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Abstract

Inflammation in the aging brain increases risk for neurodegenerative disease. In humans, the 

Regulator of G-protein Signaling (RGS) 10 locus has been associated with age-related 

maculopathy. Chronic peripheral administration of lipopolysaccharide in the RGS10-null mice 

induces nigral dopaminergic (DA) degeneration, suggesting that RGS10 modulates neuroimmune 

interactions and may influence susceptibility to neurodegeneration. Since age is the strongest risk 

factor for neurodegenerative disease, we assessed whether RGS10 expression changes with age 

and whether aged RGS10-null mice have altered immune cell profiles. Loss of RGS10 in aged 

mice does not alter the regulation of nigral DA neurons but does alter B cell, monocyte, microglial 

and CD4+ T cell populations and inflammatory cytokine levels in the cerebrospinal fluid. These 

results suggest that loss of RGS10 is associated with an age-dependent dysregulation of peripheral 

and central immune cells rather than dysregulation of dopaminergic neuron function.
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1. Introduction

Aging is the largest risk factor for neurodegenerative diseases such as age-related 

maculopathy and Parkinson’s disease (Hindle, 2010, van Lookeren Campagne, et al., 2014). 

The convergence of multiple mechanisms accounts for this risk: protein aggregation, 
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mitochondrial dysfunction, oxidative stress, and inflammation (Reitz and Mayeux, 2014, 

Tansey and Goldberg, 2010). The role of the Regulator of G Protein Signaling (RGS) 10 in 

modulating interactions between the immune and nervous systems makes it an interesting 

target to study in the context of aging (Pankratz, et al., 2003). The locus encoding the 

RGS10 protein on chromosome 10q26 has been associated with age-related maculopathy, a 

disease of retinal degeneration with significant microgliosis (Jakobsdottir, et al., 2005, 

Schmidt, et al., 2006). A polymorphism in RGS10 has also been associated with 

schizophrenia (Hishimoto, et al., 2004). Given these associations in humans, it is particularly 

interesting that the global loss of RGS10 in the mouse leads to microgliosis and 

susceptibility to degeneration of DA neurons in the midbrain in response to peripheral low 

dose administration of lipopolysaccharide (Lee, et al., 2011, Lee, et al., 2008). This unique 

phenotype implicates RGS10 as a potential regulator of neuroimmune interactions and raises 

the question of its role in aging.

RGS10, the smallest of the RGS proteins, belongs to the R12 subfamily and is highly 

expressed in the brain, thymus, and lymph nodes (Gold, et al., 1997, Hunt, et al., 1996, Ross 

and Wilkie, 2000, Sierra, et al., 2002). The physiologic substrates of RGS10 have not been 

identified, but in heterologous assays it is known to selectively accelerate the GTPase 

activity of Gαi3, Gαq, Gαz (Hunt, et al., 1996). Aging has been shown to affect the repertoire 

and function of G-protein coupled receptors (GPCRs) and proteins (Alemany, et al., 2007). 

GPCRs are involved in controlling critical cellular and physiological functions. GPCRs 

signal through heterotrimeric G-proteins that consist of α subunit and βγ heterodimer 

(Joseph, et al., 1993, Neves, et al., 2002). RGS proteins contain an evolutionarily conserved 

RGS domain that interacts with Gαi, Gαq/11, Gα12/13 or Gαs subunits with variable 

selectivity, to accelerate intrinsic GTPase activating function of the Gα subunits therein 

(Berman, et al., 1996, Ross and Wilkie, 2000, Siderovski, et al., 1999). Age-associated 

changes in GPCRs and G-proteins vary throughout the body but the expression of most 

GPCRs and G-proteins decrease with age in the brain (Joseph, et al., 1993, Mato and Pazos, 

2004, Pascual, et al., 1991, Sastre, et al., 2001). In human lymphocytes and neutrophils, 

there were a variety of changes in the pattern and the quantity of G proteins with aging 

(Fulop, et al., 1992). It has been also reported that Gα subunits may undergo age-related 

changes that impair coupling to G-proteins after agonist-binding. This impaired coupling 

would decrease the proportion of high affinity receptors that could be formed (Alemany, et 

al., 2007). In turn, age-related changes in G-protein signaling could help explain 

dyregulation in numerous physiologic and cellular systems that occur with aging.

