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Abstract

Redox-signaling is implicated in deleterious microglial activation underlying CNS disease, but 

how ROS program aberrant microglial function is unknown. Here, the oxidation of NF-κB p50 to 

a free radical intermediate is identified as a marker of dysfunctional M1 (pro-inflammatory) 

polarization in microglia. Microglia exposed to steady fluxes of H2O2 showed altered NF-κB p50 

protein-protein interactions, decreased NF-κB p50 DNA binding, and augmented late-stage TNFα 

expression, indicating that H2O2 impairs NF-κB p50 function and prolongs amplified M1 

activation. NF-κB p50−/− mice and cultures exhibited a disrupted M2 (alternative) response and 

impaired resolution of the M1 response. Persistent neuroinflammation continued 1 week after LPS 

(1mg/kg, IP) administration in the NF-κB p50−/− mice. However, peripheral inflammation had 

already resolved in both strains of mice. Treatment with the spin-trap DMPO mildly reduced LPS-

induced 22 h TNFα in the brain in NF-κB p50+/+ mice. Interestingly, DMPO failed to reduce and 

strongly augmented brain TNFα production in NF-κB p50−/− mice, implicating a fundamental role 

for NF-κB p50 in the regulation of chronic neuroinflammation by free radicals. These data 

identify NF-κB p50 as a key redox-signaling mechanism regulating the M1/M2 balance in 

microglia, where loss of function leads to a CNS-specific vulnerability to chronic inflammation.
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INTRODUCTION

Microglia, the resident macrophages in the central nervous system (CNS), are critical actors 

regulating normal CNS physiology and health (Aguzzi et al. 2013). As CNS sentinels, 

microglia detect and respond to a diverse array of stimuli in the brain, including 

environmental toxins, bacterial toxins, cytokines, neuron damage, and disease proteins 

(Block et al. 2007), where the activation state exists on a spectrum of pro-inflammatory 

(M1) or alternative (M2) responses (Boche et al. 2013; Durafourt et al. 2012; Jang et al. 

2013). M1 activation is characterized by the upregulation of pro-inflammatory mediators 

(ex. TNFα, IL-1β, COX2, and iNOS) and the production of reactive oxygen species (ROS, 

ex. H2O2 and ONOO−) (Block et al. 2007). Implicit in the maintenance of homeostasis, the 

initial M1 response is typically followed by a secondary M2 activation that is important for 

wound healing and resolving inflammation, which is marked by the expression of factors 

such as Arginase1 (Arg-1), Ym1, and Fizz1 (Boche et al. 2013; Durafourt et al. 2012; Mills 

2012).

Accumulating evidence demonstrates that a deleterious and neurotoxic microglial phenotype 

occurs when microglia activation is dysregulated to become a polarized M1 phenotype (Hu 

et al. 2012; Liao et al. 2012), which is defined by an enhanced pro-inflammatory response 

with impaired resolution (M2 response) (Chhor et al. 2013; Jang et al. 2013). This 

unchecked microglial pro-inflammatory response is implicated in several late onset 

neurodegenerative diseases, such as Parkinson’s disease (McGeer et al. 1988). While the 

mechanisms driving the dysregulation of the microglial pro-inflammatory response are 

poorly understood, recent evidence has linked ROS to microglia-driven neuropathology 

(Cheret et al. 2008; Liao et al. 2012; Qin et al. 2013).

Redox signaling is an essential component of the M1 response (Brune et al. 2013) in 

microglia (Innamorato et al. 2009) and reports have also confirmed ROS regulation of 

microglial M2 activation (Innamorato et al. 2009; Liao et al. 2012). Published evidence 

indicates that compounds causing ROS production in microglia, such as rotenone and diesel 

exhaust particles, amplify the pro-inflammatory response in microglia without the ability to 

initiate the full M1 response (ex. initiate cytokine production) in this cell type (Gao et al. 

2003; Levesque et al. 2011). Consistent with this premise, studies targeting NOX2 (Gao et 

al. 2003; Qin et al. 2013; Qin et al. 2004) and NOX1 (Cheret et al. 2008) enzyme isoforms 

by genetic deletion or the use of pharmacologic inhibitors to reduce microglial ROS 

production demonstrate an attenuated M1 response to the potent pro-inflammatory stimulus, 

lippopolysacharide (LPS). This enhanced sensitivity of microglia to pro-inflammatory 

stimuli conferred by ROS is often referred to as priming (Schilling and Eder 2011), which 

has been implicated in aging and neurodegenerative disease (Harry 2013; Lee et al. 2013). 

Reports also reveal that attenuation of microglial ROS through genetic deletion of NOX2 

and NOX2 inhibitors elevates the microglial M2 markers in response to LPS (Choi et al. 

2012). Together, these studies provide a framework to propose that ROS may drive a 

polarized M1 response in microglia, but precisely how ROS could regulate the M1/M2 

balance in microglia is unclear.
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The NF-κB family of transcription factors are intricately involved in macrophage M1 and 

M2 signaling (Porta et al. 2009), are redox sensitive (Kabe et al. 2005), and have been 

implicated in both microglial activation and neurodegenerative diseases (Saijo et al. 2009). 

A recent report documents the decline in NF-κB p50 expression in the substantia nigra of 

patients diagnosed with dementia with Lewy Bodies, supporting that aberrant NF-κB p50 

function is involved in CNS disease (Saldana et al. 2007). NF-κB p50 is ubiquitously 

expressed, is the first redox sensitive eukaryotic transcription factor identified (Schreck et al. 

1991; Staal et al. 1990), and is oxidized on residue cys62 (Kabe et al. 2005), where 

oxidation has been linked to decreased DNA binding (Kabe et al. 2005). Thus, while the 

thiyl radical form of NF-κB p50 has been implied in multiple cell types, the cysteine radical 

has yet to be identified and measured. Functionally, NF-κB p50 has dual roles in 

inflammation, where it traditionally forms a heterodimer with NF-κB p65 to initiate a pro-

inflammatory cytokine response and NF-κB p50 homodimers act as repressors of pro-

inflammatory genes (Pereira and Oakley 2008). Importantly, NF-κB p50 gene regulation is 

reported to be cell-specific, where repression or expression of a particular gene is dependent 

upon the organ/tissue/cell investigated (Ishikawa et al. 1998; Kabe et al. 2005). While 

previous reports indicate a complex role for NF-κB p50 in the microglial pro-inflammatory 

response in the hippocampus and murine Alzheimer’s disease models (Rolova et al. 2014), 

the consequences of loss of NF-κB p50 function for both the transfer of peripheral 

inflammation to the brain and the chronic, self-perpetuating microglial response/

neuroinflammation are poorly understood. Furthermore, the role of NF-κB p50 in redox 

regulation of this process is unknown.

In an effort to understand how microglia shift to a chronically primed and polarized M1 

phenotype, the current study sought to address: 1) the impact of ROS on microglial NF-κB 

p50; 2) the effect of NF-κB p50 on microglial M1 polarization and chronic, self-propelling 

neuroinflammation; 3) the role of NF-κB p50 in redox-regulation of chronic 

neuroinflammation. Here, we identify the NF-κB p50 radical for the first time and 

demonstrate a paradoxical role for NF-κB p50 in microglial redox regulation of activation, 

where the data support that microglial ROS impair NF-κB p50 protein/DNA binding 

interactions, the loss of NF-κB p50 function results in a CNS-specific vulnerability to 

chronic inflammation, and NF-κB p50 is a key regulator of redox-signaling driving chronic 

TNFα production in the brain.

MATERIALS AND METHODS

Reagents

Lipopolysaccharide (0111:B4, lot 050M4100) was purchased from Sigma-Aldrich (St. 

