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Abstract

Exposure to stressors primes the neuroinflammatory and microglial proinflammatory response to 

subsequent immune challenges, suggesting that stress might attenuate immunoregulatory 

mechanisms in the CNS microenvironment. CD200:CD200R is a key immunoregulatory signaling 

dyad that constrains microglial activation, and disruption of CD200:CD200R signaling primes 

microglia to subsequent immune challenges. Therefore, the present study examined the mediating 

role of CD200:CD200R signaling in stress-induced microglial priming. Here, we found that 

exposure to an acute stressor reduced CD200R expression across sub-regions of the hippocampus, 

amygdala as well as in isolated hippocampal microglia. A transcriptional suppressor of CD200R, 

CAAT/Enhancer Binding Proteinβ, was induced by stress and inversely associated with CD200R 

expression. To examine whether disrupted CD200:CD200R signaling plays a mediating role in 

stress-induced microglial priming, a soluble fragment of CD200 (mCD200Fc) was administered 

intra-cisterna magna prior to stressor exposure and stress-induced microglia priming assessed ex 
vivo 24h later. Treatment with mCD200Fc blocked the stress-induced priming of the microglial 

pro-inflammatory response. Further, treatment with mCD200R1Fc recapitulated the effects of 

stress on microglial priming. We previously found that stress increases the alarmin high mobility 

group box-1 (HMGB1) in hippocampus, and that HMGB1 mediates stress-induced priming of 

microglia. Thus, we examined whether stress-induced increases in hippocampal HMGB1 are a 

consequence of disrupted CD200:CD200R signaling. Indeed, treatment with mCD200Fc prior to 

stress exposure blocked the stress-induced increase in hippocampal HMGB1. The present study 

suggests that stress exposure disrupts immunoregulatory mechanisms in the brain, which typically 

constrain the immune response of CNS innate immune cells. This attenuation of 

immunoregulatory mechanisms may thus permit a primed activation state of microglia to manifest.
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1. Introduction

Prior exposure to acute and chronic stressors potentiates the neuroinflammatory and 

microglial pro-inflammatory response to subsequent immunologic challenges (de Pablos et 

al., 2006; Espinosa-Oliva et al., 2011; Frank et al., 2007; Johnson et al., 2003; Johnson et al., 

2004; Munhoz et al., 2006; Wohleb et al., 2011), suggesting that stressors sensitize or prime 

microglia, which are considered a key substrate of this stress-induced phenomenon (Frank et 

al., 2015b). Microglia are highly labile and can fluidly shift across a spectrum of activation 

states (Colonna and Butovsky, 2017). Of these states, the immunophenotype and function of 

a primed microglial state have been characterized in a number of normal and pathological 

conditions (Perry et al., 2007). In general, a hallmark of primed microglia is the lack of an 

overt pro-inflammatory profile despite a shift in immunophenotype. However, upon 

exposure to a pro-inflammatory stimulus, primed microglia exhibit an exaggerated pro-

inflammatory response (Perry et al., 2007) suggesting that inhibitory control over microglia 

has been attenuated.

In the CNS microenvironment, microglia are held in a surveillant or quiescent state of 

activation through several inhibitory signaling dyads (Hoarau et al., 2011; Ransohoff and 

Cardona, 2010). Of these, the CD200:CD200R dyad is particularly noteworthy because 

disruption of CD200:CD200R signaling potentiates the pro-inflammatory response of 

microglia to immune stimuli (Costello et al., 2011; Denieffe et al., 2013) as well as 

exacerbates disease severity and progression in neuroinflammatory disease models (Hoek et 

al., 2000; Meuth et al., 2008; Wright et al., 2000). Further, disruption of CD200:CD200R 

signaling has been implicated in neuroinflammatory processes observed in aging (Lyons et 

al., 2007), neuropathic pain (Hernangomez et al., 2016) and Alzheimers disease (Walker et 

al., 2009). These findings prompted us to explore the notion that disruption of 

CD200:CD200R signaling may play a role in stress-induced neuroinflammatory and 

microglial priming.

In the innate immune system, CD200 is thought to constitutively inhibit myeloid cell 

function via engagement of CD200R (Gorczynski, 2005). CD200 is a membrane 

glycoprotein that is expressed ubiquitously in the CNS on neurons, endothelial cells and 

oligodendrocytes, while its cognate receptor CD200R is expressed almost exclusively on 

microglia as well as other CNS macrophages (Koning et al., 2009; Wright et al., 2000). 

Upon binding CD200R, CD200 initiates an intra-cellular signaling cascade that results in 

general inhibition of myeloid cell function including pro-inflammatory cytokine responses 

to immune stimuli (Gorczynski et al., 2008; Jenmalm et al., 2006; Zhang et al., 2004).

Here, we explored the possibility that stress-induced disruption of CD200:C200R signaling 

might serve as a trigger to disinhibit microglia, thereby sensitizing the neuroinflammatory 

and microglial response to subsequent immune challenges.
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2. Materials and Methods

2.1. Animals

Male Sprague-Dawley rats (60–90 d old; Envigo) were pair-housed with food and water 

available ad libitum. The colony was maintained at 22 °C on a 12h light/dark cycle (lights on 

at 07:00h). All experimental procedures were conducted in accord with the University of 

Colorado Institutional Animal Care and Use Committee.

2.2. Drug Treatments

mCD200Fc—Soluble recombinant mouse CD200 Fc (mCD200Fc) chimera (R & D 

Systems; cat. no. 3555-CD) and human IgG1Fc (R & D Systems; cat. no. 110-HG) were 

dissolved in sterile 1x PBS. Human IgG1Fc (hIgG1Fc) served as a control protein. Briefly, 

mCD200Fc is a fusion protein consisting of the extracellular domain of mCD200 and the Fc 

domain of human IgG1. CD200Fc fusion proteins were originally developed by Cherwinski 

and colleagues (Cherwinski et al., 2005) and found to be highly effective at inhibiting the 

pro-inflammatory response of myeloid cells in vitro (Cherwinski et al., 2005; Gorczynski et 

al., 2008; Gorczynski et al., 2004; Jenmalm et al., 2006). Further, mCD200Fc was found to 

specifically bind CD200R (Hatherley et al., 2005), which mediates the inhibitory effects of 

mCD200Fc (Gorczynski et al., 2008). Hernangomez and colleagues found that intrathecal 

injection of mCD200Fc in rats blocked spinal pro-inflammatory responses to chronic 

constriction injury of the sciatic nerve (Hernangomez et al., 2016). As such, their findings 

served as the basis for our dose selection of mCD200Fc, which was utilized here to block 

stress-induced priming of microglia. Here, mCD200Fc was used as a surrogate to increase 

endogenous CD200 levels in hippocampus and thus increase CD200-mediated inhibitory 

drive on microglia. mCD200R1Fc: Soluble recombinant mouse CD200R1Fc chimera (R & 

D Systems; cat. no. 2554-CD) and human IgG1Fc (R & D Systems; cat. no. 110-HG) were 

dissolved in sterile 1x PBS. Human IgG1Fc (hIgG1Fc) served as a control protein. 

mCD200R1Fc was used here as a decoy receptor to bind endogenous CD200 and thus 

inhibit endogenous CD200:CD200R signaling. The purpose of this experimental approach 

was to test whether disruption of CD200:CD200R signaling outside the context of stress is 

sufficient to prime the microglial response to LPS. LPS. Lipopolysaccharide (LPS; E. coli 

serotype 0111:B4; Sigma; cat. no. L3012) was dissolved in pyrogen free, sterile 0.9% saline 

and was used to challenge microglia ex vivo.

