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Abstract

In aged mice peripheral stimulation of the innate immune system with LPS causes exaggerated
neuroinflammation and prolonged sickness behavior due in part to microglial dysfunction.
Epigenetic changes to DNA may play a role in microglial dysfunction, therefore we sought to
determine whether aged microglia displayed DNA hypomethylation of the IL-1p promoter and
altered expression of epigenetic regulators. We further examined whether the demethylating agent
5-azacytidine induced IL-1p expression in BV2 and primary microglia similar to microglia from
aged mice. Novel findings indicated that aged mice had decreased methylation of the IL-1p gene
promoter in primary microglia basally or following systemic LPS that is associated with increased
IL-18 mRNA, intracellular IL-1p production, as well as prolonged sickness behavior. Lastly, 5-
azacytidine increased IL-1p gene expression and decreased DNA methylation of BV2 and primary
microglial cells similar to microglia from aged mice. Taken together, these data indicate that DNA
methylation promotes heightened microglial activation in the aged brain.

1. Introduction

In the aged brain it is common for microglia to have an inflammatory gene expression
profile and a deramified morphology comparable to the morphology of activated adult
microglia (Damani, et al., 2011, Sierra, et al., 2007, Tremblay, et al., 2012). What’s more,
microglia in the brain of aged animals are hypersensitive to signals emerging from the
peripheral immune system during infection, resulting in an aberrant neuroinflammatory
response that is more intense and longer lasting (Henry, et al., 2009, Sierra, et al., 2007).
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This exaggerated proinflammatory response can be neurotoxic, lead to behavioral pathology
(e.g., anorexia, acute cognitive disorders, and delirium), and exacerbate neurodegenerative
diseases (e.g., Alzheimer’s disease), greatly enhancing morbidity and mortality in older
adults (Franceschi and Campisi, 2014). Why microglia become proinflammatory during
aging and why they are hypersensitive to signals from the peripheral immune system is not
known.

One way microglial dysfunction may occur is through epigenetic modifications. Epigenetics
refers to changes in gene expression that are independent of changes in the DNA sequence;
it is thought of as a mediator between gene-environment interactions (Bird, 2007, Jaenisch
and Bird, 2003). Epigenetics impact gene regulation though mechanisms such as DNA
methylation and post-translational modifications to histone tails, with DNA methylation
being the most well studied mechanism. DNA methylation is catalyzed by DNMTs that
includes DNMT1, DNMT3a, and DNMT3b (Moore, Le, & Fan, 2013). DNMT1 is a
maintenance methyltransferase that maintains DNA methylation patterns during the DNA
replication process whereas DNMT3a and DNMT3b are de novo methyltransferases,
capable of catalyzing new methylation patterns of previously unmethylated sequences.
Another protein associated with DNA methylation is MeCP2, which binds to methylated
cytosines and recruits HDACs and other corepressors. This promotes higher-affinity
interaction between DNA and histone core, condensing the chromatin, and typically
suppresses transcription factor binding and gene expression (Bird, 2002; Strahl & Allis,
2000). Additionally, Gadd45b protein plays an important role in active DNA demethylation
(Ma, Guo, Ming, & Song, 2009).

DNA methylation depends on a precise balance of methylation and demethylation reactions
that are nicely balanced in mature cells, but with age there is a strong shift to favor DNA
hypomethylation (Pogribny and Vanyushin, 2010). Age-related DNA hypomethylation may
lead to redistribution of heterochromatin, impair normal gene responsiveness to
environmental signals, and increase genomic instability that could compromise proper cell
function. Aging could therefore be thought of as a time-dependent, epigenetically mediated
loss of phenotypic plasticity (Gravina and Vijg, 2010), suggesting that aberrant DNA
methylation patterns may be candidate mechanisms for explaining how microglia from aged
mice seem to be “stuck” in a proinflammatory phenotype.

A handful of studies have demonstrated gene expression regulation by DNA methylation in
microglia. One using BV2 cells, a murine microglial cell line, reported that DNA
methylation influences expression of several genes associated with the pathology of
Alzheimer’s disease (Byun, et al., 2012), and another revealed that promoting increased
maternal care alters the methylation pattern of the /L-10gene, leading to increased IL-10
expression in the nucleus accumbens and a reduction in morphine-induced addiction
behavior (Schwarz and Bilbo, 2013). Very recently it has also been determined that SIRT1
deficiency in aging microglia is related to increased IL-1p transcription and decreased
methylation of CpG sites within the IL-1p proximal promoter (Cho, et al., 2015).