Louis, MO). Cell culture reagents were obtained from Invitrogen (Carlsbad, CA) and 

Corning (Corning, NY). HALT protease and phosphatase inhibitor was obtained from 

Thermo Fisher Scientific (Rockford, IL). The rabbit α-DMPO-nitrone adduct antibody was a 

generous gift from Ron Mason at NIEHS/NIH. The spin trap 5,5-dimethyl-1-pyrroline N-

oxide (DMPO) was acquired from Dojindo Molecular Technologies (Rockville, MD). All 

other reagents were procured from Sigma Aldrich Chemical Company (St. Louis, MO).
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Animals

Six-eight week old NF-κB p50 deficient mice (B6.Cg-Nfkb1 tm1Bal/J, NF-κB p50−/−), and 

C57BL/6J (NF-κB p50+/+) mice were purchased from Jackson Laboratories (Bar Harbor, 

Maine) and maintained in a strict pathogen-free environment. NF-κB p50−/− mice fail to 

express functional NF-κB p105 or NF-κB p50 proteins due to a targeted mutation of exon 6 

in the Nfkb1 gene, which results in a non-functional truncated peptide that fails to dimerize 

with NF- κB subunits or bind DNA (Sha et al. 1995). Because the NF-κB p50−/− mutation is 

maintained in the C57BL/6J background, C57BL/6J (NF-κB p50+/+) mice were used as 

control animals. NF-κB p50−/− mice exhibit defective B cell responses, defective 

macrophage responses to pro-inflammatory stimuli, and defects in basal and specific 

antibody production (Cao et al. 2006; Snapper et al. 1996). Mouse breeding was designed to 

achieve accurate timed-pregnancy ±0.5 days. Housing, breeding, and experimental use of 

the animals were performed in strict accordance with the National Institutes of Health 

guidelines.

Primary Microglia Cultures

Primary enriched microglia cultures were prepared from whole brains of 1 day old 

C57BL/6J mouse pups, as previously described (Block et al. 2004).

Primary Mixed Glia Cultures

Primary mixed glia cultures containing approximately 55% astrocytes and 45% microglia 

were prepared from whole brains of 1 day old NF-κB p50−/− and NF-κB p50+/+ mouse pups, 

as previously described (Block et al. 2004).

BV2 Cells

The BV2 mouse microglia cell lines were maintained at 37°C in DMEM supplemented with 

10% FBS, 50 U/mL penicillin and 50 μg/mL streptomycin in a humidified incubator with 

5% CO2/95% air. Only passages 3–7 were used for the study.

N27 Cells

N27 cells are T-antigen immortalized rat mesencephalic dopaminergic (DA) neuron cells 

(Zhou et al. 2000). N27 cells were grown in RPMI 1640 medium supplemented with 10% 

fetal bovine serum, penicillin (100 U/ml), streptomycin (100 U/ml), and 2 mM L-glutamine. 

Cells were maintained at 37°C in a 5% CO2 humidified atmosphere.

Soluble Neuron Injury Factors-N27 Conditioned Media

Soluble neuron injury factors were prepared as previously reported (Levesque et al. 2010). 

Briefly, N27 cells were seeded (5 x106 cells/well) in a 24 well plate. After 24 h, cells were 

exposed to treatment media alone or the DA neurotoxicant 1-methyl-4-phenylpyridinium 

(MPP+, 10 μM) for 24 hr. Cells were then washed three times with 1 mL/well of warm 

treatment media to remove MPP+. Next, 1 ml of fresh treatment media was added to each 

well and soluble factors were allowed to accumulate for 6 h. The conditioned (6 h) media 

was transferred to other cultures for treatment.
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In vivo LPS Treatment

Six-eight week old male NF-κB p50+/+ and NF-κB p50−/− mice were given a single 

intraperitoneal (IP) injection of LPS (1 or 5 mg/kg) or equivalent volume of vehicle (0.9% 

saline). The LPS dose was based on our previously established Parkinson’s disease model 

(Qin et al. 2007) where peripheral inflammation quickly transfers to the brain to activate 

microglia in C57BL/6J mice. Early (3 h) or chronic (1 week) neuroinflammation and 

microglial activation was assessed, where serum and brain tissue were collected for protein, 

mRNA, or morphological analyses.

In vivo DMPO/LPS Treatment

To assess the effect of the free radical scavenger DMPO (Mason 2004) on early (3h) 

neuroinflammation, male NF-κB p50+/+ and NF-κB p50−/− mice were given an IP injection 

of DMPO (1g/kg) or equivalent volume of vehicle (0.9% saline) at 1h before and 1h after 

LPS (5mg/kg) injection. Serum and brain tissue were collected for analysis at 3h post-LPS 

injection. To discern the effect of the free radical scavenger DMPO on self-propelling and 

late (22h) neuroinflammation, male NF-κB p50+/+ and NF-κB p50−/− mice were given a 

single IP injection of LPS (5mg/kg) or equivalent volume of vehicle (0.9% saline). IP 

injections of DMPO (1g/kg) or equivalent volume of vehicle (0.9% saline) were given at 8, 

16 and 20h post-LPS injection. Brain tissue was collected for mRNA analysis at 22h post-

LPS injection.

Immunohistochemistry

The right hemisphere of the brain was fixed in 4% paraformaldehyde for 2 days and 

cryoprotected in 30% sucrose. Coronal sections (40 μm) of the midbrain region containing 

the substantia nigra pars compacta (SNpc) were collected with a freezing stage microtome 

(Microm HM 450, Thermo Scientific, Waltham, MA). Dopaminergic neurons were stained 

to confirm that sectioned samples across mice were in the same frame of the SNpc, and were 

recognized with an anti-tyrosine hydroxylase (TH, 1:1000) rabbit polyclonal antibody 

(Millipore Billerica, MA) and microglia were stained with a polyclonal rabbit anti-ionized 

calcium-binding adaptor molecule-1 (Iba1, 1:1000) antibody (Wako, Richmond, VA). Free-

floating brain slices were treated with 1% H2O2, washed twice for 10 min with phosphate 

buffered saline (PBS), incubated 20 min with a blocking solution (PBS containing 1% 

bovine serum albumin, 4% goat serum, 0.4% Triton X-100) and incubated overnight at 4°C 

with primary antibody diluted 1:1000 in DAKO antibody diluent. Slices were then washed 

twice in PBS, incubated with biotinylated anti-rabbit antibody (Vector Laboratories, 

Burlingame, CA) for 1 h, washed twice in PBS, and incubated with Vectastain ABC Kit 

(Vector Laboratories, Burlingame, CA) reagents according to manufacturer’s instructions. 

Staining was visualized using 3,3′-diaminobenzidine and urea-hydrogen peroxide tablets 

(Sigma-Aldrich, St. Louis, MO). Images were captured with an Olympus BX51 microscope 

(Olympus America, Center Valley, PA).

Immuno-spin Trapping ELISA

Recent development of the immuno-spin trapping technique allows secondary radicals, such 

as protein radicals, to be stabilized with the spin trap DMPO and then identified with 

Taetzsch et al. Page 5

Glia. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



antibodies (Chatterjee et al. 2009; Ramirez et al. 2007; Ramirez and Mason 2005). More 

specifically, DMPO reacts with secondary radicals to form nitrone adducts, which then 

remain covalently attached as a radical reporter detected by the rabbit anti-DMPO antibody 

(Siraki et al. 2007). Quantification of secondary protein radicals was assessed in BV2 and 

primary microglia whole cell homogenates. For 30 min measures, BV2 cells were pre-

loaded with 40 mM DMPO in serum-free media for 1 h prior to treatment and SIN-1 (1 μM) 

or glucose (5 μM)/glucose oxidase (50 mU/ml) (G/GO) was added. The time point of 30 min 

has been previously established as an ideal exposure time for ROS-producing compounds, 

such as rotenone (Gao et al. 2003), to enhance the microglial pro-inflammatory response to 

LPS. For 3 h measures, primary microglia were pre-loaded with 40mM DMPO for 30 

minutes, followed by treatment for 3 h with DMPO in the treatment media. All cells were 

lysed after treatment with RIPA buffer containing Halt Protease and Phosphatase Inhibitor 

Cocktail (ThermoFisher Scientific, Rockland, IL) and DTPA (100 μM), as previously 

described (Chatterjee, 2007). After incubation of the samples on ice for 30 minutes, they 

were centrifuged at 14,000 xg for 10 min The supernatant was collected and stored at −20°C 

until use. For general quantification of DMPO-nitrone adducts by ELISA, a NUNC 

MaxiSorp (ThermoFisher Scientific, Rockland, IL) 96 well ELISA plate was coated with 

total cell lysate protein (100μg/well) at 4°C overnight. The plate was blocked with 1% 

casein solution (Sigma chemicals, St. Louis, MO) and 5% sucrose in PBS for 2 h. Next, a 

1:1,000 dilution of anti-DMPO antibody in 1% casein was applied to the wells for 1 h. After 

washing 3x with PBS-T, a solution of 1:1,000 HRP-anti rabbit antibody in 1% casein and 

PBS was applied to the wells. After washing 3X with PBS-T, 100ul of 3,3′,5′5-

tetramethylbenzidine liquid substrate (Sigma chemicals, St. Louis, MO) was applied to each 

well for 20 minutes. This was followed by addition of 50ul of the 2N H2SO4 stop solution 

and the plate was read at 450 A° on a SpectraMax M2 plate reader (Molecular Devices, 

Sunnyvale, CA).