2.3. Intra-cisterna magna (ICM) injections

mCD200Fc—mCD200Fc (5 ug total at 1 ug/ul) or hIgG1Fc (equimolar concentration; 5 ul 

total) was injected ICM immediately prior to stress exposure. Hippocampal microglial 

priming and HMGB1 protein levels were measured 24h after stress exposure. 

mCD200R1Fc: mCD200R1Fc (5 ug total at 1 ug/ul) or hIgG1Fc (equimolar concentration; 

5 ul total) was injected ICM. 24h post-injection, hippocampal microglial priming was 

measured. We have demonstrated that ICM injected substances reach distal target regions in 

the CNS (i.e. hippocampus) consistent with more typical ICV procedures, and this procedure 

produces no detectable inflammatory responses (Frank et al., 2012a). Rats were anesthetized 

with 5% isoflurane in oxygen and then maintained on 3% isoflurane during the brief 

procedure (~3 min). The dorsal aspect of the skull was shaved and swabbed with 70% EtOH. 
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A sterile 27-gauge needle attached via sterile PE50 tubing to a 25ul Hamilton syringe was 

inserted into the cisterna magna (verified by withdrawing 2 ul of clear CSF) and drug 

injected over a 30s period. After injection, the needle was left in place for 30s to allow for 

diffusion of drug.

2.4. Inescapable tail-shock (IS)

Details of the stressor protocol have been published previously and this protocol reliably 

potentiates pro-inflammatory cytokine responses in the hippocampus after peripheral 

immune challenge (Johnson et al., 2003) as well as in isolated hippocampal microglia to 

LPS ex vivo (Frank et al., 2007). Briefly, animals were placed in Plexiglas tubes (23.4 cm in 

length x 7 cm in diameter) and exposed to 100-1.6 mA, 5 s tail-shocks with a variable inter-

trial interval (ITI) ranging from 30 – 90 s (average ITI = 60 s). All IS treatments occurred 

between 09:00 and 11:00 h. IS animals were returned to their home cages immediately after 

termination of shock. Home cage control (HCC) animals remained undisturbed in their 

home cages.

2.5. Tissue collection

Animals were given a lethal dose of sodium pentobarbital. Animals were fully anesthetized 

and transcardially perfused with ice-cold saline (0.9%) for 3 min to remove peripheral 

immune leukocytes from the CNS vasculature. Brain was rapidly extracted, placed on ice 

and hippocampus dissected. Hippocampus was a focus given our prior findings of robust 

stress-induced priming effects in this region (Frank et al., 2015b). For in vivo experiments, 

hippocampus was flash frozen in liquid nitrogen for whole tissue analysis. For 

micropunching of hippocampal and amygdalar sub-regions, whole brain was flash frozen in 

isopentane. All tissue samples were stored at −80°C. For ex vivo experiments, hippocampal 

microglia were immediately isolated.

2.6. Hippocampal and amygdala micropunching

Brains were sectioned at 50 μm increments on a Leica cryostat at −20 °C until the region of 

interest was reached. Tissue punches were then excised from discrete regions of dorsal 

hippocampus (CA1, CA3, and dentate gyrus) and basolateral (BLA) and central nucleus 

(CEA) amygdala using a brain punch tool (1 mm diameter × 1 mm depth). Tissue punches 

(2 per region per hemisphere) were stored at −80 °C until assayed. One hemisphere was 

used for assay of gene expression and one for protein.

2.7. Ex vivo immune stimulation of hippocampal microglia with LPS

Hippocampal microglia were isolated using a Percoll density gradient as previously 

described (Frank et al., 2006). This procedure of isolating cells takes ~1.5h. We have 

previously shown (Frank et al., 2006) that this microglia isolation procedure yields highly 

pure microglia (Iba-1+/MHCII+/CD163-/GFAP-). In the present experiments, 

immunophenotype and purity of microglia was assessed using real time RT-PCR. Microglia 

were suspended in DMEM+10% FBS and microglia concentration determined by trypan 

blue exclusion. Microglia concentration was adjusted to a density of 1 × 104 cells/100 μl and 

100 μl added to individual wells of a 96-well v-bottom plate. LPS was utilized to challenge 
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microglia ex vivo as we have previously determined the optimal in vitro conditions under 

which LPS stimulates a microglia pro-inflammatory cytokine response (Frank et al., 2006). 

Cells were incubated with LPS (1, 10, and 100 ng/ml) or media alone for 2h at 37° C, 5% 

CO2. The plate was centrifuged at 1000 × g for 10 min at 4 °C to pellet cells and cells 

washed 1x in ice cold PBS and centrifuged at 1000 × g for 10 min at 4 °C. Cell lysis/

homogenization and cDNA synthesis was performed according to the manufacturer’s 

protocol using the SuperScript III CellsDirect cDNA Synthesis System (Invitrogen).

2.8. Real time RT-PCR measurement of gene expression

Total RNA was isolated from hippocampus and amygdala utilizing a standard method of 

phenol:chloroform extraction (Chomczynski and Sacchi, 1987). For detailed descriptions of 

RNA isolation, cDNA synthesis and PCR amplification protocols refer to prior publication 

(Frank et al., 2007). A detailed description of the PCR amplification protocol has been 

published previously (Frank et al., 2006). cDNA sequences were obtained from Genbank at 

the National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov). Primer 

sequences were designed using the Operon Oligo Analysis Tool (http://www.operon.com/

technical/toolkit.aspx) and tested for sequence specificity using the Basic Local Alignment 

Search Tool at NCBI (Altschul et al., 1997). Primers were obtained from Invitrogen. Primer 

specificity was verified by melt curve analyses. All primers were designed to span exon/

exon boundaries and thus exclude amplification of genomic DNA (See Table 1 for primer 

description and sequences).

