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Abstract
Regulator of G-protein signaling-10 (RGS10) is a GTPase activating protein (GAP) for Gαi/q/z
subunits that is highly expressed in the immune system and in a broad range of brain regions
including the hippocampus, striatum, dorsal raphe, and ventral midbrain. Previously, we reported
that RGS10-null mice display increased vulnerability to chronic systemic inflammation-induced
degeneration of nigral dopaminergic (DA) neurons. Given that RGS10 is expressed in DA
neurons, we investigated the extent to which RGS10 regulates cell survival under conditions of
inflammatory stress. Because of the inherent limitations associated with use of primary DA
neurons for biochemical analyses, we employed a well-characterized ventral mesencephalon DA
neuroblastoma cell line (MN9D) for our studies. We found that stable over-expression of RGS10
rendered them resistant to TNF-induced cytotoxicity; whereas MN9D cells expressing mutant
RGS10-S168A (which is resistant to phosphorylation by protein kinase A (PKA) at a serine
residue that promotes its nuclear translocation) showed similar sensitivity to TNF as the parental
MN9D cells. Using biochemical and pharmacological approaches, we identified protein kinase A
(PKA) and the downstream phospho-cAMP response element-binding (CREB) signaling pathway
(and ruled out ERK 1/2, JNK, and NFkB) as key mediators of the neuroprotective effect of RGS10
against inflammatory stress.
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Introduction
Progressive loss of dopaminergic (DA) neurons in the substantia nigra pars compacta
(SNpc) gives rise to the motor deficits of Parkinson’s disease (PD), an age-associated
neurodegenerative disorder that affects approximately 1% of the population between the
ages of 65–70 years of age and 4 – 5% of 85-year old individuals (Tanner and Aston 2000)
(Forno 1996). Although the exact mechanisms that lead to degeneration of nigral DA
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neurons have not been identified, oxidative stress, neuroinflammation, accumulation of
abnormal or mis-folded proteins, enhanced activation of pro-apoptotic pathways, and
mitochondrial dysfunction are all hypothesized to lead to nigral DA neuron dysfunction and
ultimately death (Hirsch et al. 1997; Hirsch et al. 1999; Jenner and Olanow 1998).
Therefore, identifying important molecular regulators of DA neuron responses to insults is
pre-requisite for development of neuroprotective strategies that could exert disease-
modifying effects if advanced to the clinic.

Regulator of G-protein signaling (RGS) proteins belong to a large family of proteins that
function as GTPase activating proteins (GAPs) at Gα subunits. RGS proteins are negative
regulators of G-protein signaling by accelerating GTP hydrolysis, a step that promotes
deactivation of the G-protein and its G-protein coupled receptor (GPCR) (Berman et al.
1996; Ross and Wilkie 2000; Siderovski et al. 1999). There are more than thirty functional
RGS genes sub-divided into six families expressed in mice and humans (Ross and Wilkie
2000; Zheng et al. 1999). RGS proteins differ widely in their size and contain a variety of
structural domains and motifs that regulate their activity and determine regulatory binding
partners (Ross and Wilkie 2000; Zheng et al. 1999). Recent studies have shown that RGS
proteins are involved in CNS disorders. Abnormal RGS4 function has been implicated in
schizophrenia (Ding and Hegde 2009; Mirnics et al. 2001; Morris et al. 2004; Prasad et al.
2005; Talkowski et al. 2006; Williams et al. 2004), anxiety (Leygraf et al. 2006), and
Alzheimer’s disease (Emilsson et al. 2006; Muma et al. 2003), and the striatal-enriched
RGS9-2 has been implicated in PD-related motor abnormalities (Gold et al. 2007) and in
regulation of opiate analgesia in the dorsal horn (Papachatzaki et al. 2011) and striatum
(Psifogeorgou et al. 2011). Polymorphisms in the RGS10 gene have also been reported in a
cohort of Japanese schizophrenia patients (Hishimoto et al. 2004) and the modulation of
both RGS4 and RGS10 by acute and chronic electroconvulsive seizures has been
demonstrated in rat brain (Gold et al. 2002). In humans, genetic susceptibility loci for age-
related maculopathy (ARM), a photoreceptor degenerative disease associated with
microgliosis, map to the same region as the RGS10 gene on the human chromosome 10q26
(Jakobsdottir et al. 2005; Schmidt et al. 2006), suggesting that loss of RGS10 may
predispose an organism to neurodegenerative disease. At 20-kDa, RGS10 is one of the
smallest RGS proteins and a member of the R12 subfamily (Ross and Wilkie 2000; Sierra et
al. 2002); it is abundantly expressed in the immune system and in a broad range of brain
regions including the hippocampus, striatum, and dorsal Raphe (Gold et al. 1997). Although
RGS10 protein expression is detectable in a number of subcellular compartments in mouse
neurons and microglia (Waugh et al. 2005), the physiological function of RGS10 in DA
neurons is unknown. Although phosphorylation of RGS10 by the cAMP-dependent protein
kinase (PKA) at Ser-168 induces translocation of RGS10 from the plasma membrane and
cytosol into the nucleus (Burgon et al. 2001), it is not known whether RGS10 regulates gene
transcription or other nuclear processes. Previously, we reported that RGS10-null mice
display increased microglial burden in the CNS and exposure to chronic systemic
inflammation induced degeneration of nigral DA neurons (Lee et al. 2008), a parkinsonian
phenotype. In addition to demonstrating the presence of RGS10-positive microglia in the
ventral midbrain, those studies revealed the presence of RGS10-immunoreactivity in the
soma and nuclei of tyrosine hydroxylase (TH)-positive nigral DA neurons. Our most recent
study identified RGS10 as a negative regulator of NF-κB-dependent inflammatory factor
production in activated microglia, suggesting a novel role for RGS10 in regulation of
inflammatory gene transcription (Lee et al. 2011). Given that RGS10 is also expressed in
various neuronal populations in the mammalian brain, the purpose of these studies was to
determine the role of RGS10 as a direct regulator of DA neurons during periods of
inflammatory stress by investigating the extent to which modulation of neuronal RGS10
activity could afford neuroprotective effects against neurotoxin-induced degeneration.
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Methods
Materials