Immuno-spin Trapping Immunoprecipitation

The NF-κB p50 radical was identified by immunoprecipitating with the anti-DMPO 

antibody or the anti-NF-κB p50 antibody (sc-114, Santa Cruz Biotechnology, Dallas, TX) 

using the Peirce Crosslink IP Kit (ThermoFisher Scientific, Rockland, IL) and western blot 

analysis of the IP samples. Protein homogenate samples were pre-cleared (1 h at 4°C) with 

the control agarose resin slurry provided with the kit. An antibody column was prepared 

according to manufacturer instructions using 25μg of anti-DMPO antibody or 25μg of the 

anti-NF-κB p50 antibody. The homogenate (600 μg/sample) was incubated and rocked 

overnight at 4°C with the antibody/agarose slurry mixture in the column. Immune 

complexes were eluted with elution buffer according to the manufacturer’s instructions. The 

elution fractions were then resuspended in NuPAGE LDS sample loading buffer and 

immediately resolved by reducing SDS-PAGE in 4–12% Bis Tris gels (Invitrogen, Carlsbad, 

CA, USA). The NF-κB p50 radical was identified by western blot of the IP sample with an 

NF-κB p50 antibody when the IP was performed with the DMPO antibody or the DMPO 

antibody was used to identify the protein radical when the IP was performed with the anti-

NF-κB p50 antibody.
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Nuclear Protein Extraction & NF-κB p50 DNA Binding ELISA

Nuclear protein was collected using a commercially available Nuclear Extract kit (Active 

Motif, Carlsbad, CA). Nuclear protein was assessed for the ability to bind a generic NF-κB 

DNA consensus site (5′-GGGACTTTCC-3′) immobilized on a 96 well plate using the 

TransAM NFκB Chemi ELISA (Active Motif, Carlsbad, CA), following manufacturer 

instructions.

Analysis of Nuclear NF-κB p50 Disulfide Bonds with Co-immunoprecipitation and Non-
reducing Gels

Nuclear protein was collected using a commercially available Nuclear Extract kit (Active 

Motif, Carlsbad, CA). Co-IP was performed on the pre-cleared nuclear extract with a goat 

polyclonal anti-NF-κB p50 antibody (10 μg/column, C-19, Santa Cruz Biotechnology, 

Dallas, TX) using a commercially available kit (ThermoFisher Scientific, Rockland, IL) 

according to manufacturer’s instructions. The elution fractions from the IP were then 

resolved in non-reducing conditions (no DTT added to the sample, preserving disulfide 

bridges), on a 4–12% Bis Tris gel (Invitrogen, Carlsbad, CA, USA). Western blot analysis 

and staining with a goat polyclonal anti-NF-κB p50 antibody (1:500, C-19, Santa Cruz 

Biotechnology, Dallas, TX) was used to identify the disulfide bond preserved protein 

binding profile of nuclear NF-κB p50 in microglia. Non-eluted nuclear protein was probed 

with rabbit polyclonal anti-lamin b2 antibody (1:1000 Abcam, Cambridge, MA) on a 

separate gel as a loading control. Nuclear protein loaded to control agarose resin 

(ThermoFischer Scientific, Rockland, IL) was used as a negative control.

siRNA Knockdown of NFκB1 in BV2 Cells

The commercially available double-stranded siRNA Silencer Select oligonucleotide against 

the mouse NFκB1 gene (s70544) and the mouse control oligonucleotide siRNA (4390843) 

was purchased from Invitrogen Life Technologies (Grand Island, NY). BV2 cells were 

reverse transfected for 48 h by seeding 0.5 x 104 cells/well in a 24 well plate in a final 500 μl 

volume of 10 nM siRNA (control or NFKB1), 100μl of Opti-MEM 1x + GlutaMAX 

(Invitrogen Life Technologies, Grand Island, NY), 400μl of DMEM (Invitrogen Life 

Technologies, Grand Island, NY), and 0.75 μl Lipofectamine RNAiMax (Invitrogen Life 

Technologies, Grand Island, NY). An additional 500 μl of DMEM media containing 2% 

FBS in addition to the transfection reagents listed above was added to the wells as a final 

boost to the knockdown for an additional 24 h of transfection. At 72 h after seeding, media 

containing siRNA and transfection reagents were removed and cells were treated with 

DMEM containing 2% FBS. NFκB1 knockdown was assessed with the mouse GAPDH 

(4448490) and NFκB1 (4331182) TaqMan Gene Expression Assays (Life Technologies, 

Grand Island, NY) per manufacturer instructions. These transfection conditions provided 

maximum NFκB1 knockdown of 63% at 6 h post-treatment (Figure S1a) without toxicity 

(data not shown) that remained reduced at 12h (Figure S1b).

Quantitative Reverse Transcriptase Polymerase Chain Reaction

Total RNA was extracted from the left hemisphere of the mouse midbrain or from primary 

cell cultures using Trizol (Invitrogen Life Technologies, Grand Island, NY) according to 

Taetzsch et al. Page 7

Glia. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



manufacturer’s instructions. The RNA was treated with Ambion DNase I (Invitrogen Life 

Technologies, Grand Island, NY) which was subsequently removed with Qiagen RNeasy 

RNA cleanup kit (Qiagen, Germantown, MD). The RNA (1.0 – 0.3 μg/sample) was reverse 

transcribed using iScript Reverse Transcription Supermix (BioRad, Hercules, CA) according 

to manufacturer’s instructions. Quantitative RT-PCR was performed on a CFX96 (BioRad, 

Hercules, CA) real-time PCR detection system with 1 μl of cDNA, SsoFast Evagreen 

Supermix (BioRad, Hercules, CA), and 500 nM forward and reverse primers, per 

manufacturer’s instructions. Cycling parameters were 1 cycle at 95°C for 5 min, 40 cycles of 

95°C (5 sec.) and 56°C (5 sec.) followed by a melt curve measurement consisting of 5 

second 0.5°C incremental increases from 65°C to 95°C. Table S1 lists the primer sequences 

used in this study.

Adult Microglia Isolation

Adult microglia isolation was performed as previously described (Harms and Tansey 2013; 

Schwarz et al. 2013). Briefly, at 3h post-injection mice were anesthetized and perfused with 

50 mL cold PBS. Whole brain tissue (400 mg) was cut into small pieces with a sterile razor, 

suspended in 1 ml Hank’s buffered saline solution (HBSS) without CaCl2 and MgCL2 

(Corning, Corning, NY) and spun 2 min at 300 xg, 4°C. A single-cell suspension was 

prepared using the Miltenyi Neural Tissue Dissociation Kit (P, Miltenyi Biotec, San Diego, 

CA) according to manufacturer’s instructions. The single-cell suspension was washed with 

10 ml HBSS containing CaCl2 and MgCL2 (Corning, Corning, NY) and spun for 10 min at 

300 xg, 4°C. Next, the cells were depleted of myelin by suspension in 3 ml of 30% isotonic 

Percoll (GE Healthcare Life Sciences, Pittsburgh, PA) followed by a 10 min centrifugation 

at 700 xg, 4°C. The cell pellet was washed in 5 ml HBSS without CaCl2 and MgCL2 and 

isolation of microglia was performed with magnetic CD11b microbeads (Miltenyi, San 

Diego, CA) and MACS magnetic separator (Miltenyi, San Diego, CA) according to 

manufacturer’s instructions. Flow cytometry analysis of CD11b microbead isolated cells 

confirmed that 87.0% of isolated cells were CD11b+ (Figure S2).

Confirmation of Microglia Isolation with Flow Cytometry

Following adult microglia isolation, purity was assessed by flow cytometry. After washing 

with cold wash buffer (0.5% BSA, 2mM EDTA in PBS) the cells were incubated 5 min, at 

4°C with 5 μL Mouse Fc Receptor Block (CD16/CD32; BD Pharmingen, San Diego, CA) 

followed by a 20 min incubation at 4°C in the dark with PE-conjugated monoclonal anti-

mouse CD11b (Miltenyi Biotec, San Diego, CA) or PE-conjugated rat IgG2b κ isotype 

(eBioscience, San Diego, CA). Cells were washed and resuspended in cold wash buffer prior 

to analysis on a BD FACSCanto II Analyzer (BD Biosciences, San Jose, CA). Doublets 

were excluded from each sample based on forward scatter (height vs. area) while dead cells 

were excluded based on propidium iodide staining.