PCR amplification of cDNA was performed using the Quantitect SYBR Green PCR Kit 

(Qiagen). Formation of PCR product was monitored in real time using the MyiQ Single-

Color Real-Time PCR Detection System (BioRad). Relative gene expression was 

determined using β-Actin as the housekeeping gene and the 2−ΔΔCT method (Livak and 

Schmittgen, 2001).

2.9. Western Blot

Hippocampal tissue was sonicated in a mixture containing extraction buffer (Invitrogen) and 

protease inhibitors (Sigma). Ice-cold tissue samples were centrifuged at 14,000 rpm for 10 

min at 4°C. The supernatant was removed and the protein concentration for each sample was 

quantified using the Bradford method. Samples were heated to 100 °C for 10 min and 40 μg 

total protein loaded into a standard polyacrylamide 4–12% Bis-Tris gel (Invitrogen). SDS-

PAGE was performed in 3-(N-morpholino)-propanesulfonic acid running buffer (Invitrogen) 

at 160 V for 1h. Protein was transferred onto a nitrocellulose membrane using an iBlot dry 

transfer system (Invitrogen). The membrane was then blocked with Odyssey blocking buffer 

(LI-COR Biosciences) for 1h and incubated overnight at 4°C in blocking buffer (LI-COR 

Biosciences) with the following primary antibodies: rabbit polyclonal to high mobility group 

box (HMGB)1 (1:1000, Abcam; cat. no. ab18256), mouse monoclonal to CD200R (1:1000, 

ThermoFisher Scientific; cat. no. MA5-16894), mouse monoclonal to CD200 (1:500, 

ThermoFisher Scientific; cat. no. MA1-90805) rabbit monoclonal to CAAT/Enhancer 

Binding Protein (C/EBP)β (1:1000, Abcam; cat. no. ab32358) and mouse monoclonal to β-

actin (1:100,000, Sigma-Aldrich; cat. no. A5316). The membrane was washed 4x in 1x PBS 

+ 0.1% Tween and then incubated in blocking buffer containing either goat anti-rabbit (LI-
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COR; cat. no. 925-32211) or goat anti-mouse (LI-COR; cat. no. 925-32210) IRDye 800CW 

secondary antibody at a concentration of 1:10,000 for 1 h at room temperature and the 

membrane was washed 4x in 1x PBS + 0.1% Tween. Protein expression was quantified 

using an Odyssey Infrared Imager (LI-COR Biosciences) and expressed relative to the 

housekeeping protein β-actin.

2.10. HMGB1 ELISA

Hippocampus was sonicated in a mixture containing extraction buffer (Invitrogen) and 

protease inhibitors (Sigma). Ice-cold tissue samples were centrifuged at 14,000 rpm for 10 

min at 4°C. The supernatant was removed and the protein concentration for each sample was 

quantified using the Bradford method. HMGB1 protein was measured using a standard 

colorimetric sandwich ELISA (LifeSpan Biosciences, Inc.; cat. no. LS-F4039). HMGB1 

protein was quantified as pg/mg total protein.

2.11. Statistical analysis and data presentation

All data are presented as mean ± SEM. Statistical analyses consisted of ANOVA followed 

by post-hoc tests (Tukey’s HSD) using Prism 5 (Graphpad Software, Inc.). In several 

instances, multiple t-tests were carried out on the same samples, which increases the risk of 

Type I error. A Bonferroni correction of p-values (corr p) was conducted to mitigate this 

risk. Threshold for statistical significance was set at α = 0.05. Sample sizes are provided in 

figure captions. In several instances, data is scaled to the mean of the HCC animals and 

presented as a percent of the HCC mean. Here, the mean of the HCC group was computed 

and all individual data points for a particular analyte were divided by the HCC mean * 100, 

which sets the HCC mean at 100% with a specific standard error. Data presented in Fig. 5 is 

derived from a 2 (HCC vs IS) × 2 (hIgG1Fc vs mCD200Fc) × 4 (0, 1, 10, 100 ng/ml LPS) 

factorial design with stress and mCD200Fc as a between subjects factors and LPS as a 

within subjects factor. A 2 (HCC vs IS) × 2 (hIgG1Fc vs mCD200Fc) factorial analysis was 

conducted at each concentration of LPS (Fig. 5A). Area under the LPS concentration curve 

(AUC) was computed to capture the cumulative effect of stress and mCD200Fc treatment on 

the cytokine response to LPS ex vivo (Fig. 5B). This transformation of the raw data 

presented in Fig. 5A results in a cumulative cytokine response measure for each animal as a 

function of stress and mCD200Fc treatment.

3. Results

3.1. Effect of inescapable tailshock (IS) on CD200 and CD200R mRNA in hippocampus

As an initial experiment, CD200 and CD200R mRNA were characterized in the context of 

an array of immune-related genes in whole hippocampus 24h after exposure to IS or in HCC 

(Fig. 1). This time-point post-IS was selected given our prior findings that robust priming of 

microglia and the neuroinflammatory response occurs at this time-point after stressor 

exposure (Frank et al., 2007; Johnson et al., 2003). We found that IS selectively down-

regulated CD200R compared to HCC (t = 4.67, df = 10, corr p = 0.013), an effect replicated 

in a separate cohort of animals (see Fig. 1 inset). Not surprisingly since sacrifice was 24h 

after IS, IS failed to modulate the expression of all other genes examined including the 

immunoregulatory signaling dyad CX3CL1:CX3CR1, which plays a similar role to 
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CD200:CD200R (Ransohoff and Cardona, 2010). To confirm this result and assess regional 

differences in CD200R expression in the hippocampus, gene expression of CD200R and 

CD200 was measured in micropunches of CA1, CA3 and dentate gyrus (DG) 24h after IS or 

in HCC (Fig. 2A). Consistent with our initial findings, IS induced a significant down-

regulation of CD200R compared to HCC in CA1 (t = 3.41, df = 26, corr p = 0.006), CA3 (t 

= 3.39, df = 26, corr p = 0.006) and DG (t = 4.02, corr p = 0.0012). IS failed to significantly 

change CD200 expression in all hippocampal sub-regions (data not shown). To examine 

whether the effects of IS on CD200R extended to other limbic structures, we examined 

CD200R and CD200 expression in amygdalar sub-regions (BLA and CEA) 24h post-stress 

exposure. Consistent with the effect of stress in hippocampus, we found that IS induced a 

significant reduction of CD200R in BLA (df = 14, t = 3.87, p = 0.002) and CEA (df = 14, t = 

3.86, p = 0.002), however CD200 expression was not signifcantly modulated by stress 

(Suppl. Fig. 1). In light of these findings, we examined whether IS-induced reductions in 

CD200R were present immediately after stress-exposure (Fig. 2B). Indeed, IS down-

regulated CD200R expression in CA1 (t =3.69, df = 10, corr p = 0.012), CA3 (t = 4.84, corr 

p = 0.002) and DG (t = 6.25, corr p = 0.0003) immediately after termination of the stressor. 