In addition to human disease associations and the sensitivity of nigral DA neurons to LPS-

induced degeneration, previous work from our group and others have implicated RGS10 in 

immune cell and neuronal function. Specifically, we reported that RGS10 negatively 

regulates Nuclear Factor-κ-light-chain-enhancer of activated B cells (NF-κB) signaling, 

explaining the pro-inflammatory phenotype of RGS10-null microglia (Lee, et al., 2011). In 

dopaminergic (DA) neurons, RGS10 plays a neuroprotective role through interactions with 

the Protein Kinase A (PKA)/cAMP response element-binding protein (CREB) pathway 

(Lee, et al., 2012). We also demonstrated that loss of RGS10 induces a dysregulated 

phenotype in peripheral macrophages (Lee, et al., 2013). RGS10 has also been implicated as 
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a negative regulator of chemokine-dependent adhesion via the Vav1-Rac1-dependent 

pathway (Garcia-Bernal, et al., 2011). In platelets, RGS10 binds to Src homology 2 domain-

containing phosphatase 1 (SHP-1) and negatively regulates platelet activation through a 

sphinophilin-dependent pathway (Ma, et al., 2012). The SHP-1 pathway is also very 

important in immune cells as a negative regulator of activation. The role of RGS10 in 

modulating these pathways could provide an explanation for the neurodegeneration seen in 

RGS10-null mice after chronic peripheral LPS administration. Given that age is the 

strongest risk factor for neurodegeneration and that RGS10 plays a role in modulating many 

pathways involved in neuroimmune interactions, we hypothesized that RGS10 would play 

an important role in altering the regulation of DA neurons and immune cell populations in 

aging.

2. Materials and methods

2.1 Animals

Generation of RGS10-null mice (C57/B6) has been described previously (Lee, et al., 2011). 

Three to seven month old (young) mice and 18–22 month old (aged) mice were used for 

experiments. Age- and gender- matched wild-type (WT) mice were used as controls. 

Experimental procedures involving use of animal tissue were performed in accordance with 

the NIH Guidelines for Animal Care and Use and approved by the Institutional Animal Care 

and Use Committee at Emory University School of Medicine in Atlanta, GA. Unless noted, 

mice were euthanized by intraperitoneal Euthasol injection.

2.2 Flow Cytometry

From mice, spleens were homogenized into a single-cell suspension and blood was collected 

in EDTA-coated tubes by cheek bleed and then red blood cells (RBCs) were lysed with RBC 

lysis buffer (1.5M NH4Cl, 0.1 M KHCO3, Na2EDTA, pH 7.4) For surface staining, cells 

were washed with FACS buffer and then stained for 20 minutes with fluorophore-

conjugated antibodies. For mouse tissues, the antibodies used wereanti-CD11b-PE 

(ebiosciences), anti-Ly6G-FITC (ebiosciences), anti-CD45-APC (ebiosciences), anti-CD3ε-

PE-Cy7 (ebiosciences), anti-CD8α-APC-Cy7 (ebiosciences), anti-CD4-V500 (BD 

Biosciences) and anti-CD16/CD32 (ebiosciences). If applicable, intracellular staining was 

then performed using Invitrogen Fixation and Permeabilization Media with goat anti-RGS10 

primary antibody (Santa Cruz Biotechnology) and donkey anti-goat Fc FITC-conjugated 

secondary antibody (Santa Cruz Biotechnology). If intracellular staining was not performed, 

cells were washed and then fixed with 1% paraformaldehyde for 30 minutes. After washing, 

cells were stored in FACS buffer until analysis on a LSR-II flow cytometer (BD 

Biosciences). Data analysis was performed on FlowJo software.

2.3 Immunofluorescence and Image Quantitation

Mice were anesthetized with 200 mg/kg Euthasol (Virbac Animal Health, Fort Worth, TX) 

and brains extracted and fixed for 24 hours in 4% paraformaldehyde. Brains were sectioned 

onto glass slides (Leica Cryostat CM3050 S). Sections on glass slides were fixed for an 

additional 15 min in 4 % paraformaldehyde, followed by a 1 X PBS rinse, pH 7.4. Sections 

were incubated in 0.2 M glycine, pH 7.4, for 30 min to minimize tissue autofluorescence 
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caused by the aldehyde fixative. Sections were permeabilized for 35 min in Tris-buffered 

saline (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 

antibody for 24 hrs at 4 °C in TBS containing 0.1 % Triton X-100 and 1 % NGS. Iba1 

(Wako Pure Chemical Industries, Ltd., Osaka, Japan) (1:250), RGS10 (C-20, Santa Cruz) 

(1:200) followed by the appropriate Alexa-conjugated secondary antibodies (1:500, 

Invitrogen). Non-immune IgG sera at the same concentration as the primary antibodies were 

used to confirm the specificity of staining. To quantify the level of RGS10 on Iba1+ cells, 

5–6 sections per animal from young and aged wild-type mice (n=3) were selected between 

bregma −1.28 mm and −2.12 mm. Images of RGS10+ or Iba1+ cells from 20 random fields 

of brain sections were captured under 20x objective lens on a Nikon 90i fluorescence 

microscope using thresholding analysis on Nikon Elements 5 software. RGS10 expression in 

Iba1+ cells was quantified in these images using ImageJ software. Total RGS10 expression 

intensity in fields was quantified by thresholding on the mean intensity value + 80 intensity 

units of Iba1 fluorescence intensity. The average RGS10 expression intensity and average 

number of RGS10-immunoreactive pixels per Iba1+ cell was quantified after thresholding 

on the mean intensity value + 80 intensity units of Iba1 fluorescence intensity and then using 

the Analyze Particles function.