Tumor Necrosis Factor α ELISA

The TNFα concentrations in sera and cell culture media were measured with a commercial 

ELISA kit from R&D Systems (Minneapolis, MN), as previously reported (Qin et al. 2007).
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Stereology: Assessment of Microglia Morphology

Evaluation of microglial activation in the SNpc using the fractionator method of unbiased 

stereology was performed, as previously described (Hutson et al. 2011). Briefly, using TH-

stained sections to discern all samples were in the same frame in the SNpc, the SNpc was 

delineated with a 4X objective in 3 evenly spaced coronal sections at −3.14, −3.26, and 

−3.38 mm bregma and IBA-1 stained microglia within the SNpc were counted with a 40X 

objective. Previously defined morphological parameters (Hutson et al. 2011) were used to 

score stages of microglial activation on a scale of 0–3. More specifically, microglia were 

categorized into stages of activation ranging from resting (stage 0) to several activated 

stages (stages 1– 3) that are classified based on thickness, length, complexity of processes, 

and cell body size (Figure 5a). Samples were counted in a blind manner by 2 individuals 

using an Olympus BX51 microscope (Center Valley, PA) and newCAST software 

(Visiopharm, Hoersholm, Denmark). Conclusions were drawn only when differences in 

counts were less than 12% between individuals.

Statistical Analysis

Data were analyzed by a one way or two way analysis of variance, the treatment groups 

were expressed as the mean ±SEM, and mean differences were assessed with Bonferroni’s 

post-hoc analysis. To assess significant differences in mortality, a Chi-Square test was used. 

In cases where only two means could be compared, an independent t-test was used. A value 

of P<0.05 was considered statistically significant.

RESULTS

The NF-κB p50 Radical is Associated with Impaired NF-κB p50 Function in Microglia

Free radicals and reactive species (ex. H2O2, CO3
•−, •OH, and ONOO−) are primary 

oxidants produced during microglial M1 activation (Block et al. 2007) that react with 

cellular components (ex. proteins, DNA, RNA, and antioxidants), which may then be 

converted into radicals themselves (secondary radicals) (Ramirez and Mason 2005). While 

many oxidative changes may occur in activated microglia, only some molecules become a 

radical containing an unpaired electron and of these, it is unknown how many are 

functionally relevant for the activation phenotype. To begin to address how ROS impact 

redox sensitive signaling in microglia, microglia cells were treated with LPS (100 ng/ml), 

the peroxynitrite generator SIN-1 (1 mM), or the hydrogen peroxide (H2O2) generator 

system glucose/glucose oxidase (G/GO, 50 mU/mL) for 30 minutes. Immuno-spin trapping 

analysis of whole cell lysate by ELISA revealed that LPS (P<0.05, Figure 1a; Figure S3), 

G/GO (P<0.05, Figure 1b), and SIN-1 (P<0.05, Figure S4a) resulted in the elevation of free 

radical-derived protein-nitrone adducts in microglia, supporting the presence and elevation 

of secondary radicals derived from the oxidation of protein in the cells. Immunoprecipitation 

of NF-κB p50 from the total cell lysate and subsequent analysis by western blot with a 

specific antibody detecting the free radical reporter DMPO identified the NF-κB p50 radical 

in BV2 cells 30 minutes after G/GO treatment (P<0.05, Figure 1c). Immuno-spin trapping 

analysis by immunoprecipitation also identified the NF-κB p50 radical in cell lines and 

primary microglia treated with other M1 polarizing agents and ROS generators, such as LPS 

(Figure 1d), neuron injury factors, (Figure 1d), and SIN-1 (Figure S4b). Thus, data support 
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that both ROS and known triggers of M1 polarization induce the formation of the oxidized 

product, the NF-κB p50 radical in microglia.

G/GO was used to discern the impact of H2O2 on NF-κB p50 function in microglia. Western 

blot analysis of nuclear extracts revealed that G/GO caused no significant changes in the 

amount of NF-κB p50 in the nucleus (data not shown). Isolation of nuclear extract from 

microglia treated with G/GO for 30 minutes and co-immunoprecipitation of NF-κB p50 

revealed that H2O2 changed NF-κB p50 protein-protein binding interactions (Figure 1e). 

Samples run out on a non-reducing gel, transferred, and probed with the NF-κB p50 

antibody for western blot demonstrate that G/GO decreased the upper band when compared 

to control (Figure 1e). The analysis of DNA binding in G/GO-treated microglial nuclear 

extracts at 30 minutes post treatment showed a G/GO-induced decline in DNA binding, as 

measured by ELISA (P<0.05, Figure 1f). Treatment of microglial extracts with DTT 

enhanced NF-κB p50 DNA binding (P<0.05, Figure S5a). DTT pre-treatment in BV2 cells 

reduced LPS-induced TNFα protein in the supernatant at 3 h (P<0.05, Figure S5b) and 

mRNA production at 24 h (P<0.05, Figure S5c) without toxicity(P>0.05, Figure S5d), 

further supporting that the oxidation/reduction status of microglial NF-κB p50 regulates 

DNA binding and the production of TNFα. Further, 3 h G/GO treatment in microglia at 20 h 

after repeated LPS treatment resulted in augmented TNFα expression (Figure 1g, Figure 1h, 

P<0.05), indicating that H2O2 amplifies the late stages of the M1 response, particularly 

affecting tolerance. Together, data support that H2O2 impairs NF-κB p50 protein-protein 

interactions and reduces NF-κB p50 DNA binding in microglia, thereby instigating loss of 

function and a chronic M1 response marked by the presence of the oxidized form of NF-κB 

p50 protein.

Microglial NF-kB p50/NF-kB p65 DNA Binding Kinetics in Response to LPS are Divergent

The ability of nuclear NF-κB p50 and NF-κB p65, prototypical pro-inflammatory 

transcriptions factors of the NF-κB canonical activation pathway, to bind DNA was assessed 

across time. Figure 2a demonstrates unique DNA binding patterns over time for the two 

transcription factors, where NF-κB p65 shows peak DNA binding at 3 h, followed by 

continual decline observed for 24 h after stimulus. However, NF-κB p50 steadily increases 

DNA binding following LPS treatment until approximately 8 h after the stimulus, where it 

plateaus and remains elevated out to 24 h (Figure 2a, P<0.05). Differences between NF-kB 

p50 and NF-κB p65 were the most robust at 24 h post LPS treatment (Figure 2a, P<0.05). 

These distinct DNA binding trajectories from the same nuclear extract support the presence 

of separate activity and function for NF-κB p50 and NF-κB p65 in the normal microglial 

M1 response.

Loss of NF-κB p50 Shifts the M1 Kinetic Response in CNS Cells

Primary mixed-glia cultures (containing microglia and astrocytes) from NF-κB p50+/+ and 

NF-κB p50−/− mice were used to examine the LPS-induced pro-inflammatory gene 

expression across time. Significant genotype differences in peak expression occurred at 6 h 

for TNFα (Figure 2b, P<0.05) and 3 h for IL-1β (Fig 2d, P<0.05), where NF-κB p50−/− 

cultures showed the highest expression of TNFα and the lowest expression of IL-1β. 

Assessing TNFα protein in the supernatant by ELISA determined that genotype differences 
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in peak expression occurred at 12 h after LPS treatment (Figure 2c, P<0.05), where again 

NF-κB p50−/− cultures showed the highest expression. siRNA knockdown of NFκB1 (NF-

κB p50 gene) in BV2 cells showed that reduction of NF-κB p50 augmented 6h TNFα 

mRNA (Figure 2e, P<0.05), and IL-1β (Figure 2f, P<0.05) in response to LPS in microglia 

cells. However, treatment of mixed-glia cultures with TNFα (4ng/ml) revealed elevated 

TNFα (Figure 3a, P<0.05) and reduced IL-1β (Figure 3b, P<0.05) at 6 h in NF-κB p50−/− 

cultures. Notably, there was no impact of loss of NF-κB p50 function on COX2 expression 

in NF-κB p50−/− mixed glia and NFκB1 siRNA knockdown in microglia treated with LPS 

or TNFα (data not shown). Thus, the amplifying effect of NF-κB p50 functional loss was 

dependent upon the pro-inflammatory factor, the cell culture type, and the timing of the 

assessment. Together, data indicate that that loss of NF-κB p50 shifts the kinetic response of 

M1 activation, favoring the prolongation of the TNFα response in CNS cells, particularly 

microglia.

