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Abstract

Immune-activated microglia from aged mice produce exaggerated levels of cytokines. Despite 

high levels of microglial IL-10 in the aged brain, neuroinflammation was prolonged and associated 

with depressive-like deficits. Because astrocytes respond to IL-10 and, in turn, attenuate microglial 

activation, we investigated if astrocyte-mediated resolution of microglial activation was impaired 

with age. Here, aged astrocytes had a dysfunctional profile with higher GFAP, lower glutamate 

transporter expression, and significant cytoskeletal re-arrangement. Moreover, aged astrocytes had 

reduced expression of growth factors and IL-10 Receptor-1 (IL-10R1). Following in vivo LPS 

immune challenge, aged astrocytes had a molecular signature associated with reduced 

responsiveness to IL-10. This IL-10 insensitivity of aged astrocytes resulted in a failure to induce 

IL-10R1 and TGFβ and resolve microglial activation. Additionally, adult astrocytes reduced 

microglial activation when co-cultured ex vivo, while aged astrocytes did not. Consistent with the 

aging studies, IL-10RKO astrocytes did not augment TGFβ after immune challenge and failed to 

resolve microglial activation. Collectively, a major cytokine-regulatory loop between activated 

microglia and astrocytes is impaired in the aged brain.
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1. Introduction

The bi-directional communication between the immune system and brain is altered with age 

(Corona, et al., 2012, Jurgens and Johnson, 2010). This neuroimmune communication is 

relevant because it is essential for mounting the appropriate immunological, physiological, 

and behavioral responses to pathogens. This communication results in the propagation of 

cytokines and chemokines by microglia (Dantzer, et al., 2008, Henry, et al., 2009, Nguyen, 

et al., 2002, Norden, et al., 2014) and the induction of sickness behavior (Dantzer, 2001, 

Kelley, et al., 2003). Altered neuroimmune communication in aging is significant because 

older individuals have an increased risk of infection with concomitant neurobehavioral 

deficits (Jackson, et al., 2004, Rockwood, et al., 1999), including depression (Koenig, et al., 

1988, Penninx, et al., 1999) and cognitive impairment (Ahmed, et al., 2014, Dunn, et al., 

2005, Iwashyna, et al., 2010). Thus, immune challenges in the elderly can be triggers for 

ongoing inflammatory processes that negatively affect mood and cognition.

The mechanism by which peripheral infection in the elderly causes neuropsychiatric 

complications is unknown, but it may be related to impaired regulation of microglia. For 

instance, immune challenge (LPS or E.coli) in aged rodents results in amplified glia-

mediated neuroinflammation associated with neuropsychiatric complications (Barrientos, et 

al., 2010, Barrientos, et al., 2009, Godbout, et al., 2005, Godbout, et al., 2008, Wynne, et al., 

2010). Several studies show that exaggerated microglial responses are related to impairments 

in regulatory systems making it difficult to resolve microglial activation (Jurgens and 

Johnson, 2010, Norden and Godbout, 2013). For example, microglia produce exaggerated 

levels of both pro- and anti-inflammatory cytokines, including Interleukin (IL)-10 (Henry, et 

al., 2009, Sierra, et al., 2007). This simultaneous induction of IL-1β and IL-10 is liked 

related to enhanced NF-κB activity, because it drives the transcription of both pro- and anti-

inflammatory mediators (Cao, et al., 2006). Despite higher levels of IL-10 in the aged brain, 

microglial activation and sickness behavior was prolonged, and depression and acute 

cognitive impairments developed (Chen, et al., 2008, Godbout, et al., 2008, Huang, et al., 

2008, Wynne, et al., 2010). Thus, anti-inflammatory responses to IL-10 may be impaired in 

the aged brain.

Astrocytes are potentially key to this IL-10 puzzle because they respond to IL-10 and inhibit 

microglial activation in a Transforming Growth Factor (TGF) β-dependent manner (Norden, 

et al., 2014). The IL-10 receptor has two necessary components for functional signaling: 

ligand binding domain (IL-10R1) and signaling domain (IL-10R2) (Moore, et al., 2001). 

While IL-10R2 is expressed constitutively by most cells, IL-10R1 expression is cell specific 

and low under homeostatic conditions (Moore, et al., 2001). IL-10 binding to IL-10R results 

in Jak1 and Tyk2 phosphorylation and subsequent STAT3 activation. STAT3 induces 

suppressor of cytokine signaling 3 (SOCS3), which inhibits IL-1β, IL-6, and TNFα. STAT3 

also enhances anti-apoptotic and cell-cycle-progression genes including Myc, Cyclin-D1 

(CCND1), and Cyclin-Dependent kinase inhibitors (CDKNs) (Donnelly, et al., 1999, Lin, et 

al., 2005, O’Farrell, et al., 2000). Furthermore, IL-10 has anti-inflammatory and 

neuroprotective roles within the CNS in EAE (Cua, et al., 2001), spinal cord injury (Bethea, 

et al., 1999, Ishii, et al., 2013), stroke (Frenkel, et al., 2005), and cytokine-induced sickness 

behavior (Bluthe, et al., 1999, Lynch, et al., 2004, Richwine, et al., 2009).
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The induction of TGFβ by astrocytes after IL-10 (Norden, et al., 2014) is important because 

TGFβ has neuroprotective and anti-inflammatory effects in the CNS (Qian, et al., 2008). In 

microglia, increased pro-inflammatory mediators and cytokine expression initiated by LPS 

challenge was attenuated by TGFβ (Butovsky, et al., 2014, Herrera-Molina and von 

Bernhardi, 2005, Norden, et al., 2014, Tichauer, et al., 2014). Therefore, TGFβ produced by 

activated astrocytes can inhibit microglial activation.

Based on these findings, we surmise that key regulatory communication between microglia 

and astrocytes is impaired with age. Thus, the purpose of this study was to investigate the 

degree to which IL-10 and TGFβ cytokine interactions between microglia and astrocytes 

were impaired in the aged brain following an immune challenge. Here we provide novel 

evidence that aged astrocytes are less sensitive to IL-10, that this IL-10 insensitivity is 

related to IL-10R1, and that IL-10 insensitivity occurs concomitantly with decreased TGFβ 
feedback on active microglia.

2. Materials and Methods

2.1 Mice

Adult (3–4 months old) and aged (18–20 months old) BALB/c mice were purchased from 

the National Institute of Aging. Adult C57BL/6 and C57BL/6 IL-10R2−/− (IL-10RKO) mice 

were purchased from Jackson Laboratory and breeding pairs were established. Neonatal 

BALB/c or C57BL6 mice (postnatal day 1–3) and adult (3–4 months old) C57BL/6 and 

C57BL/6 IL-10R2−/− mice were obtained from our breeding colony kept in barrier-reared 

conditions in a specific-pathogen-free facility at The Ohio State University. Adult, aged, and 

IL-10RKO mice were individually housed in polypropylene cages and maintained at 25° C 

under a 12 h light/12 h dark cycle with ad libitum access to water and rodent chow. All 

procedures were in accordance with the National Institute of Health Guidelines for the Care 

and Use of Laboratory Animals and were approved by The Ohio State University 

Institutional Laboratory Animal Care and Use Committee.

2.2 Immune Challenge with Lipopolysaccharide

Adult and aged BALB/c mice were injected intraperitoneally (i.p.) with saline or Escherichia 
coli lipopolysaccharide (LPS) (0.33 mg/kg; serotype 0127:B8, Sigma, St. Louis, MO). Adult 

IL-10RWT and IL-10RKO C57BL6 mice were injected i.p. with 0.5 mg/kg LPS. These LPS 

dosages were selected because they elicit a pro-inflammatory cytokine response in the brain 

resulting in a transient sickness response in adult BALB/c mice (0.33 mg/kg) or adult 

C57BL6 mice (0.5 mg/kg) (Berg, et al., 2004, Godbout, et al., 2005, Wohleb, et al., 2012).

2.3 Immunohistochemistry for Iba-1 and GFAP

Iba-1 and GFAP labeling was performed as previously described (Fenn, et al., 2014). In 

brief, the brain was collected after transcardial perfusion with sterile PBS (PBS, pH 7.4) and 

4% formaldehyde. Brains were post-fixed in 4% formaldehyde for 24 h and then 

cryoprotected in 20% sucrose for an additional 48 h. Preserved brains were frozen using dry-

ice cooled isopentane (−165°C) and then sectioned (25 μm) using a Microm HM550 

cryostat. Brain sections were identified by reference markers in accordance with the 
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stereotaxic mouse brain atlas (Paxinos and Franklin, 2004). To label for Iba-1 or GFAP, 

sections were placed free-floating in cryoprotectant (30% polyethylene glycol, 30% ethylene 

glycol, 40% 0.2M phosphate buffer) until labeling. Next, sections were washed in PBS, then 

blocked (5% NGS, 1% BSA in PBS) and incubated with rabbit anti-mouse Iba-1 (1:1000; 

Wako Chemicals) or rabbit anti-mouse GFAP antibody (1:1000; Dako) overnight at 4°C. 