Because CD200R is expressed by CNS macrophages (Koning et al., 2009; Wright et al., 

2000), we examined the effect of IS on microglial expression of CD200R. Hippocampal 

microglia were isolated from HCC animals and animals exposed to IS 24h previously. 

Consistent with the results observed in whole tissue, IS down-regulated microglial CD200R 

expression compared to HCC (Fig. 2C; t = 3.31, df = 6, p = 0.02).

3.2. Effect of IS on CAAT/Enhancer Binding Protein (C/EBP)β

C/EBPβ is a transcription factor that plays a pivotal role in the regulation of genes involved 

in neuroinflammatory processes (Pulido-Salgado et al., 2015). Dentesano and colleagues 

found that C/EBPβ binds the promoter region of CD200R and induction of C/EBPβ is 

necessary for down-regulation of CD200R expression (Dentesano et al., 2012), suggesting 

that C/EBPβ is a suppressor of CD200R transcription. Given these findings, we explored the 

possibility that IS may induce C/EBPβ expression. To test this possibility, C/EBPβ 
expression was assessed in hippocampal sub-regions immediately after stress exposure and 

in HCC animals. Of note, the duration of a single session of IS is ~2h. Therefore, this 

immediate time-point post-IS was selected in light of evidence demonstrating that the 

mRNA half-life of C/EBPβ ranges from 40 min to 2h (Pulido-Salgado et al., 2015), thereby 

increasing the likelihood of observing stress effects on C/EBPβ expression. As depicted in 

Fig. 3, we found that IS induced a robust increase in C/EBPβ expression compared to HCC 

in CA1 (df = 10, t = 6.22, corr p < 0.001), CA3 (df = 10, t = 6.44, corr p < 0.001) and DG 

(df = 10, t = 4.06, corr p < 0.01). In addition, C/EBPβ expression was inversely correlated 

with CD200R expression (r = −0.52, p = 0.0009).

3.3. Effect of IS on CD200R and C/EBPβ total protein

To examine whether the effects of IS on CD200R and C/EBPβ mRNA extended to the 

protein level, we examined the immediate time-point post-IS exposure given the robust 

effects of IS on gene expression of both targets. Given that the effects of IS on gene 

expression were found in all hippocampal sub-regions, only DG was analyzed. Western blot 

analysis of total protein from DG (Fig. 4) demonstrated that IS induced a significant 
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reduction in CD200R protein (df =12, t = 3.87, corr p < 0.01) concomitant with an increase 

in C/EBPβ protein (df = 12, t = 12.01, corr p < 0.001) compared to protein levels observed 

in HCC animals. The magnitude of these IS-induced effects were largely comparable to the 

effect sizes of IS on gene expression.

3.4. Effect of mCD200Fc on IS-induced microglial priming

The findings presented thus far prompted us to explore the possibility that IS-induced down-

regulation of CD200R may have resulted in disrupted CD200:CD200R signaling, thereby 

disinhibiting or priming microglia pro-inflammatory processes to a subsequent immune 

challenge. To test this notion, mCD200Fc was utilized to increase microglial inhibitory 

drive, which may have been reduced as a result of IS-induced down-regulation of CD200R. 

mCD200Fc or control (hIgG1Fc) was injected ICM immediately prior to IS exposure or in 

HCC animals. 24h post-IS, hippocampal microglia were isolated from HCC and IS-exposed 

animals. Microglia were then treated with LPS in vitro to elicit a pro-inflammatory response 

and ascertain the effects of mCD200Fc on IS-induced potentiation (priming) of the 

microglial pro-inflammatory response. Depicted in Fig. 5A is data showing the pro-

inflammatory response of microglia to several concentrations of LPS in vitro and the 

differential effects of stress and drug treatment. For IL-1β, the interaction between stress and 

mCD200Fc treatment was significant at 0 ng/ml (df = 1, 27, F = 7.2, p = 0.012), 10 ng/ml 

(df = 1, 27, F = 4.36, p = 0.046) and 100 ng/ml (df = 1, 27, F = 7.12, p = 0.013) LPS. Post-

hoc comparisons demonstrate that in control-treated (hIgG1Fc) animals, IS potentiated the 

IL-1β response compared to HCC at 0 ng/ml (p < 0.001), 10 ng/ml (p < 0.001) and 100 

ng/ml (p < 0.01) LPS. Treatment with mCD200Fc in stress-exposed animals blocked this 

stress-induced potentiation of the cytokine response at 0 ng/ml (p < 0.001), 10 ng/ml (p < 

0.001) and 100 ng/ml (p < 0.001) LPS. For TNFα, the interaction between stress and 

mCD200Fc treatment was significant at 1 ng/ml (df = 1, 27, F = 4.38, p = 0.046) and 100 

ng/ml (df = 1, 27, F = 12.27, p = 0.002) LPS. Post-hoc comparisons demonstrate that in 

control-treated (hIgG1Fc) animals, IS potentiated the TNFα response compared to HCC at 0 

ng/ml (p < 0.01) and 100 ng/ml (p < 0.001) LPS. Treatment with mCD200Fc in stress-

exposed animals blocked this stress-induced potentiation of the cytokine response at 0 ng/ml 

(p < 0.01) and 100 ng/ml (p < 0.001) LPS. For NFκBIα, the interaction between stress and 

mCD200Fc treatment was significant at 1 ng/ml (df = 1, 27, F = 7.09, p = 0.013) and 10 

ng/ml (df = 1, 27, F = 4.99, p = 0.034) LPS. Post-hoc comparisons demonstrate that in 

control-treated (hIgG1Fc) animals, IS potentiated the NFκBIα response compared to HCC 

at 1 ng/ml (p < 0.01) and 10 ng/ml (p < 0.05) LPS. Treatment with mCD200Fc in stress-

exposed animals blocked this stress-induced potentiation of the cytokine response at 1 ng/ml 

(p < 0.01) and 10 ng/ml (p < 0.01) LPS. For NLRP3, the interaction between stress and 

mCD200Fc treatment did not attain statistical significance at each concentration of LPS 

(data not shown).

Area under the curve (AUC)(Fig. 5B) was used to represent the overall magnitude of the 

pro-inflammatory response across LPS concentrations and to examine the interaction 

between stress and drug treatment on this response. Consistent with the effects shown in Fig. 

5A, treatment with mCD200Fc blocked the stress-induced potentiation of the microglial 

response to LPS for IL-1β (stress x drug interaction, df = 1, 25, F = 7.76, p = 0.01) and 
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TNFα (stress x drug interaction, df = 1, 25, F = 7.49, p = 0.01). The effect on NFκBIα 
showed a similar trend (stress x drug interaction, df = 1, 25, F = 3.3, p = 0.08), whereas 

NLRP3 expression was unaffected (stress x drug interaction, df = 1, 27, F = 1.23, p = 0.28). 