NF-κB p50 and Early M1 Activation

The systemic effects of LPS have long been implicated in neuropathology (Ling et al. 2006; 

Qin et al. 2007; Wang et al. 2009). Peripheral injection of LPS (5 mg/kg, IP) in NF-κB 

p50+/+ and NF-κB p50−/− adult mice was employed to determine how loss of NF-κB p50 

function impacts the peripheral circulating cytokine response, the transfer of inflammation 

from the periphery to the brain, and the degree of M1 activation in the brain. Peripheral LPS 

administration rapidly stimulates circulating cytokine production, where cytokines cross the 

blood brain barrier, activate microglia in the substantia nigra pars compacta (SNpc) in the 

midbrain (Qin et al. 2007), and elevate ROS production in the striatum (Clement et al. 

2010). As such, serum and midbrain measures of pro-inflammatory factors in the current 

study were assessed at 3 h after treatment. NF-κB p50−/− mice responded to LPS with 

significantly elevated levels of circulating TNFα when compared to NF-κB p50+/+ mice, 

indicating an enhanced peripheral pro-inflammatory response in the absence of NF-κB p50 

(P<0.05, Figure 4a). Similar effects in the midbrain were found, where LPS-induced TNFα 

mRNA (P<0.05, Figure 4b) and IL-1β mRNA (P<0.05, Figure 4c) expression was 

significantly elevated in NF-κB p50−/− mice. However, while LPS increased midbrain 

COX-2 mRNA expression levels in both NF-κB p50−/− and NF-κB p50+/+ mice, genotype 

differences were not significant (data not shown). NF-κB p50−/− mice also produced lower 

levels of midbrain TGFβ in response to LPS (P<0.05, Figure S6), indicating lower levels of 

the production of M2 polarizing signals. Together, these data demonstrate that loss of NF-

κB p50 function causes enhanced peripheral inflammation, where this pro-inflammatory 

priming transfers to the brain. While NF-κB p50−/− mice exhibited an enhanced TNFα and 

IL-1β response in the midbrain, COX-2 was unaffected at 3 h post-treatment, further 

supporting that NF-κB p50 differentially regulates gene expression of M1 markers.

To begin to distinguish the effects of NF-κB p50 loss specific to microglia in vivo, microglia 

morphology was analyzed in the SNpc of saline or LPS-treated NF-κB p50+/+ and NF-κB 

p50−/− mice at 3 h post-injection. While there were no significant differences in total 

microglial number conferred by genotype or treatment (data not shown), microglia 

morphology in response to LPS was affected by the loss of NF-κB p50 function. Consistent 

with the premise of enhanced M1 activation, NF-κB p50−/− mice showed the greatest 
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decrease in number of resting microglia in response to LPS (Stage 0) (P<0.05, Figure 5b). 

However, LPS injection resulted in similar elevation of Stage 1 activated microglia in both 

genotypes (P<0.05, Figure 5c). Importantly, NF-κB p50−/− mice had the greatest increase in 

microglia with higher stages of activation (Stage 2 and Stage 3) in response to LPS when 

compared to NF-κB p50+/+ mice (P<0.05, Figure 5d–f). These findings detail how the 

absence of functional NF-κB p50 results in a heightened morphological response of 

microglia in the SNpc, where NF-κB p50−/− mice have fewer resting microglia and greater 

numbers of intensely activated cells in response to LPS.

To determine whether M1 activation in microglia was affected by loss of NF-κB function, 

microglial cells were isolated from adult brains after saline or LPS treatment and gene 

expression was assessed with quantitative RT-PCR. Microglia cells from LPS-treated NF-

κB p50−/− mice showed the highest levels of TNFα (Figure 6a, P<0.05), IL-1β (Figure 6b, 

P<0.05), and COX2 (Figure 6c, P<0.05) mRNA expression at 3 h. This is consistent with the 

premise that NF-κB p50−/− microglia have an enhanced M1 response, supporting that these 

cells may be more responsive to peripheral inflammation and that the microglia themselves 

are a cellular source of elevated pro-inflammatory factors in the midbrain.

DMPO was used to begin to explore the role of free radicals in the regulation of the early 

TNFα response in vivo. DMPO, which scavenges primary and secondary radicals, was 

administered as a pre-treatment to NF-κB p50+/+ and NF-κB p50−/− mice. Both circulating 

and brain TNFα levels were assessed at 3h after LPS or saline administration. DMPO 

treatment reduced levels of TNFα production in the brain in saline-treated mice from both 

strains (P<0.05, Table S4), supporting a role for radicals in the regulation of resting brain 

TNFα expression. In addition, DMPO reduced TNFα levels in response to LPS in the serum 

and brain of only NF-κB p50−/− mice (P<0.05, Figure 4d and Figure 4e), suggesting that 

loss of NF-κB p50 function may augment LPS-induced redox signaling effects at the 3h 

time point.

NF-κB p50, Pro-inflammatory Resolution, & M2 Activation

Inducible nitric oxide synthase (iNOS) converts L-arginine to nitric oxide, is a key 

component of the M1 response, is upregulated in neurodegenerative disease, and has long 

been linked to microglia-mediated neuropathology (Bal-Price and Brown 2001; Tieu et al. 

2003). Interestingly, iNOS expression was the highest in the midbrain of NF-κB p50+/+ 

mice in response to LPS at 3h (Figure 7a, P<0.05), and adult NF-κB p50+/+ microglia 

isolated after LPS treatment at 3 h (Figure 7b, P<0.05). However, kinetic analysis of LPS-

induced iNOS mRNA expression in primary NF-κB p50+/+ and NF-κB p50−/− mixed glia 

cultures showed an early pattern that was similar to our in vivo results where iNOS 

expression was lower in LPS treated NF-κB p50−/− at 3 h, but the difference was not 

statistically significant. While LPS-induced iNOS expression remained at relatively similar 

levels across all observed time points in NF-κB p50+/+ mixed glia cultures, iNOS expression 

in NF-κB p50−/− cells increased across time and peaked at 12 post-treatment, where 

expression was significantly higher than NF-κB p50+/+ cultures at 12 h (Figure 7c, P<0.05). 

TNFα treatment showed no significant genotype effects for iNOS expression in mixed glia 

cultures at 6h (Figure 7d, P>0.05). Thus, the consequences of loss of NF-κB p50 on iNOS 
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expression are time dependent, where amplification due to loss of function occurs at later 

time points.

M2 activation follows the M1 activation at later stages in the normal, healthy pro-

inflammatory response. Arg-1 is an enzyme and M2 marker important for downregulating 

iNOS activity. Arg-1 metabolizes L-arginine to ornithine and urea thereby limiting the 

supply of substrate to iNOS. Here, we show that NF-κB p50−/− mixed glia cultures 

demonstrated significantly lower expression of Arg-1 in untreated controls and in LPS-

treated cultures at 12 h (Figure 7e, P<0.05) and 24 h (data not shown). Analysis of other M2 

markers, such as YM1 and FIZZ1 showed no baseline genotypic differences, no elevation in 

response to M1 stimuli, and no modification with loss of NF-κB p50 function (data not 

shown). NFκB1 siRNA knockdown in BV2 cells caused reduced Arg-1 expression in 

response to IL-4 (Figure 7f, P<0.05), suggesting that loss of NF-κB p50 function may 

impair the ability of microglia to respond to M2 polarizing stimuli. These findings support 

that loss of NF-κB p50 dysregulates iNOS function, where only the late iNOS expression is 

augmented, potentially shifting this component of the M1 balance towards an elevated and 

chronic response.

Due to excessive mortality rates in NF-κB p50−/− mice at both 24 h (Table S3) and 1 week 

(Table S2) after exposure to LPS (5 mg/kg, IP), a lower dose of LPS (1 mg/kg, IP) was used 

to explore the chronic effects of loss of NF-κB p50 function. Importantly, midbrain analysis 

revealed that only TNFα remained elevated 1 week after LPS treatment from all M1 and M2 

markers measured, and only NF-κB p50−/− mice showed this persistent neuroinflammation 

(Figure 7g, P<0.05). Further, no elevation of circulating cytokines were detected in the 

serum (data not shown), supporting that this chronic component of the M1 response was 

limited to the brain.

To determine the role of radicals in chronic and self-propelling neuroinflammation in in 

vivo, DMPO was administered after initiation of the pro-inflammatory response, at 8, 16 and 

20 h after LPS in NF-κB p50+/+ and NF-κB p50−/− mice. Our previous reports have shown 

that at 22 h after peripheral LPS injection, circulating TNFα levels have resolved to resting 

levels but neuroinflammation persists in a self-propelling, chronic state (Qin et al. 2007). As 

such, brain TNFα levels were assessed at 22 h after LPS administration. While DMPO 

treatment resulted in a trend of TNFα reduction in LPS-treated NF-κB p50+/+ (P = 0.10), 

NF-κB p50−/− mice showed an opposite effect of TNFα augmentation (P<0.05, Figure 7h). 