Next, sections were washed in PBS and incubated with a fluorochrome-conjugated 

secondary antibody (Alexa Fluor 594 or Alexa Fluor 488). Sections were mounted on slides, 

then cover-slipped with Fluoromount G (Beckman Coulter, Inc.), and stored at −20°C. 

Fluorescent images were visualized using an epifluorescent Leica DM5000B microscope 

and captured using a Leica DFC300 FX camera and imaging software.

2.4 Microglia and Astrocyte Analysis and Reconstruction

Glia Reconstruct was used to analyze GFAP and Iba-1 labeled images as previously 

described (Kongsui, et al., 2014a,Kongsui, et al., 2014b,Walker, et al., 2014) but with 

modifications. In brief, images were captured using a Leica DFC300 FX (20×) as described 

above. Representative hippocampal sections (3–5) per experimental mouse were used. Prior 

to analysis, the signal range was defined as occurring between X-Y that included all cellular 

material but no background, a cumulative spectra (CTS) analysis (Kongsui, et al., 2014b) 

was undertaken (Johnson and Walker, 2015). CTS analysis involves identifying the number 

of pixels within an image that occur at each of the 256 possible pixel intensities and then, 

expressing the number of pixels occurring at each pixel intensity as a percentage of the total 

number of pixels within the image. This method provides a significantly more transparent 

method for quantifying immuno-labeled material (Johnson and Walker, 2015). Following 

CTS analysis, which provides information only on shifts in the density of immune-labeled 

material, both astrocyte and microglial morphologies were digitally reconstructed using 

Matlab (The MathWorks, Inc.) executed algorithms that use variance minimization strategy 

to extract the signal from background. Size filtering was additionally used to eliminate non-

cellular material (Radler, et al., 2015). Using this approach, the key morphological features 

of glia can be examined. For example, maximum cell perimeter, total cell length, cell body 

perimeter, number of primary processes, number of nodes (branch points), total length of all 

processes, and total volume of all processes can be measured. In addition, the area 

encompassed by the entire cell was measured as the convex hull area, determined from the 

polygon created from straight lines connecting the most distal points of the microglial 

processes. Pixel information was converted into μm values to provide information on relative 

size, area or volume of microglia and astrocytes.

2.5 Percoll-Enrichment of Microglia and Astrocytes

Microglia and astrocytes were isolated from brain homogenates using a modified Percoll 

density gradient as previously described (Norden et al., 2014). In brief, the brain was 

homogenized and cell pellets were re-suspended in 70% isotonic Percoll. A discontinuous 

Percoll density gradient was layered and centrifuged for 20 min at 2000×g. Enriched 

microglia were collected from the interphase between 70% and 45% Percoll. Of the cells 

recovered from this Percoll interphase, approximately 90% of the cells were CD11b+/

CD45low microglia (Henry, et al., 2009). Less than 1.5% of the enriched cells were CD11b+/

CD45high macrophages. Enriched astrocytes were collected from the interphase between 
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45% and 35% Percoll layers. Of the cells recovered from this Percoll gradient layer, 75–80% 

of the cells were GLAST-1+ astrocytes (Norden, et al., 2014, Norden, et al., 2016) (Fig. 7). 

These enriched astrocytes were washed and re-suspended in PBS for qPCR analysis or 

FACS buffer for flow cytometric analysis. The purity of the glia after Percoll experiments 

was consistent with our flow cytometric analysis of Percoll enriched glia (Henry, et al., 

2009, Norden, et al., 2014, Sawicki, 2014). Notably, there is no contamination of the Percoll 

enrichments by endothelial cells (CD31+) (data not shown).

2.6 Flow Cytometric Assisted (FAC)-Sorting of Microglia and Astrocytes

Microglia and astrocytes were Percoll enriched as described above. Microglia and astrocyte 

fractions were pooled after isolation and were labeled with rat anti-mouse CD11b-FITC, 

CD45-PerCP-Cy5.5 (eBioscience) and GLAST-1-APC (Miltenyi Biotec) antibodies. Cells 

were sorted using a Becton-Dickinson FACSAria III cell sorter at the OSU Comprehensive 

Cancer core facility. Microglia were identified by GLAST-1−/CD11b+/CD45low expression 

and astrocytes were identified by GLAST-1+/CD11b−/CD45− expression. CD45high 

expressing peripherally derived macrophages were excluded when collecting microglia. 

Microglia and astrocytes (100,000–150,000 cells) were sorted into separate collection tubes. 

Cells were pelleted and lysed immediately in RNA lysis buffer.

2.7 NanoString and nCounter analysis of mRNA copy Number

FAC-sorted microglia were pelleted and lysed in RNA lysis buffer. Norgen Biotek Single 

Cell RNA Purification Columns were used to purify and concentrate total RNA from 

microglia. FAC-sorted astrocytes were pelleted and lysed in RA1 lysis buffer. The PrepEase 

Kit (USB, CA) was used to purify and concentrate total RNA from astrocytes. During the 

RNA isolation, astrocyte samples were treated with on-column Dnase digestion for 45 

minutes at 37°C to eliminate contaminating genomic DNA. RNA quality and integrity was 

determined using Bioanalyzer 2100 (Agilent Technologies). RNA was analyzed by 

NanoString nCounter technology (www.nanostring.com) which allows expression analysis 

of multiple genes from a single sample. NanoString analysis was performed by the Nucleic 

acid core facility at OSU. nCounter multiplexed target profiling of 75 custom genes was 

performed. Customized plates were designed with selected astrocyte or microglia related 

genes that are relevant to inflammation, regulation, and growth/repair. Overall, the selected 

genes were categorized as glia signature genes (microglia: CX3CR1, CSF1R, CD11b, Iba-1 

or astrocytes: EEAT2, GLAST-1, GFAP, Vimentin), genes associated with activation/

inflammation (e.g., IL-1β, TNFα, CCL2), and genes associated with regulation/growth (e.g., 

TGFβ, IL-10R1/R2, BDNF, IGF1, GDNF). Microglia and astrocyte RNA samples were run 

on separate cassettes and, therefore, cannot be directly compared. Following technical 

normalization of positive and negative controls, RNA was normalized based on 

housekeeping expression of GAPDH, ACTB and OAZ1 expression. Data are expressed as 

mRNA copy numbers. For LPS comparisons, data are expressed as fold change.

2.8 RNA Isolation and RT-PCR

For cell cultures and coronal brain sections, total RNA was isolated using the Tri-Reagent 

protocol (Sigma-Aldrich). For Percoll isolated microglia and astrocytes, RNA was isolated 

using the PrepEase kit (USB, CA). RNA was reverse transcribed to cDNA and real-time 
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(RT)-PCR was performed using the Applied Biosystems Taqman® Gene Expression 

assayAssay-on-Demand Gene Expression protocol. In brief, experimental cDNA was 

amplified by real-time PCR where a target cDNA (e.g., IL-1β, IL-6, CCL2) and a reference 

cDNA (glyceraldehyde-3-phosphate dehydrogenase; GAPDH) were amplified 

simultaneously using an oligonucleotide probe with a 5′ fluorescent reporter dye (6-FAM). 

Fluorescence was determined on an ABI PRISM 7300-sequence detection system (Applied 

Biosystems). Data were analyzed using the comparative threshold cycle (Ct) method and 

results are expressed as fold change.

2.9 IL-10 Receptor Surface Expression

In a separate cohort of mice, astrocytes were Percoll enriched as described above and were 

labeled with rat anti-mouse CD11b-FITC, IL-10R1-PE (eBioscience), and GLAST-1-APC 

(Miltenyi Biotec) antibodies (Norden, et al., 2014). Expression was determined using a 

Becton-Dickinson FACSCaliber four color Cytometer. Astrocytes were identified by 

GLAST-1+/CD11b− expression. In this experiment, CD11b was used to exclude both 

microglia and any peripherally derived myeloid cells from the astrocyte analysis. For each 

antibody, gating was determined based on appropriate negative isotype stained controls. 

Flow data were analyzed using FlowJo software (Tree Star, CA).

2.10 Primary microglia and astrocyte cultures

Primary microglia and astrocyte cultures were established from neonatal mice and 

maintained as previously described (Godbout, et al., 2004, Norden, et al., 2014). In brief, 

mixed glia cultures were shaken at 160rev/min and 37 °C for 3.5h to harvest microglia from 

the confluent cell layer. Remaining cells were treated with 50 mM l-leucine methyl ester 

(Sigma-Aldrich) for 45 minutes to deplete remaining microglia from the astrocyte layer. 