Although increasing evidence suggests microglial phenotype is regulated by epigenetic
mechanisms, little is known about DNA methylation of proinflammatory cytokines of
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healthy microglia from aged animals and the contribution of enzymes that significantly
impact the epigenetic landscape. Since it is thought that microglia are the major producers of
IL-1pB in the brain and one of the most consistently upregulated cytokines with age (Burton,
etal., 2016, Chen, et al., 2008), the objectives of this study were to determine whether there
are promoter IL-1p DNA methylation modifications as well as altered gene expression of
epigenetic regulators present between brain immune cells of young and old mice exposed to
an immune challenge. Using the demethylating drug 5-aza, we also tested whether and how
IL-1pB gene expression is regulated in BV2 and primary microglial cells. We hypothesized
that aged mice and those stimulated with an immune challenge would have IL-1f promoter
hypomethylation associated with increased IL-1f gene expression, decreased expression of
epigenetic regulators that promote DNA methylation, and that BV2 and adult primary
microglial cells would have IL-1f promoter hypomethylation similar to an “aging”
phenotype with the treatment of 5-aza.

2. Methods

2.1 Animals

Adult (4-6-month-old) C57BL/6 mice were either purchased from Charles River or reared
in-house and aged (24-26-month-old) C57BL/6 mice were purchased from the National
Institute of Aging. They were individually housed in a temperature-controlled environment
with a reversed-phase light/dark cycle (lights on 21:00h). Mice that were purchased were
allowed to acclimate to their environment for at least 4 weeks before experimentation. All
studies were carried out in accordance with United States National Institutes of Health
guidelines and were approved by the University of Illinois Institutional Animal Care and
Use Committee.

2.2 Immune Challenge

Escherichia coli LPS (serotype 0127:B8, Sigma, St. Louis, MO, USA) was dissolved in
sterile saline before experimentation. Mice from both age groups were given LPS (0.33
mg/kg body weight) or saline IP. This dose of LPS was selected based upon previous studies
demonstrating that 0.33 mg/kg LPS produced prolonged sickness behavior in aged compared
to young mice (Godbout, et al., 2005). Treatments were administered at 0900 h for all
cohorts.

2.3 Behavioral testing

Sickness behavior was assessed by changes in body weight and locomotor activity. Body
weight and locomotor behavior were measured at baseline and 4 or 24 h after treatment.
Mice were placed in clear plexiglass cages identical to their home cage but devoid of
bedding or nesting material. Clear plexiglass lids were placed on top of test cages to prevent
escape while facilitating video recording. Locomotor activity was evaluated by virtual
division of the cage into four equal quadrants and then tallying the number of line crossings
and rearings each mouse displayed during the 5 min test period. Videos were scored by a
trained experimenter blinded to treatment.
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2.4 Microglia Isolation

Animals were euthanized via CO, asphyxiation 4 or 24 h after treatment, perfused with
sterile ice-cold saline, and brain tissue was collected and used immediately for microglia
isolation using a procedure adapted from Nikademova & Watters (Nikodemova and Watters,
2012). To ensure a sufficient number of cells were recovered, tissue samples from two mice
were pooled within a given experimental group. Brains were enzymatically digested using
the Neural Tissue Dissociation Kit (Miltenyi Biotec, Germany) for 35 min at 37° C. Further
processing was performed at 4° C. Tissue debris was removed by passing the cell suspension
through a 40 um cell strainer. After myelin removal using 30% Percoll Plus (GE Healthcare,
Princeton, NJ, USA), cells in PBS supplemented with 0.5% BSA and 2 mM EDTA were
incubated for 15 minutes with anti-FITC magnetic beads and anti-Cd11b-FITC antibody
(BD Biosciences) for flow cytometry or anti-Cd11b magnetic beads (Miltenyi Biotec,
Germany) for gene expression and DNA methylation arrays. CD11b™ cells were extensively
washed and separated in a magnetic field using MS columns (Miltenyi Biotec, Germany).
Cell yields for isolated microglia were around 1 x 108 cells per two brains, and were not
different between treatments.

2.5 Extracellular and Intracellular Flow Cytometric Analysis

Flow cytometric analysis of CD11b+ cell surface and intracellular markers was performed
based on BD Cytofix/Cytoperm Plus fixation/permeabilization protocol (BD Biosciences,
San Jose, CA, USA), as described previously, with a few modifications (Henry, et al., 2009).
Isolated cells were incubated in DMEM (Bio-Whittaker, Cambrex, MD, USA) with 10%
FBS (Hyclone, Logan, UT), 100 units/ml penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA) and brefeldin A (BD Biosciences) at 37° C in a humidified incubator under 5% CO,
for 4 h. After incubation cells were washed and re-suspended in PBS/0.5% BSA/0.01%
sodium azide solution (flow buffer) and Fc receptors were blocked with anti-CD16/CD32
antibody (eBioscience, San Diego, CA, USA). Cells were then incubated with anti-CD45-
APC, anti-MHC-I1-R-PE, and anti-Ly-6C-BV421 (BD Biosciences). Next, cells were fixed
and permeabilized with BD Cytofix/CytoPerm™ solution, washed and re-suspended in BD
Perm/Wash™ buffer, and incubated with anti-IL-1p-PE (eBioscience) for 30 min. Cells were
washed in BD Perm/Wash™ buffer and re-suspended in flow buffer. Expression of surface
and intracellular antigens was determined using a Becton-Dickinson LSR Il Flow Cytometer
(Red Oaks, CA, USA). Ten to twenty thousand events were collected and gating was
determined based on fluorescently labeled isotype antibodies for FITC, APC, PE, and
BV421 (BD Biosciences) incubated for 15 min with compensation beads from the AbC™
Total Antibody Compensation Bead Kit (Thermo Fisher Scientific, Grand Island, NY, USA).
Unstained samples were used as controls. Flow data were analyzed using FCS Express
software (De Novo Software, Los Angeles, CA, USA).