In animals treated with hIgG1Fc, post-hoc comparisons demonstrate that prior exposure to 

IS potentiated the IL-1β (p < 0.001) and TNFα (p < 0.001) response to LPS compared to 

the cytokine response in microglia from HCC animals. In IS-exposed animals, treatment 

with mCD200Fc completely blocked this potentiation of the IL-1β (p < 0.001) and TNFα 
(p < 0.001) response to LPS compared to hIgG1Fc treatment.

CD200Fc fusion proteins have been found to inhibit the pro-inflammatory response of 

myeloid cells in vitro to a variety of immune stimuli (Cherwinski et al., 2005; Gorczynski et 

al., 2008; Gorczynski, 2005; Jenmalm et al., 2006). Thus, a concern regarding the present 

experiment was that mCD200Fc treatment could result in a general inhibition of microglial 

pro-inflammatory function, thereby precluding a clear determination of the effect of 

mCD200Fc on stress-induced priming of the LPS-induced cytokine response. However, 

post-hoc comparisons demonstrate that the dose of mCD200Fc used here failed to 

significantly modulate the IL-1β (p > 0.05) and TNFα (p > 0.05) cytokine response to LPS 

in HCC animals suggesting that treatment with this dose of mCD200Fc did not affect 

microglial responses to LPS per se. Similarly, mCD200Fc failed to affect the NFκBIα 
response to LPS in HCC animals (p > 0.05) again suggesting that the microglial response to 

LPS remained intact in mCD200Fc-treated animals.

3.5. Effect of mCD200R1Fc on hippocampal microglial priming

In light of the effects of mCD200Fc on stress-induced microglial priming, we examined 

whether disruption of CD200:CD200R signaling in naive animals might be sufficient to 

recapitulate the effects of stress on microglial priming. Here, soluble mCD200R1 

(mCD200R1Fc) or control protein (hIgG1Fc) was injected ICM with the aim of disrupting 

endogenous CD200:CD200R signaling, thereby disinhibiting microglia and promoting a 

primed immunophenotype. 24h post-injection, hippocampal microglia were isolated and 

treated ex vivo with several concentrations of LPS (0, 1, 10 and 100 ng/ml) for 2h. 

mCD200R1Fc treatment resulted in robust priming of the microglial response to LPS 

(Suppl. Fig. 3). Area under the LPS concentration curve (AUC) was computed to capture the 

cumulative effect of mCD200R1Fc on the cytokine response across concentrations of LPS 

(Fig. 6). We found that mCD200R1Fc potentiated the IL-1β (p < 0.01), TNFα (p < 0.01) 

and IL-6 (p < 0.0001) response to LPS compared to control treatment.

3.6. Effect of mCD200Fc on IS-induced HMGB1

We have previously demonstrated that stress increases the alarmin HMGB1 in hippocampus 

and that HMGB1, at least in part, mediates stress-induced priming of hippocampal microglia 

(Weber et al., 2015). The effects of mCD200Fc on stress-induced microglial priming 

prompted us to explore whether the effects of stress on HMGB1 were a consequence of 

disrupted CD200:CD200R signaling. Therefore, we examined the effects of mCD200Fc on 

stress-induced increases in hippocampal HMGB1 protein. Given the results presented in Fig. 

2 demonstrating that the effects of stress on CD200R were largely uniform across sub-

regions of the hippocampus, the present experiment focused on whole hippocampus. In our 
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prior study, we had examined the effect of IS on whole hippocampal HMGB1 using Western 

blot and found that IS increased hippocampal HMGB1 protein levels immediately after and 

24h post-IS (Weber et al., 2015). Here, we conducted an initial experiment to replicate the 

effects of stress on HMGB1 using an untested, commercially available HMGB1 ELISA, 

which we validated using Western blot. As shown in Fig. 7, we found that IS increased 

hippocampal HMGB1 protein levels immediately after stress compared to levels observed in 

HCC animals using both Western blot (t = 7.24, df = 14, corr p < 0.0001) and ELISA (t = 

7.9, df = 14, corr p < 0.0001). The results of each method showed a high degree of linearity 

(r = 0.93). Further, we found that IS increased HMGB1 protein levels 24h post-IS compared 

to HCC (Fig. 8A) using ELISA (t = 5.54, df = 14, p < 0.0001).

To determine whether stress-induced increases in HMGB1 are down-stream of disrupted 

CD200:CD200R signaling, animals were injected ICM with mCD200Fc or control 

(hIgG1Fc) prior to stress exposure. 24h after termination of the stressor, hippocampal 

HMGB1 was measured in IS and HCC animals using ELISA. As depicted in Fig. 8B, the IS-

induced increase in HMGB1 was blocked by mCD200Fc treatment (stress x drug 

interaction, F = 13.76, df = 1, 12, p = 0.003). Post-hoc tests show that IS significantly 

increased HMGB1 compared to control treated (p < 0.01) and mCD200Fc treated HCCs (p 

< 0.001). In IS-exposed animals, mCD200Fc significantly reduced this effect of IS 

compared to control treatment (p < 0.001).

An important consideration regarding the effects of mCD200Fc is whether mCD200Fc 

treatment altered expression of endogenous CD200. To test this possibility, we measured 

CD200 protein levels in these same hippocampal samples, in which HMGB1 was measured. 

We found that mCD200Fc treatment failed to significantly alter endogenous hippocampal 

CD200 protein compared to control treatment (Suppl. Fig. 2). The interaction between stress 

and mCD200Fc (F = 2.17, df = 1, 11, p = 0.17) as well as the main effect of stress (F = 

0.001, df = 1, 11, p = 0.97) and CD200Fc (F = 2.74, df = 1, 11, p = 0.13) were not 

significant.