After l-leucine incubation, astrocytes recovered in growth medium supplemented with 0.1 

mM l-leucine for 1–3 days (Phulwani, et al., 2008). Astrocytes were collected by incubating 

with 0.25% trypsin for 15 minutes, and then plated at a density of 50,000 cells/well in 24-

well plates. Immediately before treatment, cells were washed with serum-free DMEM 

medium. Primary astrocytes were activated with 100 ng/mL LPS (stereotype 0127:B8, 

Sigma-Aldrich) for 1 h followed by IL-10 stimulation (10 ng/mL) (R&D Systems) for an 

additional 23 h. Following experimental treatments, RNA was isolated using Tri-Reagent.

2.11 Microglia-Astrocyte transwell co-cultures

Microglia-Astrocyte transwell co-cultures were established from mice using a protocol 

similar to one previously described (Norden, et al., 2014). In brief, primary microglia were 

plated at 50,000–75,000 cells/well in a 24-well transwell plate (Corning Life Sciences). 

After incubation for 3 hours, astrocytes were added to a removable 0.4 μm polycarbonate 

membrane at an equal number as microglia. Following incubation overnight, cells were 

washed with serum-free DMEM media prior to treatment. LPS was added to the shared 

medium at 10 ng/mL. After 1 hour, recombinant mouse IL-10 was suspended in PBS with 

0.1%BSA and added at 10 ng/mL. Following experimental treatments, RNA was isolated 

from the microglia using Tri-Reagent.
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2.12 Ex vivo microglia-astrocyte transwell co-cultures

Enriched microglia were isolated from saline (adult, aged) and LPS (adult) injected mice (4 

h after injection) using Percoll density gradient separation. Microglia were plated at the 

bottom of poly-L-lysine coated 24-well plates (Corning Life Sciences). After 30 minutes, 

enriched astrocytes were added to a removable 0.4 μm polycarbonate membrane. In one 

experiment, an IL-10 neutralization antibody (10μg/mL, BD Pharmingen) or vehicle was 

added to wells where astrocytes were added. After an additional 4 h, conditioned media was 

collected and stored at −80°C and RNA was isolated from microglia using PrepEase kit 

(USB, CA).

2.13 Determination of IL-6 protein levels in conditioned media

IL-6 was determined from conditioned media using the BD OptEIA Mouse IL-6 ELISA 

according to the manufacturer’s instructions (BD Biosciences). In brief, 96-well enzyme 

immunoassay plates were coated with anti-mouse IL-6 capture antibody and incubated 

overnight at 4°C. Samples and IL-6 standards (0–1000 pg/ml) were added and incubated for 

2 h at room temperature (RT). Plates were washed and incubated with biotinylated anti-

mouse IL-6 antibody. Plates were washed and incubated with streptavidin-horseradish 

peroxidase conjugate. After 1 h incubation at RT, plates were washed and incubated with 

tetramethylbenzidine liquid substrate for 15 min. Reactions were terminated and absorbance 

was read at 450 nm using a Synergy HT Plate Reader (Bio-tek instruments). The assay was 

sensitive to 10 ng/ml IL-6 and the intra assay coefficients of variation were less than 10%.

2.14 Statistical Analysis

To ensure a normal distribution, data were subjected to the Shapiro-Wilk test using 

Statistical Analysis Systems (SAS) statistical software (Cary, NC). To determine significant 

main effects and interactions between main factors, data were analyzed using one-way (i.e., 

Pretreatment and Treatment) or two-way (i.e., Pretreatment × Treatment) ANOVA using the 

General Linear Model procedures of SAS. When appropriate, differences between treatment 

means were evaluated by an F-protected t-test using the Least-Significant Difference 

procedure of SAS. All data are expressed as treatment means ± standard error of the mean 

(SEM). Values were considered significant at p-values < 0.05 and a tendency at p-values ≤ 

0.1.

3. Results

3.1 Age-Associated Remodeling and Cytoskeletal Re-organization of Microglia and 
Astrocytes

Because microglial activation is exaggerated and prolonged in the brain of aged mice after 

immune challenge (Henry, et al., 2009), we propose that critical anti-inflammatory pathways 

that regulate microglia are impaired with normal aging (Norden and Godbout, 2013). Our 

recent work provides evidence that during an inflammatory response astrocytes respond to 

IL-10, and in turn, produce TGFβ, which inhibits the activation of microglia (Norden, et al., 

2014). Therefore, the purpose of this study was to determine if astrocyte-mediated resolution 

of microglial activation following immune challenge was impaired with age.

Norden et al. Page 7

Neurobiol Aging. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To begin to address age-related impairments in glial dynamics, mRNA levels of signature 

morphological genes for microglia (Iba-1) and astrocytes (GFAP, and vimentin) were 

determined in the cortex, cerebellum, and hippocampus of adult and aged mice. Fig. 1A 

shows that Iba-1 mRNA expression was similar in both adult and aged mice in the three 

regions examined. Fig. 1B shows that GFAP mRNA levels were increased in the 

hippocampus (p<0.02) and cerebellum (p<0.01) of aged mice compared to adults. GFAP 

mRNA expression, however, was not significantly increased by age in the cortex. Vimentin 

mRNA expression was selectively increased in the hippocampus of aged mice compared to 

adult controls (p<0.002, Fig. 1C).

Based on these mRNA data, morphological profiles of microglia and astrocytes (Glia 

Reconstruct) were evaluated in the hippocampus of adult and aged mice. First, cumulative 

spectra analysis was used to find the appropriate pixel intensity for Glia Reconstruct analysis 

(Kongsui, et al., 2014b). Images were then thresholded and analyzed. Fig. 1D shows 

representative labeling (left) and the corresponding thresholded images (right) for Iba-1 and 

GFAP from the CA1 region of the hippocampus for adult and aged mice. Fig. 1E shows Glia 

Reconstruct analysis of Iba-1+ microglia with cell number, perimeter, length, and convex 

hull area. There was no difference in the number of microglia in the HPC with age, but there 

were significant differences in microglial cell structure. For example, microglia in the HPC 

of aged mice had an increased perimeter (p<0.001), max length (p<0.001), and convex hull 

area (p<0.002) compared to microglia of adults. Notably, the morphological alterations in 

microglia identified by Iba-1 labeling were not reflected in the Iba-1 mRNA levels (Fig. 1A). 

Nonetheless, microglia in the HPC of aged mice had significant differences in cell structure.

Similar data were obtained with GFAP labeled astrocytes (Fig. 1F). Again, the number of 

astrocytes in the HPC was the same between adult and aged mice. In addition, aged 

astrocytes also had increased perimeter (p<0.02), max length (p<0.03), and convex hull area 

(p<0.001). For astrocytes, the increased GFAP mRNA levels in the HPC of aged mice were 

reflected in increased GFAP protein expression. Taken together, there is significant 

remodeling and cytoskeletal re-organization of microglia and astrocytes in the hippocampus 

with age.

3.2 FAC-Sorted Microglia from Aged Mice have a Pro-Inflammatory mRNA Profile at 
Baseline

Next, specific astrocyte and microglia mRNA profiles from adult and aged mice were 

determined. In these studies, microglia and astrocytes were Percoll enriched, labeled, and 

FAC-sorted, and mRNA copy number of 75 genes was determined using a customized 

NanoString gene array (Fig. 2A). Fig. 2B shows relative mRNA expression of CD11b 

between FAC-sorted microglia and astrocytes. As expected, there was significant detection 

of CD11b mRNA in the FAC-sorted microglia but not the FAC-sorted astrocytes. Fig. 2C–E 

show mRNA copy number analyses of FAC-sorted microglia. Determined were several 

microglial signature genes (Fig. 2C), inflammatory genes (Fig. 2D), and regulatory/growth 

genes (Fig. 2C). An important aspect of mRNA copy number quantification is that the 

relative expression of genes can be compared to one another. For instance, the microglial 

signature gene fractalkine receptor (CX3CR1) was expressed at a high level with over 
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20,000 mRNA copies. In comparison, the mRNA copy numbers of cytokine genes, including 

IL-1, IL-6, and TNFα, were less than 20 mRNA copies each.

The mRNA copy number of several microglial signature genes in the order of highest to 

lowest mRNA copy number is represented in Fig. 2C. Independent of age, the three highest 

expressed genes by copy number in the FAC-sorted microglia were CX3CR1 (22,000 

copies), CSF1R (15,000 copies), and TGFβR1 (5,000 copies, Fig. 2C&E). These three 

(CX3CR1, CSF1R, and TGFβR1) microglial signature genes and others, including TREM2, 

CD11b, CD200R1, Fc receptors (Fcgr1&3) and Iba-1, were not altered by age. The 

exception was CD45, which was increased in microglia from aged mice compared to adults 

(p<0.05). Notably, genes associated with an astrocyte signature, including EAAT2, GFAP 

and Aquaporin-4, had limited expression (fewer than 10 copies) in the FAC-sorted microglia 

(Fig. 2C).

The mRNA copy numbers of genes associated with inflammation are shown in Fig. 2D. 

These genes are sub-divided into groups associated with cytokines, cytokine receptors, 

chemokines and immune signaling. It is important to highlight the mRNA copy number for 

cytokines and chemokines was low at baseline in both age groups. Nonetheless, several of 

these inflammatory associated genes were increased in aged microglia compared to adults. 