2.6 BV2 and primary microglia cell culture and drug treatments

BV?2 cells were maintained in 150-cm? tissue culture flasks (BD Falcon) in DMEM
supplemented with 10% FBS and 100 units/ml penicillin/streptomycin at 37° C in a
humidified incubator under 5% CO,. When cells reached confluence they were passed by
trypsinization, resuspended in serum-free DMEM and seeded in 12-well plates (BD Falcon).
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Cells were treated one day later with 10uM of 5-aza (Sigma, St. Louis, MO, USA) for 48 h
with daily media replacement and stimulated with 100ng/mL LPS 4 or 24 h later. Primary
microglia from young adult mice were plated on poly-L-lysine (Sigma) coated 12-well
plates in DMEM supplemented with 10% FBS, 100 units/ml penicillin/streptomycin, and 5
ng/mL GM-CSF and maintained at 37° C in a humidified incu bator under 5% CO,. Cells
were treated 7-8 days after culturing with 10uM 5-aza for 24 h and then 100ng/mL LPS for
4h. Both media and cells were collected and cells were put directly in Trizol reagent
(Invitrogen) for all cell culture experiments. The viability of BV2 and primary cultured
microglia cells was evaluated using the Thermo Scientific Pierce Lactate Dehyrogenase
Cytotoxicity Assay Kit (Thermo Scientific, Rockford, IL, USA) in accordance with the
manufacturer’s instructions and was <15%.

2.7 Gene Expression and DNA Methylation Assays

Total RNA and DNA from microglia were isolated using the Tri Reagent protocol
(Invitrogen). Synthesis of cDNA was carried out using a high-capacity RT kit (Applied
Biosystems, Grand Island, NY, USA) according to the manufacturer’s instructions. Real-
time quantitative RT-PCR was performed on an ABI PRISM 7900HT-sequence detection
system (Perkin Elmer, Forest City, CA, USA) to detect changes in mRNA expression of the
epigenetic regulators DNMT1 (catalog no. Mm.PT.58.30881142), DNMT3a (Mm.PT.
58.13545327), DNMT3b (Mm.PT.58.31955137), HDAC1 (Mm.PT.58.43356830.g), MeCP2
(Mm.PT.58.13934895.9), and Gadd45b (Mm.PT.58.10699383.9), the pro-inflammatory
cytokine IL-1p (Mm00434228_m1), and regulators of IL-1f processing and signaling
including IL-1RA (Mm00446186_m1), NLRP3 (Mm.PT.58.6779853.gs), and Caspl
(Mm.PT.58.8975671.gs). All genes were analyzed using PrimeTime real-time quantitative
RT-PCR Assays (Integrated DNA Technologies, Coralville, IA, USA) and were compared
with the housekeeping control gene GAPDH (Mm99999915_g1) using the 27284
calculation method as previously described (Livak and Schmittgen, 2001). Data are
expressed as fold change versus controls. To minimize unequal variances, gene expression
for BV2 and primary cultured cells were log10 transformed for statistical analyses only
(Figure 4-5 and Table 2 still represent the original data before it was log-transformed).
Methylation status was assessed via MSP on bisulfite modified DNA (Zymo Research,
Irvine, CA, USA). MSP primers were designed using Methprimer software: (http://
www.urogene.org/methprimer/) (Li and Dahiya, 2002). Primer sets targeted a methylated
and unmethylated CG dinucleotide in DNA associated with the promoter region of IL-1f, or
unmethylated p-tubulin-4 as a reference gene as previously published (Gupta, et al., 2010,
Levenson, et al., 2006), and are listed in Table 1. Product specificity was determined by melt
curve analysis and gel electrophoresis. For the MSP data, a methylation index was calculated
by dividing the fold change value for the methylated primer set by the fold change value for
the unmethylated primer as previously described (Blaze, et al., 2013, Sui, et al., 2012).