2.4 Cerebrospinal fluid (CSF) and Serum collection

Mice were anesthetized with mixtures of Ketamine (100 mg/kg), Xylazine (10 mg/kg) and 

Acepromazine (2 mg/kg) and placed into a stereotaxic frame with the nose pointed down. 

Then, a small gauge needle was inserted into the cisterna magna (the triangular space 

between the back of the cerebellum and the medulla oblangata). A silastic tube was attached 

to the needle to drain CSF into a test tube. CSF was visually checked for blood 

contamination and not used in analysis if fluid was opaque, cloudy, or colored. Blood was 

collected into EDTA-coated tubes by the cheek bleed method using a lancet to puncture the 

submandibular vein. Serum was separated from blood samples using Microvettes® 200 Z-

Gel (SARSTEDT) by centrifugation at 10,000 rpm for 5 min at room temperature.

2.5 Multiplexed ELISAs

Serum and CSF were analyzed for cytokines and chemokines (mouse IFN-γ, IL-1β, IL-6, 

IL-10, IL-12, KC, and TNF) using a multiplexed immunoassay per the manufacturer’s 

instructions (Meso-Scale Discovery, Gaithersburg, MD).

2.6 Immune Cell Isolation from Adult Mouse Brain

Microglia were isolated from adult mice as described previously (Lee and Tansey, 2013). 

Briefly, brain was finely minced using a scalpel and digested using a papain-dispase solution 

at 37°C. Microglia and other immune cells were separated from myelin, red blood cells, and 

other cell debris by collecting the 30:37 layer interface of a 30:37:70 Percoll gradient. 

Immune cells were washed out from Percoll with 1x Hank’s Balanced Salt Solution by 

density centrifugation.
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2.7 Western blot analysis

Striatum and/or ventral midbrain tissues were dissected from RGS10 WT or null animals. 

Tissues were sonicated in 2% SDS/8M Urea. Total protein extracts were then quantified 

using the bicinchoninic acid (BCA) assay (Pierce Biotechnology, Rockford, IL, USA) and 

bovine serum albumin as the standard. Equal amounts of protein extracts were resolved by 

SDS–PAGE and analyzed by immunoblot using rabbit polyclonal Anti-Tyrosine 

Hydroxylase Antibody (AB152; Millipore), mouse monoclonal α-tubulin antibody 

(Calbiochem), and goat polyclonal RGS10 (C-20) antibody (Santa Cruz Biotechnology). 

Images were quantified using GeneTools image analysis software (Syngene).

2.8 Quantitative Real-time RT-PCR (QPCR)

Striatum and/or ventral midbrain tissues were dissected from RGS10 wild-type (WT) or 

RGS10 null animals and frozen on dry ice. Total RNA was extracted using TRIzol reagent 

(Invitrogen) and purified using the RNeasy Mini Kit (Qiagen) according to the 

manufacturer’s instructions. Up to 2 ug of each RNA sample was treated with DNase I and 

reverse transcribed with SuperScript II Reverse Transcriptase (Invitrogen) according to the 

manufacturer’s protocol. QPCR was performed using Power SYBR Green PCR Master Mix 

(Applied Biosystems) and previously validated QPCR primers for murine GAPDH 

(forward: 5′CAAGGTCATCCATGACAACTTTG3′; reverse: 

5′GGCCATCCACAGTCTTCTGG3′), Nrf2 (forward: 5′CCCGGTTGCCCACATTC3′; 

reverse: 5′TGTCTCTGCCAAAAGCTGCAT3′), Parkin (forward: 

5′AGCCCTCCAAGGAAACCATC3′; reverse: 5′CGTTTTTTTCAATTGGCACGT3′), and 

TH (forward: 5′TTGGCTGACCGCACATTT3′; reverse: 

5′GCCCCCAGAGATGCAAGT3′) genes. Reactions were performed in triplicate using an 

ABI Prism 7900HT Sequence Detection System (Applied Biosystems) and data were 

analyzed by the ΔΔ Ct method.