For instance, there were age-related increases in microglia expression of pro-inflammatory 

cytokines: IL-1β (p<0.04), IL-6 (p<0.04), TNFα (p=0.06), cytokine receptors: IL-1R1 

(p=0.1), IL-1RN (p<0.05), chemokines: CCL3 (p<0.03), CCL5 (p<0.05), CXCL10 (p<0.04), 

and immune signaling genes: IκBKβ (p=0.1), Caspase-1 (p<0.05), TLR1 (p<0.03), TRL2 

(p=0.1), CD86 (p<0.03).

Fig. 2E shows the mRNA copy number of genes associated with regulation and growth. 

These genes are sub-divided into groups of genes associated with cytokines, cytokine 

receptors, immune signaling, repair, and growth/survival. The mRNA copy number of the 

majority of cytokines (IL-10 & IL-4) and growth factors (VEGFA, BDNF, GDNF, and 

IGF-1) in microglia were low in both age groups at baseline (Fig. 2E). The exceptions were 

relatively high copy number of TGFβ (1,000 copies), TGFβR1 (5,000 copies), and Jun 

(5,000 copies). Overall, few of these genes differed between adult and aged microglia. The 

differences were higher expression of IL-4Rα, MRC1, SMAD4 (common Smad) and 

SMAD7 (inhibitory Smad) in microglia of aged mice compared to adults (p<0.05, for each). 

Expression of Stat5a and CD163 also tended to be higher in aged microglia compared to 

adults (p=0.08, for each). Taken together, these data indicate that microglia from the brain of 

aged mice have a molecular signature associated with a higher inflammatory status.

3.3 FAC-sorted Astrocytes from the Aged Brain have an mRNA Profile Associated with 
Dysfunction

The mRNA profile of FAC-sorted astrocytes from adult and aged mice was also determined. 

The diagram in Fig. 3A shows the gating strategy for FAC-sorting the astrocytes (Glast-1+, 

CD11b−, CD45−). As expected, the astrocytes collected by FAC-sorting had high expression 

of GFAP and low expression of CD11b compared to the FAC-sorted microglia (Figs. 

2B&3B). Fig. 3C–E shows the mRNA copy number of several astrocyte signature genes, 

inflammatory genes, and regulatory/growth genes. The mRNA copy number of astrocyte 
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signature genes in the order of highest to lowest mRNA copy number is represented (Fig. 

3C). Independent of age, the five highest expressed genes in astrocytes were Eaat2 (16,000 

copies), Glast-1 (3,800 copies), Basigin (Bsg) (3,800 copies), S100B (1,100 copies) and 

Gfap (1,000 copies). The majority of these astrocyte signature genes were influenced by age. 

For example, mRNA expression of the two glutamate transport genes, Eaat2 (16,000 to 

9,000 copies, p<0.03) and Glast-1 (Eaat1) (3,860 to 2,222 copies, p<0.05) were decreased in 

aged astrocytes compared to adults. In addition, S100A1 was also decreased in aged 

astrocytes compared to adults (p<0.02). GFAP (p<0.02) was increased and S100B tended to 

be increased (p=0.1) in aged astrocytes compared to adults (Fig. 3C). There was no 

difference in either vimentin (Vim) or aquaporin-4 (Aqp4) mRNA expression (Fig. 3C). 

Notably, genes associated with microglia signature CD11b (Fig. 2B) and Fcgr3 (Fig. 3C) 

had limited detection in the FAC-sorted astrocytes. Several myeloid-associated genes 

including CD86, CD14, Fcgr1, and P2RX7 showed some level of expression in the FAC-

sorted astrocytes (Fig. 3C). This is, however, consistent with a previous genomic analysis 

study which showed that astrocytes express several immune/myeloid cell associated genes 

(Zamanian, et al., 2012).

Fig. 3D shows the mRNA copy number of genes associated with inflammation in FAC-

sorted astrocytes from the brain of adult and aged mice. These genes are sub-divided into 

groups of genes associated with cytokines, cytokine receptors, chemokines and immune 

signaling. Similar to analysis of microglia, the mRNA copy number of cytokines and 

chemokines were low in both age groups (under 40 copies). Independent of age, astrocytes 

maintained relatively high expression of IL-6R, GP130, STAT1, and TLR4 (over 400 copies 

each). A limited number of inflammatory associated genes were increased in the astrocytes 

of aged mice. For example, there was higher expression of IκBKβ (p<0.05), TLR1 

(p<0.03), STAT1 (p<0.02), and tended to be higher expression of Caspase-1 (p=0.1) and 

TNFα (p=0.1) in astrocytes with age.

Fig. 3E shows the mRNA copy number of genes associated with regulation and growth in 

FAC-sorted astrocytes from the brains of adult and aged mice. These genes are sub-divided 

into groups of genes associated with cytokines, cytokine receptors, immune signaling, 

growth and survival. In terms of regulatory or anti-inflammatory genes at baseline, there was 

no difference in cytokine expression. Aged astrocytes, however, had differential expression 

of the IL-10 receptor subunits. There was no difference in IL-10R2 (intracellular domain) 

expression, but there was a selective reduction in IL-10R1 (ligand binding domain) mRNA 

in astrocytes from aged mice (p<0.01, Fig. 3E). There was also a reduction in the copy 

number of several growth/repair associated factors in aged astrocytes compared to adults. 

For example, there was decreased expression of brain derived neurotrophic factor (BDNF, 

p<0.04), vascular endothelial growth factor A, (VEGFA, p<0.05), Resistin-like beta 

(RETNLB or Fizz1, p<0.02) and a tendency for reduced expression of insulin like growth 

factor-1 (IGF-1, p=0.1) in aged astrocytes compared to adults (Fig. 3E). In addition, other 

genes associated with growth and survival signaling pathways including Myc (p<0.02), Jun 

(p<0.01), Cyclin-D1 (CCND1, p<0.05) and Cyclin-Dependent kinase inhibitor 1A 

(CDKN1A, p=0.1) were reduced in aged astrocytes compared to adults. Overall, aged 

astrocytes had an mRNA profile associated with reduced neurotrophic support and increased 

inflammation.
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3.4 Decreased Protein Expression of IL-10R1 on Aged Astrocytes

The mRNA copy number analysis revealed that astrocytes from aged mice had a significant 

reduction in IL-10R1 expression compared to adults. Thus, astrocytes were Percoll enriched 

from adult and aged mice and IL-10R1 protein expression was determined. Fig. 4A shows 

representative bivariate dot plots of Percoll enriched astrocytes (GLAST-1/CD11b) from 

adult and aged mice. There was no difference in the number of GLAST-1+ astrocytes 

collected by Percoll enrichment between the two age groups (Fig. 4B). There was, however, 

a reduced number of astrocytes that expressed the IL-10R1 (GLAST-1+/IL-10R1+). For 

instance, Fig. 4C&D shows a significant reduction in IL-10R1 surface expression in aged 

astrocytes (16% IL-10R1+) compared to adult astrocytes (23% IL-10R1+, p<0.03). 

Collectively, these data indicate that there is reduced IL-10R1 mRNA and protein expression 

in astrocytes of aged mice compared to adults.

3.5 Exaggerated Neuroinflammation following Systemic Immune Challenge in the Aged

We have previously reported that microglia of the aged brain are hyperactive following 

immune challenge and produce high levels of both IL-1β and IL-10 (Henry, et al., 2009). In 

addition, the inflammatory response in aged microglia is prolonged compared to adults 

(Godbout, et al., 2005, Wynne, et al., 2010). To determine the degree to which anti-

inflammatory regulation is altered in the aged brain, adult and aged mice were injected i.p. 

with LPS and 24 h later several pro-inflammatory (IL-1β and IL-6) and regulatory (IL-10 

and TGFβ) cytokines and regulatory cytokine receptors (IL-10R1 and TGFβR1) were 

determined in a coronal brain section. The 24 h following LPS time point corresponds with 

transition from active sickness to resolution in adult mice, but it corresponds with prolonged 

sickness in aged mice (Godbout, et al., 2005, Wynne, et al., 2010).

Similar to previous reports (Godbout, et al., 2005, Richwine, et al., 2008, Wynne, et al., 

2010), expression of IL-1β, IL-6 and IL-10 cytokines were higher in the aged brain 24 h 

after LPS than in the adult brain (p<0.02 for each, Fig. 5A–C). Expression of IL-10R1, was 

increased in the brain of adult mice 24 after LPS challenge (p<0.002), but was not increased 

in the brain of aged mice (Fig. 5D). Similar to IL-10R1, TGFβ mRNA expression was 

increased 24 h following LPS injection in the brain of adult mice, but not in the brain of 

aged mice (p<0.03, Fig. 5E). Moreover, there was an extended downregulation of TGFβR1 

in the brain of aged mice compared to adults (p<0.02, Fig. 5F). These data indicate that 

inflammation in the aged brain is prolonged following LPS challenge and is associated with 

reduced mRNA expression of IL-10R1, TGFβ, and TGFβR1.