Constructs encoding wild type human RGS10 and SA mutant RGS10 were generously
provided by Dr. Patrick Burgon at The University of Ottawa. Both constructs were
subcloned into a pcDNA3.1 plasmid containing FLAG sequences at the 5’ end using the
XbaI and BamH1 restriction site. Inhibitors including H89 and SB203580 were purchased
from Cell Signaling Technology. Recombinant mouse (rm) Tumor Necrosis Factor (TNF)
was purchased from R&D Systems (Minneapolis, MN).

Cell Culture
The murine clonal hybrid cell line MN9D was developed by A. Heller and colleagues by
somatic cell fusion of rostral mesencephalic tegmentum from E14 mice and the murine
neuroblastoma cell line N18TG2 (Choi et al. 1991). MN9D cells were grown in DMEM
(Sigma-Aldrich) supplemented with 10 % Fetal Clone III (Hyclone) and 1 % penicillin/
streptomycin. Cells were serially passaged when they reached 70 % confluence. To induce
terminal neuron-like differentiation of MN9D cells, cells were incubated with 5 mM
valproic acid (Sigma-Aldrich) in N2 (Invitrogen)-supplemented serum-free DMEM (Sigma-
Aldrich) for 3 days.

Quantitative Real-Time Polymerase Chain Reaction (QPCR)
QPCR was performed as previously described (Kurrasch et al. 2004). Briefly, MN9D cells
were plated at a density of 300,000 cells per plate on a 6-well plate. Cells were neurally
differentiated as previously described (Lee et al. 2011) for 48–72 hrs and then treated with
different concentrations of TNF as indicated times. Total RNA was isolated from cells in
culture using the RNeasy isolation kit (Qiagen), treated with DNaseI, and reverse
transcribed using Superscript II RNase H- reverse transcriptase (Invitrogen). QPCR was
performed using SYBR Green in 384-well format using an ABI Prism 7900HT Fast
Detection System (Applied Biosystems, Foster City). Oligonucleotide primers for QPCR
were obtained from Integrated DNA Technologies (Coralville). RGS10 primer sequences
(available upon request) were validated and used for gene amplification. Levels of mRNA
expression were normalized to those of the mouse house-keeping genes cyclophilin B and
GAPDH. Values represent the mean value of triplicate samples +/− SEM. Data are
representative of at least two independent experiments.