2.9 Dopamine Metabolism Measurement

Neurochemical analysis was performed as previously described (Shepherd, et al., 2006) with 

slight modifications. Briefly, mice (n = 4 per age group) were sacrificed and the brain was 

placed in a mouse brain matrix (Asi-Instruments). Coronal sections (2 mm) of the brain were 

cut by placing razor blades in each channel in the matrix. The coronal sections containing 

the striatum were placed on a cooled plate, and the striatum was dissected out. Tissue was 

weighed and homogenized in 10 volumes of ice-cooled 0.1 M perchloric acid (containing 

347 μM sodium metabisulfate, 134 μM EDTA,) and then centrifuged at 4 °C for 15 min at 

10,000×g. The supernatants were filtered using 0.2 μm filters (Fisher) for 2 min at 10,000×g. 

Dopamine (DA), and its metabolites 3–4-dihydroxphenylacetic acid (DOPAC) and 

homovanillic acid (HVA), and 3-methoxytyramine (3-MT) were analyzed using reverse-

phase ion pairing ultra-high pressure liquid chromatography (UHPLC, Dionex-

ThermoFisher) combined with a electrochemical (EC) detector (Coulochem III, ESA) under 

isocratic conditions (Shepherd et al., 2006). The guard cell was set at +350 mV, with a 

screening electrode set at −150 mV, and working electrode set at +220 mV. The mobile 

phase consisted of 75 mM sodium dihydrogen phosphate monohydrate, 1.7 mM 1-octane 

sulfonic acid sodium salt, 0.73 mM triethylamine, 25 μM EDTA, 10 % acetonitrile/90 % 
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water. The pH was adjusted to 3.0 with phosphoric acid. The mobile phase was delivered at 

a flow rate of 0.6 ml/min onto the MD-150 (3 × 150 mm, 3 μm) reverse phase column (ESA, 

Chelmsford, MA, USA). Twenty microliters aliquots were injected by an autoinjector with 

cooling module set at 4 °C. The levels of DA, DOPAC, HVA, 3-MT in unknown samples 

were determined using standard curves created by injection of known concentrations of each 

compound.

2.9 Statistical analysis

Comparison among more than two groups for experiments was analyzed by two-way 

ANOVA followed by the Bonferroni post-hoc test for p values. Comparison between just 

two groups was tested by the two-tailed Student’s t-test. Specific stastitical tests and number 

of animals used in each group for every experiment are indicated in figure legends.

3. Results

RGS10 expression in B cells, monocytes, and granulocytes is increased with age while 
microglial RG10 expression decreases

To assess whether RGS10 expression is important for regulation of immune cell subsets 

with aging, we first measured the level of expression in various immune cell subsets from 

the peripheral blood and spleen (Fig 1). In the peripheral blood, RGS10 expression 

significantly increases with age in CD19+CD45+ B cells, CD19-CD3-CD45+CD11b+Ly6G

− monocytes, and CD19-CD3-CD45+CD11b+Ly6G+ granulocytes (Fig 1A). RGS10 

expression did not increase with age in CD45+CD3+ T cells. In splenocytes, RGS10 

expression significantly increases with age in monocytes, macrophages and granulocytes 

(Fig 1B). Then, we also quantified the RGS10 expression in Iba1+ cells in the brain by 

immunofluorescent staining demonstrating that the total level of RGS10 expression in Iba1+ 

cells, average level of RGS10 expression per Iba1+ cell, and average area of RGS10+ 

immunoreactivity per Iba1+ cell was decreased in aged mice (Fig 1C). Representative 

images of Iba1 and RGS10 staining visually confirm similar findings to quantification (Fig 

1D). In summary, RGS10 expression in mice increases in B cells, monocytes, and 

granulocytes but decreases in Iba1+ cells in the brain with aging.

Loss of RGS10 has minimal effect on frequency and number of peripheral immune cell 
subsets but does alter immune cell frequencies in the brain in young mice

To investigate whether loss of RGS10 alters the profile of immune cell subsets, we 

determined the frequency and number of immune cell subsets in the peripheral blood and 

spleen as well as the brain. There was a slight yet a significant decrease in the frequency of 

CD8+ splenocytes in RGS10-null mice (Fig 2A, 2B). The frequency and number of other 

immune cell subsets in the periphery remained unchanged by loss of RGS10. In the brains of 

young RGS10-null mice, the frequency of monocytes/microglia was decreased while the 

frequency of granulocytes and CD8+ T cells was increased. In addition, the number of 

granulocytes in the brains of young RGS10-null was increased. Therefore, we see alterations 

in the immune cell repertoire of the brains of RGS10-null young mice while the peripheral 

immune cell repertoire is not significantly altered.
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Loss of RGS10 alters B cell, M0, and CD4+ T cell frequency and number in the periphery of 
but not in the brains of aged mice

Since RGS10 expression increases with age in B cells, monocytes, and granulocytes, we 

predicted that the homeostatic frequencies of these cell types would be altered in aged 

RGS10-null mice. Indeed in aged RGS10-null mice, the frequency of B cells and CD4+ T 

cells in the peripheral blood was significantly decreased while the frequency of monocytes 

was significantly increased (Fig 3). Furthermore, the absolute number of monocytes and 

CD4+ T cells in spleens of aged RGS10-null mice was decreased. In summary, the 

frequency and number of monocytes, B cells, and CD4+ T cells in the periphery but not in 

the brain was altered by the loss of RGS10 in aged mice.