3.6 FAC-sorted Microglia from Aged Mice have a Hyper-active Profile following Peripheral 
Immune Challenge

Next, microglia were FAC-sorted 24 h after LPS i.p. injection and mRNA levels were 

determined for selected genes associated with signature, inflammatory processes, and 

regulation and growth (Fig. 6A–C). To focus on gene expression changes in microglia 

induced by LPS, the fold change of adult-LPS and aged-LPS groups relative to microglia 

from saline injected adults are represented in the graphs (Fig. 6). Microglia signature genes, 

including CX3CR1, CSF1R, TREM2 and CD200R were all reduced (from baseline) 24 h 

after LPS. These reductions in mRNA expression, however, were independent of age (Fig. 

Norden et al. Page 11

Neurobiol Aging. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6A). Fig. 6B shows the expression of genes associated with inflammation in microglia 

collected 24 h after LPS challenge. There was robustly higher LPS-induced expression of 

pro-inflammatory cytokines including IL-1β (p<0.02) and TNFα (p<0.05) in microglia of 

aged mice compared to adults. There was also amplified expression of several chemokines 

(CCL4 and CCL5) and HMOX1 in aged microglia 24 h after LPS (p<0.05, for each, Fig. 

6B). In addition, the expression of several cytokine (IL-1R1, TNFRSF1a, p<0.05) and Toll-

like receptors (TLR1, TLR2, p=0.07) was higher in aged microglia than in adult microglia 

24 h after LPS (Fig. 6B).

Fig. 6C shows the mRNA expression of genes associated with regulation and growth in 

microglia collected 24 h after LPS challenge. Consistent with our previous study (Fenn, et 

al., 2012), several anti-inflammatory associated genes were higher in active microglia from 

the brain of aged mice compared to adults. For example, there was higher expression of 

IL-4Rα (p<0.02) and YM1 (p<0.02), and there tended to be higher expression of SOCS3 

(p=0.09), Arg1 (p=0.1), and CD163 (p=0.07) in aged microglia compared to adult microglia 

24 h after LPS (Fig. 6C). In addition, several genes associated with TGFβ signaling 

(SMAD2, SMAD3, SMAD4), were decreased in microglia 24 h following LPS injection, but 

these reductions were not further influenced by age. There was also a reduction of TGFβR1 

in aged microglia 24 h after LPS compared to adults (tendency, p=0.08). Collectively, LPS 

injection causes an amplified neuroinflammatory response in microglia of aged mice.

3.7 Impaired mRNA Induction of IL-10R1 and TGFβ in Aged Astrocytes following Peripheral 
Immune Challenge

Our data indicate that microglial activation is exaggerated after peripheral LPS challenge, 

but it does not explain the failure to resolve their activation. We hypothesized that astrocytes 

have a reduced ability to provide negative feedback on microglia of the aged brain. Thus, 

adult and aged mice were challenged with LPS and mRNA levels of IL-6, IL-1β, IL-10, 

IL-10R1, and TGFβ were determined in Percoll enriched astrocytes collected 24 h later (Fig. 

7B–F). Independent of LPS, IL-6 mRNA expression was not increased in astrocytes of either 

adult or aged mice 24 h following LPS (Fig. 7B). Fig. 7C shows that IL-1β expression was 

increased after LPS challenge (p<0.001, Fig. 7C), but this IL-1β induction in astrocytes was 

not influenced by age. IL-10 mRNA expression was also increased after LPS injection 

(p<0.02), but there was no effect of age (Fig. 7D). There were, however, age-related 

differences in the LPS associated induction of IL-10R1 and TGFβ in astrocytes. For 

instance, IL-10R1 and TGFβ mRNA levels were increased in enriched astrocytes from adult 

mice 24 h after LPS (p<0.02 for each). There was no induction of either of IL-10R1 and 

TGFβ in aged astrocytes 24 h after LPS (Figs. 7E&F). Taken together, there was limited 

induction of IL-10R1 and TGFβ in aged astrocytes following LPS challenge.

3.8 FAC-sorted Astrocytes from Aged mice have a Molecular Signature of Reduced IL-10 
Sensitivity following Peripheral Immune Challenge

Our data may indicate a reduction in IL-10 sensitivity of aged astrocytes following induction 

of an immune response. To explore this further, GLAST-1+ astrocytes were FAC-sorted from 

adult and aged mice 24 h after LPS challenge. mRNA levels were determined for selected 

genes associated with astrocyte signature, inflammation, and regulation (IL-10 mediated 
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focus). The fold change in gene expression of astrocytes from adult LPS and aged LPS mice 

are represented in the graphs (Fig. 8). Fig. 8A shows that several astrocyte signature genes 

(AQP4, EAAT1, Glast1, S100A1, BSG) were unchanged between adult and aged astrocytes 

after LPS challenge. S100B and GFAP mRNA levels were increased 24 h after LPS in 

astrocytes from aged mice compared to adults (p<0.05, Fig. 8A). Vimentin mRNA 

expression was increased after LPS in both groups, but astrocytes from aged mice had 

reduced vimentin expression compare to adult astrocytes 24 h after LPS (p<0.03, Fig. 8A).

Fig. 8B shows expression of genes associated with inflammation in astrocytes collected 24 h 

after LPS challenge. There was a modest maintenance of pro-inflammatory gene expression 

24 h after LPS in astrocytes, but the differences as a function of age were limited (Fig. 8B). 

For example, caspase-1 was the only pro-inflammatory gene that was higher in aged 

astrocytes than adult astrocytes 24 h after LPS (p<0.04). There was also increased 

expression of several chemokines after LPS in astrocytes (CCL2, CCL3, CCL4 CCL5, 

CXCL2 and CXCL10), but none of these had exaggerated expression with age. In fact, 

chemokines CCL3 and CXCL10 were reduced in aged astrocytes compared to adult 

astrocytes 24 h after LPS (p<0.04, Fig. 8B).

Fig. 8C shows expression of genes associated with regulation and growth in astrocytes 

collected 24 h after LPS challenge. Overall, there were several age-related differences in 

astrocytes 24 h after LPS that corresponded with reduced IL-10 responsiveness. For example 

IL-10R1 and TGFβ were both increased in FAC-sorted astrocytes from adult mice after LPS 

but not in aged astrocytes (p<0.05). These data are consistent with the data from enriched 

astrocytes (Fig. 7). Moreover, several genes also associated with increased IL-10 signaling, 

including Jak1 (p<0.05), Myc (p=0.1), Tyk2 (p<0.05), PIK3R1 (p<0.02) and CDKN2B 

(p=0.1), were attenuated in aged astrocytes 24 h after LPS compared to adult astrocytes (Fig. 

8C). Mapk14, another IL-10 responsive gene, is negatively regulated by IL-10. Consistent 

with this, Mapk14 tended to be higher in aged astrocytes compared to adult astrocytes 

(p=0.1). Thus, despite having higher levels of IL-10 present in the aged brain (Fig. 5C), 

there was significantly lower mRNA levels of several IL-10 responsive genes in aged 

astrocytes compared to adult astrocytes 24 h after LPS challenge (Fig. 11D). Taken together, 

these data indicate that there is decreased IL-10 signaling specifically in aged astrocytes 

after induction of an immune response.

3.9 Astrocytes from Aged Mice Fail to Directly Inhibit Activated Microglia

The data from FAC-sorted astrocytes indicate that aged astrocytes have an altered activation 

profile associated with diminished responsiveness to IL-10. Related to this, the activation of 

microglia from aged mice is prolonged after LPS challenge. Based on these findings, ex vivo 
transwell co-cultures were used to determine the direct effect of aged astrocytes on 

microglial activation. Adult mice were injected i.p. with LPS and at the apex of microglia 

cytokine expression (4 h), microglia were isolated and cultured ex vivo. Astrocytes from 

saline-injected adult and aged mice were added to a removable insert and co-cultured with 

the microglia (Fig. 9A). As a proof of principle, astrocytes were only used from saline 

injected adult or aged mice (not from LPS injected mice). This way, the astrocytes (resting) 

respond to the IL-10 produced by activated microglia. After 4 h in culture, mRNA from 
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microglia and the conditioned media was collected. Fig. 9B shows that microglial cultured 

ex vivo 4 h after i.p. LPS injection had higher mRNA expression of IL-1β compared to 

microglia from saline injected mice (2-fold, p<0.05). The presence of adult astrocytes 

restored IL-1β mRNA expression in adult microglia back to baseline levels. The addition of 

aged astrocytes, however, had no effect on IL-1β mRNA expression in adult microglia and 

IL-1β remained significantly higher than controls (p<0.01). In a similar manner, IL-6 

expression was higher in adult microglia cultured ex vivo 4 h after i.p. LPS injection 

(p<0.02, Fig. 9C). The presence of adult astrocytes again restored IL-6 mRNA expression in 

adult microglia back to baseline. The addition of aged astrocytes, however, had no effect on 

IL-6 expression in adult microglia and IL-6 remained significantly higher than saline 

controls (p<0.01, Fig. 9C). IL-6 protein levels were determined in the shared conditioned 

media from the ex vivo glial cultures. Fig. 9D confirms that the highest amounts of IL-6 

protein was present when LPS activated microglia were cultured with aged astrocytes 

(p<0.001, from all). Thus, aged astrocytes potentiate the inflammatory environment in the ex 
vivo co-cultures. Taken together, astrocytes from adult mice directly attenuated microglial 

activation but astrocytes from aged mice were ineffective in resolving microglial activation.