Immunocytochemistry
Stably transfected MN9D cell lines expressing WT RGS10 or SA mutant RGS10 were
plated at a density of 50,000 cells per well in a 4-well chamber. Cells were fixed and
immunostained as described previously (Lee et al. 2008). Anti- FLAG epitope antibody
(M2) (Sigma Aldrich) was used at 1:250 dilution and the nuclear counterstain bisbenzamide
or Hoechst 33258 (Invitrogen) was used at 1:20,000. Anti-mouse Alexa fluor 594-
conjugated secondary antibody (Invitrogen) was used at a dilution of 1:1000. All digital
images were acquired on an Olympus BX61 fluorescence microscope with a CoolSnap CCD
ES monochromatic camera and analyzed with Metamorph software.

SDS-PAGE and Western blot Analysis
Cells were lysed in a buffer containing 1 % NP-40, 10 mM Tris pH 7.4, 150 mM NaCl, 100
µg/mL PMSF, and protease inhibitor mix (Sigma) for 30 min on ice. Lysates were
resuspended in 2X Laemmli sample buffer and loaded on precast 12 % SDS-PAGE gels
(Bio-Rad), transferred onto PDVF membranes (Millipore), and probed with anti-cleaved-
PARP1, cleaved-caspase 3, phospho-CREB, CREB, Bcl-2, phopho-p38MAPK, p38MAPK ,
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phospho-JNK, JNK, phospho-ERK, ERK, phospho-p65 and p65 antibodies (Cell Signaling
Technology) or anti-α-tubulin (1:1000) antibody (Santa Cruz Biotechnology) plus the
appropriate HRP-conjugated secondary antibody (1:5000, Jackson ImmunoResearch Lab,
West Grove, PA). Immunoreactive bands were visualized with SuperSignal West Femto
HRP substrate (Thermo Fisher Scientific, Rockford, IL) according to the manufacturer’s
instructions and imaged on a Syngene G:Box Chemi gel documentation station (Frederick,
MD). Membranes were stripped with 0.2 M glycine, 1 % SDS and 0.1 % Tween-20, pH 2.2
and re-probed as necessary.

Cell viability assays
Cell viability was measured by using the CellTiter 96 AQueous Assay reagent (Promega).
This reagent utilizes the novel tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS) and the
electron coupling reagent, phenazine methosulfate (PMS). MTS is chemically reduced by
cells into formazan, which is soluble in tissue culture medium. The measurement of the
absorbance of the formazan was performed in multi-titer 96-well plates at 492 nm during the
last 2 to 4 hrs of a 2-day 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.

Statistical Analyses
Differences treatments among the different groups were analyzed by two-way ANOVA
followed by the Bonferroni post hoc test for p values significance. Differences treatments
within the group were analyzed by one-way ANOVA followed by the Tukey’s post hoc test
for p values significance. Values expressed are the group mean +/− SEM.

Results
TNF attenuates RGS10 expression in neurally differentiated dopaminergic (DA) cells

As our previous studies demonstrated that siRNA-mediated knockdown of RGS10 in MN9D
cells increased their sensitivity to microglial-derived inflammatory mediators such as TNF
(Lee et al. 2008), we hypothesized that inflammation leads to reduced neuronal RGS10
expression. Because of the inherent limitations associated with use of primary DA neurons
for biochemical analyses, we employed a well-characterized ventral mesencephalon DA
neuroblastoma cell line (MN9D) to test this hypothesis. We treated neurally differentiated
ventral mesencephalon MN9D cells with TNF and measured RGS10 mRNA abundance by
real-time PCR and RGS10 protein amounts by immunoblotting. (Fig. 1). TNF induced a
time-dependent decrease in RGS10 mRNA H (Figure 1A) and decreased RGS10 protein
amounts (Figure 1B). To determine whether TNF-induced RGS10 downregulation affected
neuronal survival, we assayed the viability of MN9D cells treated with a range of TNF
concentrations. Consistent with published studies, we observed dose-dependent cytotoxicity
to TNF (Harms et al. 2012). Together, these data suggest that TNF-dependent down-
regulation of RGS10 levels contributes to the vulnerability of neuronal DA cells to TNF-
induced death and possibly other toxic insults.