2.8 Global DNA Methylation Analysis

Global DNA methylation status in primary microglia was performed using the
MethylFlash™ Methylated DNA Quantification Kit, an enzyme-linked immunosorbent
assay used to detect the total amount of 5mC. The assay was run according to the
manufacturer’s instructions (Epigentek, Farmingdale, NY, USA).
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2.9 Statistical Analyses

3. Results

All data were analyzed using Statistical Analysis System (SAS, Cary, NC, USA). Behavior
data and data from primary microglia (not cultured) were subjected to two-way analysis of
variance for main effects of age and LPS, and all two-way interactions. Data from cell
culture experiments were subjected to unpaired t-tests or two-way analysis of variance for
main effects of 5-aza and/or LPS, and all interactions. Where analysis of variance revealed a
significant interaction (p<0.10 unless noted elsewhere), Fisher’s LSD test was used for post
hoc comparisons when appropriate. All data are expressed as means + SEM.

3.1 LPSinduced sickness behavior in adult and aged mice

As previously reported in BALB/c mice (Godbout, et al., 2005), aged C57BL/6 mice as well
as those given LPS had a decrease in locomotor activity (Supplementary Figure 1). At 4
hours, both age (F (1,35) =11.83, p=0.001) and LPS (F (1,35) =19.51, p<0.0001) produced a
significant reduction in the number of line crossings during the locomotor task. At 24 hours,
there was still a reduction in locomotor activity with age (F (1,34) =6.24, p=0.018) and LPS
(F (1,34) =3.68, p=0.063).

3.2 Primary microglia had increased MHCII expression with age and increased IL-1p
expression with age and LPS

Adult and aged mice were injected with saline or LPS, and brain cells were isolated using
Cd11b* magnetic bead separation. These cells identified as CD11b*, CD45!%% and Ly6C",
thought to be predominantly microglia, were stained for IL-1p and MHCII and analyzed by
flow cytometry. Figure 1A and 1B shows representative histograms and Figure 1C and 1D
show the percentages of cells that were IL-1p+ and MHCII+. A greater proportion of
microglia from aged mice expressed MHCII compared to adults (F (1,12)=43.19, p<0.0001),
while there was no difference between saline and LPS-treated mice, consistent with previous
findings (Henry, et al., 2009). Further, both aged animals and those treated with peripheral
LPS had an increased percentage of IL-1p+ microglia (F (1,12)=16.82, p=0.002 and F
(1,12)=5.66, p=0.035) and there was an interaction in that the LPS-induced increase in IL-1p
+ cells was greater in aged mice compared to adults (F (1, 12) = 3.42, p=0.089).

3.3 IL-1B promoter DNA methylation decreased in aged and LPS-treated primary microglia

As expected, for IL-18 mRNA there was a main effect of age (F (1, 26) = 16.39, p=0.0004)
and LPS (F (1, 26) = 7.51, p=0.01) at 4 hours and main effect of age (F (1, 30) = 20.18,
p<0.0001) and LPS (F (1, 30) = 9.9, p=0.004) at 24 hours in that aged mice and mice given
LPS had increased IL-1p compared to adult and saline-treated mice (Figure 2A). For IL-1p
promoter DNA methylation, there was a main effect of age (F (1, 3) = 6.91, p=0.02) at 4
hours and a main effect of LPS (F (1, 17) = 6.59, p=0.02) at 24 hours in that aged mice and
mice given LPS had decreased methylation compared to adult and saline-treated mice
(Figure 2B). This coincides with the increase in IL-1p mRNA in aged and LPS-treated mice.
DNA from these samples was also used to assess global methylation status, but neither age
nor LPS significantly altered 5mC content (data not shown).
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3.4 Epigenetic regulators are altered by age and LPS in primary microglia

To gain a broader view of the role of epigenetic regulators in neuroinflammation, mRNA for
several enzymes that participate in DNA methylation were measured in microglia from adult
and aged mice 4 or 24 hours after i.p. injection of LPS (Figure 3). Of note, there were
decreases in DNMT3a, DNMT3b, HDAC1, and MeCP2 mRNA with age and/or LPS at 4
and/or 24 hours. Both DNMT3a and MeCP2 had significant age x LPS interactions at 24
hours in that aged saline-treated mice had much lower mRNA levels of DNMT3a and
MeCP2 compared to saline-treated adults. For Gadd45b, there were increases in mMRNA with
age at both 4 and 24 hours and with LPS at 4 hours.

