cells and abolishes the RGS10-mediated enhanced cytotoxicity.
Cell viability was measured by MTS incorporation assay during the last 4 h of a 2 d culture. Values shown represent group means�
SEM for triplicate wells and are representative of three independent experiments. *Significant difference between LPS and LPS �
etanercept at p�0.05; #significant difference between control knockdown and RGS10 knockdown LPS-treated conditions at p�
0.05. siRGS10, RGS10 siRNA; Veh, vehicle; Etan, etanercept.
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demonstrate that manipulation of RGS10 levels and/or its activity
in the ventral midbrain has positive effects on DA neuron survival
without exerting untoward effects on other cell types may reveal
its potential as a therapeutic target for blocking or delaying the
progressive loss of nigrostriatal DA neurons in PD.
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