4. Discussion

Exposure to stressors can shift the activation state of microglia and render them sensitized to 

subsequent immune stimuli, without producing a classical pro-inflammatory state of 

activation (Frank et al., 2016). Thus, there is a potentiated neuroinflammatory response to 

these stimuli after prior stressor exposure. This suggests that stress might alter the CNS 

microenvironment and attenuate the immunoregulatory mechanisms that constrain 

microglial and neuroinflammatory processes. Immunoregulation in the CNS is mediated, in 

part, by a set of inhibitory signaling dyads including CD200:CD200R (Ransohoff and 

Cardona, 2010). Here, we explored the possibility that stress may weaken inhibitory controls 

over microglia, thereby permitting these cells to shift from a surveillant state to a primed 

state of activation. Interestingly, prior studies have found that disruption of CD200:CD200R 

signaling potentiates the microglial pro-inflammatory response to subsequent immune 

challenges (Costello et al., 2011; Denieffe et al., 2013), which served as the basis for 

focusing on CD200:CD200R signaling here.
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Our initial experiment examined the effects of stress on hippocampal CD200 and CD200R 

gene expression in the context of a small array of innate immune-related genes, which 

included pro- and anti-inflammatory cytokines, pattern recognition receptors, inflammasome 

components, myeloid antigens and alternate inhibitory signaling dyads. Consistent with 

prior findings (Frank et al., 2007), this transcriptional profile demonstrated a distinct 

absence of a classical pro-inflammatory immunophenotype, which is a hallmark of a primed 

activation state. Although clearly not an exhaustive profile of innate-immune related gene 

expression, this experiment demonstrated that prior stress only reduced expression of 

CD200R, but not that of its ligand CD200 as well as other innate-immune genes. We have 

previously found that exposure to stress reduces gene expression of CD200 (Frank et al., 

2007), but in the present study we failed to replicate this finding. In addition, expression of 

CX3CL1 and CX3CR1, which also constitutes a microglial inhibitory signaling dyad 

(Ransohoff and Cardona, 2010), were not altered by stress exposure. To further explore the 

expression pattern of CD200R in hippocampus, the effects of stress on CD200R in sub-

regions of the hippocampus were examined. As with whole hippocampal expression, stress 

exposure produced a robust decrease in CD200R uniformly across sub-regions of the 

hippocampus at the 24h time-point. Furthermore, we found that the effects of stress on 

CD200R were not limited to hippocampus as we observed that stress down-regulated 

expression of CD200R in the BLA and CEA sub-regions of the amygdala. A question that 

arose from these finding was whether the effects of stress on CD200R were already present 

immediately after stressor exposure, or developed during the interval between stress 

termination and the 24h time-point. We found that stress-induced reductions in CD200R 

protein and gene expression were already present immediately after offset of the stressor, 

suggesting that the effect of stress on CD200R occurred during stress exposure and persisted 

for at least 24h post-stress.

CD200R in the CNS is primarily expressed on microglia and other cells of the myeloid 

lineage (Koning et al., 2009; Wright et al., 2000). Therefore, to further characterize the 

effects of stress on CD200R, we isolated hippocampal microglia 24h after the stressor 

session. Consistent with the effects of stress on expression in whole hippocampal tissue, we 

found that stress reduced microglial expression of this inhibitory receptor. Interestingly, 

Blandino and colleagues found that inescapable footshock reduced CD200R gene expression 

in hypothalamus, but not hippocampus (Blandino et al., 2009). The stressor protocol used by 

Blandino and colleagues differed from the protocol used here, which might account for these 

discrepant findings in hippocampus.

CD200R gene expression is regulated, in part, by the transcription factor C/EBPβ, which has 

been found to bind the CD200R promoter and inhibit transcription of CD200R (Dentesano 

et al., 2012). This finding led us to test the prediction that stress exposure would induce C/

EBPβ expression. Indeed, we found that stress increased C/EBPβ protein and gene 

expression immediately after stress exposure and C/EBPβ gene expression was inversely 

correlated with CD200R expression. Of note, C/EBPβ expression is positively regulated by 

glucocorticoids (Hazra et al., 2007), and C/EBPβ and the glucocorticoid receptor interact to 

modulate the transcription of target genes (Pulido-Salgado et al., 2015). These findings are 

of relevance here as we have recently reported that glucocorticoids down-regulate microglial 

CD200R expression in vitro (Fonken et al., 2016) and have demonstrated that 
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glucocorticoids mediate stress-induced priming of microglial pro-inflammatory responses 

(Frank et al., 2012b). Glucocorticoids have also been shown to mediate priming of 

neuroinflammatory processes in chronic stress paradigms (de Pablos et al., 2006; Espinosa-

Oliva et al., 2011; Munhoz et al., 2006). In addition, exogenous glucocorticoids are 

sufficient to prime neuroinflammatory and microglia responses to immune challenges (Frank 

et al., 2014; Frank et al., 2010; Loram et al., 2011; Munhoz et al., 2010). Indeed, a 

considerable number of reports have challenged the dogma that glucocorticoids are 

universally anti-inflammatory (Sorrells et al., 2009). Taken together, these findings raise the 

intriguing possibility that stress-induced glucocorticoids may prime microglia via induction 

of CEBP/β, which down-regulates CD200R, thereby effectively disinhibiting (priming) 

microglia.

Our initial findings demonstrated that stress down-regulates CD200R in the hippocampus, 

which suggested the possibility that decreases in CD200R might result in a disruption in 

CD200:CD200R signaling. The central notion examined here was that disruption in 

CD200:CD200R signaling may then result in disinhibition of microglia as a consequence of 

reduced CD200R-mediated inhibitory drive. To test this notion, we took an experimental 

approach to increase inhibitory drive through central administration of a soluble CD200 

fragment (mCD200Fc), which has been found to inhibit myeloid cell activation via 

CD200R1 (Cherwinski et al., 2005; Gorczynski et al., 2008; Gorczynski et al., 2004; 

Jenmalm et al., 2006). The approach here was to increase levels of a ligand for the CD200R, 

thereby compensating for stress-induced reductions in CD200R and revert CD200R-

mediated inhibitory drive to a normative state. We found that central administration of 

mCD200Fc blocked the stress-induced potentiation of the microglial pro-inflammatory 

response suggesting that mCD200Fc treatment had increased CD200R-mediated inhibitory 

drive, thus blocking stress-induced priming of microglia. Furthermore, this result suggests 

that stress disrupts CD200:CD200R signaling, which leads to microglial disinhibition and a 

primed activation state. It is important to note that mCD200Fc treatment largely failed to 

modulate the main pro-inflammatory effect of LPS on microglia, but only blocked the stress-

induced potentiation of this effect. These findings suggest that microglial sensitivity to LPS 

per se was not altered by mCD200Fc treatment, which obviates a potential confound of this 

experimental approach.

To further characterize the role of disrupted CD200:CD200R signaling in microglial 

priming, we examined whether disruption of CD200:CD200R signaling in naive animals 

was sufficient to induce microglial priming and thus recapitulate the effects of stress on 

microglia. Here, a soluble fragment of CD200R1 (mCD200R1Fc) was administered ICM, 

which should function like a decoy receptor through binding endogenous CD200 and 

effectively inhibit endogenous CD200R from binding CD200. If mCD200R1Fc disrupts 

endogenous CD200:CD200R signaling, microglia should become disinhibited and thus 

primed. Indeed, we found that treatment with mCD200R1Fc potentiated the microglial pro-

inflammatory response to LPS suggesting that disruption of CD200:CD200R signaling is 

sufficient to prime microglia.