Stable overexpression of RGS10 in differentiated dopaminergic (DA) MN9D cells reduces
their vulnerability to TNF-induced cytotoxicity

Based on the observations that down-regulation of RGS10 during TNF treatment correlated
with TNF-induced cytotoxicity, we predicted that over-expression of RGS10 would protect
MN9D cells against TNF-induced cytotoxicity. We generated MN9D cells lines stably
expressing wild type (WT) RGS10 protein or the PKA phosphorylation-deficient RGS10
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mutant (SA) (Burgon et al. 2001). Immunocytochemical analyses with an anti-FLAG (M2)
antibody confirmed that MN9D cells were successfully transfected and expressed FLAG-
RGS10 WT or FLAG- RGS10 SA (Figure 2A). In contrast to neurally differentiated parental
MN9D cells, RGS10WT-overexpressing MN9D cells displayed significant resistance to
TNF-induced toxicity. Interestingly, RGS10 SA MN9D cells showed similar or higher
sensitivity to TNF than the parental MN9D cell line (Figure 2B). These data indicated that
overexpression of WT RGS10 shields dopaminergic MN9D cells from TNF toxicity and that
phosphorylation of RGS10 by PKA is required for such protection. Attempts to extend and
confirm these findings in neuron enriched ventral mesencephalon cultures harvested from
RGS10-null mice in which restoration of RGS10 expression via transduction of HSV-
RGS10 (versus HSV-GFP as negative control) could be assessed for protective effects were
technically unsuccessful due to the fact that HSV infection proved cytotoxic at even the
lowest titers tested (data not shown).

Since it is has been well-established that TNF can activate cell death cascades in various cell
types by activating caspase signaling, we next examined whether RGS10 over-expressing
MN9D cells displayed attenuated caspase activation upon TNF treatment. Immunoblot
analyses revealed increased levels of cleaved PARP-1 and cleaved caspase 3 in parental
MN9D cells or RGS10 SA overexpressing MN9D cells treated with TNF. In contrast,
RGS10 WT overexpressing MN9D cells displayed significantly lower baseline and TNF-
induced PARP-1 or caspase 3 cleavage (Figure 2C). These data strongly suggest that RGS10
enhances neuronal survival by inhibiting caspase-dependent apoptosis. As the mutant
RGS10 SA, which has intact GAP activity but is resistant to phosphorylation by PKA,
(Burgon et al. 2001) did not protect MN9D cells against TNF toxicity, we hypothesized that
RGS10 mitigates neuronal apoptosis pathways through PKA-dependent mechanism(s).

Neuroprotective effect of RGS10 is mediated by phospho-cAMP response element-binding
(pCREB) pathway

To evaluate the extent to which RGS10 abundance influences signaling downstream of
PKA, we measured CREB levels and CREB phosphorylation (at Ser 133) in parental and
RGS10-expressing MN9D cells. While treatment of parental MN9D cells with TNF induced
very modest phosphorylation of CREB by 15 min, levels of CREB phosphorylation as well
as total CREB were much higher in RGS10WT overexpressing MN9D cells relative to
parental MN9D cells and RGS10SA mutant overexpressing MN9D cells (Figures 3A and
B). Consistent with enhancement of CREB-dependent gene transcription by RGS10, bcl-2
abundance was significantly higher in RGS10WT over-expressing MN9Ds relative to the
parent or RGS10SA MN9D cell lines in the presence or absence of TNF (Figure 3C).
Importantly, these findings indicate that RGS10 WT clearly affects both CREB levels and
CREB activation (phospho-CREB) independent of the changes in total CREB levels, as the
difference in phospho-CREB activation observed after RGS10WT overexpression compared
to the parental or RGS10SA persist when phospho-CREB is normalized to total CREB (data
not shown).

Neuroprotective effects of RGS10 in dopaminergic (DA) cells is abolished by inhibiting
PKA activation

PKA-induced phosphorylation of cAMP response element-binding (CREB) protein is
known to promote neuronal survival and counteract the pro-apoptotic effects of TNF by
eliciting expression of several genes including brain derived neurotrophic factor and bcl-2
(Bieganska et al. 2011; Krakstad et al. 2004; Mueller et al. 2005). We investigated whether
pharmacological inhibition of PKA-CREB signaling could ablate the protective effects of
RGS10 WT over-expression in MN9D cells by pre-treating cells with H89, a specific PKA
inhibitor, prior to TNF exposure. Inhibition of PKA signaling with H89 increased the
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sensitivity of parental MN9D (Figure 4A) and RGS10 SA overexpressing MN9D cells
(Figure 4C) to TNF-induced cytotoxicity. Similarly, H89 treatment dose-dependently
increased the sensitivity to TNF-induced loss of viability in RGS10 WT over-expressing
MN9D cells (Figure 4B). Accordingly, H89 pre-treatment of MN9D cells also led to
increased TNF-dependent caspase 3 and PARP-1 cleavage (Figure 4D) as well as decreased
TNF-dependent CREB phosphorylation (Figure 4E). These data strongly implicate PKA
signaling in mediating the anti-apoptotic effect of RGS10 in DA cells via activation of
CREB phosphorylation.