Loss of RGS10 does not alter serum cytokine levels, but is associated with loss of age-
related increase in levels of IL-6 in the cerebrospinal fluid

Since loss of RGS10 in the context of aging altered the homeostatic frequency and number 

of immune cell subsets, we investigated whether loss of RGS10 altered serum or CSF 

cytokine or chemokine levels in this same context. Serum and cerebrospinal fluid from WT 

and RGS10-null mice were collected and analyzed by Multiplex ELISA. There were no 

major differences in pro-inflammatory cytokine levels in young versus aged mice (Fig 4). 

The level of the chemokine, KC (CXCL1), increases with age but there is no difference 

between the genotypes. CSF was pooled within groups and analyzed on a multiplex ELISA. 

IL-6 level was increased by aging in WT mice but not in RGS10-null mice. Level of TNF-α 

was increased with age in both genotypes in CSF. The levels of other cytokines in the 

multiplex ELISA were undetectable in the CSF in all groups. In summary, loss of RGS10 

alters the dynamics of IL-6 in the CSF of mice but does not affect the levels of serum 

cytokines.

RGS10 and Tyrosine Hydroxylase protein expression does not change with age in the 
ventral midbrain or striatum

Using midbrain dopaminergic cell lines in culture, we previously showed that in response to 

acute inflammatory insult, RGS10 levels were dramatically diminished (Lee, et al., 2008); 

however, it is unknown whether the events that occur during aging modulate RGS10 in 

nigrostriatal brain regions in vivo. To determine this, we measured RGS10 steady-state 

levels in ventral midbrain and striatum tissues from young and aged RGS10 WT mice. It 

was discovered that RGS10 protein levels were not altered with age in neither ventral 

midbrain nor striatum tissues (Fig 5A). Next, to determine whether RGS10 is required for 

normal nigrostriatal DA neuron function in aging, we measured protein levels of the 

catecholamine neuron marker, tyrosine hydroxylase (TH), in young and aged RGS10 WT 

and null animals (Fig 5B, C). Interestingly, no differences in TH levels were noted in ventral 

midbrain tissues when comparing between RGS10 WT and null animals in young or aged 

groups (Fig 5B, C). This finding suggests that RGS10 gene ablation spares nigrostriatal DA 

neurons, even during aging.
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Loss of RGS10 does not alter tyrosine hydroxylase, Parkin, or Nrf2 mRNA expression in 
the ventral midbrain in young or aged mice

In efforts to confirm that aging does not alter the expression of RGS10 in nigrostriatal brain 

regions, RGS10 mRNA levels were quantified in young and aged animal cohorts using 

QPCR. As expected, no significant differences were noted when comparing RGS10 mRNA 

levels in RGS10 WT young and aged animal ventral midbrain or striatum tissues (Fig 6A). 

Further, also consistent with the observations made on the protein level, RGS10 gene 

ablation did not alter TH mRNA levels in mice, nor did advancing age (Fig 6B).

Next, since we have previously shown deficits in the Parkinson’s disease implicated gene 

product, parkin, to be causal of inflammation-related dopaminergic neuron toxicity (Frank-

Cannon, et al., 2008), it was of interest to determine whether RGS10 may be implicated in 

this pathway. Thus, we measured mRNA levels of parkin in young and aged RGS10 WT 

and null animal ventral midbrain tissues. However, significant differences in the levels of 

parkin mRNA were not observed when comparing between any of the animal groups (Fig 

6B).

It was also considered that inflammation is often correlated with an increased incidence of 

oxidative stress. Thus, it was hypothesized that if RGS10 acts to diminish 

neuroinflammation in DA neurons by modulating the effects of harmful oxidation. To begin 

to address this hypothesis, expression levels of the well-characterized antioxidant stress 

response transcription factor, Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), were 

compared in young and aged RGS10 WT and null animal ventral midbrain tissues. 

Interestingly, alterations in Nrf2 mRNA levels were not detected when comparing between 

any of the animal groups (Fig 6B). Together, this evidence indicates that the ablation of 

RGS10 alone may not be sufficient to induce deleterious effects in dopaminergic neurons, 

even during aging.