3.5 Inhibiting DNA methylation increased IL-1B gene expression in BV2 cells and primary

microglia

To demonstrate whether or not DNA methylation plays a direct role in primed microglial
IL-18 mRNA expression, the BV2 immortalized murine microglial cell line was treated with
5-aza for 48 h and/or LPS for 4 or 24 h. IL-1p promoter DNA methylation was decreased by
5-aza treatment (F (1, 4) = 5.18, p=0.007) (Figure 4A). For IL-1p mRNA expression, there
was a main effect of LPS (F (1, 10) = 616.78, p<0.0001), 5-aza (F (1, 10) = 26.73,
p=0.0004), and an 5-azaxLPS interaction (F (1, 10) = 6.22, p=0.032) with a 4 hour LPS
treatment in that 5-aza and LPS produced a greater increase in IL-1p than 5-aza or LPS
alone (Figure 4B). Similarly, for the 24 hour LPS treatment, there was a main effect of LPS
(F (1, 10) = 89, p<0.0001), 5-aza (F (1, 10) = 25.7, p=0.0005), and an 5-azaxLPS interaction
(F (1, 10) = 8.4, p=0.016) in that 5-aza and LPS produced a greater increase in IL-1p than 5-
aza or LPS alone, albeit less than at 4 hours (Figure 4C). Additionally, primary microglial
cells were cultured for 7-8 days and treated with 5-aza for 24 h and/or LPS for 4 h. IL-1p
promoter DNA methylation was decreased by 5-aza and LPS treatment (F (1, 10) = 26.27,
p=0.0004) and F (1, 10) = 22.6, p=0.0008), and there was a 5-azaxLPS interaction (F (1, 10)
=15.08, p=0.003) (Figure 5A). For IL-1p mRNA expression, there was a main effect of LPS
(F (1, 9) = 652.96, p<0.0001), and a main effect of 5-aza (F (1, 9) = 4.49, p<0.063) (Figure
5B). The increase in IL-1p mRNA was numerically greatest when LPS and 5-aza were
combined, but the 5-aza x LPS interaction was not significant. We also assessed mRNA for
genes involved in IL-1p signaling and processing in primary microglia (Table 2). For the 3
genes assessed, there was a main effect of LPS (F (1, 20) = 107.01, p<0.0001, F (1, 20) =
324.97, p<0.0001, and F (1, 20) = 588.09, p<0.0001 for Caspl, IL-1rn, and NLRP3,
respectively), and for Caspl and NLRP3 there was a main effect of 5-aza (F (1, 20) = 3.55,
p=0.074 and F (1, 20) = 3.44, p=0.079, respectively). No interactions were detected. These
results suggest that several genes involved in IL-1p signaling and processing are affected by
DNA methylation, but not in the same way as IL-1p.

4. Discussion

The current study was designed to investigate a link between DNA methylation and the
microglial phenotype of aged mice. We clearly demonstrated that age and LPS have the
capacity to alter DNA methylation and expression levels of genes important for establishing,
maintaining, or reversing DNA methylation in microglial cells. Of note, both aging and
stimulation of the immune system with a pro-inflammatory agent (LPS) produces sickness
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behavior and decreases in methylation of the IL-1p promoter that coincide with increases in
IL-1pB gene expression and intracellular IL-1p production, suggesting that DNA methylation
plays a role in the overexpression of this pro-inflammatory cytokine with age. Although the
percentage of IL-1p+ cells do not completely match previous findings (Henry, et al., 2009),
itis likely that our cell population is more highly purified now that the magnetic bead
separation technique is used instead of the previous isolation method with a Percoll gradient
(Burton, et al., 2013, Henry, et al., 2009). Importantly, percentage of Cd11b+/CD45!%W cells
are considerably higher with the new method (Nikodemova and Watters, 2012).

There are a number of possible mechanisms that could be mediating these alterations in
DNA methylation with age and LPS. As NF-xB activation is implicated in microglial aging
(Zhang, et al., 2013) and sickness behavior (Nadjar, et al., 2005), NF-xB binding activity
might play a role in demethylation of the IL-1p promoter. The site of methylation
investigated in this study is adjacent to a canonical NF-xB binding site (Lebedeva and
Singh, 1997) and recently, the NF-xB subunit RelB at the IL-1f promoter was demonstrated
to be required for the attenuated LPS response in LPS-preconditioned microglia (Schaafsma,
et al., 2015), thus providing evidence that epigenetic regulation of IL-1p in microglia from
aged mice could be regulated by increased NF-xB binding that’s inhibiting proper DNA
methylation to be established. Further, it’s been demonstrated that IL-1f induces its own
expression in healthy chondrocytes and causes loss of DNA methylation (Hashimoto, et al.,
2009). This has the potential to set up a dangerous positive feedback mechanism, and if true
in vivo, could partially explain the progression of neuroinflammation in aging. It should be
stressed that additional studies are necessary to link these gene methylation and expression
changes with histone alterations, subsequent behavioral outcomes, and to explore their
reversibility.

Global DNA methylation was unchanged by age or LPS stimulation, suggesting that perhaps
DNA hypomethylation is not a global phenomenon as it is in other cell types such as
fibroblasts (Wilson and Jones, 1983). As epigenetic regulation of other pro-inflammatory
genes such as TNF-a and IL-6 have been demonstrated in other immune cell types such as
natural killer cells and peripheral monocytes/macrophages (Eddy, et al., 2014, Sullivan, et
al., 2007), it will be pertinent to explore regulation by DNA methylation and other
epigenetic modifications in microglia, as well as other signature genes relevant to aging such
as those recently found in the microglial sensome (Hickman, et al., 2013) or other recent
transcriptomic studies (Holtman, et al., 2015, Orre, et al., 2014).