Neuroprotective effects of RGS10 in dopaminergic (DA) cells does not involve modulation
of p38MAPK pathway

Our results so far indicated that RGS10 confers protection from neurotoxic stress by
modulating PKA-dependent CREB activity and expression. TNF also elicits CREB
activation through stimulation of p38 MAP kinase, which in turn leads to direct
phosphorylation of CREB by the kinase MSK-1 (Deak et al. 1998; Gustin et al. 2004). We
investigated whether RGS10 also affected TNF-dependent activation of p38 in MN9D cells.
TNF treatment induced rapid and robust phosphorylation of p38 in both parental MN9D cell
lines and the stable cell lines over-expressing WT or SA mutant equivalently (Figure 5A).
Next, we pre-incubated MN9D cells with the pharmacological inhibitor SB203580 to
determine whether inhibition of the p38MAPK pathway affected cell survival during TNF
exposure. While inhibition of p38 MAPK activity by pretreatment of cells with SB203580
enhanced cell viability in the absence of TNF, it did not robustly enhance TNF-induced
cytotoxicity in parental MN9D or RGS10 SA over-expressing MN9D cells nor did it affect
the ability of RGS10 WT to confer resistance to TNF-induced cytotoxicity (Figure 5B).
These results indicate that RGS10 does not regulate TNF-induced p38 MAPK activation,
nor is p38 MAPK activation critical for TNF-mediated neurotoxicity.

To extend these observations, we also investigated the extent to which overexpression of
WT versus SA mutant RGS10 differentially modulated ERK 1/2 and JNK pathway
activation. TNF treatment did not induce significant changes in phosphorylation of ERK 1/2
in neurally differentiated parental MN9D or WT RGS10 overexpressing MN9D cells while
RGS10 SA mutant cells did have slightly attenuated phospho-ERK 1/2 levels (Figure 6A);
no differences were observed in total ERK 1/2 levels. Therefore, these data do not support a
role for modulation of ERK 1/2 phosphorylation by RGS10 in its neuroprotective effects
against TNF-induced neurotoxicity. With regards to JNK pathway activation, as expected
we found that TNF treatment induced robust phosphorylation of JNK and this may be an
important mechanism by which TNF compromises viability in dopaminergic neurons.
However, because phospho-JNK was similarly attenuated by overexpression of WT and SA
mutant RGS10, these responses do not correlate with selective protection from TNF-induced
cytotoxicity by WT RGS10 overexpression (Figure 6B). In addition, since mutant RGS10
overexpressing cells have decreased viability despite reduced activation of JNK signaling,
attenuation of phospho-JNK is not sufficient to promote survival of dopaminergic cells
treated with TNF. Lastly, given that TNF signaling can activate the NFkB pathway in
various cell types and previous work from our group demonstrated strong negative
regulation of this pathway by RGS10 in microglial cells, we measured phospho-p65 and
total p65 in parental, WT RGS10 and mutant RGS10 cell lines. We found that
phosphorylation patterns of p65 induced by TNF in MN9D cells were similar between
parental MN9D cells and WT RGS10 overexpressing MN9D cells (Figure 6C). Therefore,
we conclude that modulation of NFkB signaling by RGS10 does not mediate the
neuroprotective role of RGS10 against TNF-induced neurotoxicity in dopaminergic cells.
Taken together, biochemical, pharmacologic and metabolic assay data lead us to conclude
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that RGS10 enhanced DA cell survival by strengthening PKA-CREB-Bcl2 signaling
cascades and attenuating caspase-dependent apoptotic signaling induced by TNF.