Thus, NF-κB p50 is implicated as an important mechanism of redox signaling driving 

persistent CNS TNFα production, where loss of NF-κB p50 function reverses the effect of 

DMPO in vivo.

DISCUSSION

Dysregulated microglial activation favoring an excessive and chronic pro-inflammatory 

(M1) phenotype has been increasingly implicated in progressive neuron damage in several 

neurodegenerative diseases (Block et al. 2007). Current theory proposes that unchecked M1 

activation in microglia is also coupled with a concurrent impaired M2 response to create an 

imbalance in activation, a process termed “M1 polarization”. At present, this M1/M2 
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balance in microglia is poorly understood. Furthermore, how microglia acquire this 

pathologic M1 polarization, how to identify the deleterious phenotype, and mechanistic 

targets that provide options to intervene remain unclear. Previous reports point to a key role 

for ROS in how microglia become deleterious (Qin et al. 2004), but the underlying redox 

signaling mechanisms reprograming microglia are unknown. Here, we begin to address 

these issues and demonstrate that: NF-κB p50 is a key redox-signaling switch regulating 

M1/M2 balance in microglia; the NF-κB p50 radical is a marker of loss of NF-κB p50 

function and chronic ROS-driven microglial pathology; this mechanism regulates CNS-

specific vulnerability to chronic neuroinflammation; NF-κB p50 may be a key mechanism 

through which radicals regulate the chronic TNFα response in the brain.

As the first identified redox sensitive transcription factor (Schreck et al. 1991; Staal et al. 

1990), we first sought to determine how ROS impacted NF-κB p50 in microglia. The 

current study demonstrates for the first time that the NF-κB p50 radical is formed in 

response to both ROS (H2O2 Figure 1c; peroxynitrite, Figure S4b) and a robust pro-

inflammatory stimulus (LPS & neuron injury factors, Figure 1d). Additionally, we show that 

microglial NF-κB p50 is highly sensitive to redox fluctuations in the cell, whereby oxidation 

decreases NF-κB p50 DNA binding (Figure 1f) and reduction increases NF-κB p50 DNA 

binding (Figure S5a). Data also indicate that H2O2 generation with G/GO impairs the 

interactions of nuclear NF-κB p50 with other proteins (Figure 1e), supporting that microglial 

ROS results in a loss of NF-κB p50 function. Further, data also demonstrate that H2O2 

generation with G/GO during the late stages of a microglial pro-inflammatory response 

translates into augmentation of M1 activation in microglia, which is seen as an elevated 

TNFα response (Figure 1g & h). Together, these data indicate that microglial ROS results in 

formation of the NF-κB p50 radical, loss of NF-κB p50 function (DNA & protein binding 

interactions), and augmentation of the pro-inflammatory response.

Despite being one of the most widely studied pro-inflammatory transcription factors, NF-κB 

regulation of the pro-inflammatory response is complex (Oeckinghaus et al. 2011), findings 

are conflicting, and the mechanisms are poorly understood in microglia, particularly with 

regard to dysregulated, chronic inflammation that is inherent to neurodegenerative disease 

(Rolova et al. 2014). To help explain how loss of NF-κB p50 function impacts microglial 

activation, we examined the kinetic response of NF-κB p50/p65 DNA binding to an M1 

trigger, LPS. Our findings point to a fundamental separation of NF-κB p50 and NF-κB p65 

activity in microglial M1 activation, where the DNA binding patterns over time are unique 

for NF-κB p50 and NF-κB p65 (Figure 2a), suggesting they are performing different 

functions in M1 activation.

Given the established roles of NF-κB p50 in both initiating and resolving the pro-

inflammatory response (Baer et al. 1998; Bohuslav et al. 1998; Wessells et al. 2004), it was 

initially unclear how the loss of NF-κB p50 function, through ROS (Figure 1), the CNS 

disease process (Saldana et al. 2007), or genetic manipulation (Figs. 2–7), would impact 

microglial activation. However, consistent with reports in mouse AD models (Rolova et al. 

2014), our data indicate that a loss of NF-κB p50 function in the midbrain/substantia nigra 

culminates in a general pattern of amplification in the later stages of the pro-inflammatory 

response for some pro-inflammatory factors, both in the CNS and in microglia (Figs. 2–7), 
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emphasizing that the NF-κB p50/p65 heterodimer is sufficient, but not necessary, for the 

initiation of the microglial pro-inflammatory response. Notably, not all M1 and M2 factors 

were affected similarly by loss of NF-κB p50 function in this study, which is consistent with 

the fact that there are known differences in transcriptional/signaling regulation of these 

diverse factors (Zhou et al. 2014).

A key unresolved issue revolves around the instigating pro-inflammatory transcription factor 

in the absence of NF-κB p50. Interestingly, the NF-κB p65/p65 homodimer has been 

hypothesized as one possible alternate pro-inflammatory transcription factor combination for 

initiating the pro-inflammatory response (Rajendrasozhan et al. 2010; Wessells et al. 2004). 

This is consistent with our findings that unlike NF-κB p50, peak NF-κB p65 DNA binding 

occurs early on, during the initiation of the LPS-induced M1 pro-inflammatory response, 

supporting that NF-κB p65 likely has a role in the M1 initiating process independent from 

NF-κB p50 in microglia (Figure 2a). However, the specific initiating transcription factor in 

the absence of NF-κB p50 in microglia remains unknown. Together, our data support that 

the most critical function of NF-κB p50 in the microglial pro-inflammatory response is its 

inhibitory role, where loss of NF-κB p50 function not only allows initiation of the M1 

response, but ultimately augments and dysregulates the M1 response.

The current study emphasizes that the predominant effect of loss of NF-κB p50 function is a 

shift in the kinetic response of M1/M2 activation to favor a chronic TNFα (M1) response. 

Importantly, data consistently show that loss of NF-κB p50 upregulates TNFα, a key 

neurotoxic cytokine regulating microglia-mediated neurotoxicity (McCoy et al. 2006), 

across all experimental models (Figure 2b, 2c, 2e, 3a, 4a, 4b, 6a, and 7g). However, data 

also reveal that the effects of loss of NF-κB p50 function on the CNS response of other M1 

markers can be inconsistent and dependent on cell type, the pro-inflammatory factor, and the 

time after stimulus that the response is measured. More specifically, this suggests that the 

assessment of the impact of NF-κB p50 on M1/M2 factors at any single time point may be 

confounded by model-specific timing of the kinetic response, which may explain the 

discrepancy reported here for some factors (IL-1β, Figure 2d, 3b, 4c, and 6b). In fact, the 

importance of NF-κB p50 as a modulator of M1 kinetics becomes increasingly evident at the 

later stages of the response to LPS. For example, data demonstrate that loss of NF-κB p50 

function impaired the resolution phase of the pro-inflammatory response, where peak 

expression of key pro-inflammatory markers, including TNFα (Figure 2b,c) and iNOS 

(Figure 7c), shifted to later time points, further supporting that NF-κB p50 is a key for 

stabilizing the resolution stage of the M1/M2 balance.

In addition, data also support that the presence of M1 or M2 markers may reveal little about 

the microglial function when assessed without knowledge of the appropriate kinetic 

response. Given the importance of the synchronized timing of M1/M2 factors in normal 

microglial activation, the identification of the NF-κB p50 radical as an upstream molecular 

marker for ROS-induced disruption of M1/M2 homeostasis in microglia, either in activated 

cells in which the M1/M2 response has already been initiated (ex. LPS exposure, Figure 1d) 

or in primed cells prior to M1/M2 initiation (ex. H2O2 exposure, Figure 1c), will allow a 

dysregulated microglial phenotype to be identified independently of model-specific 

variations in the M1/M2 kinetic response.
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Excessive and chronic microglial activation is hypothesized to underlie progressive neuron 

damage in diverse neurodegenerative diseases, where ROS have been implicated as key for 

this deleterious microglial phenotype (Block et al. 2007). The present work demonstrates 

that loss of NF-κB p50 function, due to ROS (Figure 1) or genetic manipulation (Figure 7), 

favors chronic microglia-mediated inflammation. More specifically, data suggest that loss of 

NF-κB p50 function impairs the microglial transition from an M1 pro-inflammatory 

response to an M2 alternative/wound healing response. For example, in normal, healthy 

microglial activation, NO production is downregulated as microglia transition from an M1 to 

an M2 response through an increase in Arg-1 (M2 marker) expression with concomitant 

decrease in iNOS expression (M1 resolution). However in the absence of NF-κB p50, we 

observed the opposite phenomenon, where iNOS expression failed to resolve and Arg-1 

failed to be upregulated, promoting the potential for chronic NO dysregulation. Considering 

the sensitivity of NF-κB p50 to oxidation and the established role of iNOS in deleterious 

microglial activation (Brown 2010), unchecked NO synthesis and iNOS expression may also 

serve as a feed forward mechanism further driving pathology in microglia and the brain. 