A number of studies have examined potential mediators of stress-induced 

neuroinflammatory and microglial priming (Frank et al., 2012b; Johnson et al., 2005; 
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Johnson et al., 2004; Weber et al., 2015; Wohleb et al., 2011). We have recently found that 

stressor exposure increases levels of the danger-associated molecular pattern HMGB1 in 

hippocampus (Weber et al., 2015), a finding replicated in alternate stress paradigms (Cheng 

et al., 2016; Lian et al., 2017). Indeed, HMGB1 functions as one of these mediators of 

priming, in that blockade of HMGB1 signaling blocked priming (Weber et al., 2015). In 

light of the effects of mCD200Fc on stress-induced priming of microglia, we examined the 

possibility that stress-induced increases in hippocampal HMGB1 may be a consequence of 

disrupted CD200:CD200R signaling. To test this possibility, the effect of mCD200Fc on 

stress-induced HMGB1 was examined. Consistent with our previous findings (Weber et al., 

2015), stress exposure increased hippocampal HMGB1 levels immediately after and 24h 

post-IS. However, prior treatment with mCD200Fc blocked this stress-induced increase in 

HMGB1. A concern regarding the use of mCD200Fc is that this fragment of CD200 might 

upregulate endogenous CD200, which would present an experimental confound. However, 

we found that mCD200Fc treatment failed to alter protein levels of hippocampal CD200, 

which suggests that the effects of mCD200Fc are not due to up-regulation of endogenous 

CD200. Thus, the present results suggest that the stress-induced increase in hippocampal 

HMGB1 is downstream of disrupted CD200:CD200R signaling. Further, the larger 

implication is that stressor exposure disinhibits microglia, which leads to increased HMGB1 

levels because the immunoregulatory constraints on microglia have been attenuated via 

stress exposure. Our prior findings (Weber et al., 2015) suggest that this stress-induced 

increase in HMGB1 then functions to prime microglia via receptor signaling at TLR4 and/or 

RAGE. A further consideration regards the relationship between microglial disinhibition and 

priming. The present findings suggest that stress-induced disinhibition of microglia must 

occur initially. Once the immunoregulatory constraints on microglia are loosened, microglia 

can then release factors such as HMGB1, which then acts in an autocrine/paracrine fashion 

to prime microglia. It is important to note that we previously found that stress increases the 

extra-cellular release of HMGB1 from hippocampal microglia (Weber et al., 2015), however 

in the present study the cellular source of HMGB1 was not characterized. Nonetheless, the 

present findings suggest that disinhibited microglia are likely a source of the stress-induced 

increase in hippocampal HMGB1. It is important to clarify that the antibody-based methods 

used here to measure HMGB1 do not differentiate between the various redox states of 

HMGB1 (Venereau et al., 2012), which is a critical factor in microglial priming. We have 

found that the disulfide form, but not the reduced form of HMGB1 primes the 

neuroinflammatory and microglial response to subsequent immune challenges (Frank et al., 

2015a).

A hallmark of the stress response is a disruption of homeostatic mechanisms that regulate 

key physiological systems, including the immune system. The present findings suggest that 

stress exposure disrupts immunoregulatory mechanisms in the brain, which typically 

constrain the immune response of innate immune cells. This attenuation of 

immunoregulatory mechanisms may thus permit a primed activation state of microglia to 

manifest, which may then allow for an enhanced innate immune response to ensue upon 

encounter with a subsequent immunological threat.
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1. Acute stress down-regulates the microglial inhibitory receptor CD200R in 

hippocampus.

2. Treatment with mCD200Fc blocks stress-induced microglia priming and the 

alarmin HMGB1.

3. Stress-induced reductions in CD200R results in disinhibition of microglia.
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Fig. 1. Effect of IS on whole hippocampal gene expression of CD200R
Animals were exposed to IS (N = 6) or served as HCCs (N = 6). 24h after stress exposure, 

expression of genes related to innate immune function were measured in whole 

hippocampus. Inset shows a replication of this effect of IS on CD200R in a second cohort of 

animals (HCC, N = 12; IS, N = 12). Data are presented as the mean ± sem. Significant mean 

differences between HCC vs IS, * corr p < 0.05, *** p < 0.001.

Frank et al. Page 19

Brain Behav Immun. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Effect of IS on CD200R gene expression in hippocampal sub-regions and microglia
Gene expression of CD200R was measured in (A) hippocampal sub-regions (CA1, CA3 and 

dentate gyrus; DG) of IS (N = 8) or HCCs (N = 8) 24h after stress exposure, (B) 

hippocampal sub-regions of IS (N = 6) or HCCs (N = 6) immediately after stress exposure 

and (C) hippocampal microglia isolated from IS (N = 4) or HCC animals (N = 4) 24h after 

stress exposure. Data are presented as mean ± sem. For sub-regions, data are scaled as a 

percent of the HCC mean for each sub-region. Significant mean differences between HCC 

vs IS, * p < 0.05, ** corr p < 0.01, *** corr p < 0.001.
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Fig. 3. Effect of IS on the CD200R transcriptional regulator C/EBPβ
Animals were exposed to IS (N = 6) or served as HCCs (N = 6). Immediately after stress 

exposure, C/EBPβ gene expression was measured in sub-regions (CA1, CA3 and dentate 

gyrus; DG) of the hippocampus. Data are presented as mean ± sem and scaled as a percent 

of the HCC mean for each sub-region. Significant mean differences between HCC vs IS, ** 

corr p < 0.01, *** corr p < 0.001.
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Fig. 4. Effect of IS on CD200R and C/EBPβ total protein
Animals were exposed to IS (N = 8) or served as HCCs (N = 6). Immediately after stress 

exposure, CD200R and C/EBPβ total protein levels was measured in dentate gyrus. Data are 

presented as mean ± sem. Significant mean differences between HCC vs IS, ** corr p < 

0.01, *** corr p < 0.001.
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Fig. 5. Effect of mCD200Fc on IS-induced microglial priming
Animals were injected ICM with control protein (hIgG1Fc) or mCD200Fc. Immediately 

after injection, animals were exposed to IS or served as HCC. 24h after stress exposure, 

hippocampal microglia were isolated and treated with LPS for 2h. A) the cytokine response 

(IL-1β, TNFα and NFkBIα) at each concentration of LPS was captured for the following 

treatment groups: HCC/hIgG1Fc (N = 8), IS/hIgG1Fc (N = 8), HCC/mCD200Fc (N = 8), 

and IS/mCD200Fc (N = 7). B) The cumulative cytokine response across concentrations of 

LPS (area under the curve; AUC) was computed. Data are presented as mean ± sem. In panel 

A, the effects of stress and mCD200Fc treatment on the cytokine response were analyzed at 
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each concentration of LPS. The cytokine response for the IS/hIgG1Fc group significantly 

differed from all other treatment groups, ** p < 0.01, *** p < 0.001. In panel B, the cytokine 

response of the IS/hIgG1Fc group was significantly different from all other experimental 

groups, *** p < 0.001.
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Fig. 6. Effect of mCD200R1Fc on hippocampal microglia priming
Animals were injected ICM with control (hIgG1) or mCD200R1Fc (5 ug). 24h post-

injection, hippocampal microglia were isolated and challenged with LPS for 2h ex vivo. The 

overall magnitude of the cytokine response (area under the curve; AUC) was computed. N = 

5/experimental group. Data are presented as mean ± SEM. mCD200R1Fc treatment 

significantly different from control treatment, ** p < 0.01, **** p < 0.0001.