Loss of RGS10 does not alter dopamine metabolism in the nigrostriatal pathway

Although it was observed that TH levels were not modulated by ablation of RGS10 in 

animals, it was of interest to determine whether loss of RGS10 alters the function of 

dopaminergic neurons in the nigrostriatal pathway. To assess this, striatal tissues from 

young and aged RGS10 WT and null animals were analyzed for the levels of DA and its 

metabolites using HPLC with electrochemical detection. Although no differences in the 

levels of DA were observed when comparing between any of the animal groups (Fig 7), 

interestingly, it was discovered that the degradation rate of DA in presynaptic dopaminergic 

neuron terminals was significantly decreased with age in RGS10 WT mice, as indicated by a 

~1.25 fold lower ratio of striatal 3–4-dihydroxphenyl-acetic acid (DOPAC)/DA levels in 

comparison to the young RGS10 WT group. This effect was not seen in the RGS10-null 

mice (Fig 7B, left panel). Notwithstanding, it is worth noting that young RGS10-null mice 

exhibited a trend towards diminished striatal DOPAC levels in comparison to the young 

RGS10 WT mouse group, though the results were not significant (data not shown). No 

significant differences in the ratios of homovanillic acid (HVA)/DA levels or 3-

methoxytyramine (3-MT)/DA levels were observed when comparing between any of the 
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mouse groups, suggesting that neither age nor loss of RGS10 significantly alter DA 

degradation that occurs in extranigral cell types.

4. Discussion

RGS10 plays a critical role in neuroimmune interactions through negative regulation of NF-

kB signaling in microglia and interaction with the PKA/CREB pathway in dopaminergic 

neurons (Lee, et al., 2012, Lee, et al., 2011, Lee, et al., 2008). In previous studies, global 

loss of RGS10 in mice results in chronic microgliosis and loss of dopaminergic neurons in 

response to chronic peripheral administration of LPS (Lee, et al., 2008). Given this in vivo 

phenotype and because aging is the strongest risk factor for neurodegenerative disease 

(Hindle, 2010, van Lookeren Campagne, et al., 2014), we sought to understand the role of 

RGS10 in DA neurons and immune cells in the context of aging. Loss of RGS10 does not 

significantly alter the distribution of peripheral immune cell subsets or dopaminergic neuron 

number in young mice (Fig 2, 5–7). In the brain, an increase in CD8+ T cell and granulocyte 

populations and a relative decrease in level of monocyte/microglia populations was seen in 

young RGS10-null mice (Fig 2C). With age, RGS10 expression increases in B cells, 

monocytes, and granulocytes while decreasing in Iba1+ brain cells (Fig 1). As suggested 

from the dichotomous change in RGS10 expression between the periphery and brain in 

specific immune cells with age, we see a difference in the timing of dysregulation of the 

frequency and number of immune cells in RGS10-null mice between the periphery and the 

brain. We observed decreased frequencies of CD4+ T cells and B cells in the peripheral 

blood, increased frequency of peripheral blood monocytes, and decreased number of CD4+ 

T cells and monocytes/macrophages in the spleen (Fig 3). RGS10 seems to play a critical 

role in the regulation of immune cell profiles during aging. In young mice, loss of RGS10 

alters the immune cell repertoire in the CNS while leaving the peripheral immune cell 

repertoire largely unaltered. This pattern is reversed in aged mice just as the level of RGS10 

expression becomes reversed between the periphery and CNS. These changes may suggest 

that RGS10 may be important for the maintenance of immune cells at different times 

throughout the lifespan in different compartments. The changes seen in T cell populations, 

in which RGS10 expression does not increase with age, may be compensatory in nature to 

changes in number and frequency other immune cell types. While there is no dysregulation 

in immune cell populations in the brains of aged RGS10-null mice, we observed an absence 

of increased levels of IL-6 in the CSF relative to WT mice. IL-6 is known to play an 

important role as a proinflammatory signal by inducing activation of immune cells and of 

hematopoeisis, production of acute phase reactants, and recruitment of immune cells to sites 

of inflammation (Tanaka, et al., 2014). It remains to be determined whether the loss of 

dynamics in IL-6 in CSF of aged RGS10-null mice is in response to dysregulated immunity 

in the CNS (as seen in young mice) or a consequence of dysregulation of immune cell 

populations in the periphery in aged RGS10-null mice. In summary, loss of RGS10 

significantly impacts the immune cell repertoire of the young mouse brain and the aged 

mouse peripheral immune system.

In contrast, RGS10 does not seem to play a critical role in modulating the function of 

nigrostriatal dopaminergic neurons in aging as one would predict due to their sensitivity to 

peripheral inflammation in the RGS10-null mouse. RGS10 levels are not altered in the 
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ventral midbrain or striatum with age (Fig 5). Furthermore, proteins that are critical for 

dopaminergic neuron function are not altered by aging (Fig 6). Finally, nigrostriatal 

dopamine metabolism is not altered in an RGS10 dependent manner in mice (Fig 7). Taken 

together, these findings implicate RGS10 in regulation of immune cell populations in 

different compartments at different points of the lifespan rather than in dopaminergic neuron 

function. This dysregulated immune repertoire at different points in the lifespan is likely to 

indirectly affect neuron function and survival of dopaminergic and perhaps other neuronal 

populations and may in part explain the phenotypes that are seen in RGS10-null mice and 

the human disease association with ARM.