Discussion
Nigral DA neurons are exquisitely sensitive to inflammatory stimuli and to soluble TNF in
particular because of their high levels of expression of TNF receptor 1 (Aloe and Fiore,
1997; McGuire et al., 2001; Gayle et al., 2002; Carvey et al., 2005), the canonical death
receptor (Tartaglia et al., 1993). Direct evidence that TNF-dependent inflammatory stress
contributes to the progressive loss of nigral DA neurons in rodent models of parkinsonism
derives from studies demonstrating that inhibition of soluble TNF signaling can significantly
attenuate endotoxin and oxidative neurotoxin-induced degeneration (Harms et al. 2011;
McCoy et al. 2006; McCoy et al. 2008). The studies presented here support a molecular
model in which reciprocal interactions between RGS10 and PKA defend cells with a
dopaminergic fate against inflammatory stress by augmenting CREB signaling and
attenuating caspase-dependent apoptotic cascades downstream of TNF receptor activation.
Moreover, activation of TNF signaling in neurally differentiated DA cells result in decreased
cellular levels of RGS10 and correlated with TNF-induced cytotoxicity, raising the
interesting possibility that loss of neuronal RGS10 may contribute to vulnerability to soluble
TNF. In support of this idea, previous work from our group demonstrated that siRNA-
mediated knockdown of RGS10 in DA cells rendered them more susceptible to TNF-
induced cytotoxicity (Lee et al. 2008). We now directly demonstrate that stable
overexpression of RGS10 in neurally differentiated DA cells significantly attenuated TNF-
dependent cytotoxicity by inhibiting PARP-1 and caspase 3 cleavage while enhancing PKA/
CREB pro-survival signaling, including levels of bcl-2. Surprisingly, changes in the
activation state of p38MAPK had modest effects on TNF-induced cytotoxicity and no effect
on the protective activity of RGS10 overexpression, suggesting p38MAPK may play a
secondary role in mediating TNF-induced cytotoxicity in DA cells and neurons.
Mechanistically, our biochemical data indicate that a specific serine residue previously
shown to be phosphorylated by PKA (Burgon et al. 2001) is critical for mediating the
enhanced CREB signaling downstream as RGS10 SA mutant protein cannot mimic the
effects of WT RGS10. Consistent with this finding, selective pharmacological inhibition of
PKA abolished the neuroprotective effects of RGS10 WT altogether in DA cells treated with
TNF. It is important to note that these biochemical and functional studies could not have
been performed in primary DA neurons because DA neurons only make up 4% of all
neurons in a ventral mesencephalon primary culture and this amount is insufficient for
population studies. More importantly, techniques needed to manipulate the levels of RGS10
in these neurons via transfection or electroporation of cDNA or viral transduction is highly
inefficient and/or cytotoxic. In summary, our data suggest a molecular model by which
reciprocal interactions between RGS10 and PKA promote DA neuron survival by
potentiating CREB signaling and attenuating caspase-dependent apoptotic cascades
downstream of TNF receptor activation (Figure 7). Given that RGS10 can directly interact
with PKA as a substrate for phosphorylation at Ser 168, it will be of interest to determine
how this interaction contributes to functional modulation of downstream PKA-dependent
CREB signaling by RGS10.

The primary mechanism by which RGS proteins regulate cellular responses is through their
GTPase activating protein (GAP) activity at Gα subunits, which results in reduced G-protein
coupled receptor (GPCR) signaling (Burchett 2003; Chatterjee and Fisher 2000; Lee et al.
2011; Ross and Wilkie 2000; Sierra et al. 2002). However, several RGS proteins, including
RGS10, have been shown to traffic to the nucleus (Burchett 2003; Chatterjee and Fisher
2000; Lee et al. 2011). Their extra-cytoplasmic roles, however, remain unclear and
underexplored primarily because most GPCRs are localized at the plasma membrane (Huang
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and Fisher 2009). Recent work from our group revealed that nuclear enrichment of RGS10
in microglia in response to inflammatory stimuli enables it to negatively regulate NFκB,
thereby limiting production of microglial-derived inflammatory mediators including soluble
Tumor Necrosis Factor (TNF) and lessening the toxic effects on dopaminergic (DA)
neurons. Here, we provide compelling evidence to support an important direct role for
RGS10 in survival responses of DA cells during inflammatory stress. The significance or
our findings are three-fold. First, the results of our studies implicate endogenous RGS10 as
an important protective factor in DA neurons against toxic insults by virtue of its anti-
apoptotic and pro-survival activities. Second, our studies raise the possibility that selective
modulation of RGS10 levels or bioactivity in neurons may permit neuron-specific
potentiation of PKA/CREB-dependent gene transcription to promote neuronal survival
without non-selectively activating CREB-dependent proliferation in other cell types. Lastly,
together with previous work in which we demonstrated an important anti-inflammatory role
for RGS10 in microglia, these novel findings raise the interesting possibility that boosting
levels or RGS10 activity in both ventral midbrain microglia and DA neurons may be a novel
and doubly effective therapeutic modality to protect DA neurons from chronic inflammatory
stress and provide strong rationale for investigating this possibility in vivo in pre-clinical
models of PD. The growing number of elderly individuals in the U.S. and worldwide at risk
for development of chronic neurodegenerative diseases like PD makes it imperative that
biomedical science identify feasible and efficacious ways to lessen the detrimental effects of
chronic inflammatory stress in the brain to prevent, delay onset, or ameliorate age-related
neurodegenerative diseases. Enhancement of RGS10 levels in ventral midbrain DA neurons
via gene transfer may represent a novel approach to achieve neuroprotection in vivo and will
be investigated using rodent models of progressive PD-like neurodegeneration.
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RGS10 Regulator of G-protein Signaling-10