3.10 Impaired Ability of IL-10RKO Astrocytes to Resolve Microglial Activation

Next, the potential link between impaired IL-10 signaling in aged astrocytes and the 

corresponding deficit in the resolution of microglial activation was examined using 

IL-10RKO mice. These are knock outs of IL-10R2, an intracellular component of the IL-10R 

(Moore, et al., 2001, Spencer, et al., 1998), but the result is the abrogation of IL-10 

responses. In the first experiment, primary astrocyte cultures were established from 

IL-10RWT and IL-10RKO mice. These astrocytes were activated with LPS and then 

redirected with IL-10 (Fig. 10A). In primary IL-10RWT astrocytes, LPS stimulation 

increased TGFβ mRNA expression, and this was augmented by IL-10 (p<0.02 from all 

groups, Fig. 9A). In astrocytes from IL-10RKO mice, LPS increased TGFβ mRNA 

expression (p<0.001), but there was no augmentation by IL-10.

In the second experiment, transwell glia co-cultures were established where microglia were 

plated at the bottom of the well and astrocytes from either IL-10RWT or IL-10RKO mice 

were added to a removable insert. Glia co-cultures were activated by LPS and then 

stimulated with IL-10. IL-1β mRNA was determined in the microglia collected 4 h after 

IL-10 stimulation. Fig. 10B shows that there was no effect of IL-10 on IL-1β expression in 

microglia that were cultured without astrocytes. The inclusion of astrocytes increased IL-1β 
expression in active microglia in the absence of IL-10. Nonetheless, IL-10 attenuated IL-1β 
expression in microglia when IL-10RWT astrocytes were present (p<0.004, Fig. 10B). When 

astrocytes from IL-10RKO mice were present, IL-10 did not attenuate the LPS-induced 

IL-1β mRNA expression in microglia (Fig. 10B).

In the third experiment, ex vivo transwell co-cultures were used to directly test the notion 

that the anti-inflammatory effects of astrocytes on microglia are mediated by IL-10 

signaling. Adult mice were injected i.p. with LPS and after 4 h activated microglia were 

isolated and co-cultured ex vivo with astrocytes. Anti-IL-10 neutralizing antibody was added 

to block IL-10 signaling. Fig. 10C shows that activated microglia cultured ex vivo 4 h had 
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higher mRNA expression of IL-1β compared to microglia from saline injected mice 

(p<0.05). The addition of adult astrocytes restored IL-1β mRNA expression in adult 

microglia back to similar levels as controls (p=0.10). Neutralization of IL-10 signaling, 

however, blocked the astrocyte-mediated reduction of IL-1β mRNA in microglia (p<0.01). 

Overall, these data confirm that intact IL-10 signaling is required for astrocytes to attenuate 

microglia activation.

3.11 Astrocytes from IL-10RKO Mice Fail to Upregulate TGFβ after in vivo immune 
challenge

To further establish that impaired IL-10 signaling in astrocytes leads to decreased TGFβ 
induction and deficits in microglial regulation, we examined this relationship in vivo using 

IL-10RKO mice. IL-10RWT and IL-10RKO mice were injected i.p. with LPS and enriched 

microglia and astrocytes were collected 4 h later. There was exaggerated microglial 

expression of IL-6, IL-1β, and IL-10 in IL-10RKO mice compared to IL-10RWT mice 

(p<0.01, Fig. 11A–C). This is consistent with a previous study (Richwine, et al., 2009). In 

addition, TGFβ mRNA was increased 2-fold in astrocytes from IL-10RWT mice 24 h after 

LPS (p<0.02 from all groups), but TGFβ mRNA was not induced in IL-10RKO mice (Fig. 

11D). Collectively, these in vivo data indicate that functional IL-10 receptor signaling is 

required for astrocytes to augment TGFβ expression, which, in turn, attenuates microglial 

induction of IL-1β and IL-6.

4. Discussion

Novel data provided here indicate that astrocytes in the aged brain have a dysfunctional 

profile with decreased IL-10 receptor-1 expression, and this corresponds with reduced 

sensitivity to IL-10 redirection after immune challenge. For instance, FAC-sorting after LPS 

challenge revealed an astrocyte profile with reduced induction of IL-10-mediated genes, 

including TGFβ1. This failure to produce TGFβ1 after immune challenge was associated 

with prolonged microglial activation. Furthermore, aged astrocytes failed to directly resolve 

microglial activation ex vivo. The use of IL-10RKO mice confirmed that IL-10 insensitivity 

of astrocytes results in a failure to produce TGFβ1 and attenuate microglial activation. These 

findings provide a mechanism by which IL-10 insensitivity of astrocytes results in reduced 

TGFβ and extended microglial activation in the aged brain following induction of an 

immune response (Fig. 12).

Consistent with previous observations, we report robust cytoskeletal re-organization of glia 

from the hippocampus of aged mice (Rodriguez-Arellano, et al., 2015). Enhanced Iba-1 

labeling in microglia of aged humans (Streit, et al., 2004) and enhanced Iba-1 and GFAP 

labeling in aged rodents (Cotrina and Nedergaard, 2002, VanGuilder, et al., 2011) has been 

reported previously. Here we report that astrocytes and microglia from the hippocampus of 

aged mice had increased cell body size, perimeter, and length. These increases indicate that 

aged glia were hypertrophic, swollen, and had longer/thicker processes. Notably these 

cellular changes in glia were not reflected by increased cell numbers. The degree to which 

these cytoskeletal re-arrangements represent activation or altered function is unclear 

(Norden, et al., 2016). Nonetheless, enlargement of the GFAP+ cytoskeleton was detected in 
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models of neurodegeneration and stroke (Cekanaviciute, et al., 2014, Kraft, et al., 2013, 

Zamanian, et al., 2012). Therefore these structural differences in glia with age are 

interpreted to indicate an inflammatory environment within the hippocampus.

Previous studies indicate that the inflammatory status of the CNS is increased with age 

(Godbout, et al., 2005). The processes that lead to increased inflammation in the aged brain 

are unclear, but recent studies show a contribution of increased NFκB and inflammasome 

activation within the aged brain (Youm, et al., 2013, Zhang, et al., 2013). Here we used cell-

specific enrichment and FAC-sorting approaches to determine mRNA profiles of microglia 

and astrocytes. Consistent with previous studies, aged microglia had a higher inflammatory 

cytokine mRNA profile compared to adults (Hickman, et al., 2013, Orre, et al., 2014, Sierra, 

et al., 2007, Ye and Johnson, 1999). This microglial profile included elevated expression of 

cytokine (IL-1β, IL-6, TNFα), chemokine (CCL3, CCL5, CXCL10), and immune-related 

(CD45, CD86, TLR2, Caspase-1, IL-4Rα) genes. At baseline, IL-10 mRNA expression was 

low in both adult and aged microglia. Notably, recent RNA sequencing data was interpreted 

to indicate that aged microglia were more neuroprotective because of enhanced expression 

of host defense genes (Hickman, et al., 2013). We interpret the current and previously 

published data on morphological/mRNA profiles and immune reactivity of aged microglia 

(Norden and Godbout, 2013) to indicate a more inflammatory profile.

We extend previous work on the aging brain to show that aged astrocytes have an mRNA 

profile associated with dysfunction (i.e., less supportive of growth, repair and regulation) 

(Rodriguez-Arellano, et al., 2015). For example, genes associated with astrocyte reactivity 

including GFAP and S100b (Cerutti and Chadi, 2000, Pekny and Pekna, 2004, Zamanian, et 

al., 2012) were increased with age. Also, astrocyte expression of glutamate transporters 

(EAAT2 and EAAT1) were decreased with age. Reductions in EAAT2 are consistent with 

inflammation detected after TBI, CNS viral infection, and neurodegeneration (Masliah, et 

al., 1996, van Landeghem, et al., 2006, Wang, et al., 2003). In fact, TNFα stimulation of 

astrocytes reduced expression of EAAT2, which was associated with decreased glutamate 

metabolism and decreased neuronal protection from excitotoxicity (Zou, et al., 2010). 