In immune cells, RGS10 has been implicated in chemokine, SHP-1, NF-kB, and 

macrophage M1/M2 activation pathways (Garcia-Bernal, et al., 2011, Lee, et al., 2012, Lee, 

et al., 2013, Ma, et al., 2012). RGS10 expression increased with age in B cells, granulocytes 

and monocytes while decreasing in microglia and the homeostatic frequency and number of 

these immune cell subsets were altered in RGS10-null mice. These findings suggest that 

RGS10 could be playing important regulatory functions in B cells, granulocytes, microglia 

and monocytes at different points in the lifespan. Given that CD4+ T cell frequency and 

number is altered in aged RGS10-null mice, RGS10 may also be playing a homeostatic role 

independent of changes in expression level in CD4+ T cells with age or these changes could 

be compensatory in response to changes in B cell and monocyte populations. Granulocyte 

expression of RGS10 increases with age but granulocyte populations were only altered in 

the brains of young RGS10-null mice. RGS10’s roles in cellular activation in monocytes/

macrophages (Lee, et al., 2013) and chemotaxis in T cells (Garcia-Bernal, et al., 2011) 

provide clues that activation signals and homing to lymphoid organs may be altered in 

RGS10-null animals that leads to altered distribution of immune cell subsets throughout the 

lifespan. Lack of an increase in IL-6 in the CSF of aged RGS10-null mice further suggests 

that dysregulated immune cell recruitment or activation may underlie observed changes. 

Future studies on RGS10 in aging should explore the precise immune-related mechanisms 

that drive the dyresgulation of immune cell population profiles.

One subtle but important point in this study is that we do not see increased levels of 

microglia/monocytes in the CNS of RGS10-null mice on a pure genetic background unlike 

previously reported for RGS10-null mice on a mixed genetic background (Lee, et al., 2008). 

Specifically, the first studies where chronic microgliosis was observed in RGS10-null mice 

was performed on mice of mixed genetic background (129/C57/BL6). All other subsequent 

studies from our group including the studies reported herein were performed on RGS10-null 

mice on a pure genetic background (C57/BL6). Unsurprisingly, genetic background and 

environment can have variable impact on phenotype. While we do not see chronic 

microgliosis on the pure background strain of RGS10-null mice, there is robust and 

reproducible in vivo immune dyregulation and ex vivo studies of microglia/macrophages 

support this conclusion (Lee, et al., 2012, Lee, et al., 2013, Lee, et al., 2011).

Overall, our data indicates that RGS10 has a role in modulating the regulation of immune 

cells throughout lifespan. Further understanding of the precise role of RGS10 in these 

immune cell populations will enhance our understanding of how dysregulated immune 

processes may increase the risk for age-related neurodegenerative disease. Specifically, 
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understanding the role of altered immune function will be important for developing novel 

therapies for neurodegenerative disease that show a strong inflammatory component such as 

Parkinson’s disease and age-related maculopathy (Tansey and Goldberg, 2010, van 

Lookeren Campagne, et al., 2014). The role of RGS10 in human disease has not been 

thoroughly assessed but age-related maculopathy pathology demonstrates significant 

microglial activation (Buschini, et al., 2011). Interestingly, RGS10 expression in the mouse 

cornea increases with age but this change in expression has not be contextualized in human 

disease (Wu, et al., 2008). Extended immunophenotyping studies of human peripheral blood 

and post-mortem brains are warranted to elucidate whether altered expression of RGS10 in 

immune cells is detectable in age-related diseases characterized by inflammation such as 

age-related maculopathy and neurodegenerative diseases like Parkinson’s disease.
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Figure 1. RGS10 expression increases in peripheral B cells, monocytes/macrophages, and 
granulocytes and decreases in Iba1+ cells in the brain with age
RGS10 expression was measured by intracellular staining for flow cytometry in B cells, 

monocytes/macrophages, granulocytes, and T cells from A) peripheral blood and B) spleens 

of young (circles) and aged (squares) mice, n = 4–5/group. C) Total RGS10 intensity in 

Iba1+ cells and average RGS10 intensity and area per Iba1+ cell in 20 fields per mouse (n=3 

per group). D) Representative images of RGS10 and Iba1 staining from brains of young and 

old mice. Data are plotted as mean +/− standard error of the mean (SEM) for each group. P-

values are indicated for two-tailed t-test: * p < 0.05, ** p < 0.01, **** p < 0.001.
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Figure 2. Loss of RGS10 alters the immune cell repertoire in the brain but has little effect on 
immune cell frequency and number in the periphery of young mice
Immune cell frequency and number was measured by flow cytometry in A) peripheral 

blood, B) spleens, and C) brains of young WT (black) and RGS10-null (white) mice, n = 7–