PKA cyclic AMP-dependent protein kinase A

CREB cyclic AMP response element binding

GAP GTPase activating protein

TNF tumor necrosis factor
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Figure 1. TNF-induced down-regulation of RGS10 mRNA and protein in dopaminergic (DA)
cells correlates with TNF-induced cytotoxicity
MN9D cells were plated and neurally differentiated as described under Methods. Cells were
treated with 10 ng/mL of TNF for the times indicated. A, Levels of RGS10 mRNA were
measured by real-time quantitative PCR and normalized to one of two housekeeping genes
GAPDH or cyclophilin. Values represent mean ± SEM. QPCR analysis was performed by
one-way ANOVA followed by Tukey’s post hoc test, * denotes p < 0.05 and ** denotes p <
0.01 relative to the untreated sample. B, Levels of RGS10 protein were measured by western
blot analysis. Bands immunoreactive for RGS10 were quantified by densitometry and
normalized to α-tubulin as a protein loading control. Blots are representative of three
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independent experiments. C, MN9D cell viability was assessed using the MTS assay as
described under Methods. Values represent mean ± SEM. One way ANOVA followed by
Tukey’s post hoc test, * denotes p < 0.05 and *** denote p < 0.001 relative to the untreated
sample.
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Figure 2. Overexpression of RGS10 in DA cells attenuates TNF-induced caspase 3-dependent
apoptotic signaling and protects DA cells against TNF-induced cytotoxicity
A, Immunocytochemical detection of FLAG-tagged RGS10 protein in parental MN9D cells,
MN9D cell lines stably expressing WT RGS10, or RGS10 SA mutant, B, TNF-induced
cytotoxicity was measured in neurally differentiated parental MN9D cells or cell lines stably
expressing WT RGS10 or RGS10 SA mutant using an MTS assay. Values represent mean ±
SEM. One way ANOVA followed by Tukey’s post hoc test, * and *** denote significant
differences between vehicle and TNF within the group at p < 0.05 or p < 0.001 respectively.
#, ## or ### (Λ, ΛΛ or ΛΛΛ) denote significant differences between the groups (parental
versus RGS10 WT group, RGS10 WT vs. RGS10 SA mutant group, or parental vs. RGS10
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SA group) at p < 0.05, p < 0.01 or p < 0.001 respectively. Values shown are group means
(n=6) ± S.E.M from one experiment representative of four independent experiments. C,
Western blot analyses of cleaved PARP and caspase 3. Neurally differentiated MN9D cell
lines stably expressing WT RGS10, or RGS10 SA mutant were treated with 10 ng/mL of
TNF for 0, 1, 4 or 6 hrs as indicated. Densitometry and normalization to α-tubulin as a
protein loading control was performed. Blots are representative of three independent
experiments.
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Figure 3. Neuroprotective effect of RGS10 in DA cells is associated with enhanced phospho-
CREB signaling and increased levels of the pro-survival protein Bcl-2
Neurally differentiated parental MN9D cells or cell lines stably expressing WT or SA
mutant RGS10 were treated with 10 ng/mL of TNF for 0, 5 min, 15 min, 1, or 4 hrs. A,
Levels of phospho-CREB and total CREB by western blot analysis. Densitometry and
normalization to GAPDH as a protein loading control was performed. Blots are
representative of 3 independent experiments. B, Relative levels of phospho-CREB in
parental MN9D cells or cell lines stably expressing WT or SA mutant RGS10 under control
or TNF (10 ng/mL) -stimulated conditions. Values represent mean ± SEM. One way
ANOVA followed by Tukey’s post hoc test, *, **, and *** denote significant differences
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between the groups indicated at p < 0.05, p < 0.01, or p < 0.001 respectively. C, Levels of
Bcl-2 protein by western blot on parental or stably expressing WT RGS10 or SA mutant