Gene expression of epigenetic regulators was found to be altered with age and LPS, and
support a number of previously established findings. DNMT3a and DNMT3b mRNA
decreased with age, and these genes decrease with age in fibroblasts and T cells (Lopatina,
etal., 2002, Zhang, et al., 2002). LPS decreased DNMT3a expression, and this is consistent
with a previous finding that LPS downregulates DNMT3a in calf peripheral blood
mononuclear cells (PBMCs) that occurred concurrently with high expression of pro-
inflammatory genes (Doherty, et al., 2013). Further, as differences in DNMT3b expression
have the ability to influence adipose tissue macrophage polarization, perhaps the microglial
polarization seen in aging is acting through a similar mechanism (Yang, et al., 2014). LPS
decreased HDAC1 expression and age also slightly decreased expression at 4 hours (p<0.1),
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but these results are more difficult to interpret based on existing literature. HDACs in general
have been shown to be decreased with aging (Gravina and Vijg, 2010), but evidence has also
shown that HDACs are increased with LPS in macrophages (Aung, et al., 2006). It has been
suggested that HDACs are important in limiting the inflammatory response as they have
been reported to modulate Toll-like receptor (TLR)-mediated signaling and to inhibit NF-xB
signaling (Aung, et al., 2006), but inhibiting HDACs has also been demonstrated to suppress
innate immune activation in microglia (Kannan, et al., 2013). Additional work will be
necessary to delineate these differential effects of HDACs in modulating inflammation, but
nonetheless the current findings support the idea that decreased expression of co-repressors
like HDAC1 are associated with decreased IL-1p promoter DNA methylation.

The significant decreases in MeCP2 with age are interesting considering a deficiency in
MeCP2 has been widely associated with Rett syndrome, a neurodevelopmental disorder
causing mental retardation with early onset in childhood, and MeCP2 mutant mice have
been shown to exhibit many of the same cognitive deficits and neuroanatomical
abnormalities associated with Rett syndrome (Guy, et al., 2001). Intriguingly, selective
return of MeCP2 function to microglia arrests Rett syndrome pathology (Derecki, et al.,
2013). The mechanism is unclear but may relate to phagocytic ability, as microglia from
Mecp2-null mice had severe impairments in phagocytic ability in vitro. The authors
proposed that insufficient clearance of debris within the brains of these animals might indeed
contribute to the severity of pathology, and it seems that this same phenomena could also be
a mechanism involved in aging. Gadd45b was the only gene to increase with age, but
expectedly so in that it plays a major role in DNA demethylation. Previous research has
demonstrated that LPS, TNF, IL-6 and other inducers of oxidative stress can increase
Gadd45b. Further, NF-xB can stimulate the expression of Gadd45 and simultaneously acts
as its regulatory target, thus creating a positive feedback loop (Moskaley, et al., 2012).

As DNA hypomethylation is often described in context with gene activation, another
important finding was to demonstrate that a demethylating drug like 5-aza has the capacity
to decrease IL-1p promoter DNA methylation and subsequently increase IL-1p mRNA in
both BV2 and primary microglia, establishing that DNA methylation does indeed play a
direct role in IL-1p gene regulation. This also indicates that BV2 and cultured primary
microglia have the capacity to display DNA methylation patterns in a manner consistent
with what was seen in freshly isolated microglia (Figure 2). This is important because
primary microglia and cell lines in culture have been shown to lose their microglial signature
(Butovsky, et al., 2014, Gosselin, et al., 2014). The exaggerated increase in IL-1 mRNA
with both 5-aza and LPS in BV2 cells suggests that DNA hypomethylation allows LPS to
trigger a more pronounced immune response, and is in line with previous findings in other
cell lines (Kovacs, et al., 1987, Wessels, et al., 2010).