9 per group. Data are plotted as mean +/− SEM for each group. P-values are indicated for 

two-tailed t-test: * p < 0.05.
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Figure 3. Loss of RGS10 alters B cell, monocyte/macrophage, and CD4+ T cell frequency and 
number in the periphery but not in the brain of aged mice
Immune cell frequency and number was measured by flow cytometry in A) peripheral 

blood, B) spleens, and C) brains of aged WT (black) and RGS10-null (white) mice, n = 10–

13 per group. Data are plotted as mean +/− SEM for each group. P-values are indicated for 

two-tailed t-test: * p < 0.05, ** p < 0.01, *** p <0.001.
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Figure 4. Loss of RGS10 does not alter serum cytokine levels but decreases IL-6 levels in the CSF 
in aged mice
Cytokine levels in A) serum and B) CSF from young (circles) and aged (squares) WT 

(black) or RGS10-null (white) mice were measured using 7-plex MesoScale Discovery 

Assay Kit. Serum was collected from n=9–10 mice/group and data are plotted as mean +/− 

SEM for each group. CSF was pooled within groups (n = 3 pools of 3–4 mice in each 

group). Therefore, pooled samples from 9–12 animals were analyzed. P-values are indicated 

for one-way ANOVA with post-hoc Holm-Sidak test. *** p < 0.001 for genotype-specific 

changes and ## p < 0.01, ### p < 0.001 for age-specific changes.
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Figure 5. RGS10 expression does not change with age in the ventral midbrain or striatum and 
does not alter TH expression in the ventral midbrain in young or aged mice
A) Soluble protein lysates from ventral midbrain (VMB) or striatal tissues of young and 

aged RGS10 WT animals were analyzed for the levels of RGS10 protein expression. B) 

Total protein lysates were extracted from VMB tissues of young and aged animals and were 

assessed by immunoblot for the levels of TH and α-tubulin. Membranes were also probed 

with mouse monoclonal α-tubulin antibody to assess protein loading. RGS10 expression 

was quantified by densitometry and normalized to α-tubulin expression. Data were plotted 

as a scatter with each point representing an individual animal and mean +/− SEM for each 
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group. Two-tailed student’s t-test was used to test for significance. No significant 

differences were noted.
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Figure 6. Loss of RGS10 does not alter mRNA expression for TH, Parkin, or Nrf2 in the ventral 
midbrain
A) Total RNA was extracted from ventral midbrain (VMB) or striatal tissues of young or 

aged RGS10 WT or RGS10-null animals and was analyzed by qRT-PCR. The resulting Ct 

values were analyzed by the ΔΔCt method using the RGS10 young wild-type group as the 

control group and the mean of Ct values for actin and GAPDH. Experiments were 

performed in triplicate. Data were plotted as a scatter with each point representing an 

individual animal and mean +/− SEM for each group. Data was analyzed by one-way 

ANOVA followed by bonferroni’s post-hoc test. Columns with matching lower case letters 

are not statistically different. p<0.0001 B) VMB tissues from young and aged animals were 

analyzed by QPCR using primers directed against murine TH, Parkin, Nrf2, and GAPDH 

genes. For each animal, the Ct values for TH, Parkin, and Nrf2 were normalized to the Ct 

values for GAPDH. The data was graph and analyzed as previously described. No 

statistically significant differences were observed.
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Figure 7. The levels of nigrostriatal DA and metabolites are independent of RGS10 expression
Coronal sections of striatum (2mm) were dissected from young and aged RGS10 WT and 

null mice (n = 4 per age group, per genotype). Tissue was weighed and homogenized in 10 

volumes of ice-cold catechol extraction buffer. Following sedimentation, the resulting 

supernatants were filtered and filtrates were analyzed using reverse-phase ion pairing ultra-

high pressure liquid chromatography combined with an electrochemical detector under 

isocratic conditions. Analyte levels were normalized to tissue weight. In A), the micrograms 

of dopamine (DA) per gram of tissue are shown for the respective animals groups. In the 

scatter plots, the horizontal line denotes the mean of the indicated group. The error bars 

indicate the standard error of the mean. Each point represents a distinct animal. The graph 

was analyzed by one-way ANOVA and Bonferroni’s post hoc test. No significant 

differences were observed. B) The ratio of the levels of DA metabolites 3–4-

dihydroxphenylacetic acid (“DOPAC”), homovanillic acid (“HVA”), or 3-methoxytyramine 

(“3-MT”) to DA were calculated for each animal and graphed. Graphs were analyzed by 

one-way ANOVA and Bonferroni’s post hoc test. Columns with matching letters are not 

statistically different. p<0.01
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