Moreover, key growth factors including BDNF, VEGFA, and IGF1 were reduced in aged 

astrocytes. These findings are in line with a report showing that aged astrocytes were less 

supportive of neuronal growth and neurogenesis compared to adult astrocytes (Miranda, et 

al., 2012). Overall, the increased GFAP, decreased glutamate transporters, and reduced 

neurotrophic factors in aged astrocytes reflect a CNS milieu that is more inflammatory and 

less supportive of cell growth and survival.

Determination of microglia and astrocyte profiles in concert allows for a better 

understanding of prolonged neuroinflammation that occurs in aged mice after immune 

challenge. Several groups have reported that IL-1β, IL-6, TNFα, and IL-10 mRNA 

expression is exaggerated and prolonged in the brain of aged rodents following peripheral 

immune challenge (for a review, see (Norden and Godbout, 2013). For example, we have 

previously shown increased IL-10 protein expression by aged microglia 4 hours after LPS 

injection (Henry, et al., 2009). Here, neuroinflammation after LPS was prolonged 

specifically by microglia with higher mRNA expression of IL-1β, TNFα, CCL4 and CCL5 

at 24 h after LPS. Although adult astrocytes are responsive to peripheral immune challenge 
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(Norden, et al., 2014, Zamanian, et al., 2012), aged astrocytes did not have an exaggerated 

pro-inflammatory (IL-1β, TNF) response 24 h after LPS. In fact, aged astrocytes had a 

reduced response to LPS with decreased CXCL10 and CCL3. Notably, decreased CXCL10 

expression in the choroid plexus of aged mice was reported previously and interpreted to 

reflect increased IFN-1 signaling (Baruch, et al., 2014). Here, the higher STAT1 expression 

in astrocytes would support this premise of increased IFN-1 signaling in the aged brain. 

Overall, the prolonged cytokine expression in the aged brain after peripheral LPS challenge 

is perpetuated by microglia.

Recent work has begun to elucidate microglia-astrocyte interactions during inflammatory 

conditions (Liu, et al., 2011). Moreover, it is now recognized that astrocytes can have anti-

inflammatory effects on microglial activation (Min, et al., 2006, Norden, et al., 2014, 

Sofroniew, 2015). A significant advance of the current study is that astrocytes were 

identified as the pivotal cell in the failure to resolve microglial activation in the aged brain 

following immune challenge. This was linked to IL-10 insensitivity of aged astrocytes. For 

instance, aged astrocytes had reduced IL-10R1 mRNA and protein at baseline. In addition, 

induction of IL-10 responsive genes including IL-10R1, TGFβ, and TGFβR1 were reduced 

24 h after LPS in the aged brain even though IL-10 was highly expressed (Henry, et al., 

2009). FAC-sorting shows that aged astrocytes 24 h after LPS had attenuated mRNA 

induction of myriad IL-10 responsive genes (Donnelly, et al., 1999, Lin, et al., 2005, 

Norden, et al., 2014, O’Farrell, et al., 2000), including IL-10R1, SOCS3, Jak1, Tyk2, PI3K, 

CDKN2B, and TGFβ. When interactions between active microglia and astrocytes were 

determined ex vivo, astrocytes from adult mice directly and effectively inhibited microglia 

IL-1β and IL-6 expression. This inhibition was not detected when astrocytes from aged mice 

were cultured ex vivo with active microglia. In fact, aged astrocytes augmented IL-6 

secretion. Together, these data provide compelling evidence of deficient IL-10/IL-10R 

interactions in aged astrocytes that result in impaired inhibition of active microglia. Notably, 

there are several mechanisms by which microglia have exaggerated activation following 

immune challenge. It is clear that some of these are independent of age-related changes in 

astrocytes. For instance, aged microglia stimulated with LPS ex vivo have exaggerated 

expression of pro-inflammatory cytokines compared to adult microglia stimulated with LPS 

(Njie, et al., 2012). In these cultures, there were no astrocytes present. There are two main 

components that contribute to exaggerated microglial activation in the aged brain: 1) primed 

microglia have an amplified response to immune challenge and 2) primed microglia are 

resistant to anti-inflammatory feedback and have a prolonged inflammatory response 

(Norden and Godbout, 2013). The focus of this current study was on prolonged microglia 

activation in the aged brain. Here, we present several lines of evidence that this second 

component is associated with impaired anti-inflammatory feedback by astrocytes.

Another key aspect of this study was the evidence of impairments in a key regulatory 

cytokine loop of IL-10 (by microglia) and TFGβ (by astrocytes). TGFβ1 is a potent 

regulator of microglia, and its induction was associated with reduced IL-1β expression in 

activated microglia and the resolution of sickness behavior (Norden, et al., 2014, Wynne, et 

al., 2010). Indeed, other studies report decreased TGFβ expression and signaling in the aged 

brain following LPS injection or TBI (Kumar, et al., 2013, Tichauer, et al., 2014, Wynne, et 

al., 2010). Here, we provide novel data that astrocytes specifically are responsible for this 
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lack of TGFβ induction. While the mRNA data indicates that aged astrocytes had decreased 

TGFβ production, a limitation was that corresponding TGFβ protein levels were not 

detectable. Nonetheless, the functional difference (i.e. prolonged microglia activation and 

reduced TGFβ mediated gene expression) suggest that TGFβ is reduced. Moreover, the aged 

astrocytes did not reverse microglia activation when cultured ex vivo 4 h after LPS 

compared to adult astrocytes, and we surmise these effects to be related to decreased TGFβ 
production. Related to this, an RNA sequencing study of microglia reported decreased 

TGFβR1 and TGFβ expression in aged microglia (Hickman, et al., 2013). While we did not 

detect this with age alone, reduced TGFβ signaling in aged microglia after immune 

challenge was evident. For instance, activated microglia from aged mice had exaggerated 

levels pro-inflammatory mediators that are negatively regulated by TGFβ, including IL-1β, 

TNF, CCL4, and CCL5 (Hu, et al., 1999, Norden, et al., 2014, Paglinawan, et al., 2003). In 

addition, microglia had decreased expression of TGFβR1 following LPS, and this 

downregulation was prolonged in aged microglia. This finding is consistent with reduced 

bioavailability of TGFβ because the presence of TGFβ augments TGFβR1 expression on 

microglia (Mitchell, et al., 2014). Importantly, aged microglia activated with LPS in vivo 
and treated ex vivo with TGFβ had decreased IL-1β expression after TGFβ treatment (data 

not shown). Therefore, we surmise that aged microglia are responsive to TGFβ if it were to 

be provided by the astrocytes. We expected that reduced TGFβ would result in less Smad 

related induction (SMAD2, 3, 4, 7) in microglia, but Smads are primarily controlled by post-

translation modifications (Xu, et al., 2012) so mRNA changes may not be the best indicators 

of activation or inhibition. Collectively, decreased TGFβ induction by astrocytes in the aged 

brain corresponded with less TGFβ feedback on microglia.

The mechanism of impaired IL-10 signaling and decreased TGFβ induction by aged 

astrocytes after LPS challenge was confirmed using IL-10RKO mice. For instance, astrocytes 

from IL-10RKO mice failed to augment TGFβ. In vivo, this lack of IL-10 signaling was 

associated with higher microglial activation. This finding is consistent with a previous study 

where IL-10RKO mice had prolonged neuroinflammation and sickness behavior after LPS 

challenge (Richwine, et al., 2009). In addition, IL-10 attenuated microglial activation in co-

cultures when IL-10RWT astrocytes were present but had no effect on microglia when 

IL-10RKO astrocytes were not present. In ex vivo cultures, the anti-inflammatory effect of 

astrocytes on microglia was blocked when IL-10 signaling was neutralized. Therefore, IL-10 

redirected astrocytes provide negative feedback on activated microglia.

In summary, original and compelling evidence is provided that a key regulatory cytokine 

loop between microglia and astrocytes is impaired in the aged brain following a systemic 

immune challenge. There were age-related alterations in morphology and mRNA profiles 

consistent with inflammatory microglia and dysfunctional astrocytes. When microglia were 

activated following induction of an immune response, there was a failure to resolve this 

activation in a timely fashion. Critical to this was that aged astrocytes had reduced IL-10R1 

expression, were insensitive to IL-10, and failed to resolve the activation of microglia in a 

TGFβ-dependent manner. Collectively, astrocytes were identified as pivotal cells in the 

failure to resolve microglial activation in the aged brain following immune challenge.
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Figure 1. Age-Associated Remodeling and Cytoskeletal Re-organization of Microglia and 
Astrocytes
Adult (3 mo) and aged (18 mo) BALB/c mice were used and mRNA expression of A) Iba-1, 

B) GFAP, and C) vimentin were determined in the cortex (CX), hippocampus (HPC), and 

cerebellum (CB) (n=3). Bars represent the mean + SEM. In a separate study, adult and aged 

mice were used and Iba-1 and GFAP protein expression were determined in the 

hippocampus by Glia Reconstruct (n=5). D) Representative images of Iba-1 (red) and GFAP 

labeling (green) and the corresponding thresholded images (white) are shown. Several 

morphological parameters were evaluated in E) Iba-1+ microglia and F) GFAP+ astrocytes. 