It is also important to consider other factors that can lead to a heightened proinflammatory
response with aging, such as expression of the endogenous receptor antagonist of 1L-1p,
IL-1ra (Spulber, et al., 2009) or of inflammasomes (Goldberg and Dixit, 2015). As such,
mRNA expression of several genes involved in IL-1p signaling and processing were also
investigated in primary microglia treated with 5-aza or LPS. All IL-1B-related genes were
upregulated with LPS as expected, but 5-aza decreased Caspl and NLRP3 mRNA
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expression with or without LPS. This suggests that Caspl and NLRP3 are additionally
affected by DNA methylation, but not in the same way as IL-1B. DNMT inhibitors in
general create global demethylation of the genome, but there is some heterogeneity of
response of loci (Pandiyan, et al., 2013). Depending on cell type and site of methylation
(promoter versus gene body methylation, for example), DNA methylation and transcription
can be positively correlated, or variable chromatin accessibility and constitutive DNA
hypomethylation can occur (Wagner, et al., 2014). Histone modifications also have a close
relationship with DNA methylation, and could be more influential on DNA methylation and
transcription of some genes compared to others (Cedar and Bergman, 2009). More analyses
of these genes involved in IL-1p signaling and processing will be necessary to understand
their effects on microglial IL-1p with aging. However, the observation that 5-aza decreases
IL-1pB promoter DNA methylation and increases IL-18 mRNA expression (but not mMRNA
expression of all IL-1f signaling and processing genes) suggests that this is a specific
relationship that could be important to understand the changes in IL-1f within the brain and
specifically microglia from aged individuals.

Although the increase in IL-1p mRNA with 5-aza and LPS was not significantly
exaggerated when combined in primary cultured microglial cells, perhaps they are not
capable of the same effects in culture and cannot perform in a similar manner in isolation
without the influence of other cell types within the brain. Further, the techniques we used in
this study do not allow us to draw any conclusions regarding cytosine methylation verses
hydroxymethylation, subregion specificity, or site-specific methylation. In the future it will
be useful to use bisulfite pyrosequencing to characterize site-specfic methylation changes of
the IL-1p promoter.

These findings highlight the importance of elucidating the interaction of the environment
with the epigenome and its role in aging. Manipulating and understanding the epigenome
holds promises for preventing and treating age-related diseases, such as restoring the DNA
methylation profile of aging cells to that of young or mature cells and preventing significant
age-associated demethylation. Specifically, a better understanding of how epigenetic
mechanisms like DNA methylation become dysregulated with age in microglia is needed to
improve our understanding of neuroinflammatory complications and lead to the
development of therapeutic interventions.
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APC Allophycocyanin

Caspl Caspase 1

DNMT DNA methyltransferase

FITC Fluorescein isothiocyanate

Gadd45b  Growth arrest and DNA-damage-inducible beta
GM-CSF  Granulocyte-macrophage colony-stimulating factor

HDAC Histone deacetylase

IL Interleukin

IL-1rn Interleukin-1 receptor antagonist
IP Intraperitoneally

LPS Lipopolysaccharide

MeCP2 Methyl-CpG binding protein-2
MSP Methylation specific real-time PCR

NLRP3 NLR family, pyrin domain containing 3

PBS Phosphate-buffered saline
PCR Polymerase chain reaction
PE Phycoerthrin

RT Reverse transcriptase
SIRT Sirtuin

TNF Tumor necrosis factor
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Highlights
. Immune challenge in aged mice leads to exaggerated
neuroinflammation
. DNA methylation of IL-1p may play a role in microglial dysfunction
with age
. 5-azacytidine decreases IL-1p methylation in culture similar to

microglia from aged mice

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Matt et al. Page 16

A B

1000 1000
1 B 1sotype Control 1 I 1sotype Control
— Adult SAL — Adult SAL
4 — Adult LPS 4 — Adult LPS
750 — Aged SAL 750 — Aged SAL
2 — Aged LPS 2 — Aged LPS
[ @O
o o
o o
5 5004 e 500
£ £
b= 3
z z
250+ 250
10° 10" 102 10° 104 10° 10" 102 10°
MHCII PE-A IL-18 PE-A
Age, p<0.0001 Age, p=0.002
3 LPS, p>0.10 LPS, p=0.035
—~ Y7 AgexLPS, p>0.10 Age x LPS, p=0.089
3 g P 0 SAL . G P
S m LPS 0 b 3 SAL
) T 2 Il LPS
2 204 O 159
¥ s
[o] =4
o 2 10 a
— o
= 101 =
O =% a
L v 54 a
= =
X 2
° 0 T T 0-
Adult Aged Adult Aged

Figure 1. Differential expression of MHCII and IL-1p on microglial cells from saline or LPS-
treated adult and aged mice

Representative histograms of Cd11b+/CD45+/Ly6C- cells incubated with A) anti-MHCII PE

and B) anti-IL-1p PE compared with isotype controls. Average percentage of Cd11b+/
CD45+/Ly6C- cells that were C) MHCII+ or D) IL-1p+. Bars represent the mean + SEM
(n=4).
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Figure 2. Increased microglial IL-1p gene expression in aged and LPS-treated mice coincides

with decreased IL-1B promoter DNA methylation

Adult and aged mice were injected i.p. with LPS or sterile saline and 4 or 24 h later, brain
tissue was collected for Cd11b+ cell isolation. Bars represent the mean = SEM (n = 7-10).
A) IL-1B gene expression at 4h and 24h, and B) IL-18 DNA methylation at 4h and 24h.

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

[ Adult SAL
Il AdultLPS
E3 Aged SAL
2 Aged LPS



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Matt et al.