RGS10 MN9D cells treated with TNF (10 ng/mL) for 0, 1, 4 or 6 hrs. Densitometry and
normalization to α-tubulin as a protein loading control was performed. Blots are
representative of three independent experiments.
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Figure 4. Neuroprotective effect of RGS10 in DA cells requires activation of cAMP-dependent
protein kinase (PKA)
MN9D cells were neurally differentiated then treated with TNF (1.1, 3.3 or 10 ng/mL) for
48 hrs in the presence or absence of pre-treatment of H89 (5 or 10 µM) for 45 min. Cell
viability was assessed using the MTS assay on A, parental MN9D viability, B, MN9D cells
stably over-expressing WT RGS10 viability, and C, MN9D cells stably over-expressing
RGS10 SA mutant. Values represent mean ± SEM. One way ANOVA followed by Tukey’s
post hoc test, *, ** or *** denote significant differences between vehicle and TNF
treatments within the group at p < 0.05, p < 0.01 or p < 0.001 respectively. #, ## or ###
denote significant differences between the H89 treatments groups at p < 0.05, p < 0.01 or p
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< 0.001 respectively. Values shown are group means (n=6) ± S.E.M from one experiment
representative of three independent experiments. D, Effect of PKA inhibition on TNF-
induced caspase 3 and PARP1 cleavage by western blot analysis. Parental MN9D cells or
MN9D cell lines stably over-expressing WT RGS10 or RGS10SA mutant were neurally
differentiated then treated with TNF (10 ng/mL) in the presence or absence of H89 (10 µM).
E, Effect of PKA inhibition on TNF-induced phospho-CREB and CREB levels by western
blot analysis. Cells were prepared as described above. Densitometry and normalization to α-
tubulin as a protein loading control was performed. All the western blots are representative
of three independent experiments.
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Figure 5. Neuroprotective effect of RGS10 in DA cells does not require modulation of p38
MAPK signaling
A, Levels of phospho-p38MAPK and total p38 MAPK upon TNF-treatments. Neurally
differentiated parental MN9D cells or cell lines stably expressing WT or SA mutant RGS10
were treated with 10 ng/mL of TNF for 0, 15 min, 1 or 4 hrs as indicated. Densitometry and
normalization to α-tubulin as a protein loading control was performed. Blots are
representative of three independent experiments. B, Effect of p38 inhibition on TNF-induced
cytotoxicity. Neurally differentiated MN9D cells were treated with TNF (10 ng/mL) for 48
hrs in the presence or absence of pretreatment of SB203580 (10 µM) for 45 min. Cell
viability was assessed using the MTS assay. Values represent mean ± SEM. One way
ANOVA followed by Tukey’s post hoc test, *, ** or *** denote significant differences
between vehicle and TNF treatments within the group at p < 0.05, p < 0.01 or p < 0.001
respectively.
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Figure 6. Neuroprotective effects of WT RGS10 overexpression do not correlate with modulation
of NFkB, ERK 1/2, or JNK pathway activation
Neurally differentiated parental MN9D cells or cell lines stably expressing WT or SA
mutant RGS10 were treated with 10 ng/mL of TNF for 0, 5 min, 15 min, 1 or 4 hrs as
indicated to quantify levels of A, phospho-ERK 1/2 and total ERK 1/2 B, phospho-JNK and
total JNK C, phospho-p65RelA and total p65. Densitometry and normalization to GAPDH
as a protein loading control was performed. Blots are representative of three independent
experiments.
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Figure 7. Model for mechanism by which RGS10 exerts anti-apoptotic and pro-survival effects in
DA cells
Reciprocal interactions between RGS10 and PKA promote DA neuron survival by
potentiating CREB signaling and attenuating caspase-dependent apoptotic cascades
downstream of TNF receptor activation.
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