Moreover, data indicate that microglia become unresponsive to M2 polarizing triggers such 

as IL-4 (Figure 7f) in the absence of NF-κB p50. Ultimately, the culmination of this 

disrupted M1/M2 balance in microglia due to loss of NF-κB p50 is a chronic pro-

inflammatory response in the brain, but only in TNFα production (Figure 7g). This is 

observed in LPS treated NF-κB p50−/− mice that continue to express TNFα at elevated 

levels in the midbrain at 1 week post-peripheral LPS administration, long after the 

peripheral inflammation has abated (Figure 7g). This CNS-specific and persistent elevation 

of TNFα is important, as TNFα is a critical neurotoxic cytokine in CNS disease, is strongly 

linked to microglia-mediated neurotoxicity in neurodegenerative disease (McCoy et al. 

2006), and has a well characterized ability to cause neuronal toxicity through initiation of 

programmed cell death pathways (Hsu et al. 1995). Given previous reports of the importance 

of TNFα in chronic neuroinflammation (Qin et al. 2007) and the fact that NF-κB p50−/− 

cells respond similarly to both TNFα and LPS in vitro (Figures 2 and 3), these data suggest 

that the chronic TNFα response in the brain may be an integral component to the chronic 

CNS response in the NF-κB p50−/− mice.

While redox-signaling is a known regulator of inflammation in both the periphery and the 

brain, little is known about free radical driven mechanisms in this process. The 

administration of DMPO, a spin-trap and scavenger of primary and secondary radicals, 

attenuated resting TNFα levels in the brain in both NF-κB p50+/+ and NF-κB p50−/− mice, 

implicating radicals in the regulation of basal levels TNFα in the brain (Table S4). Data also 

suggest that the loss of NF-κB p50 function may augment ROS-mediated effects in the early 

response to LPS in brain and circulating TNFα (Figure 4d and 4e). Importantly, data point to 

NF-κB p50 as a critical redox signaling mechanism directing the sustained and chronic 

neuroinflammation process. While DMPO mildly attenuated LPS-induced chronic midbrain 

TNFα in NF-κB p50+/+ mice at 22 h, DMPO surprisingly amplified midbrain TNFα in the 

LPS-treated NF-κB p50−/− mice (Figure 7h). This suggests that during chronic 

neuroinflammation, DMPO in the absence of NF-κB p50 not only fails to ameliorate the 

chronic TNFα response as expected, but that the chronic response and redox signaling may 
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be pathologically dysregulated, implicating NF-κB p50 as a key regulator in how free 

radicals may drive the chronic pro-inflammatory response in the brain.

Together, these findings implicate the NF-κB p50 radical in deleterious microglial 

activation. However, it is important to note that mechanistic inquiry into the causal role of 

the NF-κB p50 radical in neuropathology is technically limited because the radical is 

covalently modified during the identification process with DMPO, making functional 

analysis unlikely. As such, we are unable to directly demonstrate the NF-κB p50 radical 

species as a critical endpoint mechanism regulating microglial function and chronic 

neuroinflammation. In fact, the NF-κB p50 radical may be one of many possible ROS/

radical driven NF-κB p50 intermediates involved in this mechanism. Rather, the data 

support that the NF-κB p50 radical may be a marker of ROS/free radical-driven pathology 

underlying CNS-specific and chronic neuroinflammation.

In summary, we demonstrate that NF-κB p50 is a key redox signaling mechanism driving 

M1 polarization in microglia, where this augmented M1 and impaired M2 response creates 

an imbalance favoring chronic production of TNFα in the brain. Mechanistically, we show 

that microglial ROS results in formation of the NF-κB p50 radical, which occurs 

concurrently with loss of NF-κB p50 function and enhanced late-stage M1 activation, 

indicating that microglial ROS regulate this NF-κB p50 control of the M1/M2 switch 

(Figure 8). iNOS dysregulation is revealed as another critical consequence of loss of NF-κB 

p50 function in a potential positive feedback mechanism augmenting redox signaling, which 

may also promote some loss of sensitivity to M2 signaling. These findings reveal essential 

mechanisms through which ROS/free radicals reprogram microglia to become a deleterious 

phenotype and may underlie both microglia priming (enhanced sensitivity to pro-

inflammatory stimuli) and the progressive nature of microglia-mediated neuropathology/

chronic activation in neurodegenerative diseases. Given that chronic neuroinflammation/

microglial activation and microglial priming are implicated in both the early and active 

pathology in neurodegenerative diseases, these findings suggest that the oxidized post-

translational modifications of NF-κB p50 may be a potential marker for the M1 polarized 

microglial phenotype and preclinical CNS disease, offering hope for defining, targeting, and 

ameliorating the deleterious microglial phenotype.
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ABBREVIATIONS

DMPO 5,5-Dimethyl-1-Pyrroline-N-Oxide

CNS central nervous system

ROS reactive oxygen species

TNFα tumor necrosis factor alpha

iNOS inducible nitric oxide synthase

COX2 Cyclooxygenase-2

IL-1β Interleukin-one beta

H2O2 hydrogen peroxide

ONOO− peroxinitrite

Arg-1 arginase one

YM1 chitinase-like 3 protein

Fizz1 Resistin-like molecule alpha

NOX2 NADPH Oxidase 2

LPS lipopolysaccharide

SIN-1 3-morpholinosyndnomine

G/GO glucose/glucose oxidase

RT-PCR real time – polymerase chain reaction

PBS phosphate buffered saline

IL-4 Interleukin-four
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Main Points

• A free radical intermediate of NF-κB p50 was discovered in microglia in 

response to ROS priming and M1 triggers of activation.

• Microglial ROS impair both NF-κB p50 protein and DNA binding in microglia, 

where the NF-κB p50 radical formation is associated with loss of function.

• Loss of NF-κB p50 function impairs microglial M1/M2 balance.

• Loss of NF-κB p50 function causes a chronic, CNS-specific pro-inflammatory 

response to peripheral LPS administration.

• NF-κB p50 is implicated as a key mechanism through which free radicals 

regulate chronic TNFα production in the brain.
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Figure 1. Microglial ROS result in NF-κB p50 radical formation, impairs NF-κB p50 function, 
and augments late stage TNFα expression
BV2 microglia pre-loaded with 40mM of the spin-trap DMPO and treated with (a) LPS 100 

ng/ml for 3h and (b) glucose/glucose oxidase (G/GO, 5mM, 50 mU/ml) for 30 minutes show 

elevated levels of DMPO-nitrone adducts, as measured by immuno-spin trapping ELISA, 

indicating that secondary radicals (proteins and DNA) important for redox signaling are 

elevated in activated microglia. (c) NF-κB p50 immunoprecipitation and immuno-spin 

trapping of total cell lysate reveal the presence of the radical form of NF-κB p50 in G/GO 

treated BV2 cells at 30 minutes post treatment. A representative image is shown. n=3. (d) 
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Primary microglia were treated with 40 mM of the spin-trap DMPO combined with media 

alone (Control), LPS 10 ng/ml, or neuron injury factors (NIF, from N27 neurons treated with 

10 μM MPP+) for 3 h reveal the NF-κB p50 radical is present in microglia activated by 

diverse M1 stimuli 3 h after treatment. A representative image is shown. n=3. (e) NF -kB 

p50 co-immunoprecipitation of nuclear lysate and resolution on a non-denaturing gel to 

preserve disulfide bonds shows modification of NF-kB p50 protein-protein interactions in 

G/GO activated BV2 cells at 30 minutes post treatment. n=3 (f) G/GO treatment of BV2 

nuclear extract collected at 24 h post-LPS 10 ng/ml reduces NF-κB p50 DNA binding as 

assessed by ELISA. Values are reported as mean percent of control ± s.e.m. n=3. G/GO 

augments TNFα (g) mRNA and (h) protein expression at 24 h in BV2 cells treated with 

repeated LPS treatments (0 and 21 h). Values are reported as mean percent of control ± 

s.e.m. n=3. mRNA expression was evaluated by quantitative RT-PCR, values were 

normalized to GAPDH using the 2−ΔΔCT method. An asterisk indicates significant difference 

(P<0.05) from control.
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Figure 2. Loss of NF-κB p50 shifts the M1 kinetic response to LPS in CNS cells
(a) Analysis of nuclear extracts from BV2 microglia stimulated with 10ng/ml LPS collected 

at 1, 3, 8 and 24 h post-treatment shows divergent NF-κB p50 and NF-κB p65 DNA binding 

kinetics over time and predominant NF-κB p50 DNA binding during the later stages of the 

pro-inflammatory response. Values are reported as mean percent of 0 h time point ± s.e.m. 

n=3. Primary NF-κB p50+/+ and NF-κB p50−/− mixed glia cultures were treated with LPS 

10 ng/ml and (b) TNFα mRNA, (c) TNFα protein, and (d) IL-1β mRNA expression were 

assessed. BV2 microglia reverse transfected with control or NFκB1 siRNA for 72 h showed 

enhanced (e) TNFα and (f) IL-1β mRNA expression at 6h post-LPS 10 ng/ml treatment. 

mRNA expression was evaluated by quantitative RT-PCR, values were normalized to β-

actin or GAPDH using the 2−ΔΔCT method and were reported as mean expression ± s.e.m. 