A

DNMT1 Relative Gene Expression

DNMT3b Relative Gene Expression

MeCP2 Relative Gene Expression

Page 18

B

Age, p>0.10 Age, p>0.10 g
1.5+ LPS,p>0.10 : LPS, p>0.10 ® Age, p=0.041 | Age, p=0.013
Age xLPS, p0-10 i Age xL75,p20.10 D Adult SAL o "7 LAPS' pfgémsoosz | k:es'xp:gémpmo 040
[ ge X , p=0. , p=0.!
| T W AdutLPS & ™7 !
) I
104 : Aged SAL & | 2 P 2
i ] AgedLPS 5§ ~ !
| % < b !
0.5 i = > I
[ H = !
ﬁ ' % = 0.5 :
I [F]
= 1 4 !
b e i i 8 .
. T I
h 24h E o0 .
=
o
Age, p=0.019 Age, p>0.10 g Age, p=0.061 Age, p>0.10
1 LPS, p>0.10 | LPS, p=0.021 ‘B 1.5+ LPS,p>0.10 | LPS, p=0.0002
-5 Age x LPS, p>0.10 | Age xLPS, p>0.10 8 Age x LPS, p>0.10 : Age x LPS, p>0.10
I — I
I o \
| b3 1 . 4
| w -
1.0- | o 1.0 ]
| c | .
' R i o
I
e | = 2 i oo
0.5- =] o £ 05 | ﬁ
[ 1 [ )
= i e 2 i o
e ] o :
e 1 < H
00 o= H & 2 00 s i
. Q
4h 24h T 24h
Age, p=0.066 Age, p=0.083 5 Age, p=0.031 Age, p=0.011
1.5+ LPS, p>0.10 I LPS, p=0.0002 -g ,_,g;',';:om4 \ ng’, z>u.10
Age x LPS, p>0.10 : Age x LPS, p=0.004 8 6+ Age x LPS, p>0.10 ) Age xLPS, p>0.10
I — )
o 1
- n 1 | T
1.0 ! @ 4] ' "
]
| b & :
: 5 2 S |
0.5- | b 8 2 = |
1 ﬁ E’ _— -
| i o)
| b 1
l e 8 |-| o !
0.0 T < e !
K=} 0 T
24h S 4h
o

Figure 3. Microglial cell gene expression of epigenetic regulators 4 and 24 h after saline or LPS
Adult and aged mice were injected i.p. with LPS or sterile saline and 4 or 24 h later, brain

tissue was collected for Cd11b+ cell isolation. Data are presented as means + SEM (n = 7—
10) for A) DNMT1, B) DNMT3a, C) DNMT3b, D) HDAC1, E) MeCP2, and F) Gadd45b
gene expression.
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Figure 4. Increased IL-1p gene expression in 5-aza and LPS-treated BV-2 cells coincides with
decreased IL-1B promoter DNA methylation

BV-2 cells were treated with 5-aza for 48 h and/or LPS for 4 or 24 h. Bars represent the
mean £ SEM (n = 3-4). A) IL-1p promoter DNA methylation as measured by a Methylation
Index (MI). B) lIL-1p mRNA expression after 4h LPS treatment. C) IIL-1 mRNA
expression after 24h LPS treatment.

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Matt et al. Page 20

A

o

1.5 AZA, p=0.0004 AZA, p=0.063
- LPS, p=0.0008 LPS, p<0.0001
s AZA x LPS, p=0.003 = AZA x LPS, p>0.10
= 2 2500- —_
x (7]
= a 3
£ 10 L £ 2000-
= o
o o 15004
= &
>
S as © 1000+
o V.01 Q -
= b E 44
Q. o e
- [ .
- ¥ 21
- m- L) II.I
0.0 ) 0- T
=

.'.v.' l v‘.
Control 5-AZA  LPS 5-AZA +LPS Control  5-AZA 5.AZA + LPS

Figure 5. Increased 1L-1pB gene expression in 5-aza and LPS-treated primary cultured microglia
coincides with decreased IL-1B promoter DNA methylation

Primary cultured microglia were treated with 5-aza for 24 h and/or LPS for 4 h. Bars
represent the mean £ SEM (n = 3-4) for A) IL-1p promoter DNA methylation as measured
by a Methylation Index (MI) and B) IL-1p mRNA expression.
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Table 1
Primers used in MSP experiments.
Target Gene Primer Sequence (5'-3")
IL-18 Methylated TTTTAGTTTAAGTATAAGGAGGCGA
ACACATTCGCAAATATATCATCGTA
IL-1B Unmethylated TTTTAGTTTAAGTATAAGGAGGTGA

AACACATTCACAAATATATCATCATA
B —tubulin-4 Unmethylated GGAGAGTAATATGAATGATTTGGTG
CATCTCCAACTTTCCCTAACCTACTTAA
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