Frank et al. Page 25

Brain Behav Immun. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Effect of IS on hippocampal HMGB1 protein
Animals were exposed to IS (N = 8) or served as HCCs (N = 8). Immediately after IS, 

hippocampal HMGB1 protein was measured using (A) Western blot, (B) quantified 

comparing Western blot and ELISA and (C) the correlation of results from both 

methodological approaches. Data are presented as mean ± SEM. HCC significantly different 

from IS, **** p < 0.0001.
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Fig. 8. Effect of mCD200Fc on IS-induced HMGB1 protein
(A) Animals were exposed to IS (N = 8) or served as HCCs (N = 8). 24h after IS, 

hippocampal HMGB1 protein was measured. (B) Animals were injected ICM with control 

protein (hIgG1Fc) or mCD200Fc. Animals were then exposed to IS or served as HCCs. 24h 

after stress exposure, hippocampal HMGB1 protein was measured. Data are presented as 

mean ± sem. For data presented in A, IS significantly differed from HCC, **** p < 0.0001. 

For data presented in B, the hIgG1Fc/IS treatment group significantly differed from all other 

treatment groups, ** p < 0.01, *** p < 0.001.
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Fig. 9. Schematic of the proposed mechanism of stress-induced disinhibition/priming of 
microglia
We propose that exposure to a stressor increases brain levels of glucocorticoids (GCs), 

which then lead to the induction of the transcription factor CAAT/enhancer binding protein 

(C/EBP)β. This transcription factor has been found to bind the promoter region of CD200R 

and reduce its expression. In the CNS, CD200R is expressed predominately on microglia as 

well as other brain macrophages, while CD200 is expressed ubiquitously on neurons, 

endothelial cells and oligodendrocytes. In light of the role that the CD200:CD200R 

signaling dyad plays in microglial immunoregulation, this stress-induced reduction in 

CD200R might then lead to disinhibition of microglia. We propose that this disinhibited 

state of microglia results in the increased synthesis and release of the alarmin high mobility 

group box (HMGB1) from microglia, which then signals microglia in an autocrine or 

paracrine manner to prime microglia, presumably through Toll-like receptor 4 or the 

receptor of advanced glycation end-products.
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Table 1

Primer Sequences.

Gene Primer Sequence 5′ → 3′ Function

β-Actin F: TTCCTTCCTGGGTATGGAAT
R: GAGGAGCAATGATCTTGATC Cytoskeletal protein (Housekeeping gene)

CD68 F: CAAGCAGCACAGTGGACATTC
R: CAAGAGAAGCATGGCCCGAA Macrophage antigen that binds LDL

CD163 F: GTAGTAGTCATTCAACCCTCAC
R: CGGCTTACAGTTTCCTCAAG Hemoglobin receptor expressed by macrophages, but not microglia

CD200 F: CTCTCTATGTACAGCCCATAG
R: GGGAGTGACTCTCAGTACTAT Neuronal antigen that binds CD200R to inhibit macrophage function

CD200R F: TAGAGGGGGTGACCAATTAT
R: TACATTTTCTGCAGCCACTG Cognate receptor for CD200

CEBPβ F: GGGGTTGTTGCTGTTGATGT
R: GCTCGAAACGGAAAAGGTTC

Transcription factor that regulates CD200R transcription and other neuroinflammatory 
genes

CX3CL1 F:3ATCATCCTGGAGACGAGACAGC
R: CCACACGCTTCTCAAACTTGCC Neuronal antigen that binds CX3CR1 to inhibit macrophage function

CX3CR1 F:3TCAGGACCTCACCATGCCTA
R: CGAACGTGAAGACAAGGGAG Cognate receptor for CX3CL1

GFAP F: AGATCCGAGAAACCAGCCTG
R: CCTTAATGACCTCGCCATCC Astrocyte antigen

IL-1β F: CCTTGTGCAAGTGTCTGAAG
R: GGGCTTGGAAGCAATCCTTA Pro-inflammatory cytokine

IL-4 F:3GAACTCACTGAGAAGCTGCA
R: GAAGTGCAGGACTGCAAGTA Anti-inflammatory cytokine

IL-6 F: AGAAAAGAGTTGTGCAATGGCA
R: GGCAAATTTCCTGGTTATATCC Pro-inflammatory cytokine

Iba-1 F: GGCAATGGAGATATCGATAT
R: AGAATCATTCTCAAGATGGC Microglia/Macrophage antigen

MHCII F: AGCACTGGGAGTTTGAAGAG
R: AAGCCATCACCTCCTGGTAT Microglia/Macrophage antigen

NF-κBIα F: CACCAACTACAACGGCCACA
R: GCTCCTGAGCGTTGACATCA Induced by NFκB to inhibit NFκB function

NLRP3 F: AGAAGCTGGGGTTGGTGAATT
R: GTTGTCTAACTCCAGCATCTG Inflammasome component mediating caspase-1/IL-1β activation

RAGE F: AGGACAAGCTGCAGGCTCTG
R: TTCTGGGGCCTTCCTCTCCT Receptor for HMGB1 that mediates chemotaxis and inflammatory responses.

TLR4 F: TCCCTGCATAGAGGTACTTC
R: CACACCTGGATAAATCCAGC Receptor for LPS and DAMPs

TNFα F: CAAGGAGGAGAAGTTCCCA
R: TTGGTGGTTTGCTACGACG Pro-inflammatory cytokine

Abbreviations: CD, cluster of differentiation; CEBPβ, CAAT/enhancer binding protein β; CX3CL1, chemokine (C-X3-C motif) ligand 1; CX3CR1, 
CX3C chemokine receptor 1; GFAP, glial fibrillary acidic protein; IL, interleukin; Iba-1, ionized calcium-binding adaptor molecule-1; MHCII, 
Major histocompatibility complex II; NF-κBIα, nuclear factor kappa light chain enhancer of activated B cells inhibitor alpha; NLRP3, NACHT 
Domain-, Leucine-Rich Repeat-, And PYD-Containing Protein 3; RAGE, receptor for advanced glycation end-products; TLR4, toll-like receptor-4; 
TNFα, tumor necrosis factor-α.
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