Protein expression was evaluated by a commercially available ELISA and reported as the 

mean concentration ± s.e.m. An asterisk indicates significant difference (P<0.05) from 

control and an † indicates a difference between siRNA treatments or genotype.
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Figure 3. Loss of NF-κB p50 function modulates the M1 response to TNFα in CNS cells
Primary NF-κB p50+/+ and NF-κB p50−/− mixed-glia cultures were treated with TNFα (4 

ng/ml). (a) TNFα and (b) IL-1β mRNA expression were evaluated at 6h post-treatment by 

quantitative RT-PCR. Values are normalized to β-actin using the 2−ΔΔCT method. An 

asterisk indicates significant difference (P<0.05) from control and an † indicates a difference 

between mouse strains. n=3
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Figure 4. Peripheral and central inflammation in NF-κB p50−/− mice
NF-κB p50+/+ and NF-κB p50−/− mice were injected with saline or LPS (5 mg/kg, IP) to 

investigate the effects of loss of NF-κB p50 function on neuroinflammation. Serum and 

midbrain tissue were collected following sacrifice at 3h post-injection. (a) Circulating serum 

TNFα levels were measured with ELISA. Neuroinflammation in the midbrain was assessed 

by measuring (b) TNFα, and (c) IL-1β through quantitative RT-PCR. To discern the role of 

NF-κB p50 in how free radicals regulate the LPS response, DMPO (1 g/kg, IP) or vehicle 

(0.9% saline) was administered to NF-κB p50+/+ and NF-κB p50−/− mice 1h before and 1h 

after LPS (5mg/kg IP) injection. Peripheral inflammation was assessed at 3h post-LPS 

injection by measuring circulating serum TNFα in (d) NF-κB p50+/+ and (e) NF-κB p50−/− 

mice with ELISA. Neuroinflammation in the midbrain was assessed at 3h post-LPS injection 

by TNFα expression in (f) NF-κB p50+/+ and (g) NF-κB p50−/− mice through quantitative 

RT-PCR. Values are normalized to β-actin or GAPDH using the 2−ΔΔCT method and are 

reported as mean expression ± s.e.m. An asterisk indicates significant difference (P<0.05) 

from control and an † indicates a difference between mouse strains. n=3–5
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Figure 5. NF-κB p50−/− mice have enhanced activated microglia morphology in response to 
peripheral LPS injection
NF-κB p50+/+ and NF-κB p50−/− mice were injected with saline or LPS (5 mg/kg, IP) to 

discern the impact of loss of NF-κB p50 function on microglia morphology in vivo. (a) 

Images (60X) depict representative examples of microglial activation stages. Microglia 

within the substantia nigra pars compacta (in the midbrain) were stained with IBA1 and 

categorized into stages of activation. The relative number of microglia at 3 h post injection 

within (b) Stage 0, (c) Stage 1, (d) Stage 2, and (e) Stage 3 was quantified by the fractionator 

method. Values are reported as mean cells/μm2 ± s.e.m. of 3 coronal sections (40 μm) per 

animal (n=3). An asterisk indicates significant difference (P<0.05) from control and an † 

indicates a difference between mouse strains. (f) Representative images are 40X and the 

scale bar depicts 50 μm.
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Figure 6. Adult NF-κB p50−/− microglia display elevated M1 activation in response to peripheral 
LPS
NF-κB p50+/+ and NF-κB p50−/− mice were injected with saline or LPS (5 mg/kg, IP) and 

microglia were isolated from the whole brain with CD11b microbeads at 3h post-injection. 

Isolated microglia were assessed for differences in (a) TNFα, (b) IL-1β, and (c) COX-2 

mRNA expression through quantitative RT-PCR. Values are normalized to GAPDH using 

the 2−ΔΔCT method and are reported as mean expression ± s.e.m. An asterisk indicates 

significant difference (P<0.05) from control and an † indicates a difference between mouse 

strains. n=6 for all panels except a (n=3).
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Figure 7. Loss of NF-κB p50 function inhibits the M2 response and impairs M1 resolution in the 
brain
iNOS mRNA expression is decreased in (a) midbrain and (b) CD11b microbead isolated 

microglia of NF-κB p50−/− mice at 3 h post-injection LPS (5 mg/kg IP). (c) Evaluation of 

iNOS gene expression across time shows that primary NF-κB p50−/− mixed glia cultures 

have enhanced iNOS expression only at the later time point, 12 h post-LPS 10 ng/ml 

treatment. (d) Consistent with these findings, no genotype differences in iNOS gene 

expression were seen at 3 h in response to TNFα in primary mixed glia cultures. (e) The M2 

marker Arginase-1 is downregulated in primary NF-κB p50−/− mixed glia cultures at 12 h 

post-LPS 10 ng/ml treatment. (f) BV2 microglia reverse transfected with NFκB1 siRNA for 

72 h show reduced 12 h Arginsae-1 expression in response to IL-4 (10 ng/ml). (g) NF-κB 

p50−/− mice injected with LPS (1 mg/kg IP) continue to display elevated TNFα expression 

in the midbrain at 1 week post-injection. (h) DMPO (1g/kg IP) injected at 8,16 and 20h post 

-LPS (5mg/kg IP) treatment mildly reduced midbrain TNFα expression in NF-κB p50+/+ 

mice yet enhanced TNFα expression in NF-κB p50−/− mice at 22h post-LPS injection. Gene 

expression evaluated through quantitative RT-PCR with values normalized to β-actin or 

GAPDH using the 2−ΔΔCT method and reported as mean expression ± s.e.m. An asterisk 

indicates significant difference (P<0.05) from control and an † indicates a difference 

between mouse strains. n=3 for all panels except b (n=5), f (n=9) and g (n=4).
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Figure 8. NF-κB p50 is a redox signaling switch for M1 polarization/dysregulated activation
Microglia, the resident macrophages in the central nervous system (CNS), are mandatory for 

normal CNS physiology and health. These sentinels detect and respond to a diverse array of 

stimuli in the brain, including environmental toxins, bacterial toxins, cytokines, neuron 

damage, and disease proteins, where the activation state is traditionally defined on a 

spectrum of pro-inflammatory (M1) or alternative (M2) responses. M1 activation is 

characterized by the upregulation of pro-inflammatory mediators (ex. TNFα and iNOS) and 

in normal physiology is followed by the M2 response (ex. Arg-1 & IL-4) that is important 

for wound healing and M1 resolution. In the case of disease, a deleterious microglial 

phenotype can occur when the response is dysregulated, tipping the balance to a chronically 

activated and polarized M1 phenotype. M1 polarization is defined by an enhanced pro-

inflammatory response, impaired pro-inflammatory resolution, and a deficit in the 

alternative response (M2 response). Here, we demonstrate that ROS (i.e. H2O2) disrupt this 

microglial activation balance by perturbing the kinetics of the M1/M2 shift, favoring chronic 

M1 polarization through the loss of NF-κB p50 function, a process characterized by the 

presence of the NF-κB p50 radical (NF-κB p50•−). Further, we demonstrate that: this loss of 

NF-κB p50 function results in an enhanced and chronic neuroinflammation that persists long 

after the initial peripheral instigating immune signal has abated. These findings support that 

NF-κB p50 may be critical for how radicals regulate chronic TNFα production in the brain, 

and that there is a CNS-specific vulnerability to chronic inflammation through this 

mechanism.
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