Data are represented by the mean ± SEM. Means with (*) are different from adult controls 

(p<0.05).
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Figure 2. FAC-Sorted Microglia from Aged mice have a Pro-Inflammatory mRNA Profile at 
Baseline
A) Adult (3 mo) and aged (18 mo) BALB/c mice were used and microglia and astrocytes 

were Percoll-enriched, labelled, FAC-sorted, and mRNA copy number was determined by 

NanoString analysis (n=4). For microglia, representative bivariate dot plots of CD11b and 

GLAST-1 labeling and CD11b and CD45 labeling are shown. Microglia (GLAST-1−/

CD11b+/CD45low) were FAC-sorted and RNA was collected. B) Relative CD11b mRNA 

expression was determined in FAC-sorted microglia and astrocytes by qPCR (n=3). 

Microglial mRNA copy numbers of genes associated with C) microglial signature, D) 
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inflammatory processes, and E) regulation and growth/support were determined. Tables 

represented the mean ± SEM. Means with (*) are different from adult controls (p<0.05) and 

means with (+) tend to be different from adult controls (p=0.06–0.10).
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Figure 3. FAC-sorted Astrocytes from the Aged Brain have an mRNA Profile Associated with 
Dysfunction
A) Adult (3 mo) and aged (18 mo) BALB/c mice were used and microglia and astrocytes 

were Percoll-enriched, labelled, FAC-sorted, and mRNA copy number was determined by 

NanoString analysis (n=4). For astrocytes, representative bivariate dot plots of Side scatter 

(SSC) and Forward scatter (FSC) and GLAST-1 and CD11b labeling are shown. Astrocytes 

(GLAST-1+/CD11b+) were FAC-sorted and RNA was collected. B) Relative GFAP mRNA 

expression was determined in FAC-sorted microglia and astrocytes by qPCR (n=3). 

Astrocyte mRNA copy numbers of genes associated with C) astrocyte signature, D) 
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inflammatory processes, and E) regulation and growth support were determined. Data are 

represented by the mean ± SEM. Means with (*) are different from adult controls (p<0.05) 

and means with (+) tend to be different from adult controls (p=0.06–0.10).
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Figure 4. Decreased Protein Expression of the IL-10 Receptor-1 on Aged Astrocytes
Adult (3 mo) and aged (18 mo) BALB/c mice were used and astrocytes were Percoll-

enriched and IL-10R1 protein expression was determined (n=8). A) Representative bivariate 

dot plots of CD11b and GLAST-1 labeling of astrocytes are shown. B) The percentage of 

astrocytes (GLAST-1/CD11b-) isolated from adult and aged mice. C) Representative 

bivariate dot plots of IL-10R1 labeling on GLAST-1+ astrocytes. D) The percentage of 

IL-10R1+ astrocytes in adult and aged mice. Bars represent the mean + SEM. Means with 

(*) are different from adult controls (p<0.05).

Norden et al. Page 30

Neurobiol Aging. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Prolonged Neuroinflammation following Peripheral Immune Challenge in the Aged
Adult (3 mo) and aged (18 mo) BALB/c mice were injected i.p with LPS and a 1 mm 

coronal brain section (through the cortex) was collected 24 h later (n=6). mRNA levels of A) 

IL-6, B) IL-1β, C) IL-10, D) IL-10R1, E) TGFβ and F) TGFβR1 were determined. Bars 

represent the mean + SEM. Means with (*) are different from adult controls (p<0.05), means 

with (#) are different from Adult-LPS (p<0.05).
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Figure 6. FAC-sorted microglia from aged mice have a hyper-active profile following peripheral 
immune challenge
Adult (3mo) and aged (18 mo) BALB/c mice were injected with saline or LPS and microglia 

were Percoll-enriched, labelled, FAC-sorted, and mRNA copy number was determined by 

NanoString analysis (n=4). Fold change of mRNA copy number of genes associated with A) 

signature, B) inflammatory processes, and C) regulation and growth. Dotted line depicts fold 

change over baseline expression of control mice injected with saline. Data expressed as fold 

change from adult-saline. Means with (*) are different from adult LPS (p<0.05), means with 

(+) tend to be different from Adult-LPS (p=0.06–0.10).
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Figure 7. Impaired mRNA induction of IL-10R1 and TGFβ in aged astrocytes following 
peripheral immune challenge
A) Adult (3mo) and aged (18 mo) BALB/c mice were injected with saline or LPS and 24 h 

later astrocytes were Percoll-enriched and mRNA levels were determined by qPCR (n=6). 

mRNA levels of B) IL-6, C) IL-1β, D) IL-10, E) IL-10R1, and F) TGFβ were determined. 

Bars represent the mean + SEM. Means with (*) are different from adult controls (p<0.05).
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Figure 8. FAC-sorted astrocytes from aged mice have a molecular signature of reduced IL-10 
sensitivity following peripheral immune challenge
Adult (3 mo) and aged (18 mo) BALB/c mice were injected with saline or LPS and 

astrocytes were Percoll-enriched, labelled, FAC-sorted, and mRNA copy number was 

determined by NanoString analysis (n=4). Fold change of mRNA copy number of genes 

associated with A) signature, B) inflammatory processes, and C) regulation and growth. 

Dotted line depicts fold change over baseline expression of controls injected with saline. 

Data expressed as fold change from adult-saline. Means with (*) are different from Adult-

LPS (p<0.05) and means with (+) tend to be different from Adult-LPS (p=0.06–0.10).
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Figure 9. Astrocytes from Aged Mice Fail to Inhibit Activated Microglia ex vivo.
A) Adult (3 mo) BALB/c mice were injected with saline or LPS and 4 h later microglia were 

Percoll-enriched and plated ex vivo. Astrocytes were Percoll enriched from adult (3 mo) and 

aged (18 mo) mice injected with saline and were added to the ex vivo glia. Microglia and 

conditioned media were collected from the ex vivo cultures 4 h later. Microglia mRNA 

expression of B) IL-1β and C) IL-6 was determined. D) IL-6 protein levels were determined 

in the conditioned media (n=8). Bars represent the mean + SEM. Means with (*) are 

different from adult controls (p<0.05).

Norden et al. Page 35

Neurobiol Aging. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. Impaired Ability of IL-10RKO Astrocytes to Resolve Microglial Activation
A) Primary astrocytes cultured from IL-10RWT and IL-10RKO mice were activated with 

LPS, then stimulated with IL-10 and mRNA expression of TGFβ was determined 24 h later 

(n=12). Means with (*) are different from WT-Con (p<0.05) and Means with (#) are 

different from WT-LPS. In a separate study, B) microglia were co-cultured in a transwell 

system with either IL-10RWT or IL-10RKO astrocytes. Glia were activated by LPS and then 

stimulated with IL-10. IL-1β mRNA expression was determined in the microglia 5 h later 

(n=10) (*p<0.05). Adult (3 mo) BALB/c mice were injected with saline or LPS and 4 h later 

microglia were Percoll-enriched and plated ex vivo. Astrocytes were Percoll enriched from 

adult (3 mo) mice injected with saline and were added to the ex vivo glia. Vehicle or IL-10 

neutralization antibody was added. Microglia and conditioned media were collected from 

the ex vivo cultures 4 h later. C) Microglia mRNA expression of IL-1β was determined. 

Means with (*) are different from controls (p<0.05).
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Figure 11. Astrocytes from IL-10RKO Fail to Upregulate TGFβ after in vivo immune challenge
Adult IL-10RWT and IL-10RKO mice were injected i.p with LPS microglia and astrocytes 

were collected 4 h later. Microglial A) IL-6, B) IL-1β, and C) IL-10 mRNA expression and 

D) astrocyte TGFβ mRNA expression were determined (n=6). Means with (*) are different 

from WT-saline (p<0.05) and Means with (#) are different from WT-LPS.
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Figure 12. Evidence of Impaired Astrocyte-Dependent Inhibition of Active Microglia in the Aged
Age-related problems with regulation of microglia leads to prolonged neuroinflammation 

and corresponding neurobehavioral deficits after immune challenge. Following immune 

challenge, active microglia secrete IL-10 independent of age, but neuroinflammation persists 

in the aged. Aged astrocytes are more GFAP+ and have significant cellular re-organization. 

There are reduced levels of IL-10R1 on aged astrocytes and also a failure to increase 

IL-10R1 expression after immune challenge. Reduced IL-10R1 expression corresponds with 

a reduction in myriad IL-10 responses genes after immune challenge in aged astrocytes 

including TGFβ. IL-10 redirected adult astrocytes produce TGFβ, which inhibits microglia 

activation with reduced pro-inflammatory cytokine expression (IL-1β, IL-6, TNFα) and 

chemokine expression (CCL5). IL-10-insensitive aged astrocytes, however, do not have 

increased induction of TGFβ and microglial activation is unresolved.
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